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Nomenclature
Aabs area of the flat plate absorber (m?)
Agross gross area of the panel (m?)
Abnet net absorbing area of the panel (m?)
a spectrally averaged solar absorptance
ax accommodation coefficient
(ILED spectrally averaged LED light absorptance
aceporr  spectrally averaged LED light absorptance measured by optical analysis
Qight spectrally averaged absorptance under solar or LED spectrum
Qsun spectrally averaged solar radiation absorptance
asun-orr  spectrally averaged solar radiation absorptance measured by optical analysis
az spectral absorptivity
B magnetic field (T)
c speed of light (m s!)
C concentration factor of solar irradiation
Cp heat capacity (J g? K)
Cp-th heat capacity of the bolt to fasten the thermocouple probe (J g K1)
Y ratio of the specific heats of the gas
d gas particle diameter (m)
Darm pre-exponential Arrhenius coefficient
Duwire diameter of the connecting wire (m)
o characteristic geometric size of the chamber (m)
AT temperature difference (K)
E static  electrostatic field (N C1)
Ess spectral emission of the Black Body (W m? nm)
Emax maximum illumination intensity (W m?)
Emean mean illumination intensity (W m?)
Emin minimum illumination intensity (W m2)
£ spectrally averaged thermal emittance
Eeff effective thermal emittance
Eeff-abs effective thermal emittance of the couple absorber-glass
efiplates  effective thermal emittance of two infinite parallel plates
Eeff-sub effective thermal emittance of the couple substrate-vessel
eitor  total effective thermal emittance of the absorber
Ewire thermal emittance of the connecting wire
& spectral emissivity
Fiorentz Lorentz force (N)
Gsun spectral solar radiation (W m-2 nm-)
Tabs absorber efficiency
Tabs-eff effective absorber efficiency
h Planck’s constant (eV s)
Oi angle of the incident ray (rad)
Ot angle of the transmitted ray (rad)
Isample spectral reflected light intensity of the sample (W nm™)
Iret spectral reflected light intensity of the calibrated reference (W nm-")
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k extinction coefficient of electromagnetic waves through the matter
Kan thermal conductance parameter of the overall system (W K)

ks Boltzmann’s constant (J K1)

Keond thermal conduction parameter of the overall evacuated panel (W K-)
Kaist diffusion coefficient for coating degradation

Kk kinetic energy of gas particles (J)

kgas thermal conductivity of the gas (W m K1)

kgas-o thermal conductivity of the gas at ambient pressure (W m K1)
Kn Knudsen number

kwire thermal conductivity of the connecting wire (W m- K1)

l mean free path of gas particles (m)

A electromagnetic wavelength (nm)

TMabs absorber’s mass (g)

Mgas mass of the single gas particle (g)

Mtn mass of the bolt to fasten the thermocouple probe (g)

n refractive index

N number of gas particles

p gas pressure (Pa)

Pin incident radiative power (W m?)

Piignt irradiation incident over the glass of the calorimetric test facility (Wm2)
Je electric charge of the electron (C)

dgas conductive heat exchange through the gas (W m?)

Gh net heat directed to the pipes of the panel (W m-)

Qneater  electric power of the heater (W)

Qs heat loss through the connecting wire (W)

R ideal gas constant (J] mol! K1)

Rp fraction of the reflected light parallel to the incident plane

Rs fraction of the reflected light orthogonal to the incident plane
Psample spectral reflectivity of the calibrated reference

pa spectral reflectivity

o Stefan-Boltzmann constant (W m2 K+)

T absolute temperature (K)

t relative time (s)

Tabs absorber’s temperature (K)

Tamb ambient temperature (K)

Tgla glass” temperature (K)

Ti temperature of the gas particle before the collision with the wall (K)
T temperature of the gas particle after the collision with the wall (K)
Tstag stagnation temperature of the absorber (K)

Tves vessel’s temperature (K)

Tw temperature of the wall (K)

Tgla glass transparency

T2 spectral transmissivity

v average speed of gas particles (m s)

1% volume of the chamber (m?)

w weighting factor
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Introduction

In Europe the amount of energy demanded for only heating and cooling is half of the total
[1]. Within the industrial sector, process heat is the most relevant and the specific mid-
temperature range 100 °C — 200 °C weights 21% of the overall industrial demand of heating
and cooling. Solar thermal receivers are the most feasible solution to renewably respond to
such a demand, and some technologies are already available to be applied at large scale [2].
The choice of the proper receiver mainly depends on the nominal operating temperature, as
it drives the thermal losses of the absorber (component demanded to convert the solar
radiation into heat), and all the available technical arrangements for solar collectors differ for
the way those losses are minimized.

At operating temperatures below 100 °C, the traditional unconcentrated flat panel proved
to be effective and widely used for sanitary hot water, but above that temperature threshold,
the extensive convective and conductive thermal losses within the envelope make impossible
its employment. The common pathway to reach higher temperatures is the adoption solar
light concentration. The presence of reflectors directing the light towards the absorber allows
the reduction of its exposed surface, minimizing its contribution to thermal losses. The most
used architectures adopt cylindrical, or even flat, absorbers encapsulated coaxially into
evacuated glass tubes and surrounded by external parabolic reflectors [3]. The main
drawbacks for these kind of solutions are reduced optical efficiency due to the presence of
reflectors, low fill factor of the gross area and, typically, the need for an active solar tracking
system [4].

In recent years a novel architecture able to overcome those limits is emerging: the flat
collector hosting an unconcentrated plate absorber working under vacuum insulation. The
reduced encumbrance, larger fill factor, wider acceptance angle of the solar radiation, and no
need for any tracking system make this solution more appealing than traditional evacuated
tube collectors. Originally, the idea was presented by Eaton and Blum (1975) [5] who applied
a moderate vacuum at pressure of 1 mbar to a flat plate collector. The suppression of internal
convective motions sensibly reduced thermal losses limiting the heat transfer of residual gases
only to conduction. Filling the envelope with Krypton at pressure of 50 mbar, the efficiency
reached even 45% at 150 °C of absorber temperature [6]. Moss et al. tested a small-scale
prototype of flat plate thermal collector without concentration, and a further reduction of
internal pressure, below 5x10°® mbar, minimized thermal conduction of residual gases to a
negligible level [7]. They also showed the potential to guarantee a lager quantity of annually
converted energy with respect to concentrated evacuated tubes, more than 60%, due to a
wider acceptance angle to collect more diffuse solar light and a larger fill factor of the gross
area.

Besides, two companies proposed commercial flat panels working under high-vacuum
insulation, SRB Energy in 2005 [8] and TVP Solar SA in 2008 [9], but only the second is still
active. A recent study reports the great performances of their technology showing
experimental results from a 50 m? plant of TVP Solar SA panels by four-months testing under
ordinary operation [10]. The global efficiency reached 50% at 150 °C of absorber temperature,
being unrivalled among mid-temperature solar thermal collectors. That interesting
performance could have even been improved if the proper absorber had been installed. TVP
Solar SA panels were equipped with Mirotherm® from Alanod [11] which is a selective solar
thermal absorber designed to work for low-temperature applications. The choice for this kind
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of absorber was forced by the lack of commercial absorbers properly designed to operate
unconcentrated at mid-temperatures up to 200 °C. Indeed, shifting from the traditional not
evacuated to the evacuated flat panel, the main thermal loss moves from the contribution of
convection and conduction of the gas surrounding the absorber to the radiative emission of
the absorber itself. As it is discussed in the following section 1.1, which summarizes the basic
technologies for flat vacuum enclosures, when the pressure of residual gas is below a certain
threshold even the gas conduction can be neglected [6], giving to this kind of solar panel a
new paradigm for the thermal losses. The scope of the presented work is to produce a properly
designed solar thermal absorber with a controlled thermal emittance, suited to operate at mid-
temperatures under high vacuum insulation without concentration.

Basic features of solar thermal absorbers are analysed in paragraph 1.2, then in 1.3 their
traditional optical characterization is described. It consists of the measurement of the
absorber’s radiative properties, such as the solar light absorptance and thermal emittance,
through the analysis of reflectivity. The main limit of this approach are the boundary
conditions of room pressure and temperature during the measurement, whereas the real
operation of the absorber is completely different since high vacuum and temperatures up to
200 °C might significantly change its radiative response. In chapter 2, a novel experimental
facility is described to calorimetrically test absorbers under real operating conditions,
overcoming the limits of the optical approach. It consists of a panel-like vacuum chamber
containing the absorber while exposed to the solar irradiation in outdoor tests. Indoor tests
were conducted too by use of a novel low-cost solar simulator, properly designed for the
purpose.

The following step was the production of novel absorbers designed to work for mid-
temperature applications (100 °C - 200 °C). The manufacturing of these absorbers was carried
in laboratory by Sputtering Physical Vapour deposition of a multi-layered coating based on
Cr, Cr20s, and SiO:2 over commercial copper substrates. This deposition technique was
preferred to others because of its broad employment at industrial scale for commercial low-
temperature flat absorbers. Details of the depositions carried out in laboratory are the subject
of chapter 3 together with the experimental characterization of the produced absorbers and
the expected improvement on the panel performance.

To assess the feasibility of depositing each material of the proposed multi-layered coating
with an industrial machine, experimental tests were conducted at TVP Solar SA laboratories
(Geneva, Switzerland) during the six-months period of experience abroad. Contextually, a
novel magnet pack was designed to overcome all the limits of the commercial alternative in
terms of lifetime and maintenance procedure, introducing an innovative geometry of the
magnetic field.
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1. Technologies of the Evacuated Flat Panel

This chapter provides fundamentals of the technologies in use for the evacuated solar
thermal flat panel. Each paragraph focuses on a specific aspect of the panel to illustrate the
scenario surrounding the absorber and its role to improve the overall performance. In the
following section 1.1 are reported some technical solutions about the hermetic flat envelope
and the impact on thermal losses of different levels of vacuum. Then in paragraph 1.2, features
of solar absorbers are described together with the most used manufacturing processes. In the
paragraph 1.3, last of the chapter, the two most common optical characterization facilities to
test solar absorbers are described and their limits discussed, paving the way to the chapter 2.

1.1.  Vacuum Envelopes for Solar Thermal Collectors

Two are the typical designs of vacuum enclosures for flat collectors: one is the
symmetrical enclosure with a glass pane on the back as well as on the front [12, p. 1], and the
other is a metallic vessel body closed by the front glass [13]. Both solutions are feasible for
mid-temperature applications, but the second is more appealing for industrial process heat
since the back of the panel is not architecturally significant. Even if the first solution has no
metallic envelope, the vacuum sealing inevitably occurs between the glass and a metallic
surface. To close the volume within the two glass panes a metallic frame support is adopted
thanks to its elasticity and resistance against mechanical and thermal stress. For both
solutions, the exit ports of the inlet and outlet pipes carrying the operating fluid are sealed by
a metal-to-metal welding on the metallic frame, for the first, or the rear body of the envelope,
for the second.

One of the possible techniques to obtain the glass-metal vacuum sealing is ultrasonic
soldering. It consists of depositing thin layers of molten metals directly on the glass as sealing
material while the ultrasonic vibration removes the external oxide layer of the substrate
allowing the molten solder to wet and bound to it. An example is bonding by Indium [14], but
its relatively low melting point of 156 °C and its limited availability make it not feasible for
large scale use for solar panels. Other materials as Tin alloys [15], or Cobalt-Nickel-Iron alloys
[16] revealed to be more effective and perfectly feasible. Another approach is the frit glass
bonding, where a glass-based paste is kept at its melting temperature while in contact with
the glass and metal surface. The chemical affinity of the materials is what drives the sticking
with no need for ultrasonic process [17]. In general, what is demanded to such vacuum
sealings, in addition to vacuum tightness, are controlled degassing during operation and low
soldering temperature. When such a temperature overcomes 250 °C, tempered glasses
typically start to lose their mechanical properties and weaken, compromising the resistance
against implosion.

Another important requirement of evacuated flat envelopes is the need for an active
system to pump the gases released into the vacuum environment by every internal surface
over years of operation, otherwise there would be an increase of the internal pressure above
unacceptable values. Once the panel has been fully evacuated and then hermetically closed,
there is no access to the internal of the panel and eventually the mechanical pumping would
not be feasible. The only possible pathway is the adoption of a chemical getter pump hosted
inside the collector and thermally activated by temperatures around 300 °C, perfectly
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compatible with the solar irradiation and vacuum insulation. These devices actively absorb
residual gases to guarantee high vacuum for the whole service life [8], [9].

The other important component of this kind of panels is the supporting structure to make
the envelope resist the external ambient pressure. Envelope and supporting structure must be
designed to minimize the mechanical stress on the vacuum sealing, which is the extremely
vulnerable to tangential forces, and to sustain the glass from the inside to avoid the implosion.
The most adopted solution to sustain the glass and the bottom of the vessel is the pin rack
structure. It allows the glass and the bottom to sustain each other by loading the mechanical
force exerted by the ambient pressure to the opposite side of each. Shape, size, horizontal and
vertical pitch are part of the designing process of the pin rack structure together with the
design of the whole vacuum envelope. Because glass and vessel are mechanically connected
by the pin rack, the absorber, which inevitably is in the middle, has holes to host each single
pin. This has a negative impact on the net operating area of the absorber affecting the overall
conversion efficiency of the device. The optimization of shape and size of such holes is
mandatory as smaller the holes, higher the probability of contact with the absorber and bigger
the thermal losses, contextually a larger pitch of the structure would be not enough to avoid
glass implosion. [12].

In Fig. 1.1 are shown two examples of evacuated flat panels with the stainless-steel vessel,
(a) is the only commercial evacuated flat collector still produced and available for large scale
applications, from TVP Solar SA [9]; (b) is a prototype aimed at research activity presented by
Moss et al. [13]. The pipes carrying the working fluid are welded to the rear of the absorber
and are mechanically fixed on a structure fixed on the bottom of the vessel. Minimization of
contact points between the pipes and their supporting structure is key to control the relative
conductive thermal losses.

Fig. 1.1 Two examples of solar thermal flat panels for mid-temperature applications are
shown. (a) The commercial device from TVP Solar SA [9] and (b) the prototype studied by
Moss et al. in 2018 [13].

All the technical solutions for this particular type of solar collector, cited and described
so far, were conceived to respond to the demand for vacuum insulation of the absorber to
minimize the thermal losses due to the presence of the internal gas. To thermally analyse this
aspect, the Boltzmann’s kinetic theory of perfect gas [18] is an effective instrument to
analytically estimate the impact of the internal gas on the thermal losses as function of the
level of pressure. It is based on hypothesis of gas particles approximated as spheres with fixed
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diameter, the collisions to the walls and other particles are perfectly elastic and no chemical
reaction occurs, the direction of displacement is random and along straight lines, and the
kinetic energy is the only form of energy analysed. Under these hypotheses, the kinetic energy
Kk of each particle is linearly proportional to the gas temperature T as reported in eq. 1.1.

oLl 3
E — Emgasv = EkBT 1.1

Where 11gas and v?2 are the mass and average squared speed of each particle, respectively,
and ks is the Boltzmann’s constant. The pressure is the force exerted on the container’s walls
by particles collisions and it depends on Kk, the number of contained particles N and the
container’s volume V, as shown in eq. 1.2.

_2NKg
3y 1.2

p

The mean free path I between two consecutive collisions is function of pressure p,
temperature T, and particle diameter d, see eq. 1.3.

kT

l=———
\/Eﬂdzp 1.3

Another way to express the mean free path [ is through the Knudsen number Kn. It is a
dimensionless parameter and is the ratio between the mean free path I and the characteristic
geometric size d of the container, see eq. 1.4.

l k,T

Kn=—-=———
Fo) \/Eﬂdzp(‘f 1.4

These presented parameters are basics of the kinetic theory, and the thermal conductivity
of the gas is modelled accordingly. Assumed to have two parallel walls at two different
temperatures and a perfect gas in between, the heat transfer is modelled as a momentum
transfer of particles, since those close to the hot surface have more translational energy Kt than
those close to the cold, as expressed in 1.1. Each particle collision, to the walls or to other
particles, is cause of momentum transfer, and the hypothesis of perfectly elastic collisions is
enough to model the thermal particle-particle interaction, whereas the particle-wall lacks
information since no relation between the transferred momentum to the wall and the wall
temperature has been modelled yet. To fill this gap, a new parameter is introduced and it is
known as accommodation coefficient ax [19]. It regulates the transferred energy from/to the
particle after a single collision to the wall and it is expressed as the ratio between the actual
and the maximum temperature change of the particle, see eq. 1.5.

- T, —T; 1.5
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Ti and T: are the temperature of the particle before and after the collision with the wall,
while Tw is the wall temperature. Based on these assumptions, the model returns an analytical
expression for the thermal conductivity of the gas kgas, and it is written in the following eq. 1.6
as function of the Knudsen number Kn, the accommodation coefficient ak, the ratio of the
specific heats vy, and the thermal conductivity of the gas at atmospheric pressure kgaso.
Traditionally, the dependence of ax and y is enclosed in the coefficient B = (2-ax)(9y-
5)/[2ax(y+1)].

gy = —885=0_ 1.6
995 = 1 4 2BKn '

Thermal conductivity of the gas kgas is inversely proportional to Kn, which is in turn
inversely proportional to pressure, returning the expected proportionality between thermal
conductance and pressure.

Starting from eq. 1.6, some quantitative considerations can be done to realize how the
pressure can affect the thermal loss due to presence of the internal gas. In Fig. 1.2(a) kgs is
reported as function of pressure for three d values of 0.01 m, 0.05 m and 0.1 m. These values
are representative of the typical distances between the absorber and the surrounding walls,
glass and bottom of the envelope, for the evacuated solar flat collector [8], [9], [12], [13]. From
pressure of 10* mbar down to 10 mbar there is no change in kgaso for all the three distances.
The physical interpretation of this behaviour is that every pressure alteration causes a
variation of the number of collisions per unit of volume which is balanced by the variation in
the opposite direction of the mean free path (continuous matter domain) [19]. In the range 10-
5 — 10 mbar, kgs reduce exponentially with pressure and the lower d, the lower kgas. From 107
mbar to lower pressures kgs keeps below 1% of the ambient kgaso for all the three 6. Such a
strong reduction leads to the condition for which the mean free path of particles becomes
smaller than 0, so the number of collisions between particles is negligible with respect to
particles and walls (molecular domain) [20]. When this happens, thermal conduction of gas is
strongly reduced and, as consequence, any convective motion is prevented. On the other
hand, the condition of continuous matter might undergo convective motions impacting on the
total exchanged heat which depends on kgs corrected by the Nusselt number. This is not
deeply investigated since our application of high vacuum panels has always molecular
domain.

Neglecting the presence of any convective motion, the total exchanged heat gg,5 in Wm
can be modelled through the Fourier formulation of conduction expressed in the following
eq. 1.7, assumed that the heat transfer occurs perpendicularly to the absorber towards the
glass and the bottom of the vessel, and being 0 the characteristic distance absorber-glass and
absorber-vessel.

‘Zgas = _kga57 1.7

AT is the temperature difference between the absorber and its surrounding, as the glass
and the vessel. Fig. 1.2(b) shows the resulting loss at four internal pressures 10-°, 104, 10~ and
102 mbar combined with the three d as 0.01 m, 0.05 m, and 0.10 m under the conservative
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hypothesis of accommodation coefficient ax = 1. For the pressure of 102 mbar, shown with
rhomboidal dots, there is a strong variation on kgs with the characteristic length d and the
higher d, the lower q445. This seems to be the opposite of what results from Fig. 1.2(a), but
the contradiction lays on the role of d in the eq. 1.7. In Fig. 1.2(b) at AT =100 K and pressure
of 102 mbar, q44s shifts from 18 Wm= (6 =0.10 m) to 29 Wm?2 (d = 0.05 m), while in Fig. 1.2(a)
kgas decreased from 1.82x102 Wm K (d=0.10 m) to 1.47x102 Wm'K- (0=0.05 m). The increase
of Ggqs of +60% for a reduction of kgs of -20% derives from the fact that, being o at the
denominator of eq. 1.7, its halved value from 0.10 m to 0.05 m doubles the contribution to g 4.

The reference value of solar irradiance is notoriously 1 kWm?, and for an internal
pressure of 102 mbar the thermal loss in unacceptable for the proper vacuum insulation, Fig.
1.2(b), with values of the order of tens of Wm=2 when AT overcomes 100 K. For instance,
considered {445 of the order of 25 Wm?, the corresponding fraction of the incident solar
irradiance would be of 5%, as G445 must be multiplied by a factor of two to account both the
sides of the absorber, one facing the glass and the other facing the bottom. At a lower pressure
of 10° mbar, the trend is similar but the values and range of variation of ¢4, with 0 are
sensibly reduced, being the loss still of the order of few tens of Wm. For sake of clarity, at
pressures of 10 mbar and 10 mbar, only the curves related to 6 = 0.05 m are reported because
those resulting for the other two lengths (0 = 0.01 m and 0.1 m) are overlapped to that of d =
0.05 m. At pressure of 10 mbar, the loss does not exceed 5 Wm2 even for AT as high as 400 K
and even considering the two sides of the absorber in the calculation of 44, the total amount
would not exceed 10 Wm?, i.e., 1% of the reference solar irradiation. This threshold is quite
common among evacuated solar collectors [6], [7], [20] and this is the reason why evacuated
flat panels need high vacuum (pressure below 10+ mbar), otherwise its thermal loss would be
substantial. A further reduction of the pressure down to 10-° mbar reduces the loss of residual
gas to a not appreciable level.

0030 L | L | L | LI | L | L] L L | T T 50 T T =1 7 1 ¥ T 1}
| Charact. lenght (a)l | |Charact. lenght / (b)/|
§=0.10m §=0.10m
0.025 H = P
-~ -5=005m 40 H- - -5=005m fEssurE
L - 1 & < 10 mbar
: R [ S, §=001m 3 |
—~ 0.020 E S O 10 mbar
4 S 30| iy - O 10* mbarH
o 7 b o -5
§ 0.015 2 I K / A 10 ,,T:Paia
= - T 0 iy 5 o
B 0.010 £ iy -2
o : ~"~0
[ = 10} 0;’ > .
0.005 ° -ﬁ'ﬁ/
0.000 0+ éﬁ o= =g= -8 8: :& Z Z 2
10° 10 107 10° 10? 10°* 100 200 300 400
Pressure (mbar) AT (K)

Fig. 1.2 Impact of gas pressure and absorber-surrounding distance 6 on thermal conduction
in flat plate solar collectors. (a) Thermal conductivity of the internal gas kgas, calculated
through eq. 1.6, is expressed in WmK-' and reported as function of pressure for the
characteristic lengths ® = 0.01 m, 0.05 m and 0.10 m. (b) Thermal loss of the residual gases is
reported in Wm? relatively to the same three 0 at four pressure levels 10, 10+, 103, and 102
mbar as function of the temperature difference absorber-surrounding AT.
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1.2. Selective Solar Absorbers Fundamentals

Flat plate solar thermal collectors, independently from the presence of vacuum insulation,
are equipped with a solar absorber. This component converts the solar radiation into heat and
transfers it toward the pipes containing the working fluid through thermal conduction. High
thermal conductivity of the absorber is mandatory to reduce the temperature gradient
between the absorber and the fluid, which is cause of loss on the overall conversion
performance. For this reason, absorbers designed for flat collectors are always made of copper
or aluminium, since a thickness as small as few tenths of millimetre is enough to guarantee
the proper heat transfer [21]. Being metals notoriously reflective, the surface exposed to the
glass, dedicated to solar radiation absorption, is commonly coated by absorbing materials
reaching fractions of total absorbed solar light above 90% [22]. The common temperature
range of application for this kind of absorbers is below 100 °C, as they are used in flat collectors
for domestic purposes, like water heating. Their maximum reachable temperature is limited
by convection of air between the absorber-glass space and by conduction through the
insulation material placed below the absorber to fill the gap with the vessel bottom. Because
of the limited operating temperature, the radiative emission in the Infra-Red wavelengths of
the absorber is just a secondary contribution to losses which are mainly driven by conductive
and convective mechanisms. Nonetheless, the absorber design is aimed at maximizing the
solar radiation absorptance and simultaneously limiting the emitted thermal radiation to
negligible levels [23].

In literature, these devices are known as Selective Solar Absorbers, where the selectivity
refers to the high values of absorptance in the solar wavelengths, and low emittance in the IR
range, obtaining a peculiar shape of the spectral emissivity. According to the Kirchhoff ‘s law
of radiation, in steady-state condition of thermal equilibrium, the spectral emissivity &;
regulates both absorption and emission mechanisms, as formulated by eq. 1.8, where spectral
absorptivity a; is equal to €.

a, = & 1.8

Because of this, € regulates the overall radiative performance of the absorber that is
enclosed into two parameters: the spectrally averaged solar absorptance a and spectrally
averaged thermal emittance ¢ over the wavelengths A of interest. These are reported in the
following eq. 1.9 and 1.10, respectively.

4.0 um
_ J-0.30 pm Gsun(D)grdA .

[ E™ G (A)dA

0.30 um

100 um
Epp (A, Taps)€1dA
E(Tabs) _ fo 30 um bb abs/)<A 110
T4
01gps
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Where the light absorptance a is integrated over the wavelength range 0.30 — 4.0 um,
typical of the solar irradiation Gsun, and € over the wider range of the whole interval of thermal
wavelengths 0.30 — 100 um. The emitted spectral radiation is governed by the Planck’s law of
Black Body emission Ess and is reported as eq. 1.11.

2mhc? 1

yE hc
exp (AkBTabs) -1

Epp(4, Taps) = 1.11

The integration of Ess over all the wavelengths is equal the denominator of eq. 1.10. This
relation is well known as the Stefan-Boltzmann’s law and expresses the equivalence of the
integral of Ess with the product of the Stefan’s constant o to the fourth power of the absorber
temperature Tabs.

In Fig. 1.3, spectral emissivity of three commercial flat plate solar thermal absorbers is
reported on the left axis as function of wavelength. They are Mirotherm® and Sunselect® (from
Alanod [11]), and TiNOx-Energy® (from Almeco [24]). They are all obtained by Physical
Vapour Deposition (PVD) of a proprietary coating over a metallic substrate. The first has an
aluminium substrate, the second has copper, and the third, depending on the needs of the
customer, can be obtained by applying the coating on both copper and aluminium. In the
same figure, the solar spectrum, standard ASTMG173, is shown together with the spectral
emission of the Black Body, eq. 1.11, for three absorber temperatures, 100 °C, 200 °C and 300
°C, right axis.

— — -Mirotherm®
........ Sunselect® ]
—— TiNOx-Energy®| | 1.4

1
-
)}

1

)

| ' Solar Spectrum 1
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Egg fOr T,,, = 100 °C| ] T-

Spectral Power Density (Wm“nm
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Fig. 1.3 Spectral emissivities of three commercial flat plate solar thermal absorbers are
reported as function of the wavelength, left axis. Mirotherm® and Sunselect® are from Alanod,
the first has an aluminium and the second a copper substrate. TINOx-Energy®, from Almeco,
is available with both copper and aluminium substrate. The solar spectrum, standard

ASTMGI173, is shown together with the Planck’s law spectral emission of the Black Body, eq.
1.11, for three temperatures 100, 200 and 300 °C, right axis.

Dr. Carmine D’ Alessandro XXXIV PhD Cycle, Industrial Engineering Department



14 of 106

The three reported spectral emissivity curves ¢, are those declared by the datasheet of
each commercial, and what emerges is that they share the same characteristic shape of
emissivity curve, shifting from high values of emissivity in the solar spectrum to low
emissivity in the IR range. It is worth noticing that the reduction of emissivity starts at the
same wavelength, roughly 1.8 um, for all the three absorbers and they continue following
quite the same rate of reduction with A.

Eq. 1.9 defines the solar absorptance as a parameter with no dependence with the
absorber temperature Tabs, eventually it would derive from the dependence of &, with Tabs and,
for easiness of discussion, here it is neglected and will be deeply discussed following. On the
contrary, eq. 1.10 shows an analytical dependence of &€ with Tas, as Ess increases and shifts
towards shorter wavelengths as Tabs increases, as depicted in Fig. 1.3. What commonly is
reported in commercial datasheets is the value of solar absorptance a, around 0.95, and the
upper limit of thermal emittance ¢ at 100 °C, roughly of the order to 0.10. This radiative
response is perfectly in line with the demand of plate absorbers for unconcentrated solar
panels for domestic water heating. In case of higher operating temperature, thermal emittance
significantly increases, as the Ess spectral emission matches the increase of the spectral
emissivity €;in the range 2 -5 um, see Fig. 1.3. For this reason, temperature is a key parameter
in the design of a selective absorber and the proper importance must be given to the role of «
and e. A very deep analysis was conducted about this subject by Cao et al. in 2014 [25]. They
came out with a formula to quantitative estimate the relative importance of a and & for all the
possible solar thermal applications and introduced two important concepts that guided the
designing activity of the novel absorbers presented in this thesis: absorber efficiency mabs, eq.
1.12, and weighting factor w, eq. 1.13.

I e 1.12
Nabs GSunC .
w = U(T;bs - T;mb) 1.13
GSunC

The absorber efficiency nabs is postulated as the ratio between the heat directed to the
pipes gn of the collector and the total solar irradiance Gsun incident over the absorber,
considering the presence of the concentration factor C due to the presence of reflectors, see eq.
1.12. nabs is also expressed as combination of a ande through weighting factor w which fixes
the relative importance between the two parameters. w is defined as the ratio between the
maximum exchangeable heat via radiation with the ambient at temperature Tamb and the solar
radiation incident over the absorber, Gsun times C. In other words, w quantifies the relative
importance of the emission mechanism against the light absorption.

In the following Fig. 1.4, w calculated by eq. 1.13 is shown versus Tabs for three different
levels of concentration C =1, 10 and 100 at fixed Tamb of 25 °C and Gsun of 1 kWm2. The region
w > 1 is marked by the yellow background. As expected, for a fixed C, the increase of Tabs
produces the increase of w while for a fixed Tabs, an increase of C reduces w. From this graph
it is possible to focus the situation about the plate absorbers for unconcentrated panels. The
lack of reflectors limits the use of Fig. 1.4 just to the curve C = 1. In case of traditional not-
evacuated flat panels, the maximum reachable temperature is around 100 °C, matching values
of w sensibly lower than 1. On the other hand, thanks to the high vacuum insulation, the
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operating temperature can reach values up to 200 °C and w increases up to 2. This profound
change of w cannot happen for any other solar devices working with concentration, as the
absorption mechanism is always more important than emission (w <1).

This also explains the overlap of the shift of the spectral emissivity curves for the three
reported commercial absorbers. Their nominal operating temperature is below the threshold
of 100 °C, and the maximum of the absorber efficiency is always reached enhancing a at the
expense of €. The introduction in the market of the evacuated flat plate panel working without
concentration up to 200 °C is relatively recent, and the lack of plate absorbers designed to
work under these new condition of w > 1 pushed the research toward their study and

optimization.
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Fig. 1.4 The weighting factor w calculated by eq. 1.13 is shown as function of the absorber
temperature Tabs for three concentration factors C = 1, 10 and 100 for a fixed ambient
temperature Tamb = 25 °C and solar irradiance Gsun of 1 kWm2 The yellow zone stresses the
points where w is bigger than 1, that is the unique condition of evacuated flat plate panels
without concentration.

The design and production of novel absorbers optimized to work at w > 1 lead to the
analysis of the most adopted manufacturing processes. Six are the basic techniques to build a
selective solar absorber. They are well known in literature [26], [27] and a summary scheme is
reported in Fig. 1.5.

The first is the deposition of a layer of Intrinsic Selective Material over the reflective
substrate, Fig. 1.5(a). The bare substrate, because of its high reflectivity at all the wavelengths
of interest, has very low solar absorptance and thermal emittance, so that the deposited layer
on top is demanded to be absorptive in the solar range and transparent in the IR. Such a
transparency is key to minimize the thermal emittance to take advantage of the high
reflectivity of the substrate, which is usually a metal foil like copper, aluminium, or even
stainless-steel coated with highly reflective metals like gold. Example candidates of intrinsic
selective materials are In20s, V205, SnO2 and HfC.
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Based on the same concept there is another basic structure, the semiconductor layer over
the metallic substrate with an anti-reflection layer on top, Fig. 1.5(b). The typical band gap of
semiconductors ranges from 1.0 to 2.5 um of wavelength and only radiation with shorter
wavelength than the gap can be absorbed. For this reason, the additional layer of antireflective
coating, usually oxides with a low refractive index, is needed to reach sufficient values of solar
radiation absorptance. This phenomenon is driven by the mechanism of multiple reflections
of the incident electromagnetic waves at the interfaces and is deeply discussed in the
following sections.

The most used approaches to build a selective absorber feasible for a large production
scale with effective radiative performances are the multi-layer coating, Fig. 1.5(c), and the
cermet composite coating, Fig. 1.5(d), both deposited over a metallic substrate. The first is a
1-D architecture with the alternation of nanometric dielectric and metallic layers, while the
second consists of metallic nanoparticles embedded in a dielectric layer. For both, the
selectivity is obtained thanks to the interaction of the coating with the incident
electromagnetic radiation by multiple reflections among all the layers of the multilayer and
the metal particles of the cermet. High solar absorption is reached because the order of
magnitude of the geometrical dimensions of those structures are comparable to solar
wavelengths, whereas the same nanometric patterns are too small to interact with larger
electromagnetic wavelengths of the mid- and far- IR, acquiring a progressive transition from
the absorptive behaviour at shorter wavelengths to a good transparency at longer
wavelengths where the thermal radiation occurs.

Antireflection Coating Dielectric
Intrinsic Selective Material Semiconductor
Dielectric
Substrate
Substrate Substrate
(a) (b) (c)
Metal imimimimimimisin
'. g b y—Meta 11D, 2D, or 3D pattern |
' U B
" g V0 '.. '
" ielectr
[} ' Dielectric il
() (€ U]

Fig. 1.5 Six basic architectures for selective solar absorbers is presented. (a) Nanometric single
layer of intrinsic selective material over metallic substrate. (b) Nanometric single
semiconductor layer + antireflection coating over the metallic substrate. (c) Nanometric multi-
layer coating, metal and dielectric alternation, over the metallic substrate. (d) Cermet layer,
nanometric metal particles embedded in dielectric matrix, over the metallic substrate. (e)
Nanometric patterns over the surface of a metal. (f) Deposition of nanometric structure over
the metallic substrate [27].

Another basic method to obtain a selective absorber is impressing nano-scale geometrical
patterns over the surface of a metal, Fig. 1.5(e). Also in this case, the interaction with the solar
light happens thanks to the nanometric dimension of the superficial texture, and even if the
material of the surface is extremely reflective, it can reach acceptable values of absorptance.
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At longer wavelengths, the nanometric patterns are “invisible” for the electromagnetic
radiation, exhibiting the high reflectivity of the material.

The sixth technique, Fig. 1.5(f), consists of the adoption of meta-materials deposited over
the metallic substrate. Such meta-materials are 1D, 2D or 3D nanometric structures, whose
selectivity depends on the interaction of the light wavelengths with those patterns.

The proposed list of architectures of selective absorbers is basic and useful to realize the
right distinction between all the possible approaches. Indeed, great performances can be
obtained by the combination of two or more of them. For instance, the coatings of three
commercial absorbers presented before are multi-cermet layers with an anti-reflecting coating
based on chromium oxide for Mirothem® and Sunselect®, and titatium oxynitride for TiNOx-
Energy®, mixing the basic concept of Fig. 1.5(b)-(c)-(d). These nanometric coatings can be
deposited via two different Physical Vapour Deposition techniques, which are Sputtering and
Electron Beam. These are perfectly suited for large scale industrial production as most of the
final cost of the produced absorber is accountable to the substrate itself, being the amount of
deposited materials extremely contained (thicknesses of the order of nanometres) and the
costs to sustain the deposition process are distributed over kilometres of coils manufactured
in the same run. In the paragraph 3.3, more details are reported about Sputtering, being the
adopted process to deposit the proposed absorbers.

1.3.  Optical Characterization of Selective Solar Absorbers

Spectral emissivity &; is the key parameter controlling the performance of the absorber in
terms of solar absorptance a and thermal emittance ¢, as seen through eq. 1.9 and 1.10.
Production and design of selective solar absorbers cannot exempt from the measurement of
those radiative properties, which, generally, is carried out via optical analysis of reflectivity
of the absorber’s surface.

The optical interaction of the absorber with an incident electromagnetic wave of length 4
is defined by the following eq. 1.14.

(lz+p)1+‘[,1=1 1.14

It is basically an energy balance equation, where a;, 02 and 1 are absorptivity, reflectivity,
and transmissivity of the absorber for the investigated wavelength A. These parameters are
the fraction of the absorbed, reflected, and transmitted intensity of the incident light,
respectively. Eq. 1.14 is general and can be rewritten as eq. 1.15 for the specific case of solar
thermal absorbers (t1 = 0 for opaque bodies like solar absorbers), imposed as = €; due to the
Kirchhoff's law.

& = 1-— P 1.15

Because of this complementary relation, emissivity can be indirectly measured through
the analysis of reflectivity. Eq. 1.15 is the basis of the two most used techniques to characterize
absorbers: optical reflectometers and Fourier Transform Infra-Red spectrophotometers
(FTIR). The use of the proper one depends on the wavelength range of the analysis, as the first
can be used for the visible near-IR, while the second for the mid- to far-IR. This difference
comes from the fact that the first measures directly the reflected light intensity, whereas the
second measures a laser-generated interferogram and reconstructs the reflected light intensity
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over the wavelengths through the Fourier transform. The reason of this distinction leads to
the feature of photodetectors to have higher sensitivity at shorter wavelengths, so there is
need for data transformation when the photoelectric signal intensity has high noise-to-signal
ratio, as happens in mid- and far-IR. The calculation of the spectral reflectivity 0 is possible
thanks to the measurement of the reflected light by the investigated sample and the
comparison of that of a calibrated reference.

In Fig. 1.6(a), the conceptual scheme of a traditional reflectometer is depicted. It can be
divided into two parts, the Integrating Sphere (IS) and the Optical Spectrum Analyser (OSA).
The Integrating Sphere is a closed chamber whose internal walls are covered by highly
reflective materials, and there are three apertures. One is to expose the sample surface to the
cavity, another to host a lamp which illuminates exclusively the sample’s aperture, and the
third is a tiny hole to collect a little fraction of the light bouncing within the chamber. This
amount of spilled light is conducted to an OSA through an optic fibre to quantitatively
measure the light intensity at every wavelength. The internal geometry of the cavity is
designed to measure the intensity of the light reflected in all the directions, giving to the
diffuse and specular component of reflection the same weight by use of shielding baffles
between the sample’s aperture and the spilling hole. In Fig. 1.6(b), an example of the spectral
light intensity, outcome of the measurement procedure, is reported as function of the
wavelength. The light intensity reflected by the sample (blue line) is between two curves
belonging to the white and the black calibrated references, respectively with constant
reflectivity around 0.99 and 0.01. In general, the choice of the proper reference mainly depends
on the kind of investigated sample. When it is expected to measure highly reflective materials,
the adoption of the white reference is recommended, otherwise, for highly absorbent samples,
the black reference is to be considered. Because of the quite constant reflectivity of the
references along the wavelengths, it is possible to recognize the spectrum of the lamp just
observing the reference curves, like the white reference curve in Fig. 1.6(b). For this specific
case, it is a halogen lamp with emission in the visible to near-IR range.
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Fig. 1.6 (a) The conceptual scheme of operation of reflectometers using an integrating sphere
coupled to an Optical Spectrum Analyzer is shown. (b) The measured light intensities
reflected by the sample, the white and black references are reported as function of the
wavelength.
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Once the spectrums of the reflected light, by the sample, Isample, and by the reference, I,
have been measured, the spectral reflectivity 01 can be evaluated according to eq. 1.16.

I sample

pr= Pref 1.16

Iref

Where ot is the calibrated reflectivity of the adopted reference. This equation reveals that
any eventual contribution due to the reflectivity of the internal walls, internal geometry of the
cavity, transparency of the optic fibre, spectrum of the lamp and even the deterioration of
every component is excluded because this measurement is always relative to the response of
the calibrated reference.

In Fig. 1.7(a), it is shown the Integrating Sphere, from Ocean Optics [28], used in this
research activity to measure the reflectivity of produced samples in the visible and near-IR
range. It is equipped with a halogen lamp and two optic fibres, one for the actual measurement
of the spilled light, labelled as “S”, while the one labelled “R” is useful to check the time
stability of the lamp. The two references, the white and the black, are shown in Fig. 1.7(b).
The “S” cable is connected to the spectrum analyser Ando AQ6315B, shown in Fig. 1.7(c),
which returns the measurement of the trapped light in the range 350 — 1750 nm.

(a)

Fig. 1.7 (a) The integrated sphere used in this work is shown during its operation. (b) The
black and white references are reported, respectively on the left and right. The integrating
sphere and the references are from Ocean Optics [28]. (c¢) The spectrum analyser Ando
AQ6315B measures the trapped light by the optic fibre “S” in the range 350 — 1750 nm.

To carry out reflectivity measurements in the mid- and far-IR range, the FTIR
spectroscopy is needed. Because of the larger wavelength of the light, photodetectors are not
as responsive as they are for shorter wavelengths. For this reason, a more sophisticated
approach is needed to reconstruct the curve of the spectral reflected light, but, once it has been
acquired, the measurement procedure follows the same approach described for the
reflectometers, i.e., measuring a calibrated reference and adopting eq. 1.16 to calculate the
reflectivity curve. What actually makes the FTIR spectrophotometer different from a
reflectometer is only how [sample and Iref are measured, while for all the other components, they
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are very similar. Indeed, also the FTIR is be equipped with an integrating sphere to collect
both diffuse and specular reflected light.

In Fig. 1.8(a), the layout of the illumination system of an FTIR device is schemed. The IR
source irradiates a Beam Splitter which splits the light into two components directing them
toward two different mirrors, one is stationary the other is oscillating harmonically in the
same direction of the light. The light reflected by the mirrors is directed again toward the
Beam Splitter, and as before, the light is split again and part of it goes to a fourth direction
(red arrow directed downwards in the figure) as the sum of half of the beam coming from the
stationary and half of the oscillating mirror. Because of the component from the moving
mirror, this recombined beam is a time dependent signal as the oscillation of the mirror shifts
its reflected wave in space and provokes the alternation of constructive and destructive
interference between the two components, as shown in Fig. 1.8(b). The spectrum of the
recombined beam changes in time, at each wavelength the variation is periodic between a
maximum and a minimum with a frequency which depends on the length of the wave and
the speed of the mirror oscillation. Thanks to the Fourier Transform, this periodic signal can
be converted in a sum of harmonics whose amplitudes are proportional to the variation of
light intensity at each wavelength, reconstructing the whole spectral light intensity of the
signal. The need for a periodic time dependent light is due to the low sensitivity of
photodetectors. To guarantee a low noise-to-signal ratio, these detectors are demanded to
measure only the difference between the minimum and maximum at each wavelength, then
the Fourier Transform is demanded to convert the signal into a spectral intensity curve.
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Fig. 1.8 (a) The layout of the illuminating system for the FTIR device is composed of the IR
source, a beam splitter, a stationary and a moving mirror to obtain a time dependent
recombined beam. (b) The conceptual representation of the destructive and constructive
interference between the wave coming from the stationary mirror and that from the moving
one. The recombined beam is a time dependent signal because of the alternation in time of
destructive and constructive interference of the light.

The adopted FTIR device in this research activity is the model 6300 from Jasco, see Fig.
1.9(a), operating in the range 1.5 — 20.0 um. The measurement chamber is hermetically closed
to allow a rough evacuation of the internal air by use of a rotary primary pump. This is useful
to reduce the absorption peaks in the IR of the room air. In Fig. 1.9(b) an example of measured
spectral light intensity is shown. Because of the limited response of photodetectors in the IR
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range, the adopted calibrated reference must be highly reflective, indeed, this device is
equipped with a flat smooth aluminium as calibrated reference.
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Fig. 1.9 (a) The experimental setup used to measure the reflectivity of samples in the range
1.5 — 20 pum is shown, FTIR-6300 from Jasco. (b) An example of measurement outcome of the
FTIR spectroscopy is reported. The spectral light intensity is referred to the light reflected by
the sample and the aluminium reference.

The main limit of these two technologies, which optically measure the spectral reflectivity
to calculate the spectral emissivity through eq. 1.15, is the boundary conditions of the
investigated sample during the measurement. Generally, commercial optical devices operate
at room pressure and temperature, condition acceptable when the operation of the absorber
is of low temperature as 60 — 80 °C, like not-evacuated panels the domestic heating, being not
far from that of the optical measurement. On the contrary, our case of evacuated collectors has
operating temperatures always above 100 °C with the absorber into a high vacuum
environment. Unfortunately, there is no optical device in commerce equipped with a heated
sample holder and, simultaneously, with a pumping system to evacuate the measurement
chamber to reproduce the peculiar conditions of the evacuated panel. Operating conditions
too far from those of the optic measurement could lead to the unreliability of the resulting
spectral emissivity &;.

Some works in literature describe novel devices designed to perform measurements of &;
at high temperatures [29]-[31]. Echéniz et al. showed some &; resulting for a multilayered
absorber (based on Si, N, Mo over stainless-steel Ag coated), carried out by a homemade IR-
radiometer with the sample under moderate vacuum (10 mbar) and at various Tabs, from 250
°C to 600 °C. Calculation of the thermal emittance &abs(Tabs) reported a discrepancy of the order
of +8% when compared to those based on & measured at room temperature [31]. Similar
results were obtained also by another group thanks to a different setup and testing another
multilayered absorber (based on Ti, Al, C, N and O) but still reporting that room temperature
measurement tends to underestimate &abs of 3.2% at Tabs = 200 °C up to around 10% at 500 °C
[32]. Very similar discrepancies are reported also for another coating based on W, Si and N
over stainless steel for the same temperature range [33].

The devices used to perform such measurements are prototypical and their complexity
makes them difficult to replicate. Nevertheless, the accurate measurement of the radiative
properties of the absorber is key to estimate the annual converted solar energy for the
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evacuated plate absorber. So that, before the production of novel absorbers, the proper
experimental test facility was designed and fabricated to perform the accurate and reliable
characterization of absorbers under realistic boundary conditions. Manufacturing details and
measurement algorithm are deeply described in the following chapter 2.
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2. Measurement of Radiative Properties Under Realistic
Operational Conditions

The optical measurement of reflectivity is the most common procedure to characterize
solar absorbers. Another approach, limited only to prototypical devices for research activity,
is calorimetry. It consists in calculating directly a and ¢ from the power balance equation of
the absorber during heating and/or cooling tests under controlled boundary conditions,
overcoming the measurement of the spectral properties to be integrated over the wavelengths.
The general formulation of the calorimetric equation is reported as follows in eq. 2.1 under
the hypothesis of uniform temperature distribution of the absorber and its surroundings, and
flat plate geometry of the sample.

Wavs _ — Kot (Taps — Tamp) + Pin@Aaps — Agps (Tl — T
mabscp dt _Qheater all\* abs amb ind@Agps geffo— abs( abs amb)

2.1

Where mabs, ¢p, Tabs and Aabs are mass, heat capacity, temperature, and surface of the
absorber exposed to the Sun, respectively. Qneater is the positive contribution to the absorber’s
temperature derivative dTas/dt due to eventual contact with an electric heater. Kan is a
conduction coefficient and represents the sum of all the thermal conduction losses due to
contact with the absorber, like the presence of gas in the chamber and contact with a
supporting structure. The overall conduction loss is modelled as Kan times the temperature
difference between the absorber and that of the surrounding environment Tamb. The
contribution due to the absorbed light is built as the product between Pin and a. The first is
the light power density coming from a solar simulator and incident over the absorber, while
« is its solar absorptance. The last term is the radiative loss of the absorber and is formulated
as a thermal emittance parameter .t times the difference of the fourth power of Tabs and Tamb.
This term comes out from the Stefan-Boltzmann’s law of radiation applied to the theory of
uniform radiosity in radiating cavities based. The thermal emittance e is called “effective”
because the net radiative heat exchange of the absorber depends not only on the thermal
emittance of the absorber ¢, but also on shape, relative position, and thermal emittances of all
the other surfaces of the cavity. The exact analytical expression of e is complex and not
always possible [34]. Since the aim of the calorimetric test is to determine only the thermal
emittance ¢ of the absorber, all the available calorimetric facilities in literature have the
sample’s area orders of magnitude smaller than the size of the cavity, so that the environment
can be approximated as Black Body obtaining the relation et = €. In this way, the calorimetric
equation 2.1 contains exactly the two absorber radiative properties of interest (a and ¢).

The idea of calorimetric measurement was already used in 1978 to test selective coatings
over metallic substrates. The device consisted in a high vacuum enclosure (pressure below
5x10¢ mbar) equipped with a quartz window to let an external xenon lamp heat the sample.
It was exposed to the cavity only by the coated side while its back and edges faced an
isothermal support. This was possible because such a support was thermally controlled by
PID system that adjusted the current passing through the electric heater. In these conditions,
the calorimetric equation has null Kai and Qheater due to the high-vacuum and isothermal
support, and the temperature derivative of the sample depends only on its light absorptance
o and thermal emittance ¢ [35].

More recently Kreamer et al. in 2015 proposed a novel calorimetric device to measure o
and thermal emittance of both sides of the selective solar absorbers. The sample is suspended
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by metallic wires within the evacuated chamber and attached to a copper support via In/Ga
bonding. The support is electrically heated and keeps the sample at the desired temperature.
According to this architecture, the calorimetric equation has all the reported thermal
contributions, and three individual experiments were needed to measure separately the two
thermal emittances and Kai due to the parasitic heat losses through supporting wires and
copper holder. By a fourth test, a can be measured heating the sample by an external solar
simulator through a fused silica viewport [36].

A similar architecture was used by Granados et al. to measure the thermal emittance of
both sides of photovoltaic solar cells. The sample is suspended in the middle of the chamber
by thermocouple leads under medium vacuum (below 10! mbar) and heated by an external
light passing through a transparent glass, with no additional support. Because of the poor
vacuum insulation and thermocouple wires, their calorimetric tests needed to estimate the
conduction contribution Kan together with a and ¢ [37].

The calorimetric approach of measurement of o and ¢ is powerful and overcomes all the
limits of the optical analysis of reflectivity carried at room temperature. On the other hand,
even if the boundary conditions during the calorimetric tests described in literature are close
to those of evacuated panel (high vacuum and high temperature), the facilities have vacuum
chambers designed to minimize their radiative role to take advantage of the approximation
geff = £. During the operation of the evacuated flat panel, the absorber faces the internal surfaces
of the cover glass and back of the stainless-steel vessel at distance of the order of 5 cm. This
geometrical condition is extremely far from the ideal environment created for the calorimetric
devices described in literature, implying that the effective thermal emittance et might
significantly differ from &. Analytical thermal models of solar flat panels approximate the
interaction glass-absorber and absorber-vessel through the hypothesis of infinite parallel
plates, where the theoretical et depends only on the thermal emittances of the two exposed
surfaces €1 and &z, see eq. 2.2. This approximation is reliable and valid properly for evacuated
flat plate panels [38, p. 2].

1
Eeff-plates = 7 1 2.2
1,1,
&1 &

The goal of this activity is producing novel selective absorbers designed for the evacuated
flat panel operating at mid-temperatures, but the lack of a test facility for the accurate
measurement of the effective radiative properties during operation creates the need for the
proper device to characterize the absorbers to be produced. What all the devices available in
literature cannot provide is testing the absorber within a panel-like environment using the
real solar irradiation, instead of a solar simulator, to accurately measure the solar absorptance.
In addition, thanks to the panel-like chamber it is possible to directly measure the effective
thermal emittance et instead of approximating it through eq. 2.2. Reproducing the real
operating conditions of evacuated flat panel to assess the effective radiative properties of the
absorber is the most accurate way to estimate the real performance, since the potential change
of the absorber’ spectral emissivity with temperature, for both absorption and emission
mechanisms, and the real interaction with glass and vessel are in action during the
calorimetric tests.

In this chapter a novel calorimetric test facility to better respond the described
requirements is presented. It is sort of small-scale evacuated flat panel to carry out calorimetric
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tests both outdoor and indoor, illuminating the sample with solar radiation or that of a
simulator, respectively. Experimental results will confirm the importance of this kind of
facility, being the best way to characterize solar absorbers for the evacuated flat panel
operation.

2.1. Experimental setup of the novel calorimetric test facility

The novel test facility is aimed at reproducing a panel-like environment for the absorber
to be tested. The evacuated panel adopted as reference is the TVP Solar SA collector, being the
only commercial device available today in the market [9]. Nevertheless, the experimental
results obtained by the test facility can be extended to any other evacuated flat panel, since
what might change from a commercial panel to another are the adopted constructive technical
solutions, whereas the absorber is always supposed to work under the same boundary
conditions of high vacuum.

The test facility consists of a squared stainless-steel vacuum chamber closed by a cover
glass (tempered soda-lime glass with thickness of 4 mm). The section view, out of the CAD
built with PTC Creo Parametric, is shown in Fig. 2.1. The vacuum seal is obtained by a
custom-made Viton gasket hosted in a groove on the vessel flange and directly attached to the
glass surface. Low pressure in the chamber is guaranteed by a pumping system composed of
primary and turbo-molecular pump connected in series from Pfeiffer. The turbomolecular
pump is directly exposed to the chamber environment through the nipple on the bottom,
visible in Fig. 2.1, to actively pump out the gases from the chamber at pressure of the order
of 10 mbar to the intermediate level of 102 mbar at its exhaust port, where the inlet of the
primary pump is connected to move the pumped gases towards the ambient.

The chamber is large enough to host a sample sized 140 mm x 150 mm suspended by four
stainless-steel springs hooked on 1 mm holes on the edges of the sample. Dimensions of the
absorber and chamber are not random, but they reproduce the vertical and horizontal pitch
of pin rack support to sustain the glass of the TVP Solar SA panel, as already described in the
previous section 1.1. The scope of this device is to replicate an environment for the absorber
to be tested that was radiatively like the single absorber unit among the holes to host the pin
rack, having the glass and the vessel directly exposed. The test facility has no pipeline carrying
the working fluid because the objective of this experimental setup is to isolate the radiative
properties of the absorber from other thermal mechanisms.

The pressure is measured during each test with a vacuum gauge (Compact Full Range
Gauge from Pfeiffer) through a nipple placed on a lateral wall of the chamber. Temperatures
of absorber, glass and walls of the envelope are measured by K-type thermocouples whose
wires leave the vacuum chamber through a custom-made feedthrough, made in silicone for
vacuum applications, and then attached to an electronic module (National Instruments 9162).
The tip of the absorber thermocouple is crimped to a ring terminal and attached to an M3
stainless-steel bolt fixed in a hole on the sample’s centre, while the other two are sticked to the
glass and the vessel with Kapton adhesive, proper for vacuum applications. It is worth
mentioning that glass’ and vessel’ s temperatures are measured within the vacuum
environment. This is motivated by the fact that external air convection, natural or forced,
would have affected the reproducibility and noise of the measurements.
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Fig. 2.1 The section view of the designed vacuum chamber is reported together with two
zoom-in pictures of some details.

Fig. 2.2 The presented device for calorimetric testing of absorbers is depicted in its outdoor
configuration (lateral view on the left and frontal view on the right). The whole system is
mounted on a flatbed trolley and all the measured quantities are recorded by the laptop on
the back of the chamber.

The whole system (vacuum chamber, pumping system, measurement probes and
electronics) is mounted on a flatbed trolley to ease its mobility. In Fig. 2.2(a), the device is
depicted in its configuration for outdoor testing. The vacuum chamber is equipped with a tilt
support to set an angle with the vertical consisting of two slotted rods manually fixed by two
screws. A meridian and a pyranometer are attached parallelly to the chamber to check the
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perpendicularity and measure the intensity of the solar irradiation incident over the glass,
respectively. The pyranometer used is thermopile-type from Apogee with response time of
0.5 s, measurement repeatability less than 1% and a calibration uncertainty of 5%. In addition,
a secondary pyranometer (CMP11 from Kipp & Zonen), with a lower uncertainty of 1% and
larger response time of 5 s, was used to accurately normalize the average value of the high
speed pyranometer. By the double pyranometer measurement, we took advantage of the high-
speed response of the first and accuracy of the second. All the measured quantities
(thermocouples, pressure gauge and pyranometer reading) are recorded with 1 s time step.

2.2.  Design of the LED-based Solar Simulator

To perform indoor tests, the system needs a solar simulator capable to illuminate the
absorber with a controlled and uniform power density as high as 1.0 kWm2. Classes of solar
simulators are defined according to international standards [39], taking into account three
parameters: non-uniformity, spectral match and temporal instability.

According to one of the most used standard, IEC 60904-9 [40], solar simulators can be
identified with classes of merit (A, B or C) based on the deviation of specific parameters from
the ideal condition of solar irradiation and are reported in Tab. 2.1. Spatial non-uniformity
and temporal instability share the same limits of 2%, 5% and 10% respectively for class A, B
and C. For the spectral match, the maximum accepted deviation must be satisfied
simultaneously in all spectrum intervals, shown in Tab. 2.2, respecting the proposed fractions
of Tab. 2.1. It is worth noticing that the spectral ranges of Tab. 2.2 start from 400 nm and stop
at 1100 nm, even if the solar spectrum has notoriously another half of its intensity above that
threshold. All the standards for solar simulators, just as the reported IEC 60904-9, are built to
match the requirements of photovoltaic solar cells, whose light-to-current conversion
efficiency is negligible above 1100 nm of wavelength due to the bandgap of Si. The strong
intrinsic wavelength dependence of photovoltaic absorbers historically constrained the
standards to limit the wavelength range of interest. As opposite, thermal absorbers had
always had an intrinsically limited variation on the wavelength response, being extremely
high absorptive in the whole solar range, so that solar simulators built for photovoltaic
applications were suitable also for the thermal absorbers.

Tab. 2.1 Spectral match, irradiance spatial non-uniformity and temporal instability from the
standard of solar simulators IEC 60904-9 [40] are classified as A, B and C.

Spectral Match ~ Irradiance Spatial ~ Temporal

Classification (for each interval) Non-Uniformity = Instability
Class A 0.75-1.25 2% 2%
Class B 0.60 —1.40 5% 5%
Class C 0.40 —2.00 10% 10%
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Tab. 2.2 According to the standard of solar simulators IEC 60904-9 [40], the classes of spectral
match must be referred to defined fractions of the spectral emitted light power for each range
of wavelength. The ranges are below 1100 nm because of the typical threshold of photovoltaic

cells.
Wavelength range AM1.5 Global Tilt
(nm) (power fraction in %)
400 - 500 18.4
500 - 600 19.9
600 — 700 18.4
700 — 800 14.9
800 - 900 12.5
900 — 1100 15.9

In literature there are several works about solar simulators designed to emulate the whole
solar spectrum, still observing the limits of spatial non-uniformity and temporal instability.
Different lamp technologies can be adopted, such as metal halide lamps [41], high pressure
xenon discharge bulb [42], [43], LEDs [44] or even a combination of LED and halogen or quartz
lamps [45]. The easiest solutions adopt several LEDs with different spectral emissions to
match the solar spectrum, but they require a source area much larger than the illuminated
one. For instance, Tavakoli et al. employed 19 different wavelength high-power LEDs
obtaining class A for spectral match, uniformity and temporal stability simultaneously, but
limited to a surface of 2.3 cm x 2.3 cm at 8.7 cm distance from the lamp system [46]. Lopez-
Fraguas et al. have recently presented a class A solar simulator based on 14 different peak
wavelengths LEDs, but the uniform area was limited to 1 cm? [47]. Also Al-Ahmad et al. (2019)
have developed a “large area” class A solar simulator (98% uniformity); however, the class A
was limited to an area of 20 cm?, when extending to an area of 32 cm? the uniformity reduces
to Class B (95% uniformity). None of those technical solutions could fit our requirements of
absorbers as large as 14 cm x 15 cm without building a huge illumination device, heavy and
difficult to manage.

One of the most interesting and recent work in literature that describes a solar simulator
that would fit our requirements of calorimetric testing was presented by Moss et al. in 2018.
Their application was testing a selective solar absorber placed in a flat vacuum envelope and
they proposed, as solar simulator, a device consisting of four quartz halogen bulbs inserted in
a reflecting envelope to increase uniformity. The system presents class B uniformity on a large
area (50 cm x 50 cm), but it is bulky, heavy, and far from being easily mounted on the carter
of our calorimetric facility, as they showed in their article, see in Fig. 2.3 [49]. Moreover, the
use of halogen quartz lamps produces a large fraction of IR radiation outside the solar
spectrum that is absorbed by the cover glass, which is opaque above about 2.5 um, and is
responsible of an unwanted glass heating. Any increase of the glass temperature due to
mechanisms not observable during the real outdoor operation would lead to failure our goal
to reproduce realistic operating conditions of the panel-like chamber in its indoor
configuration.

In this scenario of solar simulators, the proper device to be used for our calorimetric
testing was to be designed from scratch. A novel cost-effective solution is proposed as
alternative to the expensive commercial simulators, which are designed according to the strict
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international standard for photovoltaic cells, and overcoming all the available complex
prototypical devices described in literature, since they are far from being easily replicated and
placed on the carter of our test facility.

Fig. 2.3 The picture of a solar simulator for testing thermal absorbers as is shown in a recent
paper [49]. The use of a reflecting envelope improves the uniformity of the incident light over
the sample, but the encumbrance and the unwanted IR glass heating due to the halogen lamps
makes this solution not feasible for our application.

First part of the designing process is the choice of the type of lamp to be used. High
intensity white LED array can be very advantageous in terms of reduction of unwanted IR
radiation, reduced system dimensions, high electric-to-light conversion efficiency, adjustable
emitted power and low production cost [50]. The main limit of LED arrays is the reduced
width of the wavelength range of emission, that is commonly close to the visible. Fortunately,
thermal absorbers have a spectral response with a reduced wavelength dependence in the
solar spectrum, so that even spectrally unmatched light sources can be effectively used.

The basic idea is of four LED arrays symmetrically disposed at the corners of a square,
which is parallel to the illuminated surface. Each single emitter is an integrated LED array
(CXA 3590 from CREE), resulting in a 30 mm diameter lamp, see Fig. 2.4(b), with a
Lambertian light emission distribution, Fig. 2.4(a), and a light emission confined in the visible
range, Fig. 2.4(c). Lambertian emitters have an angular distribution of emitted light that
follows the cosine law with viewing angle 0, eq. 2.3 .

E(r,0) = Ey(r)cos™6 2.3
where r is the distance from the source, Eo(7) is the corresponding irradiance on the axis and

mis equal to 1 for Lambertian sources [51].
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Uniformity can be defined by Emax, Emin and Emean Which are the maximum, the minimum
and the mean power density of the irradiance E = E(7,¢) calculated on the illuminated surface. To
quantitatively define non-uniformity, AE is introduced in eq. 2.4

Emax - Emin

AF = —— 2.4
Emean
Where,
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Fig. 2.4 (a) Angular distribution of the relative luminosity intensity for a single array as
reported by the manufacturer [52]. (b) Picture of multi-die integrated LED array forming a
single lamp (top view). (c) The normalized spectrum of the adopted LED CXA 3590 from
CREE is compared to the solar spectrum (standard ASTM G173-0) [52]. (d) The ray tracing
simulation reproduce the single LED array lamp by use of 37 equally spaced point-sources of
light emitting 30,000 rays each.

For the described configuration there are two geometrical distances to be chosen, the pitch
(P) between two adjacent LED arrays’ centres and the LED-to-surface (LS) distance. These are
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the two parameters to be selected to maximize uniformity still guaranteeing high power
intensity.

The optimization process was carried out through simulations of the incident light power
map over the illuminated surface 200 mm x 200 mm wide. It is wider than the absorber to be
tested (140 mm x 150 mm) to guarantee the full characterization of the LED device. Comsol
Multiphysics was adopted to simulate the emitted light by each LED array by means of the
ray tracing approach. Ray tracing consists of simulating the emitted light by a point-like
emitter through a finite number or rays. They all start from the same point of origin but move
forward with different directions, angularly distributed according to the Lambertian law of
emission, eq. 2.3. The adopted LED lamp is numerically simulated by 37 point-sources equally
spaced within the diameter of 30 mm, each emitting 30,000 rays or 1.5 rays/sq. deg (about 5
rays/msr) on average, see Fig. 2.4(d).

The origin of the coordinate system is at the centre of the illuminated surface, which in
turn is on the x-y plane (LS = 0 mm), whereas the LEDs are placed on a parallel plane at a
positive distance LS along the z axis. In Fig. 2.5, the simulated irradiance maps and iso-power
density lines, referred to uniformity classes A, B and C, are reported for two configurations,
the single centred and the four LED arrays configurations.
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Fig. 2.5 The simulated power density colormaps and iso-power density lines (black for 0.98
and 0.90, dashed blue for 0.95) on the illuminated 200 mm x 200 mm surface with each LED
array emitting 43 W of light power. (a) Single LED array placed at (0, 0) mm, LS =150 mm.
The power density is maximum at the array centre and has a steep decrease along the radius.
(b) Four LED arrays with P =160 mm and LS = 150 mm: the line of 90% uniformity is present
only at the edges of the colour map.

Fig. 2.5(a) refers to a single LED array emitting 43 W of light power, distributed among
all the rays, when centred at (0 mm, 0 mm) at a LS distance equal to 150 mm. It shows the
intrinsic non-uniformity of the LED array emission reaching the class A uniformity only on
few cm?. In Fig. 2.5(b), the use of four identical LED lamps (with LS = 150 mm and P = 160
mm) emitting the same 43 W each, increases both light intensity and uniformity over the
investigated surface. It can be observed that iso-density profiles have a square-like shape (in
agreement with the LED array arrangement) and that the class A uniformity in the central
zone extends on an area of about 120 cm?, the class B on an area of about 250 cm?, and class C
on almost all the 400 cm? investigated. The minimum values of intensity are along the midlines
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of the square, whereas the peaks are on the oblique lines. It is also worth noticing that the
positions of the four power density peaks do not match those of the LED arrays (the peaks are
slightly shifted towards the centre along the diagonals). This effect is due to the superposition
of the emitted light by the four lamps in the central zone, on the contrary this cannot happens
in the outer region where no superposition could occur.

A series of numerical simulations were carried out varying P and LS parameters to assess
the illumination uniformity, defined by AE expressed in eq. 2.5, on circular areas of radius R.
The P value was limited to 160 mm because the whole illumination system is required to fit
on the carter of the facility. Fig. 2.6 shows the results obtained in the four LED arrays
configuration in terms of the non-uniformity parameter AE and its complement as function of
the radial distance. The maximum uniformity is found for P =160 mm and LS = 150 mm (the
same configuration showed in Fig. 2.5(b)), with a AE less than 2% and 5% on an illuminated
area of 50 mm and 70 mm radius respectively. Varying LS in between 140 and 160 mm, still
provides high uniformity with AE respectively below 3% and 5%. A 20 mm smaller pitch
distance (P = 140 mm) is required to observe a variation, at least for larger radii. Such results
indicate that a slight variation of P or LS from the previous optimal values of 160 mm and 150
mm, respectively, does not severely affect uniformity. This simplifies the experimental set-up
assembly where millimetric assembly accuracy is enough to guarantee the required
performances. It should be noted that the data reported in Fig. 2.6 represent the minimum
distance from the centre on which the uniformity is preserved, whereas in the colour map
reported in Fig. 2.5(b) the iso-power density lines represent the maximum area on which the
required uniform can be achieved.
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Fig. 2.6 Variation of non-uniformity parameter (and its complement in the inset) for different
P and LS values as a function of the radius of the illuminated surface in the configuration with
the four LED arrays. The inset shows details of the high uniformity zone.
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The mean power density Emen is also computed as function of the radius of the
illuminated area for different LS values (P = 160 mm), see Fig. 2.7(a). As expected, the
bigger LS values, the lower the mean power density, and this reduction effect can be
roughly estimated at 0.3% per millimetre (100 Wm? for 30 mm). Proper knowledge of power
density derivative along the radial direction can also be useful to quantify errors related to
sample positioning in the x-y plane. For all the geometrical configurations previously
analysed and for a sample mis-positioning of few millimetres, we found a variation that
would reflect in a total mean power density error below 1%, see Fig. 2.7(b).
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Fig. 2.7 (a) The mean value of irradiance, Emean, on the illuminated surface for different LS
values (P = 160 mm). The light power emitted by each LED array is 43 W. (b) For the same
configurations, the mean power density derivative along radial direction as a function of the
radius of the illuminated surface is reported.

Note that the amount of light power that reaches the illuminated surface is only a fraction
of the total emitted by the four LED arrays (ranging from 20% to 26%, for LS of 130 mm and
170 mm respectively). Such light loss, mainly spilling from the sides, might make the
workroom less comfortable and should be reduced. For this reason, the experimental
apparatus has been equipped with black screens to optically isolate the illumination chamber.
These screens have been experimentally characterized by means of reflectivity measurements
performed with Integrating Sphere coupled to the Optical Spectrum Analyzer reporting about
96% of absorbance in the visible spectrum. The presence of such screens was simulated too with
the ray tracing simulation and no impact could be observed in the whole spatial region of class
B uniformity for the optimal configuration LS = 150 mm and P = 160 mm.

Once the potential performances of the proposed LED based system were calculated, the
experimental setup was built. It consists of four LED arrays mounted on six rectangular
stainless-steel bars assembled using bolts and nuts; slots in the bars allow to adjust the pitch
distance P, see Fig. 2.8(a). The LED lamp is mounted on a supporting structure containing all
the control electronics as shown in the picture Fig. 2.8(b). The guides in the support pillars
allow to adjust the LS distance according to the actual vertical position of the absorber to be
tested. The whole system (including the control electronics) fits in a volume of 70 cm x 37 cm x
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37 cm, therefore representing a suitable workbench solution for general purpose laboratory
activities.

Screw slots

11111

Fan cooler

Aluminum
T slot frame

Fig. 2.8 (a) The LED lamp is composed of four identical LED arrays, symmetrically arranged
with a pitch distance of 160 mm, which can be modified by screw slots. (b) The supporting
structure is designed to accommodate the electronic control and to make the LS distance
tuneable via the T-Slot in the aluminium frame.

Each LED array is powered by its own LED driver ELG-200-C1750 (from Mean Well) and
the light output can be controlled by an external 0-10 V DC voltage acting as dimmer. The
whole LED system is controlled by a combination of a custom PCB board, a National
Instruments (NI) USB-6008/6009 OEM device and a LabView software. The dimmers of the
four LED drivers are controlled by analog outputs of the USB NI board. Because the NI board
is equipped with just two analog outputs, one output controls two LED drivers. Also, these
outputs range from 0 to +5 V, while the dimmer requires 0 V to +10 V for dimming and
therefore voltage doubler circuits are provided on the custom PCB board. The four voltage
doubler circuits can be fine regulated by means of trimmers. This feature is used to equalize
light output by placing a pyranometer directly under the four individual LED arrays.

LED arrays are turned on and off using two digital outputs of the NI board, driving solid
state relays of appropriate power rating. Again, one digital output controls two LED drivers
simultaneously. LED array temperatures are monitored with a K-type thermocouple attached
to the chip socket and readings performed using a precision thermocouple amplifier with cold
junction compensation (from Analog Device), connected to an analog input channel of the NI
Board. The luminous flux emitted by the LED arrays strongly depends on the LED
temperature [52]. We therefore mounted each LED array chip on a modified CPU cooler of
double power rating [55]. Such solution allows to keep the LED temperature stable during
operation at values below 75 °C for any applied bias voltages.

The experimental characterization of the LED array assembly has been conducted by
using the same secondary standard pyranometer (CMP11 from Kipp & Zonen) with 1%
precision and a response time of about 5 s. Firstly, a time-stability test has been conducted,
see Fig. 2.9(a): the pyranometer is placed under the four LED arrays (P = 160 mm) at LS =150
mm and (0 mm, 0 mm) x-y coordinates, i.e., in the centre of the illuminated area. The LED
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arrays’ control voltage is 6.5 V and the power density is read out together with LED array
temperature. Just after the switching on, the LED array delivery about 3% more power than
the set value (class B), however, after 10 minutes of illumination the power delivered is only
2% higher than the set value, and after 30 min of illumination, the measured power density
becomes stable in time within 1% uncertainty of the pyranometer reading, making the device
class A in terms of long temporal instability.
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Fig. 2.9 LED array light output stability measured at the centre of the illuminated surface. (a)
Evolution of light power density with time: the gray box indicates 1% range of uncertainty
around the steady state level. The inset shows the inverse correlation between emitted power
and LED operating temperature. (b) Steady state power density and operating temperature
as a function of control voltage (error bars are within the data points).

In particular, the inset of Fig. 2.9(a) reveals that the reduction of power output with time
can be directly linked to the thermal stabilization of the LED source. The temporal
measurement of the emitted light power density has been carried out also for additional
control voltages ranging from 2.0 V to 10.0 V with step 0.5 V. Similarly to the case of 6.5V, all
the measures showed stable power output after 30 min from the switch on: their stabilized
power density and temperature values depend on the control voltage as reported in Fig.
2.9(b). Power density level can be varied from 392 W m2 up to 1360 W m?, with almost perfect
linearity, making the device suitable for both low and high intensity applications with class A
long term temporal instability.

To validate the numerical simulations performed with the ray tracing approach, three
light maps were experimentally measured for a fixed pitch of 160 mm and three LS distances.
The black dots in Fig. 2.10 represent the pyranometer measurement positions: 96 points
radially disposed on the maximum 200 mm x 200 mm illuminated surface with a step of 10
mm (equal to the pyranometer probe diameter). Radial mapping is preferred, since power
density peaks and valleys are expected to be along diagonals and symmetry lines, as showed
in Fig. 2.5.
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Fig. 2.10 Spatial arrangement of the experimental validation. The yellow circles represent LED
array positions at P =160 mm. The black dots representthe positions where light power density
was measured with the secondary standard pyranometer.

The experimental results obtained for a control voltage of 6.5 V and a LS distance of 130,
140 and 150 mm are summarized in Fig. 2.11(a) and compared to the corresponding

numerical simulation. Each experimental point is obtained by averaging the eight
experimental data acquired at the same radial distance from the centre (the error bars
represent 1% uncertainty from the pyranometer calibration). A very good accordance was
found, proving that the numerical model is reliable and properly validated.
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Fig. 2.11 (a) Power density average on 8 points measured at each reported radius (dots) and
simulation result in the same points (lines). (b) Comparison between simulated and
experimental results along symmetry and diagonal lines. In (a) and (b) the measured point
error bars refer to 1% pyranometer uncertainty.
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The same accordance was observed when analysing the power density along the
midlines and the diagonals as shown in Fig. 2.11(b) for the optimal configuration of P = 160
mm and LS = 150 mm. The accurate characterization of this system guarantees an extremely
precise estimation of the power incident over the cover glass of the vacuum chamber of the
order of 1%.

The proposed LED based solar simulator was then mounted on the flatbed trolley in its
optimal configuration (LS =150 mm, P =160 mm) to perform indoor calorimetric tests, see Fig.
2.12. The contained dimensions of the overall system and the black screens make the
presented test facility an easy-to-manage tool involving no constraints for laboratory spaces
and users. The design and the characterization of the described LED device is subject of our
recent publication [56].

Fig. 2.12 The indoor configuration of the proposed calorimetric test facility is shown. The
adopted solar simulator was designed to fit on the carter and its optimized configuration was
used. (a) Picture of the internal side of the protecting black screens during the test. (b) The
picture of the system, without the black screens, shows how the whole system has very
contained geometrical overall dimensions.

2.3.  Calorimetric Equation

In this section the calorimetric eq. 2.1 is detailed for the absorber during the test within
the presented test facility and proposed in a form suitable to extrapolate the radiative
properties of the investigated absorber as function of the temperature derivative.

The vacuum inside the chamber is kept actively by the pumping system guaranteeing a
pressure never above 5x10° mbar during all the conducted tests. Coupling this pressure
threshold to a characteristic distance absorber-glass and absorber-vessel of 2 cm, the impact
of the conductive losses due to the residual gas can be neglected and not considered in the
formulation of the calorimetric equation, as demonstrated by the kinetic theory of ideal gas in
the previous section 1.1.

The contact between the sample and the stainless-steel supporting springs is another
potential cause of conductive thermal loss. In the worst-case scenario this contact is perfect,
and the two spring’s ends are exactly at the absorber’s and chamber’s temperatures, Tabs and
Tamb, respectively, dissipating heat via conduction and radiative emission towards the
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chamber. The following differential equation 2.6 governs the temperature distribution over
the length of a straight wire under hypothesis of steady-state condition and round section [57].

d’T  4&yire0
dx? kwi‘re Dwire

2.6
(T4 - T;mb)

T is the temperature of the wire at the spatial coordinate x. kwire, Dwireand ewire are the wire’s
thermal conductivity, diameter and thermal emittance, respectively. Assuming x = 0 at the
contact with the sample, the corresponding heat loss through the wire can be written as eq.
2.7:

. T dT
Qs = —D? 2.7

wiretwire
4 dxly—g

Thanks to the finite element method, the differential eq. 2.6 can be solved and Fig. 2.13(a)
shows the resulting temperature distribution as T — Tamb When Dhwire is 0.45 mm, éwire is 0.15,
kwire is 17 Wm2, Tamb is 303 K, and sample’s temperature is 400 K above the surrounding
chamber (Tabs — Tamb = 400 K). The distribution is roughly linear, meaning that the conduction
mechanisms is dominant than radiation towards the chamber. In Fig. 2.13(b) the thermal loss
calculated by eq. 2.7 is reported as power per unit of 140 mm x 150 mm sample’s area when
four supporting springs are in thermal contact. The power density loss is below 1 Wm2 while
the calorimetric tests are conducted under incident light densities as high as 1 kWm?, so that
the impact of the supporting springs is surely negligible and is not accounted in the
calorimetric equation of the sample.
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Fig. 2.13 (a) Temperature distribution over the wire when Tabs — Tamb = 400 K as result of the
differential eq. 2.6 solved by finite element method. (b) Thermal loss calculated by eq. 2.7 is
expressed in Wm? for four springs with perfect contact to the sample and chamber as function
of Tabs — Tamb. The surface is referred to 140 x 150 mm? of sample’s area.
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The presence of the stainless-steel bolt attached to the absorber to fasten the thermocouple
is an additional source of loss. It could affect the tests because of its thermal emittance and
light absorptance which are likely to be different with respect to the absorber under test. Even
if its radiative properties might be far from those of the investigated sample, its exposed
surface is more than two orders of magnitude lower, so the role of the bolt is limited to its
thermal capacitance which is to be added to the thermal capacitance of the sample. Numerical
3D simulations confirm this assumption and in the following section 2.6 is deeply discussed.

The general calorimetric equation 2.1 can be rewritten as eq. 2.8 according to our specific
boundary conditions. The absorber temperature derivative dTas/dt is affected only by
radiative mechanisms of light absorption and thermal emission, as conduction through the
springs and residual gases can be neglected.

(mabscp b + mthcp h) dTabs
aAS b : dt = Plightalightfgla - Seff—absU(T;bs - T;la) - geff—subU(T;bs - Tv4es) 2.8
abs

Mabs, Cpabs, M and cptn are the mass and specific heat of the absorber and thermocouple
fastening, respectively. Commercial flat absorbers are thin metallic foils, as aluminium or
copper, coated on one side with a selective absorbing coating. The thickness of the foil is
typically few tenths of millimetre, so the overall exposed surface can be approximated just by
the area of the two sides of the absorber. Each of the two extends for Aabs = 140 mm x 150 mm.
Piight and cuight is the light power density incident over the glass of the chamber and the sample’
spectrally averaged absorptance, respectively. Depending on the adopted light source, Piight
and auight is written in the text as Psun and asun in case of outdoor and Prep and awep for indoor
testing. Tga and Tga are light transmittance and measured temperature of the glass,
respectively. The light absorption mechanism is modelled by the product between Piight, cuiight
and tga. The glass transparency tga was evaluated as the ratio between the reading of the
secondary pyranometer when exposed perpendicularly to the incident light underneath and
above the glass. For both solar and LED light, the calculated tg. had the same value of 0.915.

The thermal emission mechanism is modelled according to the Stefan-Boltzmann
formulation that expresses the radiative exchange with the difference between the fourth
power of surface temperatures times an effective emittance parameter. In the equation, &eft-abs
and e&esisub are the effective thermal emittances of the two sides of the sample, the first for the
absorbing side facing the glass and the second for the substrate facing the bottom of the
stainless-steel vessel at temperature Tves.

Eq. 2.8 can be rewritten assuming that Tga and Tves are represented just by a single
temperature Tamb as their arithmetic average. This allows to sum geftabs and gefisub together to
obtain eest-ror, as shown in eq. 2.9. eet.or expresses the total effective thermal emittance of the
absorber when placed in the panel-like chamber and depends on spectral emissivity and
geometry of each surface of the cavity.

(mabscpabs + mthcpth) dTabs
_ 4 4
= Plignt@igntTgia — Eeff- 1010 Taps — Tamp) 29
Agps dt
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This assumption is feasible because during all the tests the maximum difference between
Tgia and Tves never exceed 10 K, impacting no more than 1% in terms of radiated power, and
so on the calculated eeritor. Eq. 2.9 is the power balance equation that regulates the sample’s
temperature Tabs over time t for the presented test facility. This equation is adopted to calculate
atight and esi-tor of the absorber during experimental tests, since all the other quantities can be
measured or are already known.

2.4. Measurement Algorithm of the Calorimetric Test

atight and eest-Tor are the outcome of this calorimetric procedure and, to calculate them out
of eq. 2.9, the measurement process is divided into two subsequential steps: Warm-Up and
Cool-Down phase. The first consists of exposing the sample to the light through the cover
glass, letting the temperature of the sample increase up to the stagnation temperature Tstag.
Such a temperature is the maximum reachable, occurring when the radiative emission of the
sample equals the absorbed light power. For all the experimental tests the sample was kept at
stagnation at least for 10 minutes. The second phase, Cool-Down, consists in letting the sample
cool through radiative emission while shielded from any incident light. An aluminium foil is
used as shield to externally cover the glass. The data analysis of this procedure starts from the
Cool-Down phase. During this phase eq. 2.9 has zero Pight, 50 €ett-Tor can be easily calculated
as the only unknown of the equation. Then, the Warm-Up phase is analysed to calculate cuigh,
being eeit-ror already known from the analysis of the Cool-Down phase.

To qualify the calorimetric test facility, the commercial absorber Mirotherm® from Alanod
is adopted. It was already introduced in the previous section 1.2 and consists of an aluminium
substrate coated on one side by a selective film for solar thermal applications, while the back
is the bare material. This specific absorber is installed within the TVPSolar SA panels for mid-
temperature thermal applications, up to 200 °C of operation. In the following section we show
results for repeated experiments in both outdoor and indoor configuration for the same
sample.

In Fig. 2.14, all the measured quantities during a single outdoor test are reported as
function of the relative time. The zero of relative time is set at the start of the Warm-Up phase,
point A in Fig. 2.14. Before this time, the sample is within the vacuum chamber with the
system already oriented perpendicularly to the Sun while the glass is covered by the opaque
shield. In this condition the sample is at a temperature close to the chamber. When the shield
is taken out, the sample is exposed to the solar irradiation and the Warm-Up phase begins,
point A in Fig. 2.14. During this phase Tabs, Tgla and Tves increase simultaneously together with
the internal pressure which has never exceeded the threshold of 5x10° mbar for every
experiment. Outdoor tests were conducted around the solar noon of clear sky days to
minimize variations of solar irradiation and the maximum recorded variation of Psun over the
whole Warm-Up phase was 5% of its initial value in point A. The absorber temperature
increases up to the stagnation temperature Tsug, i.e.,, when Taxs derivative is zero, point Bsts.
This condition of Tabs = Tstag is kept for 10 minutes, then the glass in covered with the shield
again, point B, letting the sample cool down to temperature close to ambient, point C.
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Fig. 2.14 The measured quantities (absorber, glass and vessel temperature, internal pressure
and solar irradiance) during an outdoor experiment are shown. The relative time 0 min starts
when the sample is exposed to the solar irradiation (beginning of the Warm-Up phase, point
A). Around 40 min, the stagnation temperature Tstg is reached (interval Bsts — B), then the
system is covered by a metallic opaque shield, so that the Warm-Up phase ends while the

Cooling-Down phase starts (point B). The Cooling-Down phase continues until the sample’s
temperature is close to ambient (point C).

In Fig. 2.15(a), the time derivative of Tabs is reported as function of the relative time and
as function of Tabs itself in Fig. 2.15(b). Theoretically, the maximum of the sample’s
temperature derivative is expected at the start of the Warm-Up phase, point A, since thermal
losses are minimum, see eq. 2.9. The actual experimental measurement of the temperature
derivative reveals the maximum in A* see Fig. 2.15(a), at the end of a time interval after
uncovering the glass. As consequence, the measured Tabs derivative reaches its maximum
value at Tabs higher than the initial, see Fig. 2.15(b). Through all the conducted experiments,
the process A — A* takes a time interval of around 1 minute corresponding to roughly 20 °C
of temperature shift. This effect is due to the thermocouple fastening that increased the
thermal capacity of the probe, also confirmed by numerical 3D simulations discussed in the
following section 2.6. Subsequently to A — A%, the time derivative of Tabs progressively reduces
to zero, point B8, as thermal losses increase with the fourth power of the Tabs. During the
interval Bs#s— B the derivative of Tabs keeps zero and in Fig. 2.15(a) it is possible to distinguish
Bstag from B, whereas in Fig. 2.15b they are overlapped. The point B occurs when the glass is
covered again with the opaque shield and the Cool-Down phase starts with negative values
of Tabs derivative. Analogously to A — A¥, but with opposite sign, there is the delay of the
measured Tabs derivative also during the Cool-Down phase, interval B — B* in figure. It extends
for a slightly shorter time interval and smaller temperature shift than A — A*. This is due to a
lower modulus of Tabs derivative obtained by the increased heat capacity of the sample at
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higher temperatures. The last interval of the experiment is B* — C during which the derivative

increases its value up to zero, point C.
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Fig. 2.15 The time derivative of Tas for an outdoor experiment is reported as function of
relative time (a) and Tasitself (b). The yellow background defines the Warm-Up phase, while
the white refers to the Cool-Down.

The indoor measurement algorithm is analogous to that described so far for the outdoor
procedure. The chamber is set horizontal, and the LED system is mounted facing the glass.
Because of the transient of the emitted light when the LEDs are switched on [56], they had
been turned on 30 minutes before the Warm-Up phase while the glass was covered by the
opaque shield as well. The Warm-Up phase, just as outdoor tests, was started by the removal
of the shield and then stopped by the switch off of the LED system, making the Cool-Down
start.

2.5. Experimental results: Optical and Calorimetric Approaches

In this section experimental results from calorimetric tests of the Mirotherm® commercial
absorber are reported and compared to those expected from the traditional optical analysis.
Optical reflectivity measurement of spectral emissivity €; was conducted at room temperature
for the coated and uncoated side of the absorber. £, allows the calculation of the expected light
absorptance and thermal emittance through eq. 1.9 and 1.10, while the radiative interaction
glass-absorber and absorber-vessel can be modelled by the theory of infinite parallel radiating
plates with eq. 2.2. For sake of clarity and simplicity of the nomenclature, the subscript OPT
will be added to all the quantities resulting from the optical analysis of spectral reflectivity
and for those without are to be considered as result of calorimetric tests.

In Fig. 2.16(a), spectral emissivity derived from the optical analysis carried at room
temperature is shown, &;-abs-orr for the coated and &z-sub-orr uncoated side of the absorber. From
0.35 to 1.75 um the analysis was carried using the integrating sphere from Ocean Optics
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equipped with a halogen lamp and connected to an Optical Spectrum Analyser through an
optic fibre cable. Then, from 1.75 to 20.0 um the FTIR from Jasco equipped with an integrating
sphere was used. The coated side shows a good selectivity with high emissivity values in the
solar range (blue dashed line in Fig. 2.16(a)) which rapidly decrease at longer wavelengths.
On the other hand, the aluminium substrate returned &;-sus-opr (black solid line) lower than &;-
absorT, particularly in the solar range, since there is no selective coating applied on the back. In
the same figure, normalized solar spectrum incident on terrestrial surface, standard ASTM
G173-0 (orange pattern) is reported together with normalized spectrum of the adopted LED
lamps from CREE (violet pattern).

The spectrally averaged light absorptance of the coated side is calculated by eq. 1.9
returning aswn-orr and aveporr of 0.933 and 0.947, respectively. Spectrally averaged thermal
emittance &awsorr and esuwv-orr, relatively to spectral emittance &j-aps-opr and &-sub-opr, are
calculated through eq. 1.10 at several Tas and shown in Fig. 2.16(b). easorr is always higher
than esub-opr in the whole investigated temperature range 50 - 300 °C, larger by 10% at Tabs = 50
°C up to 40% at 300 °C. This behaviour is a direct consequence of the increase of &;-abs at lower
wavelengths where the radiative emission occurs at higher temperatures.

[ T T T T 0.09 T T v T T d T T
" N T S _ @10 o, opy = 0.933 (b)
! Solar Spectrum| P =0.947! -
08} b LED Spectrum 0.8 £ o 0-08[ [TLepoPT A
N = Q [
T & sub-OPT EJ: s | - 4
06 T T 7 & absoPT 10.6 0% E 0'07_ -
8 u_J &
IS T 0.06[ - 1
I E
E 2
ZO = 0.05
& Eabs—OPT
0.04[ Esub-0PT|]
50 100 150 200 250 300
Wavelength (um) T, (°C)

Fig. 2.16 Results of the optic analysis are reported for both sides of the commercial absorber
Mirotherm® from Alanod. (a) Spectral emissivity curve of coated, €1-absopr, and uncoated, ;-
sub-0PT, side was measured by reflectometry and FTIR measurements at room temperature and
are shown as function of wavelength. Also normalized solar spectrum, ASTM G173-0
standard, and spectrum of the adopted LED system are reported. (b) Thermal emittance of
coated, eabs-opr, and uncoated, &sw-ort, side is calculated through eq. 1.10 and reported as
function of Tabs.

Together with the optical characterization, also the calorimetric measurement campaign
was carried out. auight and eest-Tor resulting from 12 calorimetric tests, 6 performed outdoor and
the other 6 indoor are reported. In case of outdoor testing, all the experiments, from #1 to #6,
consist in exposing the test facility to solar irradiance without any external fan to cool the
chamber walls. Indoor tests were conducted under the following controlled conditions, tests
#1 and #2 refer to Piep close to 1 kWm 2 while the chamber is externally cooled by an electric
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fan. Test #3 has similar Prep but with no fan system for external cooling. Tests #4, #5 and #6
were performed without external cooling too, but at reduced Prep.

In Fig. 2.17(a), eeit-ror resulting from one of the analyses of the Cooling-Down phase (grey
line) is reported as function of Tabs and the points B, B* and C are indicated. At the start of the
Cool-Down phase, point B, the calculated eettor is zero. At lower Tabs, as the cooling
progresses, there is an increase of calculated eesi-tor up to more realistic values, point B*. This
anomaly is due to the thermocouple fastening and is driven by the shape of dTabs/dt in B — B¥,
as seen in Fig. 2.15, affecting the calculated éet.1or in the first moments of the Cool-Down
phase for roughly 10 °C starting from Tswg. In the following interval B* — C, the calculated éefs-
tor reduces together with Tabs, as even expected from the optical analysis of the coated and
uncoated side, see Fig. 2.16(b). As the sample approaches point C, the calculated eesitor
becomes noisier. This outcome is explainable by the reduced values of Tabs derivative when
the sample has a temperature close to the ambient. The intrinsic noise of the thermocouple
signal returns higher noise/signal ratios of the derivative when it approaches zero. To
overcome this and obtain a one-to-one relation between ¢ett-tor and Tabs, a fitting of the data
was performed in the range B* — C by use of the second order polynomial function éett.tor-fir,
see Fig. 2.17(a).

In Fig. 2.17(b) are shown the fitted emittances eeft.ror-rir resulting from tests #1 to #3 of the
outdoor and #1 to #3 of the indoor measurement campaigns (coloured lines). They have good
agreement each other and no trend can be extrapolated from comparing indoor versus
outdoor results, neither from #1 and #2 versus #3 carried indoor, as they differ from usage of
fan cooling. This implies that, even if the test facility has different external boundary
conditions, the resulting eeri-ror-siT is not sensibly affected. More experimental details about this
boundary conditions will be reported following in Tab. 2.3 and Tab. 2.4. The six é&eft.1or-FIT
results that appear in Fig. 2.17(b) group together in a variation of £0.0025 at Tabs above 150 °C,
while +0.0035 below, corresponding roughly to +2.5% and +4% of the average, respectively.
The increased variation at lower temperature leads to the higher noise of &eft-ror which
presumably affects the result of the fit.

In Fig. 2.17(b) is reported also the total thermal emittance of the absorber as the sum of
the emittances optically estimated eabs-opr and esub-opr together with the corresponding effective
total thermal emittance eerrororr in hypothesis of infinite plates. gefiror-orr is the sum of the
two thermal emittances optically estimated, but each corrected through eq. 2.2, assumed that
the coated side of the absorber exchanges radiation only with the glass, whose thermal
emittance is set 0.85, and the uncoated side only with the stainless-steel of the vessel, with
emittance 0.13. At temperatures below 150 °C there is accordance between the fitted eett-Tor-rir
of the six experiments and the sum of the two optical emittances gasopr + &ub-opr, but above
with the increase of Tabs, the calorimetric results tend to be lower. At Tabs =200 °C, the sum &abs-
opr + &u-opr is on the edge of variation of the calorimetric values, and at Tas = 300 °C it
overestimates the total emittance of 0.01, i.e., 9% of the calorimetric result. On the other hand,
the optical total effective emittance eefi-rororr underestimates the calorimetric outcome in the
whole investigated temperature range. This discrepancy reduces with temperature, ranging
from 11% at Tabs = 50 °C to 8% at Tabs = 300 °C.
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Fig. 2.17 An example of calorimetrically measured effective thermal emittance eestor is
reported together with the polynomial fitting curve ecit-ror-rir as function of Tabs. (b) Polynomial
fitting curves are reported as function of Tabs for three indoor and three outdoor experiments
together with the total thermal emittance derived by optic reflectivity measurements as sum
of gabs and &sub, and as the effective emittance ees-ror-orr calculated by eq. 2.2.

These results underline the main scope of the presented calorimetric test facility. Neither
the sum of the spectrally averaged emittances of the two sides carried out by optical analysis,
nor the further correction by eq. 2.2 of infinite plates can be used to obtain an accurate
estimation of the actual effective total thermal emittance of the absorber when working under
operating conditions of evacuated flat panel. The reasons of such discrepancy might be the
change of the spectral emissivity of the sample at high temperature and/or a not well-
modelled radiative interaction with the surroundings.

The first effect was already experimentally observed in the past, as discussed previously
in section 1.3. For instance, Echdniz et al. carried out the optical analysis of a selective absorber,
a multilayer coating based on Si, Mo and N over a substrate Ag coated, at actual temperatures
as high as 600 °C using an innovative homemade IR-radiometer, rather than the traditional
measurement performed at room condition. They observed a strong reduction, from 0.75 to
0.58, of spectral emissivity of the coated side at 2 pm of wavelength when the absorber’s
temperature increases from 250 to 350 °C. A slight but uniform increase at longer wavelengths
of the rest of the spectral emissivity returned an augmented spectrally averaged emittance of
the order of 8% in the same range of temperature, but with an attenuated rate of increase
because of the shift of emissivity at lower wavelengths. The authors attributed such a
phenomenon to a change of the radiative properties of the selective coating and a similar effect
might happen also during our calorimetric tests, being a potential explanation to the obtained
experimental results.

The interaction with the surroundings might be an additional cause of the observed
discrepancies, and 3D numerical simulations are needed to quantify its impact on the effective
thermal emittance. To ease the reading, we anticipate here that numerical simulations reveal
no impact of the geometry on the radiative exchange with the glass and vessel, confirming the
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quality of the design of the facility, but more details about the numerical apparatus and the
outcome of the simulations are discussed in the section 2.6.

The presented test facility and its measurement algorithm are more reliable than the
traditional optic analysis performed at room temperature and its traditional mathematical
correction. This is possible because during the calorimetric tests, the realistic operational
conditions of the absorber are reproduced, and the measurement is focused directly on the
radiative properties of interest.

Subsequently to the Cool-Down phase of each test, the Warm-Up phase is analysed to
calculate auight as the only unknown of the calorimetric eq. 2.9, adopting as emittance
parameter the fitted curve eeqror-rir of the same test. Using this approach, every test is stand-
alone and not correlated to other parallel experiments. Similarly to ees-1ot, also the calculated
atight from the Warm-Up phase shows the anomaly due to the delayed response of Tabs
derivative at the beginning of the phase. In the first moments of the phase, aiight turns to be
zero but increases to more realistic values when the Tabs derivative steps over the point A*.
The interval A — A* impacts the measurement for no more than 20 °C and auig: is calculated
only in the following interval A* — Bsta. For each indoor and outdoor test, the measured aiight
in A* — Bst% can be assumed constant within a variation of +1.5% around the mean value. asun
and awep resulting from the outdoor and indoor experimental campaigns are reported in the
following Tab. 2.3 and Tab. 2.4, respectively.

Tab. 2.3 summarizes the six experimental outdoor tests with Psun expressed in Wm?2 at
A* and B8, i.e., at the beginning and end of the interval to calculate asun. The temperatures
measured in B of absorber, glass, and vessel, in the order Tstag, Tgla and Tves are expressed in
°C. The last column shows the mean value of the calculated asun in the interval A* — Bstas
together with asunorr from the optical analysis which is reported in the bottom row. The
measured Psun values are as high as 0.9 kWm2 because all the six tests were conducted on clear
sky days in Naples, 40° 51" N — 14° 18" E, in October and around noon. The chamber was
exposed to the solar radiation and ambient air with no fan system to force the external
convection. There is accordance between the six calorimetric asun and optical asun-orr with a
maximum discrepancy of 0.024 corresponding to 2.5% of asun-opr.

Tab. 2.3 The summary of six outdoor calorimetric experiments is reported. The table shows
Psun measured at start and end of the Warm-Up phase on points A* and Bsts, the temperatures
at stagnation of absorber, glass, and vessel, Tstg, Tgla and Tves, respectively. asun-opr and otsun for
each test are reported. asun is the averaged value calculated in A* — Bstes,

Psunin A*  Psunin Bs@g  Tetag Tgiain Bstas Tves in Bstas
Outdoor test (Wm?) (Wm) (°O) (°O) (°O) OSun
#1 (no ext. fan cooling) 910 921 308 56 59 0.930
#2 (no ext. fan cooling) 910 885 302 54 59 0.915
#3 (no ext. fan cooling) 906 897 305 50 58 0.910
#4 (no ext. fan cooling) 923 942 306 56 60 0.915
#5 (no ext. fan cooling) 915 926 311 50 59 0.932
#6 (no ext. fan cooling) 923 943 313 51 60 0.909

asun-orT = 0.933

Tab. 2.4 is analogous to Tab. 2.3 but refers to the six tests carried indoor with the LED
system. For this reason, Prep is identified by one single value, constant all over the Warm-Up
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phase, whereas the solar irradiance was intrinsically transient. Each Pieo is coupled to a
Control Voltage that is the electric potential driving the control electronics of the LED system,
ranging from 2 to 10 V [56]. Indoor tests #1 and #2 have glass and vessel temperatures sensibly
lower than #3 because of the presence of the fan to externally cool the chamber. Although the
difference is roughly 20 °C, the resulting avep has no significant change, meaning that the
calorimetric eq. 2.9 is reliable to describe the thermal behaviour of the absorber. Indoor tests
#4, #5 and #6 were performed at lower Prep obtaining lower Tstg, shifting from roughly 320 °C
at 1 kWm?2 to 226 °C at 0.4 kWm™2. Neither in this case significant variations on ateo can be
detected. Calorimetric atep obtained under different boundary conditions are in good
accordance with the optical acep-orr having a maximum deviation of 2%, slightly lower than
the discrepancy between asun and asun-orr. This might be addressed to the higher time stability
of the incident light provided by the LED system than the exposure to transient solar
irradiance.

The good agreement between calorimetric and optic light absorptance validates two
aspects simultaneously. One is how we modelled thermal losses, the other is how we
modelled the light absorption mechanism.

Tab. 2.4 The summary of six indoor calorimetric experiments is reported. The table shows
the Control Voltage of the LED system and the corresponding Priep, the temperatures at
stagnation of absorber, glass, and vessel, Tstag, Tgla and Tves, respectively. atep-orr and owep for
each test are reported. avep is the averaged value calculated in A* — Bstas,

Control Prep Tstag Tgla in Bstes Tves in Bstag
Indoor test Voltage (V) (Wm=) (°C) (°C) (°C) (XLED
#1 (with ext. fan cooling) 6.50 1060 330 49 48 0.944
#2 (with ext. fan cooling) 5.80 981 319 46 38 0.928
#3 (no ext. fan cooling) 5.57 951 320 70 55 0.929
#4 (no ext. fan cooling) 4.00 715 289 66 58 0.949
#5 (no ext. fan cooling) 3.00 552 263 60 53 0.946
#6 (no ext. fan cooling) 2.00 392 226 49 44 0.940

avLep-ort = 0.947

2.6. Numerical 3D Thermal Simulations

The numerical 3D simulation of the whole facility, absorber and surrounding chamber, is
a useful instrument to quantitatively realize the impact of each parameter and to validate the
comprehension of all the thermal phenomena observed during the calorimetric tests. The
model adopted to perform numerical 3D simulations was built using Comsol Multiphysics
and is depicted in Fig. 2.18. The model was aimed at simulating both transient and steady-
state temperature domain of the system in its indoor configuration, aiming at reproducing the
calorimetric experimental data of the absorber using as input its optical absorptance avep-orr,
and temperature dependent emittances gabs-opr(Tabs) and &sub-orr(Tabs) from the optical analysis.

Unfortunately, the computational complexity of radiation is exponential with the number
of cells, so particular attention was paid in creating a numerical model as minimal as possible.
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Instead of the original 3D CAD of the system, a simplified version was used to better matches
the requirements of the simulation. The chamber walls were modelled as straight walls
without holes to connect the turbopump, thermocouple feedthrough or pressure gauge. Such
walls are in direct contact with the glass without the presence of any vacuum gasket. The
absorber is a flat aluminium foil, and its stainless-steel thermocouple is modelled just as two
cubic blocks placed respectively on the two sides of the absorber, emulating the actual
thermocouple M3 fastening, the nut and the screw. The absorber is heated by a superficial
power density term expressed as the product Prep x avep-opr X Tgla Which is assumed constant
over time. The front and the back of the absorber can exchange thermal power with the
thermocouple through the surface contact, and radiatively with the internal walls of the
envelope, the glass and the stainless-steel vessel. The chamber walls are externally cooled by
convection of air, natural or forced depending on the type of test we want to simulate. The
internal residual gas and the four supporting springs are not simulated since their
contribution is negligible as discussed previously in section 1.1 and 2.3. To speed up the
computational time, the model is simulated only for its quarter, taking advantage of the
intrinsic symmetry of the system. It is worth noticing that the size of the cells of the absorber
have progressive reduction going from the edge to the centre. This choice leads to the expected
temperature gradient on the absorber, which is bigger close to the thermocouple, see Fig. 2.18.

Thermocouple surface contact
hth—abs : (Tth - Tabs)
external natural/forced
convection of air

hext ) (Ti4 - Te4xt)

aep = 0.947 | lightabsorptance
T4.= 0.915 | glasstransmittance
Piep=[0.4-1.0] kWm? | light power density

Inlet power

§;% §; §; F; | effective emittance between ithand
jthsurfaces
T;; T, | ithand jthsingle celltemperature
T.«=27°C | externalairtemperature
Ty | thermocouple probe temperature

Radiative thermal exchange
between all the surfaces

gy (BT

T.us | @absorbertemperature

hth-abs =17 Wm? | thermal contact betweenthe symmetry planes
thermocoupleandthe absorber VT =0

Fig. 2.18 A quarter of the calorimetric test facility is modelled to perform thermal transient
and steady-state simulations with Comsol Multiphysics. The choice of a simplified geometry
and regular mesh was to minimize the computational complexity. The simulated boundary
conditions are reported, and the table contains the description of each parameter.

Fig. 2.19(a) is the temperature map of the simulated absorber and thermocouple fastening
after 20 s of maximum LED irradiation when the initial temperature of the absorber is 27 °C.
It is possible to distinguish two slightly different temperatures Tin and Tubs, the first is the
simulated mean temperature of the thermocouple bolt, the second is the simulated
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temperature of the absorber far from the bolt and not affected by its presence. In Fig. 2.19(b),
the simulated time derivative of T and Tabs are compared to that experimentally measured in
the same boundary conditions (initial temperature = 27 °C and Piep = 1360 Wm2). Tabs
derivative is maximum at relative time 0 s, as even expected by the calorimetric eq. 2.9 since
the lower Tabs, the lower the emitted radiation (x T*us), the higher the temperature derivative
for a fixed absorbed power. On the contrary, the simulated Tmevolves gradually from the zero
of derivative to its maximum which is reached after 20 s of the heating process. This is easily
explained by the thermal interaction between the bolt and the absorber, as the bolt need a
temperature gradient to increase its temperature. The fact that the simulated Tw and Tabs
derivatives meet at 20 s of the heating process means that the established gradient between
the bolt and the absorber is constant in time with no impact on the simulated derivatives.
These results are validated by the experimental temperature derivative during the
calorimetric test under the same boundary conditions, see Fig. 2.19(b), since the simulated T
derivative is in perfect agreement with the experimental measurement. The presence of the
bolt affects inevitably the temperature measurement, making very difficult the experimental
observation of the immediate thermocouple response as seen with the simulation.

This simulative-experimental comparison of Fig. 2.19 is referred to a very extreme
condition of Prep = 1360 Wm?, that is the maximum reachable with the adopted solar
simulator. The choice of such a power intensity led to the chance of maximizing the
temperature derivative, both experimental and simulated, to enhance the impact of the
fastening.

E.
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—_ 08 o
_gl_
O
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g 2 Warm Up phase
S : T__(time=0) =27 °C
Soefi | | Tovs (fMe=0)
@ : O = O epopt
T % 0 5 I~ E " 8albs = Eabs-OPT
abs = i Experimental _
b *‘-':; I q ------ 3D-Simulation - Absorber €sub — eub-oPT
— % 0.4 | }I— —3D-Simulation - Bolt Eyoeeq = 0-13
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Fig. 2.19 The result of time dependent simulations confirms the role of the bolt observed from
the experimentally measured absorber’s temperature derivative. (a) The temperature domain
as result of the transient simulation is shown at the relative time = 20 s. The gradient between
the bolt and the absorber is of the order of 1 °C. (b) The simulated temperature derivative of
the edge of the absorber, see Tabs, and that of the bolt, T, are compared to the experimental
measurement. There is good accordance between the simulated derivative of Tw with the
measured derivative, while the simulated absorber has its maximum temperature derivative
exactly at the relative time =0 s.
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During each calorimetric test at the beginning of the Warm-Up phase, the temperature
derivative of the absorber is dominated by the role of the absorbed light (Piight X aight X Tgla),
because the emitted radiative power is very low at temperature close to ambient. This means
that the simulated Tu and the measured absorber temperature in the first moments of the test
cannot be affected by an eventual inaccurate estimation of the thermal emittances. With the
increase of Tabs during the Warm-Up phase, the role of thermal emittances increases its
importance over the light absorptance, as also demonstrated by the weighting factor w
described in section 1.2. Thanks to the 3D numerical simulation, the actual radiative
interaction of the absorber with the surrounding can be extrapolated, getting a deeper
comprehension of the phenomena occurring during the experimental tests.

In Fig. 2.20, the absorber stagnation temperatures measured experimentally during the
same six indoor tests reported before are compared to those expected by the 3D simulation
and by the calorimetric eq. 2.9 using as input the optically estimated emittances eabs-orr and
es-ort. Thanks to the calorimetric eq. 2.9, the stagnation temperature can be calculated
assuming as effective thermal emittance the sum of the optical emittances eabs-opr + €sub-opr OF
the correction of each with the model of infinite plates. Rewriting this equation for the specific
case of stagnation, i.e., no temperature derivative of the absorber, we obtain the following eq.
2.10

Tt PiightTgia®ignt -
stag — Y
0 Eeff—TOT

This equation cannot be written completely explicit for Tswg since eeft-Tor is dependent on
the absorber temperature too, so an iterative algorithm was developed to calculate Tstg. What
emerges from Fig. 2.20 is that Tswg values calculated by the 3D simulation are in good
agreement with those obtained by eq. 2.10 in case of &efttor = &absorr + &subopr for all the
investigated Prep range 0.4 — 1.0 kWm2. On the contrary, the case of the theoretical correction
of infinite parallel plates eefitor = gefi-ror-0PT reveals higher Ttag than the 3D-simulation of 10 °C
at Prep of 0.4 kWm?2, up to 18 °C at 1.0 kWm2 This means that, for the 3D-simulation, the
radiative interaction of the absorber with the glass and vessel is of second order, and the
radiative thermal exchange is only function of the absorber properties.

To ease the reading, in Fig. 2.20 is also reproposed Fig. 2.17(b) that contains the effective
thermal emittances measured during the Cool-Down phase of three outdoor and three indoor
tests, compared to the expected values by the optical reflectivity measurement. In Fig. 2.20,
the experimental Tsag values overlap those of the 3D-simulation at Pueo = 0.4 kWm?,
confirming the fact that the experimental calorimetric emittance eet-ror agrees with the sum of
the optical emittances eabs-orr + esub-orr up to 200 °C. As Prep increases, the experimental Tstag
becomes bigger and reached a deviation of 10 °C at Prep = 1.0 kWm? where the experimental
stagnation temperature is 330 °C. For every stagnation condition, the correction of infinite
parallel plate overestimates the experimental temperatures of roughly 10 °C.

These results are perfectly in line with the calorimetric emittance ee.ror measured during
the Cool-Down phase, as it was lower than the sum of the optical emittances gabs-orr + gsub-orT
and simultaneously higher than those obtained by the correction of the infinite parallel plates.
In conclusion, these simulative results confirm the initial proposed interpretation of the
behaviour of the thermal emittance with respect to the optical estimation at temperatures
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above 200 °C, see Fig. 2.17(b), as the change of the radiative properties of the coating is the
only possible mechanism in action to justify those results.
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Fig. 2.20 Absorber stagnation temperatures Tsag of the six indoor calorimetric tests are shown
as function of the light power density Prep and are compared to the stagnation temperatures
expected by the 3D numerical simulation and by iteratively solving the eq. 2.10 adopting as
emittance the sum of the optical emittances sasorr + esv-orr and the effective emittance
obtained by the model of infinite parallel plates &eft-ror-orr. In this figure also Fig. 2.17(b) is
reproposed to ease the interpretation of the stagnation data.
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3. Production of Novel Selective Solar Absorbers

Once the reliable characterization procedure had been developed to test absorbers under
realistic operating conditions, the activity of production of novel absorbers took place. The
previous paragraph 1.2 introduced the basic technologies to produce selective absorbers and
anticipated that multilayer and cermet coatings with an extra antireflective layer are the most
used solution at industrial scale for their simplicity, reliability, and performance. Even their
combination is an effective solution consisting of a layered structure where each layer is
cermet, and, among the layers, the volumetric density of the metallic particles into the
dielectric matrix changes guaranteeing the alternation high-low metal fraction, similar to the
metal/dielectric alternation of multilayers [58].

Our application of mid-temperature heat, above the threshold of 100 °C as operating
temperature, requires an absorber with a new balance between solar absorptance and thermal
emittance, as discussed in section 1.2. The weighting factor, relative importance of thermal
emittance against absorptance, reaches values above 1 only for the specific case of the
unconcentrated evacuate flat plate panel, and, for this reason, a new category of absorbers is
emerging. This subject is completely new among the numerous works available in literature
about absorbers for low- and high-temperature applications. Those two categories share
values of weighting factor sensibly lower than 1 and particular attention was paid in
maximizing solar absorptance, as reported by review articles about plate absorbers for low-
[59] and concentrated tube receivers for high-temperature [23], [26]. As opposite, the role of
absorber’s thermal emittance is key for the conversion efficiency of the evacuated flat plate
panel, and the proper design for the absorber is needed.

The aim of this work is not only producing prototypical flat absorber samples properly
designed to be calorimetrically tested under realistic operating conditions, but also to make
the proposed solution respect the requirements of the industrial production. The chosen
architecture is the multi-layered Cr-based coating with SiO2 on top as antireflecting layer
deposited over a copper foil acting as substrate. The choice of copper over aluminium, which
are the two traditional alternatives as substrate of plate absorbers, is due to its lower thermal
emittance, 0.020 for copper and 0.045 for aluminium [60]. The chosen selective multilayer
coating is Chromium based with the alternation of nanometric metal-dielectric phases
obtained by deposition of the metal and its oxide. This solution was preferred to cermet layers
since the deposition of the metallic phase into the dielectric matrix would have introduced
additional deposition parameters, whereas simplicity and reproducibility is pursued.

3.1. Optics Fundamentals for the Multilayer Selective Coating

The concept of operation of nanometric layers with metal/dielectric alternation has solid
analytic foundations. The most general mathematical formulation to describe electromagnetic
waves and their interaction with the matter is the Maxwell’s set of differential equations of
the electric and magnetic field. Under the hypotheses of electromagnetic wavelength sensibly
bigger than the material” size in its direction of propagation and of uniform plane sinusoidal
wave, the Maxwell’s equations can be simplified as follows to describe the transmitted,
reflected and absorbed light when interacting with the matter. Eq. 3.1 is the Snell’s law of
refraction and relates the angle of incidence of the light 0i to the transmission angle 0: when a
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discontinuity of refractive index from n1 to n2 occurs. The reflection due to the same
discontinuity can be modelled according to the Fresnel’s laws, eq. 3.2, where the parallel and
orthogonal component of the electromagnetic wave to the interface plane, Rs and Rp
respectively, are function of the refractive indices n1 and n2, the incident 0i and transmitted Ot
angles. At each interface, the transmitted intensity is always complementary to the reflected
amount, because of the basic energy balance equation. The absorption mechanism is modelled
via the exponential decay of each ray intensity I through the medium from its initial value Io,
see eq. 3.3, where k is the extinction coefficient of the medium, 4 is the electromagnetic
wavelength and x is the spatial coordinate representing the depth reached by the wave.

n,8inf; = n,sinb; 3.1

2

n,cos0; — n,cos6; |n1cost9t — n,cos0;|?

R; = p = 3.2
n,cosf; + n,cosh, |nlcoset + n,cos0;
4mk
| = Ioe_(%)x 3.3

The conceptual scheme of the light interaction with a medium is reported in Fig. 3.1.
Assumed three different materials A, B, and C interacting with an electromagnetic wave
incident over the interface A-B, see Fig. 3.1(a), the intensities and angles of the reflected and
transmitted waves are governed by eq. 3.1 and 3.2. The first reflection keeps the wave inside
the material A, while the transmitted goes across the material B and meets the second interface
B-C. Being this another interface, the ray is partially transmitted and reflected again. The
transmitted component continues forward the material C while the reflected continues within
the material B. This component meets again the interface A-B, but now with inverted sequence
of refractive indices. Theoretically, the endless repeat of such a process returns the total
reflected and transmitted fractions of the incident electromagnetic wave as the sum of all the
reflected components from the interface A-B and those transmitted from the interface B-C.
The absorption mechanism is showed in Fig. 3.1(b) with the exponential reduction of the
amplitude of the wave when going through the thickness of material B (assumed to have
much higher extinction coefficient k than material A). The combination of the two described
mechanisms, reflection-transmission and exponential absorption, are the basic strategies of
the multilayer coating to absorb the incident light by increasing its path within the layers,
taking advantage of absorbing materials with high extinction coefficient k to maximize the
absorption and minimal discontinuity of refractive index 7 to reduce the total reflection.

Another mechanism that accounts for the light absorption is the destructive interference
between the reflected and transmitted waves. It occurs independently from the exponential
decay of the light intensity through the layers and can be obtained by using the proper
combination of thicknesses. Typically, the dielectric layers follow the “quarter wavelength
rule”, as the destructive interference at a certain wavelength occurs when the thickness are a
quarter of the incoming light. This, together with the characteristic solar wavelengths, explain
why the whole structure of selective absorbing coatings are of the order of few hundreds of
nanometres.
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Fig. 3.1 Conceptual scheme of light-matter interaction of a multi-layered coating. (a) The
multiple reflections of the single ray incident over the interfaces A-B and B-C is the
mechanism that regulates the net reflected and transmitted light. (b) The absorption
mechanism of the single ray is exponential with the thickness of the layer.

The mechanisms of intrinsic absorption of the layers, multiple reflections and destructive
interference are the chance that the multilayer coating applied over the reflective substrate
has for absorbing the incident solar radiation. At the longer wavelengths of the radiative
emission, the interaction of the coating with the electromagnetic wave is different since the
wavelength reaches value of the order of micrometres and all the absorptive mechanisms
strictly depend on it. Indeed, the extinction coefficient reduces its impact exponentially with
the wavelength A, see eq. 3.3, and the destructive interferences happen at the nanoscale
through the rule of the quarter. The inefficiency of the coating to absorb longer wavelength
means that it is neither efficient to emit at the same wavelength because of the Kirchhoft’s law,
reaching the desired selectivity of the coating in terms of high absorption in the solar range
and high transparency in the IR wavelengths to take advantage of the low emissive substrate.

The multilayer sequence made of metal/dielectric alternation is one of the most used
among selective coatings for thermal applications. Metals have commonly higher values of
refractive index n and extinction coefficient k than dielectrics. The role of metals is to enhance
the absorptance through its k while dielectrics minimize the gap of the refractive indices
between the metal and the air/vacuum environment. There are examples of alternating
metal/dielectric absorbers described in literature and some of them [61]-[66] are reported in
the following Tab. 3.1. The dielectric materials used are Chromium Oxide Cr20s, Silicon
Dioxide SiO2 and Aluminium Oxide ALOs; for the metal layer Chromium Cr, Titanium Ti,
Platinum Pt and Tungsten W; while Copper, Aluminium, stainless-steel, Tungsten and
Titanium as reflective substrate. It is interesting to note that dielectric layers are matched
almost with any other metal layer and vice versa. The thicknesses of the dielectrics are of the
order of tens of nanometre, whereas the central metal layer keeps around 10 nm. The most
recent of the reported works, (Tian et. al (2021) [66]) has an extra dielectric of SiO2 on top of
AlOs acting as antireflecting layer. This nomenclature derives from the fact that SiO: has a
very low refractive index, n =1.45, and it can be effectively used to minimize the gap between
the air/vacuum and the ALOs with n =1 and n = 1.70, respectively.
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Tab. 3.1 Multi-layered metal/dielectric selective coatings for solar thermal absorbers are
reported from the literature. Each column refers to a published article, with authors and year
of publication in the first row, materials and thicknesses in the central rows and the substrate
material in the last.

Barshilia et al. Zhou et al. Lai and Li Dereshgi et al. Lai Tian et al.
(2008) [61] (2012) [62] (2013) [63] (2017) [64] (2020) [65] (2021) [66]
. . ALLOs (71 Si02 (90 nm)
Cr20s (28 nm) 5102 (90 nm) 5102 (90 nm) ALQOs (80 nm) nm) AL:Os (71 nm)
Cr (13 nm) Cr (10 nm) Ti (7 nm) Ti (10 nm) Pt (7 nm) W (10 nm)
. . AlLOs (76
CrxOy (64 nm) Si0O2 (80 nm) Si02(110 nm)  Al2Os (80 nm) nm) ALQOs (71 nm)
Cu substrate Al substrate Stainless Steel W substrate Ti substrate W substrate
(> 150 nm) (> 150 nm) (> 150 nm) (> 150 nm) (> 150 nm) (> 150 nm)

In these works, as common for this research field, the authors prepared their absorbers
depositing the layers over perfectly flat and smooth substrates, such as glass, silicon wafer or
polished-mirror-like stainless-steel. This particular attention to the smoothness of the
substrate comes from the negative impact that it has on spectral emissivity [67]. In literature
there is lack of a complete and reliable correlation between roughness and local emissivity of
the surface material, and, for this reason, every work about absorbers tends to overcome this
problem testing only perfectly smooth samples. Once they got the smooth support, they
covered it with a film of the desired reflective metal, thick enough (> 150 nm) to have no
transparency at all wavelengths, emulating the optical response of the smooth bare material.
The size of those samples was small (< 50 mm) and suitable only for optical analysis of
reflectivity. All the reported literature works obtained great performances with optical solar
absorptance above 0.90 and contained thermal emittances, below 0.08 at 300 °C. The removal
of the roughness, the lack of any information about the back of the substrate (which thermal
emittance has a not negligible weight), and tests carried out only via reflectivity
measurements make all those results not useful for our application.

Our work wants to fill all these gaps producing novel absorbers using as substrate the
commercial bare copper foil, as it is without modifications, and then to qualify their
performance through the novel calorimetric test facility, previously presented, reproducing
the real operating condition of the absorber.

3.2.  Proposed Architecture of the Multilayer Absorber

The chosen architecture for the proposed selective solar absorber consists of the
alternation of Cr and Cr20s over a copper commercial foil with an extra layer of SiO:z acting as
antireflective coating on top of the chromium-based multilayer. The scheme of the absorber is
depicted in Fig. 3.2, where there are all the materials and layers involved.

Above the copper substrate there is a layer of Cu20 that is not result of any deposition,
but natural oxidation of the metal exposed to air. Depending on the nature of the substrate,
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temperature and time of exposure, its oxide layer could be more or less thick, and partially or
fully oxidated. In case of copper, two are the possible oxides, Cu20 cuprite and CuO tenorite.
The full oxidation of the second can be achieved only at temperatures as high as 300 °C,
whereas below 200 °C the first is more stable forming a layer of around 10 nm [68], [69]. The
introduction of the oxide layer over the metallic substrate is an aspect not usually considered
when designing laboratory absorber samples, as they are prepared without the natural
oxidation layer. As opposite, after the industrial lamination of copper (typically stored as
ribbons) there could be a long-time interval before the deposition of the absorbing coating,
causing the exposure to air and humidity. To reproduce realistic deposition conditions, the
proposed coatings were deposited on the commercial copper foil as it arrived from the
manufacturer without any pre-process to remove the oxide or to smooth the surface.

Another difference with the other works from literature is that the proposed multilayer,
see Fig. 3.2, has the first deposited layer metallic instead of dielectric. The reason of this choice
comes from the need for strong adhesion of the coating with the substrate, feature not
mandatory during laboratory depositions over flat small samples, but of primary importance
at industrial scale. The traditional industrial architecture for physical vapour deposition is
roll-to-roll. The metallic substrate is a foil wrapped in ribbons and inserted within the
deposition setup, unrolled, stretched, and moved to the various deposition sections of the
system, then finally re-wrapped to be taken out. The substrate undergoes repeated bends and
friction with the rolls, so it requires a strong adhesion of the coating otherwise the mechanical
stresses would damage or even remove it during the deposition process itself. Typically, the
bonding of the first dielectric layer with the substrate can be enhanced by an additional layer
in between, as even reported by Almeco in the datasheet of their absorbers [24]. The candidate
bonding materials are metals such as Niobium, Tungsten, Titanium or Chromium [70], [71]
for their affinity with oxygen to create strong interatomic bonds. In our case the material
chosen as bonding layer is Chromium.

Above the first Cr layer, the traditional three-layer sequence, dielectric-metal-dielectric,
is obtained by Cr203 — Cr — Cr20s, then finally coated by SiO: as antireflecting layer.

}f Antireflective top layer

Sio,

Cr,0,4
Dielectric/Metal/Dielectric | _
Three-layer | Cr

Cr,04

}F Bonding layer

Cr
a0 Naturaloxidation layer

Substrate — Cu commercial foil

Fig. 3.2 Structure of the proposed selective absorber. The substrate is a commercial copper
foil with thickness 0.20 mm, while the layers are nanometric (figure not in scale).
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To better realize the role of each layer of the proposed structure, some values of refractive
index and extinction coefficients from literature are reported in the following Tab. 3.2. There
are the values of 7 and k of each material at two wavelengths, 1 =0.50 um and A =2.0 pm, the
first representative of the absorption mechanism in the solar range, the second of the IR
interval for emission. The sequence Air/Vacuum — SiO2 — Cr203 — Cr — Cr20s (following the
path of the incident solar radiation) follows the gradient of refractive indices, as done so far
in literature. The central Cr layer is demanded to absorb the light for its high values of k, two
orders of magnitude higher than the other dielectrics of the stack, while the surrounding
dielectrics are demanded to reduce the refractive index n discontinuity with the Air/Vacuum
and the copper substrate. For instance, at A = 0.50 um, Cr has n = 2.55 while Air/Vacuum 1.0
and Cu 1.16, so that the presence of the two Cr20s layers and SiO:2 is needed minimize this
discontinuity thanks to intermediate values of #, as 1.48 and 2.20 for SiO: and Cr20s
respectively. The inevitable presence of extra layers on bottom, Cr for bonding and Cu20 for
natural oxidation of copper, spoils the optimal configuration “antireflective-dielectric-metal-
dielectric-substrate”, affecting inevitably the performance. This is the explanation of why in
literature absorbers are designed without the oxidation layer of the substrate and the metallic
bonding film since in laboratory these constraints can be easily removed, contrarily to the
industrial production.

Tab. 3.2 Refractive indices and extinction coefficients from literature at two wavelengths (4
=0.50 pm and 4 = 2.0 um) of each material composing the layers of the proposed absorber.

Proposed Material properties Refractive Index Extinction coefficient
Architecture from literature A=050pum A=20pum A=050pm A=2.0um
Air/Vacuum Ciddor (1996) [72] n=1.00 n=1.00 k=0.00 k=0.00

S5i02 Gao et al. (2012) [73] n=148 n=146 k=0.00 k=0.00
Cr203 Al-Kuhaili et al. (2007) [74] n=220 n=1.90 k=0.05 k=0.02
Cr Rakic et al. (1998) [75] n=2.55 n=23.95 k=411 k=6.10
Cr203 Al-Kubhaili et al. (2007) [74] n=220 n=190 k=0.05 k=0.02
Cr Rakic et al. (1998) [75] n=2.55 n=23.95 k=411 k=6.10
Cu0 Tahir et al. (2012) [76] n=3.11 n=2.38 k=0.35 k=0.03
Cu Ordal et al. (1985) [77] n=116 n=0.89 k=264 k=134

In the next section 3.3, we report details about the deposition of all the layers of the
proposed absorber; then in section 3.5, the experimental analysis of each layer of the coating
is performed through the presented calorimetric test facility. Results will show the
effectiveness of this proposed architecture in terms of performance, thermal stability, and
easiness of production even at industrial scale.
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3.3. Basics of Magnetron Sputtering

Physical Vapour Deposition (PVD) is the most common technique used to deposit thin
films at industrial scale for selective solar absorbers over metallic substrates. Opposite to
Chemical Deposition (CD) processes, where the layers are deposited through chemical
reactions with the substrate, PVD consists of releasing vapours of the material to be deposited
toward the substrate that is consequently coated by the condensed material.

The most relevant Physical Vapour Deposition techniques are Cathodic Arc, Electron-
Beam, Thermal Evaporation, Pulsed Laser, and Magnetron Sputtering. In this work the
adopted deposition technique is Magnetron Sputtering, as one of the most used for large scale
production. In this paragraph its operating principle is described, and details of the laboratory
scale deposition are reported. In the last chapter 4, the production at industrial scale is
discussed by means of experimental tests with a roll-to-roll sputtering machine.

In Fig. 3.3, the conceptual scheme of operation of Magnetron Sputtering Deposition is
shown. The deposition machine consists of a vacuum chamber kept under high vacuum by a
pumping system. Within the chamber there is the substrate to be coated placed over a sample
holder and the material to be deposited in shape of a bulk plate or disc, named “target”, placed
in front of the substrate. The back of the target, i.e., the side not exposed to the substrate, is
cooled by water flux, attached to a magnet pack providing a magnetic field oriented mainly
parallel, and connected to a power supply that keeps a negative potential. All the other
components, such as the vacuum chamber and the sample, are electrically grounded. While
the pump is active and the chamber has already reached its limit vacuum (base pressure of
the order of 107 mbar), Argon is injected with a controlled flux (commonly expressed in
standard cubic meters - sccm) bringing the internal pressure up to 10 — 102 mbar, depending
on the required deposition conditions. The negative potential of the target, as high as
hundreds of volts, ionizes the Ar atoms in Ar* with the consequential release of electrons. The
Ar* ions are attracted by the negative potential of the target, acquiring a kinetic energy
proportional to the applied voltage, and hit the exposed surface of the target. When the Ar*
ions have enough energy to break the interatomic bonds of the target material, its particles are
released in the opposite direction of the Argon motion, in other words, towards the substrate
obtaining the desired deposition of the target material. The kinetic energy of the Ar* released
to the target is also cause of undesired heating and must be dissipated. Usually the cooling
system is water-based and operates on the back of the target support, being the other side
exposed to vacuum.

During the sputtering process, close to the exposed surface of the target there is the
presence of free electrons released by two different mechanisms. One is the ionization of Ar
atoms, the other is the high energetic collision of the Ar* ions to the target which causes the
release of secondary electrons. Because of the negative potential of the target, every electron
is repelled and pushed away towards the grounded surfaces of the chamber. Along their
displacement such electrons interact with every Ar particle along their path enhancing the
ionization process, and, to exploit this interaction, the permanence time of electrons is
extended by means of a magnetic field forcing the electrons move along spirals instead of
straight lines, Lorentz force Frorentz Of €q. 3.4. This force gives to the electrons an additional
component in the direction perpendicular to the velocity v and the magnetic field B, otherwise,
without the presence of any magnetic field, the displacement would be straight due to the
charge of the electron ge interacting with the electrostatic field Estatic.
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Fig. 3.3 Conceptual scheme of operation of a Sputtering deposition machine. The sample is
kept in place by a sample holder (electrically grounded), low-pressure is guaranteed by an
active pumping system while Ar is injected together with Oz or any other reactive gas. The
target to be sputtered is charged with a negative potential thanks to a power supply, the Ar
atoms tend to ionize and hit the target with a kinetic energy proportional to the applied
voltage. The erosion release particles of the target material towards the sample to be coated.

It is worth noticing that, because of the right-hand rule for vector cross product of v and
B, the increase of the permanence time comes from the component of the magnetic field
parallel to the target surface.

FLorentz =dqe (Estatic + ﬁ X B) 3.4

Depending on the type of target material to be deposited, and consequently on the kind
of needed power supply, the sputtering process can be divided into two categories: Direct
Current (DC) and Radio Frequency (RF) Sputtering. When the target is a metal, the negative
potential of the power supply is completely transmitted to the exposed target surface due to
the high electric conductivity, and the current of Ar*ions is continuous as long as the power
supply provides constantly a negative potential of the order of 200-500 V. The use of a DC
power supply to deposit metals gives the name to the process as Direct Current Sputtering. In
case of a dielectric target material, the negative potential applied to the back of the target is
weakly transmitted to the side to be sputtered, as dielectrics tend to polarize accumulating
positive charges on the surface exposed to vacuum. This reduces the net potential and impacts
on the ionization process of Argon. In addition, the already ionized Argon particles when
hitting the target surface add their positive charge to the dielectric polarization, contributing
to the decrease of the net superficial negative charge. These two mechanisms together affect
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the continuity of the Ar* current and brings the whole dynamic to cease. To completely
overcome this issue, very high voltages would be needed, higher than 1 kV, letting the
formation of plasma arcs all around the target and provoking damages of the experimental
setup and hazardous for the safety of the operators. Instead of a continuous extreme high
voltage for the dielectric target, the use of a transient voltage is effective to get rid of the charge
compensation. The alternation of the applied voltage with a sinusoidal progression between
a negative and positive potential with radio frequency can guarantee the desired continuity
of deposition (RF Sputtering Deposition). When the applied potential is negative the Ar*ions
move towards the target, when positive the Ar* accumulated on the exposed surface are
repelled and move away. RF Sputtering (traditionally with a frequency of 13.56 MHz) has
some disadvantages with respect to DC, since RF power generators are more expensive, the
deposition rate is almost an order of magnitude lower than DC and the whole deposition
machine must guarantee the perfect insulation of the parasitic radio-waves emitted towards
the laboratory room.

In some cases, for example when the dielectric is the oxide of a metal, the alternative to
RF is DC sputtering of the metallic target while injecting O2 into the chamber to chemically
react with the sputtered metal. The partial pressure of Oxygen in the Argon atmosphere
impacts on the Ar* dynamic, changing the original deposition conditions of the metal and
requiring higher voltages to sustain the Ar* current. This technique is named DC Reactive
Magnetron Spattering [78], and particular attention must be paid to the deposition conditions
to guarantee a good reproducibility and stability of the process. Its equivalent in RF [79] does
not suffer of those stability issues, thanks to the alternation of the potential in radiofrequency,
being very common among laboratory and industrial sputtering machines. This is easily
comprehensible by the fact that thanks to the use of one type of power supply it is possible to
sputter any kind of target, dielectrics and metals eventually with reactive gases, at the
expenses of energy efficiency, cost effectiveness and simplicity of the deposition machine. For
the specific case of production of solar absorbers, the use of the RF technology is mandatory
because of some materials of interest, such as SiO2 that would need the Si target for the reactive
DC process, that is not metallic. So that, deposition machines for industrial production of solar
absorbers are likely to be equipped with RF power suppliers.

In the following paragraph 3.4, the experimental setup of the laboratory sputtering
machine is described together with the deposition conditions of the materials of the proposed
coating. The metallic Cr layers were obtained by DC sputtering of the Cr target, the Cr203
layers from the same Cr target but in DC reactive sputtering with injection of Oz in chamber,
the SiO2 by RF deposition from the target of SiO:. In the final chapter 4 is shown that the same
materials can be deposited steadily by a roll-to-roll machine. In addition, it will be
demonstrated that there are conditions allowing the deposition of the SiO: layer by DC
reactive sputtering of the Si target with injection of Oz, obtaining that the whole multilayer
coating can be deposited in DC mode and by use of just a Cr and Si targets, guaranteeing
extreme simplicity of the design of the machine, cost effectiveness, and increased energy
efficiency of the sputtering process.

3.4. Laboratory Sputtering Machine to Deposit the Proposed Coating Materials

The laboratory sputtering machine used to deposit the proposed coating over commercial
copper substrates is a batch device, meaning that both target and substrate positions are fixed
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during the deposition. This architecture is very common among various research fields and
allows to design space-saving machines, useful feature for any laboratory activity which
operates with small-sized samples (below 50 mm). This is opposite to the roll-to-roll
architecture of the industrial scale, where the substrate to be deposited moves continuously
while the target is fixed, and the substrate is wrapped in ribbon with length of the order of
kilometres and width of hundreds of centimetres.

In this section, we show the feasibility to deposit the materials with the batch-laboratory
system, then in chapter 4, deposition tests are reported for the same materials also for an
industrial real roll-to-roll machine. The goal is to demonstrate that the proposed coating
solution is compatible with the requirements of the industrial scale.

The adopted laboratory machine is depicted in Fig. 3.4. Figure (a) is the external of the
vacuum chamber. The central quartz window allows to see the plasma induced by the
ionization of the gases during the process. Fig. 3.4(b) shows the internal of the chamber. The
are four deposition sectors, each with a round target of 10 cm diameter facing a sample holder
at roughly 10 cm, so it is possible to sputter four different targets over four different samples.
The sample holders lean on a round plate that rotates moved by an electric motor and allows
the positioning of the same holder below every of the four targets. Fig. 3.4(c) is the picture of
the induced plasma close to the exposed target surface during a deposition. The concentric
round shape derives from the design of the magnetic pack, which is made of permanent
magnets fixed on the back of the target.

Fig. 3.4 Pictures of the laboratory batch sputtering deposition machine. (a) The external of
the vacuum chamber. (b) The plate supporting the four sample holders can rotate thanks to
an electric motor. (c) Through a quartz window, the plasma induced by the ionization process
is visible. Its shape is function of the magnetic field provided by permanent magnets on the
back of the target.

The chamber is constantly evacuated by a pumping system composed of a rotary and a
turbomolecular pumps connected in series. The second is exposed to the chamber, while the
tirst collects the exhaust of the turbo and moves the pumped gas towards the ambient. The
injection of gases into the chamber for the sputtering process brings the pressure from high
vacuum levels, of the order of 107-10°° mbar, to medium vacuum up to 10-3-102 mbar. In the
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meanwhile, the turbopump is supposed to pump out these additional fluxes too with the risk
of damage due to the relatively high pressure after hours of operation. To overcome this issue,
the turbopump is connected to the chamber through a gate valve that reduces of half the
pumped flux and, as consequence, the load on the turbopump when Ar and/or O: were
injected for the sputtering depositions.

The deposition rate of each material at fixed deposition conditions was calculated
through thickness measurement over the deposited material according to the following
procedure. A smooth laboratory glass, cleaned with acetone, isopropyl alcohol, and then de-
ionized water, was marked with a stripe of marker ink on the side to be coated. It was put on
the sample holder facing the investigated target. After the deposition, the marked and
unmarked points of the glass are equally coated. The glass is taken out from the machine and
cleaned again with acetone and isopropyl alcohol. These solvents dissolve the ink of the
marker and remove the coating from the points previously marked. The step height between
the coated and uncoated glass is exactly the thickness of the deposited material, and it can be
measured by means of profilometer measurements. The deposition rate of the process can be
calculated easily as the ratio between the measured thickness and the deposition time.
Carrying out this procedure for different positions over the holder, the spatial uniformity of
deposition was estimated. Assumed acceptable a variation of 10% of the thickness, the
maximum size of the square substrate to be deposited was 100 mm.

In the following Tab. 3.3, details of the sputtering process are reported for the deposited
Cr, Cr20s and SiO:z by use of the laboratory batch setup. For every deposited material, the base
pressure in the chamber before the injection of any process gas was 4.0 x 107 mbar. To reach
such a value, the vacuum system needed at least 12 hours of continuous pumping of the
chamber, so the pumps were activated the afternoon before the day of the deposition, taking
advantage of the whole night for a full evacuation. The injection of Argon was set at 3.3
standard cubic meter (sccm) for the DC sputtering of Cr and Cr20s, and 4.0 sccm for the RF
sputtering, while the Oxygen flux was only for the DC reactive process to deposit Cr20s from
the Cr target. The two DC processes were controlled arbitrarily fixing the current sustained
by the power supply, 0.30 A and 0.50 A for Cr and Cr20s respectively, requiring a power of 89
W and 195 W. The Ar flux was chosen accordingly with the required voltage to sustain the
processes. It was progressively increased starting from 0 sccm until the required voltage for a
stable condition was below the threshold of 500 V. Indeed, as the partial pressure of Ar
increases, the needed voltage to sustain a current reduces thanks to the augmented number
of ionizable Ar atoms. The measured deposition rates of Cr and Cr20s of 26 nm/min and 8.4
nm/min, respectively. Quite similar are the conditions of deposition of SiO: in RF sputtering,
with Ar flow and pressure close to those in DC mode. The power supply was set to release a
fixed power of 200 W returning a measured deposition rate was 6.6 nm/min, and no
information about the voltage and current could be read from the RF controller. What emerges
is that DC sputtering, in our case to deposit Cr, is more efficient than the other two processes
in terms of needed power to guarantee a certain deposition rate. Indeed, Cr203 in DC reactive
sputtering has a deposition rate three times smaller when the demanded power is twice the
Cr deposition. Even worse is the case of SiO: deposited in RF, since the obtained deposition
rate is four times smaller for the same released power of 200 W.
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Tab. 3.3 Deposition details of the laboratory-batch sputtering process of each material of the
proposed selective absorbing coating.

Ar Oz Deposition
Sputtering flow flow  Pressure Power Voltage Current Rate
Material Mode (sccm)  (sccm) (mbar) W) V) (A) (nm/min)
Cr DC 3.3 0.0 2.2x10° 89 296 0.30 26
Cr20s DC Reactive 3.3 1.6 31x10% 195 391 0.50 8.4
S5i0: RF1356 MHz 4.0 0.0 25x10°% 200 N.A. N.A. 6.6

Base pressure = 4.0 x 107 mbar

The reported deposition conditions of Cr20s3 derive from a pre-sputtering process which
is needed to create the optimal deposition conditions for a stoichiometric oxide, since the right
proportion of sputtered metallic Cr and injected O2 must be found. In Fig. 3.5 the
experimental characteristic oxidation curve of the Cr is reported. It consists of the required
voltage to guarantee a constant current when the Ar flow is fixed for various O: flows. For a
set current of 0.50 A and Argon flow of 3.3 sccm, the amount of Oxygen flow is progressively
increased from zero up to 20 sccm, which is the limit of the adopted sputtering machine, then
back to zero again. Each point of the figure is a stable deposition condition, kept for at least 2
minutes. The initial point A of the process has no Oz flow and 330 V to sustain 0.50 A of current
with the deposition of Cr in metal-mode. The injection up to 2.0 sccm of Oz does not
significantly change the needed voltage and the pressure keeps constant. This behaviour can
be explained by the fact that the deposited Chromium chemically interact with all the injected
Oxygen, forming the oxide, minimizing the Oxygen partial pressure in chamber. This amount
of O2is so small that the Cr completely neutralizes its presence, explaining the minimal impact
on voltage and pressure.

Increasing the O: flux to 3.0 sccm, the pressure is still the same while the needed voltage
increases up to 360 V, point B. This is the result of the increased oxidation of Cr and of the
interaction of Oz with the cascade of free electrons. Increasing the O: flux above the point B,
the pressure increases linearly with the Oz flow, meaning that all the exposed Cr surfaces are
fully oxidized and no pumping effect of O2 can be observed. Any additional injection of
Oxygen would directly increase the internal pressure of the chamber. In the point C, 4.5 sccm
of Oz, the voltage reaches a local maximum, since any further increase of injected Oxygen
cannot affect the voltage up to 20 sccm of point D. In the interval C — D, there is the full
oxidation of all the exposed Cr surfaces, even the target surface is fully oxidized, so that only
Chromium Oxide is being deposited instead of the metallic Cr.

Reducing the amount of injected Oz, the pressure and the voltage repeat backwards the
same points observed before, down to 4.5 sccm where point E corresponds to the previous
point C. Now, a further decrease of the O: flow would not return the same conditions of the
tirst part of the process. Indeed, the voltage slightly increases as the Oz flux reduces up to
point F (1.6 sccm and 395 V), while the pressure follows its linear drop. This can be explained
by the fact that at this point, because of the full oxidation of all the exposed Cr surfaces and
with the target releasing Chromium Oxide, the reduction of the total pressure is responsible
for the slight increase of the voltage. The further reduction of the O: flow, below 1.6 sccm,
provokes a fast drop of the voltage being the injected Oxygen not enough to oxidate all the
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sputtered Cr of the target. Stopping the O: flux, 0 sccm, the voltage returns to a value close to
the initial.
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Fig. 3.5 Oxidation hysteresis of Chromium during the DC reactive sputtering when the
process current is fixed at 0.5 A and Ar flow is 3.3 sccm. The needed voltage, left axis, and the
pressure, right axis, are reported as function of the injected O2 flow.

The characteristic oxidation curve of a sputtered metal is well-known in literature. The
width of the hysteresis, in terms of reactive flow, can be analytically modelled thanks to a 0-
D approach [80]. What is of our interest is the stoichiometry of the deposited Chromium
Oxide, and, fortunately, Contoux et al. in 1997 experimentally assed that the best condition to
deposit stoichiometric Cr20s with DC reactive sputtering is the point of maximum voltage
observed when reducing the injected O: after the full oxidation [81]. For this reason, our
deposition condition of the reactive Cr20s corresponds to point F of Fig. 3.5, previously
reported in Tab. 3.3.

The preparation procedure to deposit Cr20s consisted of injecting the O: flow at its
maximum value of 20 sccm for at least 2 minutes while the target is being continuously
sputtered. Then, the Oxygen flux was reduced progressively down to 1.6 sccm in 10 minutes.
During this preparation phase, the sample holder underneath the target was left empty, with
no substrate, and was coated by the mixture of CrxOy and by Cr20s only when the O: flux was
set at the optimum value of 1.6 sccm. Thanks to the controlled rotation of the plate hosting the
holders, the preparation phase was performed always over the same empty holder, then the
actual deposition of Cr20s was carried on the substrates put on the other three holders. For
sake of reproducibility, also the other two materials Cr and SiO2 had the pre-sputtering of 10
minutes over the same void holder, before the actual layer deposition
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3.5.  Deposition and Testing of the Proposed Absorbers

The adopted substrates to be coated by the proposed multilayer coating were commercial
copper foils from KME [82] (thickness of 0.2 mm, width of 1 m and length of several meters
wrapped in a ribbon). Three 100 m x 100 m square pieces were cut from the foils as arrived.
Such a size was the limit due to the maximum acceptable deposition uniformity that was
arbitrarily set to 10%. The three substrates were placed over the sample holders and fixed in
place by stainless-steel frames, see Fig. 3.6(a). Those frames were designed just for this
peculiar application, since in laboratory it is not common to manage samples as large as ours.
They were needed to mechanically keep the substrates in place, perfectly flat, and adherent to
the holders during the process, otherwise the edge of the back would have been fouled by
undesired deposited material. As explained before, each target was pre-sputtered over the
empty holder before the actual deposition of the layer. When this preparation phase ended,
the plate was rotated until the desired substrate was underneath the target in use and stayed
in place to let the layer grow over the substrate. The thickness of the layer was controlled by
the deposition time since the deposition rate had been previously calculated.
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Fig. 3.6 Pictures of production and calorimetric testing of the three proposed absorbers. (a)
Positioning of the three copper substrates into the deposition machine before the process. (b)
The result of the deposition process. (c) The back of the substrate after the deposition is
uncoated thanks to the stainless-steel frames placed around the sample holder. (d) Positioning
of one of the proposed samples into the calorimetric test facility. Because of the reduced
dimensions of the absorber, 100 mm x 100 mm, it is supported by four stainless-steel pins
attached to the bottom of the vessel keeping the same vertical coordinate of full-sized
absorber.

In this work we produced three absorbers designed to work at three different temperature
ranges: absorber #1 for temperatures below 100 °C, absorber #2 up to 200 °C, and absorber #3
for temperatures above 200 °C. They were based on the same multilayer structure but with
different combinations of thicknesses, reported in Tab. 3.4. It is possible to note that all the
thicknesses reduce from the absorber #1 to #3. The role of the absorbing coating is to enhance
the solar absorption of the reflective substrate, contextually it increases the thermal emittance
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of the coated side, so that the best trade-off must be found for each operating temperature.
The three proposed absorbers have thicknesses comparable to the multi-layered absorbers
seen in literature, previous Tab. 3.1. Here we want to demonstrate that a slight reduction of
each thickness can strongly reduce the thermal emittance at the expense of a contained
decrease of solar absorption, reaching a better compromise for the mid-temperatures. The
result of the deposited materials is depicted in Fig. 3.6(b). The supporting frames were coated
together with the copper foils, while the back of each was perfectly protected, see Fig. 3.6(c).

Tab. 3.4 Thicknesses of each deposited material is shown for the three different proposed
absorbers. From type #1 to #3 each layer had a reduction of the thickness to better match the
requirement for a controlled thermal emittance at each operating temperature.

Deposited Thicknesses (nm)

Deposited Material layers Absorber #1 Absorber #2 Absorber #3
SiO2 76 72 65
Cr20s 68 52 45
Cr 10 9 8
Cr20s 54 27 14
Cr 41 17 10

The three absorber samples were calorimetrically tested indoor. The reduced size of those
samples needed a different mechanical support to keep in place the absorbers during the test,
because the distance from the lateral walls of the chamber was too large for the stainless-steel
springs, see Fig. 3.6(d). The adopted solution was to fix four stainless-steel pins on the bottom
of the vessel and leaning the absorber on the sharpened tips to minimize the surfaces of
contact. The reduced size of the sample, 100 mm x 100 mm, and the different supporting
structure could affect the reliability of the calorimetric testing. The calorimetric equation 2.9
was built on some assumptions and validated for the full-sized absorber 140 mm x 150 mm.
Thermal conduction of the structure and the presence of the bolt in the centre of the absorber
could be no longer negligible, requiring additional terms of thermal loss into the calorimetric
equation. For sake of simplicity, the calorimetric equation was not adjusted and was used
exactly like it had been done to test the Mirotherm® absorber. The calorimetrically measured
effective total thermal emittance would be increased by those additional sources of loss
making the results of the three novel proposed absorbers surely conservative in terms of
converted solar energy.

Together with the calorimetric testing, also the optical analysis was carried out by means
of reflectivity measurements at room temperature, obtaining as outcome the spectral
emissivity curve &;. A full-sized 140 mm x 150 mm bare uncoated copper was experimentally
investigated too, both optically and calorimetrically, to better realize the improvement in
performance reached by the presence of the coatings. Results of optical and calorimetric
measurements are reported in Fig. 3.7.
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Fig. 3.7 Experimental results for the proposed three absorbers and the bare copper foil. (a)
Optical analysis of reflectivity reveals a slight intrinsic selectivity of the base copper and a
good selectivity of the three absorbers. Absorber #3 has the shortest wavelength range of high
emissivity, while absorber #1 the largest. This behaviour reflects the choice of the deposited
thicknesses of Tab. 3.4. (b) The calorimetric tests were performed indoor and the thermal
emittances of the three absorbers and the bare copper foil are reported. The absorber #3 has
the lowest emittance out of the three proposed absorbers. (c) Solar absorptance asu-orr and
LED light absorptance atrep-orr are estimated through the optical analysis, while aLep by means
of the indoor testing.

Fig. 3.7(a) summarizes the optical response of the three absorbers and of the bare copper
substrate in terms of spectral emissivity €; versus the wavelength. In the same figure are
reported also the normalized spectrums of the Sun and of the LED adopted for the calorimetric
indoor testing. The bare copper has a slight intrinsic selectivity with enhanced absorptance in
the visible range. The shift from absorbing to reflective behaviour occurs roughly at 0.6 pm,
explaining the characteristic reddish colour of copper. Absorbers #1, #2 and #3 show high
selectivity, consistent with the solar thermal application. The different thicknesses of the
layers impact the selectivity as expected. Absorber #1, which has the thickest layers, has the
widest wavelength interval for the solar radiation absorption, and as consequence, the
transition to low emissivity values occurs at longer wavelengths. As the thicknesses decrease
from absorber #1 to #2 and #3, the solar absorption interval becomes shorter and the transition
to low-¢; is anticipated to shorter wavelengths. The change of the thicknesses of the proposed
multilayer is effective to move the transition from high to low spectral emissivity among the
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wavelengths, giving the chance to find the best compromise between solar radiation
absorptance and thermal emittance.

In Fig. 3.7(b) are shown the total effective thermal emittances of the three absorbers and
of the uncoated copper as function of the absorber temperature Tabs, measured during indoor
calorimetric tests. The control voltage was set at its maximum of 10 V with the LED lamps
emitting the total integral power density of 1360 Wm2. The LED irradiation was chosen to its
maximum in order to extrapolate the thermal emittances for the largest possible temperature
range. The maximum temperature of each test, i.e., the stagnation temperature, can be read
from the measured emittance curve in correspondence of the anomaly due to the
thermocouple fastening. Thanks to the partial light absorption of copper in the LED spectrum
and to the extremely low thermal emittance, the stagnation temperature of the bare substrate
reached 358 °C. Its total emittance eertor is very low and quite constant over the whole
temperature range with a value roughly of 0.04. The absorbers #1, #2 and #3 revealed higher
emittances than the bare copper, following the same trend observed with the optical analysis.
Apart from the increase of the absolute values, what emerges is also an augmented rate of
increase of the emittance with temperature, returning three emittance curves sensibly
different. The stagnation temperatures of 337 °C, 390 °C and 433 °C, respectively for absorber
#1, #2 and #3, underline the importance of the emittance over the LED light absorptance since
the latter slightly changed among the three absorbers.

In Fig. 3.7(c) the light absorptances are reported for the LED spectrum, aiep-orr measured
optically and aiep calorimetrically, together with the optical measurement of the solar
absorptance asun-orr. The optical LED absorptance atep-opr has very similar values for all the
three, ranging from 0.974 to 0.979, because of the narrow wavelength window of the emitted
LED light. The calorimetric response of the LED light absorptance aveo has values of 0.980,
0.964 and 0.942 for absorber #3, #2 and #1, respectively. These deviations from the optical
estimation of LED light absorptance could be justified by the presence of the thermocouple
bolt. It has a lower absorptance than the coating, and its presence becomes more important
when the temperature derivative of the absorber is lower, i.e., the Warm-Up phase is slower.
As seen from Fig. 3.7(b), absorber #1 has the highest emittance, so the lowest temperature
derivative out of the three absorbers, being surely the most affected by the role of the
thermocouple bolt (indeed has the lowest atep). Even if there is a discrepancy between the
optical and calorimetric response under the LED light, it is minimal and below 4%.

The concrete performance of the absorber must be considered for its solar absorptance,
and its optical measurement returned 0.950 for absorber #1, the highest of the three, while
absorbers #2 and #3 have 0.924 and 0.890, respectively. In Fig. 3.7(c), there is also reported as
inset the absorptances of the bare copper substrate. Its optical solar absorptance asun-orr is
0.190, while avep-orr and aiep perfectly match with the value of 0.323, since the copper foil was
tested with as a full-sized sample 140 mm x 150 mm, accordingly to the original procedure of
the calorimetric facility.

These experimental results confirmed the original idea of tuning the solar absorptance
and thermal emittance by changing the deposited thicknesses of the layers of the same
structure.

Before discussing about the efficiency of the proposed absorbers, here we want to report
the results of another experimental characterization of the absorbers. The measurement of the
radiative properties was surely the first step to realize the performance, but another important
aspect to assess was the stability of such a performance over years of operation. The operating
temperatures above 100 °C could speed up the degradation of the coating during the service
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life of the panel, negatively affecting the overall performance. To verify the thermal stability
of the deposited layers over the copper substrate, a stress test was carried out by use of the
calorimetric test facility in its indoor configuration. Such a test consisted in keeping the
absorber at a temperature sensibly higher than the operating one for a time interval of the
order of hours.

The degradation of thin films can happen through chemical reaction of the deposited
materials or through physical interdiffusion of the materials composing the coating [83]. For
our application of evacuated thermal panels, the absorber is not exposed to the external air,
dust, or humidity, but is kept under high vacuum for all its service life. Under this condition,
the coating degradation occurs mainly through the physical interdiffusion of the layers. The
high temperatures enhance the diffusion mechanism driven by the concentration gradient of
the materials, so that an interdiffusion region appears in between two adjacent layers taking
the place of the original discontinuous interface. When the deposited layers are very thin,
order of a few tens of nanometres like the proposed coatings, this phenomenon is critical and
could eventually deteriorate the absorber to unacceptable levels after some years of operation.

The interdiffusion process can be mathematically formulated by the Arrhenius
exponential model, see eq 3.5, and it is the basis of the most used accelerated ageing
procedures to qualify solar absorbers [84]. The interdiffusion rate Kaitr of two adjacent layers
depends linearly on a pre-exponential factor Darn and exponentially to the ratio between the
activation energy Et and the absolute temperature T expressed in Kelvin, with R the universal
constant of the ideal gas.

E
Kaigr = DArrhe(_%) 3.5

The activation energy Ert is a constant that depends on the sequence of materials of the
coating [85], and, to enhance the thermal resistance over the years of operation, Er must be as
high as possible. On the other hand, Darn is a macroscopic parameter used to quantify the
interdiffusion, such as the decrease of the absorber efficiency [86].

The exponential dependency of Kairt on the temperature T gives the chance to perform
accelerated stress tests by increasing the temperature of the test. The operating temperature
of the absorber for mid-temperature application keeps typically below 200 °C, i.e., 473 K, and
its service life should be of at least of 20 years. Keeping the absorber under extreme high
temperatures can make the degradation process fast enough to observe it in laboratory. The
stress test was conducted with absorber #3, keeping the sample at its stagnation for two hours
under the highest LED light emission. This test is representative for all the three absorbers,
since diffusion mechanisms happen at the interfaces (as they share the same layer structure),
and absorber #3 has the highest stagnation.

In Fig. 3.8, the result of the stress test is reported in terms of temperature of the absorber
#3, glass, and vessel of the test facility, respectively Tabs, Tgla and Tves, as function of the time,
together with the internal pressure. The pumping system guaranteed high vacuum during the
whole test (< 5 x 10° mbar), the glass” and the vessel’s temperature is stable at 72 °C and 64
°C. The temperature of the absorber Tabs keeps the stagnation of 433 °C over 120 minutes,
meaning that the light absorptance and thermal emittance stay unchanged during the stress
test. According to eq. 3.5, this test performed at 706 K has an impact on the degradation almost
of two orders of magnitude faster than the operation at 473 K, so, the fact that there is no
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sensible change of the radiative properties after two hours at 433 °C is the evidence of the
stability of the deposited coating.
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Fig. 3.8 The stress test of the absorber #3 is reported. The stagnation temperature of 433 °C
was kept constant with fixed emitted LED power. This test guarantees the resistance of the
absorber to extreme high temperatures, and a constant stagnation temperature means
unchanged light absorptance and thermal emittance.

Repeating the same test for a longer time interval and for lower values of the emitted LED
light, it is possible to find the value of the activation energy Er of the proposed selective
coating, extrapolating a value not below 220 kJ/mol. It can be demonstrated that this activation
energy is large enough to guarantee a service life not less than 25 years of operation at nominal
temperature of 200 °C, as we recently published [87].

3.6. Estimation of the Annual Converted Energy

Once the deposited selective coatings have been deposited, characterized about their
radiative performance, and even qualified their resistance over years of operations, now it is
possible to quantitatively estimate the benefits derivable from the adoption of the proposed
absorbers in place of the currently adopted commercial solution within the evacuated
unconcentrated flat panel. The commercial absorber of reference is Mirotherm®, which is an
aluminium foil coated with a selective coating deposited by means of Physical Vapour
Deposition techniques, already in use by TVP Solar SA [9] for their evacuated flat panels. The
radiative properties of Mirotherm® and of the three proposed absorbers had been
experimentally measured by means of calorimetric testing and optical analysis of reflectivity,
obtaining reliable values of solar radiation absorptance and total effective thermal emittance.
Those radiative properties alone cannot return the overall performance of the absorber, so
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there is the need for the proper parameter to make quantitative estimations of the converted
energy during operation.

In the previous section 1.2, we introduced the absorber efficiency, see eq. 1.12. This
parameter is well known in literature and is used to guide the designing process of solar
selective coatings. It depends on the solar absorptance and thermal emittance of the coated
side of the absorber, whereas the back of the substrate is completely neglected. Starting from
the efficiency of eq. 1.12 , we can formulate a novel expression for the absorber efficiency
taking into the right consideration also the back of the absorber with the use of the total
effective thermal emittance eet-ror. This new parameter is the Effective Absorber Efficiency
Nabs-eft, €q. 3.6, and depends on the radiative thermal mechanisms involving the mere absorber.

geff—TOTO—(T;bs - T;mb)

P Sun

3.6

Nabs—eff = Asun —

Tabs and Tamb are the absorber and envelope temperatures, respectively. Psun is the solar
irradiance. In Fig. 3.9(a), the calculated nabsef is proposed for Psun = 1000 Wm2 and Tamb = 25
°C (as explained previously, the impact on the net emitted radiation of the envelope’s
temperature is negligible, so we fixed it arbitrarily), in a wide range of Tabs for the three
proposed absorbers and for Mirotherm®, our reference benchmark. The solar absorptance asun
derives from the optical analysis and the thermal emittance éest-ror from the fitted curve during
the calorimetric test. To ease the reading, they are summarized in Fig. 3.9(b).

At the temperature of 50 °C, absorber #3 has the lowest efficiency of 0.80, absorber #1 the
highest with 0.85, while Mirotherm® and absorber #2 have the same value of 0.83. This trend
is the same of the values of the solar absorptances since the role of thermal emittance is limited
due to the low temperature. The rise of the absorber temperature reduces all the efficiency
curves for the increased values of thermal emittances and weight on efficiency. Around the
temperature of 100 °C, the curves of absorbers #2 and #3 match that of Mirotherm® with the
value of 0.78, while absorber #3 stays below with 0.76. The further increase of temperature
returns the opposite trend of efficiencies, absorber #1 has the lowest and absorber #3 the
highest values, following the opposite trend of thermal emittances, see Fig. 3.9(b). At Tabs =
200 °C, absorber #1 has efficiency 0.53, against Mirotherm® with 0.59 and absorber #2 and #3
with 0.61 and 0.63, respectively. These differences enlarge as the temperature increases, up to
317 °C with the zero of efficiency for Mirotherm®, 0.24 for absorber #2 and 0.35 for absorber
#3, while absorber #1 cannot reach such a temperature due to its high emittance.

The calculated Effective Absorber Efficiency mnas-tt confirms the original purpose of
producing three different absorbers designed to work at different operating temperature
ranges, returning each the best performance in a different range. The comparison with
Mirotherm® reveals a potential improvement of just a few percent from temperatures of 50 °C
to 150 °C, whereas at 200 °C and 250 °C, absorber #3 could respectively reach +0.04 and +0.11
of efficiency, i.e., +7% and +27% of Mirotherm® efficiency at the corresponding temperatures.
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Fig. 3.9 (a) The Effective Absorber Efficiency, as expressed in eq. 3.7, is shown for the three
proposed absorbers and the commercial Mirotherm® at solar irradiance of 1000 Wm- and
ambient temperature of 25 °C. The radiative properties used to calculate such an efficiency
derive from the optical analysis and the calorimetric testing (b).

The proposed analysis of the Effective Absorber Efficiency has some intrinsic limits, and
the real potential of the proposed absorbers has not yet been accurately assessed. Eq. 3.6
returns exclusively the absorber efficiency for a fixed solar irradiation, while the overall
efficiency of the collector deals with a transient solar irradiation, conductive thermal losses
due to contact of the absorber with its supporting structure and with the exit ports of the
pipeline, and its net absorbing surface is a fraction of the gross area of the collector due to the
holes to host the pin rack structure and the needed space for the frame of the envelope.

Here, a novel expression of the panel efficiency npanet is proposed, written as eq. 3.7, to
consider not only the radiative properties of the absorber, but also all the mentioned aspects
that have a role for the overall conversion efficiency. The light absorption mechanism is
modelled as the product between the solar absorptance asun and the glass transparency Ttgh,
corrected by the fraction of the net absorbing area on the gross surface by the ratio Anet/Agross.
There are two thermal loss terms, the first is the radiative emission of the absorber and
depends on the effective total emittance ee.ror multiplied to the difference of the fourth power
of the absorber and envelope temperatures, respectively Tabs and Tamb, counting only for the
net area. The other is a conduction contribution and is governed by a single parameter Kcond
which group all the conductive losses of the absorber and multiplies Tabs — Tamb. These two
losses are normalized to the incident solar power over the gross area of the panel by the
product Psun X Agross.

4 4

n _ Anet P - Anetseff—TOTJ(Tabs - Tamb) + Kcond (Tabs - Tamb)
panel — Sun‘gla —
Agross PSunAgross

3.7
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To calculate the panel efficiency according to eq. 3.7, we need first to define the
parameters Tgla, Anet, Agross and Keond. They strictly depend on the design of the collector, but
not on the type of adopted absorber. This means that the substitution of the commercial
absorber with one of the proposed would, in first approximation, change only the radiative
properties of the absorber notwithstanding the others. The comparison of Mirotherm® with
the three proposed absorbers is extended to the panel efficiency 1panel assuming as evacuated
flat envelope of reference that from TVP Solar SA, the only available on the market [9]. Anet,
Agross, and Tga were revealed by the company as equal to 1.96 m? 1.72 m? and 0.925,
respectively, whereas no information was revealed about Kcond. Fortunately, the datasheet of
the panel shows the certified overall efficiency according to EN ISO 9806:2013 and ICC
901/SRCC 100-2015 with the collector equipped with Mirotherm® so it is possible to
extrapolate Keond by comparison of the formulated panel efficiency of eq. 3.7 (adopting all the
information we have about the commercial absorber and the features of the panel) with the
certified curve.

In Fig. 3.10, the certified panel efficiency (dashed blue line) is reported for Psun = 1000
Wm? and for Tamb = 25 °C as function of the absorber temperature Tabs in the range 50-210 °C.
For sake of comprehension, the effective absorber efficiency of eq. 3.6 (black dot-dash line) is
reported too and, as expected, has values higher than the panel efficiency. Assumed a value
of Keond of 0.70 WK and the temperature of the envelope equal to Tamb, the overall panel
efficiency modelled by eq. 3.7 (red solid line) perfectly matches the certified curve. This means
that a single parameter can be used to group together all the thermal losses not related to
radiation, validating the proposed formulation of panel efficiency.
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Fig. 3.10 The certified panel efficiency declared by TVP Solar SA [9] is compared to the
Effective Absorber Efficiency, eq. 3.6, and to the proposed formulation of the panel efficiency,
eq. 3.7, adopting Kend = 0.70 WK as conduction parameter to model the conductive thermal
losses.

Once the conductive term Keond has been calibrated to 0.70 WK through to the certified
panel efficiency, calculations of the expected panel efficiency with the adoption of the
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proposed absorbers were carried out by means of eq. 3.7. In Fig. 3.11, the calculated panel
efficiency is reported as function of the operating absorber temperature Tabs for the adoption
of the three proposed absorbers and Mirotherm® at three different solar power irradiances
Psun =200 Wm?2, 500 Wm? and 1000 Wm. Fig. 3.11(a) stands for Psun =200 Wm and because
of the low solar irradiance, the panel efficiency shows a fast drop with temperature for all the
four absorbers and none of them reaches the threshold of 200 °C of operating temperature. In
addition, in the range 50 °C - 75 °C, they return roughly the same response, and no significant
difference can be observed. This is consequence of the increased importance of thermal
emittance over the solar absorptance when the irradiation is low, combined to the fact that the
absorbers with the highest absorptances have also the highest emittances. In the same range
of temperature, the increase of the solar irradiance to (b) 500 Wm2 and (c) 1000 Wm- reveals
panel efficiencies following the same trend of the solar absorptances, similarly to what
observed for the absorber efficiency. On the other hand, for each fixed solar irradiance, the
increase of temperature returns panel efficiencies shaped by the thermal emittances.
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Fig. 3.11 The panel efficiency calculated through equation 3.7 is reported for three different
solar power irradiances (a) 200 Wm?2, (b) 500 Wm? and (c) 1000 Wm=2. The details of the
calculation are shown in a table in the figure. The behaviour of the three proposed absorbers
is similar what seen with the Effective Absorber Efficiency, but for lower values of efficiency.

As the solar power reduces, the panel efficiency drops faster with the operating temperature.
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The temperature at which all the efficiency meet increases as the solar irradiance
increases, being 75 °C at Psun = 200 Wm?, 90 °C at Psun = 500 Wm2 and 130 °C at Psun = 1000
Wm2. Comparing the performances in the temperature range 150 °C — 200 °C of the peak
irradiance (¢) with the reduced value of (b) 500 Wm?, the benefit of using absorber #3 instead
of Mirotherm® is less pronounced. Indeed, at 500 Wm?, the improvement with respect to
Mirotherm® in that Tabs range is of the order of 15%, whereas at 1000 Wm it reduces to a few
percent. The use of one of the three proposed absorbers in place of the commercial solution
impacts positively or negatively on the panel efficiency depending on the absorber
temperature and the level of solar irradiance. To consider all these aspects simultaneously and
give them the right weight, simulations of the annual converted energy are proposed when
the four absorbers are adopted for the evacuated panel.

The proposed analysis is based on eq. 3.7 of panel efficiency combined with the data of
annual solar irradiance available online from the European Commission website [88]. The
database provides detailed information about the net solar irradiance incident over a panel
and the mean temperature of the atmospheric air when it is placed in a specific city with a
fixed tilt and azimuth angles. These data are discretized for each hour of the day, and there
are twelve averaged days, one for each month. The year is the succession of twelve different
characteristic days repeated in groups like the months.

Based on this discretization, Fig. 3.12(a) is the total solar energy incident over the panel
for every month of the year when it is installed in Naples (40° 51" N, 14° 18 E - Italy) with a
35° of tilt angle and 0° azimuth. As seen previously, the panel efficiency at a certain
temperature is positive only when the solar irradiance reaches a value high enough. For
instance, at irradiance of 200 Wm none of the proposed absorbers could bring the panel to a
working temperature as high as 200 °C, see previous Fig. 3.11(a). This means that not all the
incident solar energy can be effectively converted, since part of it hits the panel with a power
not large enough to sustain the desired temperature, like at the first and latest hours of each
day. When this happens, we assume that the panel is not operative during the whole hour. In
Fig. 3.12(b), the resulting mean panel efficiency is calculated for each month adopting the
three proposed absorbers and Mirotherm®, imposing that the envelope temperature is equal
to the ambient at each specific hour, and that the operating temperature is fixed at 200 °C. The
four absorbers return a positive panel efficiency for every month of the year, with lower values
in those months when the solar irradiance is lower. The monthly irradiated energy in July and
August is maximum, while it reaches the minimum in January and December. The reduction
of irradiation from 800 MJm of the two summer months to 350 MJm?2 of those of winter is not
matched by the change of the monthly panel efficiency for each absorber. Indeed, they reveal
a stronger reduction of efficiency from summer to winter, consequence of the reduction of
solar power intensity and number of irradiation hours when shifting from summer to winter
days. Each absorber experiences a different level of reduction. Mirotherm® shifts from 0.35 of
monthly panel efficiency in summer to 0.12 of winter, a third of the value. On the contrary,
Absorber #3 passes from 0.40 to 0.20, keeping the same 2:1 ratio of the solar irradiance. This is
possible thanks to the lower thermal emittance of absorber #3 than Mirotherm®, allowing to
work with sensibly higher efficiency under low and medium solar irradiances, as seen in Fig.
3.11(b). Absorber #2 has a monthly efficiency that is intermediate between absorber #3 and
Mirotherm®, while absorber #1 has the lowest efficiency in every month and its variation from
summer and winter months is the highest, from 0.28 to 0.04.
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Fig. 3.12 Simulations of the panel efficiency through eq. 3.7 on a monthly and annual basis
for the three proposed absorbers and the commercial Mirotherm®. The location is Naples
(Italy), tilt angle 35° and azimuth 0°. (a) Sola energy incident over the panel on a monthly
basis [88]. (b) Monthly panel efficiency for an operating temperature of 200 °C. (c) Annual
panel efficiency for 100-150-200-250 °C of operating temperatures. (d) Relative percentage
improvement of annual panel efficiency with respect to Mirotherm® for 100-150-200 °C of
working temperature.

Repeating the calculation for a set of operating temperatures, 100 — 150 — 200 — 250 °C, the
annual efficiency of the panel can be calculated and is reported in Fig. 3.11(c), while Fig.
3.11(d) is the relative percentage improvement by use of absorber #1, #2 and #3 with respect
to Mirotherm®. 100 °C of working temperature returns a converted energy comparable for all
the four absorbers, with deviations from Mirotherm® within -3% (panel efficiency of 0.590 for
Mirotherm®, 0.575 for absorber #1, 0.590 for absorber #2, and 0.580 for absorber #3).

At increased operating temperatures the scenario is different. Absorber #1 returns an
annual panel efficiency lower than Mirotherm® while absorbers #2 and #3 show a better
response. At 150 °C of operating temperature, Mirotherm® gives 0.451 of efficiency, while
absorber #1 returns 0.406 (-10% compared to Mirotherm®), absorber #2 0.461 (+2.5%), and
absorber #3 0.473 (+ 5.1%). A further increase of the working temperature would emphasize
these differences, indeed, at 200 °C Mirotherm® shows an efficiency of 0.268, absorber #1 0.195
(-27.2%), absorber #2 0.298 (+11.2%), and absorber #3 0.335 (+ 24.9%).

The negative response of absorber #1 with respect to Mirotherm® is to be addressed to the
deposited layers thicknesses which were chosen to maximize the solar absorptance at the
expense of thermal emittance. Its nominal operation was assumed to be at low temperatures
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(< 100 °C), range not investigated due to the interest on mid-temperatures for the evacuated
flat panel.

The improvement on panel efficiency thanks to absorber #2 in the range 100 °C - 150 °C
is minimal, of the order of a few percent, then even surpassed at 150 °C by absorber #3 with
an increased annual efficiency of +5.1% with respect to Mirotherm®. The benefit of using
absorber #3 instead of the commercial is substantial (+24.9%) at operating temperature as high
as 200 °C. A lower solar radiation absorptance (0.933 for Mirotherm® and 0.890 for absorber
#3) is fully compensated by an extremely contained value of thermal emittance at that
temperature (0.1069 for Mirotherm® and 0.0755 for absorber #3) allowing an annual panel
efficiency of 0.335 against 0.268 of the commercial solution.

A working temperature of 250 °C would make the annual efficiency for all the four
absorbers too low to be effectively used (< 0.10 for Mirotherm® and absorber #1, around 0.15
for absorber #2 and #3). The relative increase with respect to the commercial solution at 250
°Cis not reported in Fig. 3.11(d) for sake of easiness, since the improvement of absorber #3 is
+100% (0.18 against 0.09), but not interesting for its low absolute annual value.

The original aim of producing and characterize a solar thermal absorber properly
designed to work at mid-temperatures (100 °C — 200 °C) for the evacuated flat panel has been
achieved. The results confirmed the benefit of reducing the absorber’s thermal emittance at
the expense of a less absorptive coating. The choice of the proper absorber depends on the
specific mid-temperature interval of application, 100 °C — 150 °C or 150 °C - 200 °C, since the
whole mid-temperature range 100 °C — 200 °C is relatively too wide for one type of absorber.
Indeed, the weighting factor w moves from 0.65 at 100 °C to 2.4 at 200 °C, meaning that the
role of absorptance and emittance completely changes at the extremes. Contextually, the two
sub-intervals of temperatures belong to different industrial applications, allowing the net
distinction between the two types of panels (the same vacuum envelope could be equipped
with absorber #2 or #3), each designed to work for its specific temperature range.
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4. Coating Deposition by Roll-to-Roll Sputtering Machine

The aim of this section is to demonstrate the feasibility to deposit the proposed coating at
industrial scale. This part of the activity has been conducted at TVP Solar SA in Geneva
(Switzerland) as period abroad during my PhD course.

In the first section 4.1, the industrial experimental setup used to carry out sputtering
depositions of the selective coating is described. In the following section 4.2, there is the design
and testing of a novel magnet pack that overcomes all the technical limits of the current
commercial solution. In the last paragraph 4.4, the top layer of the coating, antireflective SiOz,
was deposited both by RF 13.56 MHz sputtering and DC reactive from the Si target,
demonstrating the applicability of the DC reactive technology at industrial scale.

The outcome of this activity is to prove that the full selective coating can be fully
deposited by use of two targets, Cr and Si, in DC reactive sputtering mode, reducing costs and
experimental setup of the dedicated industrial deposition machine.

4.1.  Roll-to-Roll Industrial Sputtering Machine

The adopted industrial machine is depicted in Fig. 4.1. Originally the machine was
designed to deposit getter materials for vacuum applications, such as Titanium, Vanadium
and Zirconium, over aluminium ribbons in DC Magnetron Sputtering starting from the
proper metallic target. Fig. 4.1(a) is the picture of the machine from the external as it was set
in the laboratory. The system was surrounded by a protective structure against possible
injuries for the operators due to the high voltages and hot surfaces. The vacuum chamber was
a cylindrical body with two targets set on two opposite sides of its lateral surfaces, and the
ribbon is placed internally on a cart which sustained and moved the ribbon thanks to a roll-
to-roll architecture. The cart is attached to the entry flange, and when the cart is inserted into
the chamber, the flange closes the cylindrical body with Viton gaskets. The scheme of the
rolling system mounted on the cart is shown in Fig. 4.1(b). The deposition over the moving
substrate in front of the targets was possible by unrolling the uncoated ribbon, point A, and
directing it through the rolling bars, from point B to G, and then the coated substrate was
rolled in H. The bar C was the only equipped with a load cell to keep the foil of the ribbon in
tension, flat and parallel to the target. Thanks to this specific roll-to-roll architecture, the two
targets deposited simultaneously over the two sides of the foil.

The scope of our activity was different from the nominal usage of the machine, as we
needed to deposit coatings for solar thermal applications over copper ribbons (and not getters
over aluminium), but the installation of the copper ribbon (50 m long, 1 m wide and 0.2 mm
thick) and of the proper targets was easy allowing the effective usage of this industrial
machine for our tests. Fig. 4.1(c) is the picture of the copper ribbon mounted on the bar A
with the entry flange open. When the mounting procedure of the foil from bar A to H was
done, the cart was pushed inside with the flange closing the chamber. Similarly to the batch
laboratory machine showed before, also here there was a quartz view port to observe the
plasma induced during the process, see Fig. 4.1(d).
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Fig. 4.1 Pictures of the experimental setup of the industrial roll-to-roll sputtering machine.
(a) The external of the machine with its protective structure. (b) Scheme of operation of the
rolling system. (c) Roll “A” with the copper ribbon correctly installed on the cart. (d) Picture
of the plasma induced by the sputtering process through a quartz view port.
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The chamber was evacuated by a pumping system analogous to that seen with the
laboratory batch machine, rotative and turbomolecular pump in series, but here there were
two different strategies to reduce the flux collected by the turbopump during the injection of
the process gases. One was to pump the chamber through the main gate with the turbopump
at half of its rotational speed, from the maximum value of 833 Hz to 417 Hz. The other was to
pump the chamber through a bypass pipeline whose flow conductance was one order of
magnitude lower than the nominal 500 1/s of the turbopump. This double chance allowed two
pumping modes, the first for high and the second for low pumping speed.

In Fig. 4.2 there are pictures of the target and its supporting structure.

Fig. 4.2 Pictures of the target holder. (a) The holder is mounted on the lateral wall of the
vacuum chamber. The electric motor moves a gear to guarantee the rotation of magnet pack,
there are inlet and outlet pipes for the cooling water. The power supply is electrically
connected to the holder. (b) The back of the target holder is covered with a grounded
aluminium shield for the safety of operators. (c) The sputtered surface of the Cr target of 10
inches of diameter. (d) The target is sticked to a copper support which is fastened to a
stainless-steel body to host the rotating magnet pack.

Fig. 4.2(a) shows the back of one of the two the target holders where it is possible to see
the piping system for the cooling water (inlet and outlet ports), and the electric motor moving
a gear through a rubber belt to rotate the magnet pack inside the target holder. The back of
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the target holder was electrically connected to the power supply, so the proper electrical
insulation from the rest of the grounded chamber was guaranteed by plastic gaskets (the
yellow ring in (a) and the white in (c)).

To guarantee the safety of the personnel in the laboratory, the back of the target holder is
covered with a grounded aluminium shield to avoid the risk of contact with electrically
charged surfaces, as shown in Fig. 4.2(b). A picture of the Cr target is reported in Fig. 4.2(c).
It is a disc of 10 inches of diameter sticked on the copper support which in turn is fastened to
the stainless-steel back-cover of the holder, see Fig. 4.2(d). Between the back of the copper
holder and the stainless-steel support was inserted the magnet pack. It was connected to the
gear for a continuous rotation while immersed in the cooling water. Such a water cooled both
the target and the magnet pack, avoiding potential damages due to high temperatures.

In Fig. 4.3 the magnet pack is shown. It is a commercial device properly designed for
circular targets with diameter of 10 inches. Fig. 4.3 (a) is the frontal view of the device which
was composed of permanent magnets (mainly trapezoidal) arranged in a heart-shaped
configuration, embedded in an epoxy matrix to guarantee the water resistance. More about
this geometry is discussed in the next section 4.2. The magnet pack has a central hole with a
pentagon-like shape to allow the water to enter and radially move within the interspace
between the pack and the rear of the target holder. The central metallic ring that can be seen
in (a) is a part of the stainless-steel support that fixes the pack with the water pipe. In Fig.
4.3(b), the picture of the rear of the magnet pack is reported with its support and water pipe
mounted on the copper of the target holder. Because of the working conditions of the magnet
pack (2 Hz of continuous rotation immersed in a flux of cooling water), it undergoes a severe
erosion process, see Fig. 4.3(c). After a few thousand hours of operation, the erosion of the
water opened some cracks into the epoxy and penetrated oxidating the magnets. The
degradation of the magnets could cause the change of the deposition conditions (for the
reduction of the magnetic field intensity), or even the blockage of the pack due to friction
between the epoxy and the copper support for the protrusion caused by the oxidated magnets.

Fig. 4.3 The commercial magnet pack adopted for the industrial deposition machine is shown.
(a) Frontal view of the magnet pack after the regular maintenance procedure. (b) Back of the
magnet pack when installed on the back of the copper support of the target. (c) The magnet
pack damaged by the erosion of the cooling water. The top layer of the epoxy is partially
removed, and some magnets are oxidized.
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To overcome these issues, the maintenance of this device is mandatory and consists of the
mechanical removal of the top epoxy layer and of the oxide, then dried of eventual residuals
of water and covered again by an extra epoxy. These processes are time consuming and not
always easy to perform. For instance, the removal of the damaged epoxy is critical with high
probability to destroy some of the magnets, since the manufacturing tools are metallic and
tend to be attracted by the magnetic field. Then, the additional epoxy should be degassed
before the application (air bubbles are potential cause of the cracks), and after the application
the curing of the epoxy consists of leaving the manufactured piece in oven at temperature of
75 °C for not less than 3 hours. So that, before any deposition test, the research activity was
focused on the design of a novel magnet pack able to overcome all the maintenance issues and
be a perfect alternative to the commercial solution already in use. Then, the whole deposition
activity was performed using the novel pack.

The described roll-to-roll machine was already equipped with the 10 inches Cr target, the
injection lines of Ar and Oz, and with the DC power supply, so it was ready for deposition
tests of the Cr and Cr20s layers from the same target, as done previously with the batch
machine in laboratory. On the other hand, the industrial machine was not designed to deposit
materials such as SiO: and the needed adjustments are discussed in the paragraph 4.4.

4.2.  Design of the Novel Magnet Pack

Magnetron Sputtering is a deposition technique well known in literature and it has been
developed for various applications. The magnetic field is needed to sustain the ionization of
the process gas, in our case Ar, when the pressure in chamber is as low as 10~ mbar. When the
magnetic field is not strong enough, the ionization cascade is unstable, and an increased
pressure of the process gas is needed to sustain the continuity. As explained in the previous
section 3.3, the component of magnetic field parallel to the target surface is cause of the
increased path of the electrons, giving them a helicoidal displacement in place of the straight
direction driven by the negative potential of the target. The enhanced probability of
interaction of electrons with the Argon particles increases the number of produced ions Ar+,
allowing the stability of the process.

The magnetic field is commonly provided by permanent magnets, and, depending on
how they are placed with respect to the plane of the target, they provide a different parallel
component of the magnetic field. In Fig. 4.4, the two possible configurations are reported. The
dashed line represents the plane of the target and, when the polarization of the magnets is
orthogonal to this plane, the parallel component of the field can be maximized by use of two
magnets with reversed polarization and close enough to properly curve the lines of the
magnetic field. When the polarization is parallel, a single magnet is enough to locally provide
the parallel field, but shape and intensity reduce faster with the distance. In general, there is
no rule to suggest which of the two is the best solution, but it must be chosen according to
geometrical constraints, maximum allowable pressure, and the required erosion uniformity
for each specific sputtering application.
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Fig. 4.4 The component of the magnetic field parallel to the plane of the target can be obtained
by two approaches. One is the couple of magnets with orthogonal polarization to the target
plane (on the left). The other consists of a magnet polarized parallelly to the plane (on the
right).

The problem of the optimal geometrical shape of the parallel component of the magnetic
tield is well known in literature [89]. There are multiple aspects to fulfil simultaneously, such
as the uniformity of the deposited coating, uniformity of the target erosion and the low
operating pressure. The first two are strictly linked to the geometry of the magnetic field,
whereas the last on the intensity, typically in the range 0.01 T- 0.1 T.

As regards the geometry of the parallel component of the magnetic field, there are two
optimal solutions for the circular target and are reported in Fig. 4.5(a) and Fig. 4.5(b) as result
of the analytical constrained optimization [90]. In (a), the optimal layout of the parallel
component for small scale targets is a concentric circle. This architecture provides a good
uniformity of the deposited coating, whereas the target utilization is poor since the centre and
the borders are not sputtered. This is not a limit when the device is aimed at research activities,
like the batch machine presented previously, where the amount of sputtered material from
the same target in its whole service life is very low. The circular shape of the magnetic field is
obtained by small magnets typically placed orthogonally to the target plane, meeting the
reduced space due to the small target diameter, forming two concentrical rings with opposite
polarizations.

Completely opposite scenario is the industrial scale, where the target utilization is very
important as it loads on the final cost of the deposition process. The larger size of the target
makes easier the achievement of the maximization of the target utilization, also allowing the
rotation of the magnet pack during the process (as done for the roll-to-roll machine described
before). The optimal solution for the rotating circular magnet pack is the characteristic heart
shape, see Fig. 4.5(b), its analytical formula is expressed in [90]. The main limit of this
analytical result is the need to reach the centre of the target, in other words, it is assumed the
chance to put some magnets right in the centre, as shown in (b), but this is not always possible.

The described commercial magnet pack had a central hole for the cooling water, with no
chance to reach the centre, while the magnets were arranged emulating the heart shape as
suggested by the optimal analytical solution, as visible in Fig. 4.3. Its overall performance was
good for all the three parameters (uniformity of the target erosion and of the coating, and the
reachable levels of low pressures), but the complexity of its maintenance procedure could be
solved by proposing a novel architecture.

In Fig. 4.5(c), the proposed pattern of the parallel component of the magnetic field is
shown. Itis a circle eccentric to the target, i.e., eccentric to the central hole of the cooling water,
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with magnets arranged parallelly to the target plane. Since it is impossible to physically reach
the centre, we choose to compensate by strengthening the field using bigger magnets close to
the hole, as shown in (c). Simulations and experimental results validate the effectiveness of
this architecture.

v |ho|e for the

Darallel component parallel component
/ of the magnetic field / of the magnetic field /

target perimeter target perimeter

cooling water

parallel component

) of the magnetic field
target perimeter

magnets magnets magnets

Fig. 4.5 Positioning of the permanent magnets and patterns of the component of the magnetic
field parallel to the target. (a) The optimal solution for small laboratory targets is a concentric
circle. (b) Larger targets, such as for industrial applications, allows the rotation of the magnet
pack and the optimal solution is a heart-shaped pattern. (c) The proposed architecture for the
rotating magnet pack. Instead of trying to emulate the heart shape, the proposed pattern is a
circle but eccentric with respect to the target.

The CAD of the proposed magnet pack is reported in Fig. 4.6. It consists of a cylindrical
plastic body whose dimensions are the same of the commercial pack (diameter = 10 inches
and height = 26 mm) with commercial cylindrical magnets (diameter = 9/16 inches and height
1 inch) radially arranged. The chosen material for the body is Delrin for its hardness and
chemical stability in water. The radial distribution of the magnets is possible due to 24 radial
holes, 12 have a length double than the others, and the long-short alternation allows the access
towards the centre avoiding two adjacent holes to interfere each other, see the section view in
Fig. 4.6(c). The magnets closer to the centre are inserted only into the longer holes, while the
adjacent stay empty. To guarantee the right positioning of the magnets, some plastic spacers
are used, and their screwed axial holes are useful to ease the extraction the during the
maintenance procedure. The water resistance is guaranteed by 24 M20 stud screws that
encapsulate each radial hole pushing a rubber o-ring, see Fig. 4.6(d). The adopted permanent
magnets are commercial and are made in Neodymium with N42 axial magnetization (1.32 T).
They are all inserted into each hole with the same pole directed to the centre. The longer
magnets close to the centre are obtained just by two magnets inserted in series, allowing the
use of only one type of magnets for the whole pack. The central hole for the cooling water is
round, and not pentagon like the commercial solution, with the water fluxing through a bush
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with three slots at 120° to enhance the speed of the water for a more efficient cooling. There
are six M4 holes on one of the two sides of the body, visible in Fig. 4.6(a), to fasten the same
support used for the commercial pack, seen previously in Fig. 4.3(b).

M20 Screw (d)

N

Rubber o-ring

Cylindrical Plastic Spacer
Magnet

Fig. 4.6 3D CAD of the proposed design of the magnet pack. (a) Rear view with the six M4
holes to fasten the pack to the support already in use for the commercial device. (b) The front
view of the pack. The central bush has three slots at 120° to allow the cooling water to
distribute uniformly on the front surface. (c) The section view of the device. The magnets, the
spacers and the holes are visible. (d) A detail of the proposed pack is shown. The water
tightness is guaranteed by stud screws pushing rubber o-rings.

If the cooling water might reach some magnets provoking their oxidation, the
maintenance procedure is very quick and easy. It is possible to realize which of the 24 holes
has the water penetration by use of an external magnet, since oxidized magnets produce a
smaller magnetic force. Then, the stud screw of the hole hosting the damaged magnet can be
unscrewed, the magnet removed and substituted. This procedure is extremely easier and
faster than that needed for the commercial pack.
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To assess the shape and intensity of the magnetic field B provided by the magnets,
numerical 3D simulations were performed by means of Comsol Multiphysics. In Fig. 4.7(a),
the geometry of the simulated 3D model is reported. Because of the intrinsic symmetry, half
of the pack is representative of the whole through the boundary condition VB = 0. Each
cylindrical magnet has an axial magnetic flux density of 1.32 T (corresponding to the standard
magnetization N42). The geometry of the simulation contains just the magnets and the
surrounding space to integrate the magnetic field, any other mechanical detail is superfluous
since the magnetic response of plastics and stainless-steel of the stud screws is negligible. It is
worth noticing that there are three characteristic positions of the magnets. There are those
inserted in series to form the longer magnets close to the central hole, and two other positions
of single magnets with two different radial distances. These positions are respected by use of
the proper combination of spacers (not simulated for their null magnetic response). The
discretization of the 3D domain follows a regular mesh for the magnets, while the irregular
shapes of the surrounding space needed the tetrahedral cells, as showed in Fig. 4.7(b). The
outcome of the simulation is reported in Fig. 4.7(c) in terms of parallel component of the
magnetic flux density distribution at 40 mm of distance. As it can be seen the eccentric ring
has been obtained, the two-magnets series is effective for providing the maximum intensity
of the field (> 0.035 T), whereas at the diametrically opposite position the field provided by
the single magnet is lower (0.030 T).

1 | x103 T (c)
/,,/’/ 35
30
| 25
[ B= /B,? + B2
| 20
vertical distance
v 15 40 mm
\ &
\ 10
A T 5
D &
{

Fig. 4.7 Numerical 3D simulations of the proposed magnet pack. (a) The symmetrical
geometrical sketch considers only the magnets at three different radial distances, while
neglected all the other components of the pack. (b) The discretization of the domain follows
a regular mesh for the cylinders and tetrahedral for the surrounding space. (c) The
numerically simulated parallel component of the magnetic field returns the eccentric ring
imposed by the eccentric position of the magnets.

The simulated values of the induced magnetic field are interesting and feasible for
magnetron sputtering. To better understand the quality of the proposed architecture in terms
of intensity, the 3D numerical simulation is proposed also for the commercial solution. The
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adopted trapezoidal magnets installed into the commercial pack are custom made and not
purchasable in commerce as a standard shape. Their geometry was numerically reproduced
and some of them were simulated as a portion of the whole to speed up the computational
time. In addition, two symmetry planes were imposed to guarantee a conservative result in
terms of field intensity. The numerical 3D model and the calculated parallel magnetic field at
40 mm of distance is reported in Fig. 4.8 together with the simulation of the proposed solution
under the hypothesis of the same magnetization grade N42 for both the types of magnets.
What emerges is that the magnetic fields induced by the two solutions are comparable, around
0.030 T, with a slightly enhanced intensity for the proposed solution in correspondence of the
two-series magnets.
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Fig. 4.8 Comparison of the simulated parallel component of the magnetic field at 40 mm of
distance for the model representative of the commercial solution (on the left) and the
proposed solution (on the right) under the hypothesis of magnets with the same
magnetization N42.

Once the intensity of the induced magnetic field seems to reach, or even overcome, the
level of the commercial device, the analysis must focus on the target uniformity. In the
following Fig. 4.9(a), the erosion profile induced by the commercial pack is obtained by
measurements of the valley depths on a target in advanced state of erosion. For comparison,
in Fig. 4.9(b) there is the expected erosion by the simulation of the proposed pack. The shapes
of the erosion profile are completely different, the commercial pack generates a double ring
with the external deeper than the internal, while the proposed solution a single ring with
intermediate diameter and a wider aperture. This result is very interesting because the
proposed solution has a better target utilization, as the main issue related to the double ring
of the commercial solution is the higher speed of progression of the outer valley, that makes
the target no longer usable while the inner ring could still virtually continue the deposition.
A single ring with a wider aperture is surely better than the two-speed double ring
configuration.
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(b)

erosion profile

Fig. 4.9 Target erosion profiles for the 10 inches cathode of the roll-to-roll sputtering machine.
(a) The erosion profile induced by the commercial magnet pack was measured from a target
with an advanced erosion state. It shows a double peak profile. (b) The simulated target
erosion of the proposed magnet pack returns a better response with a single ring with wider
aperture.

4.3.  Tests of the Proposed Magnet Pack for Cr and Cr20s Layers

The proposed magnet pack was manufactured and assembled. The radial distribution of
the holes and regularity of all the geometrical details allowed the production of the body by
CNC technique. In Fig. 4.10 there are pictures of the proposed solution. The stud screws were
wrapped with Teflon tape to further enhance the water resistance, see Fig. 4.10(a), the
commercial cylindrical magnets as arrived are shown in (b). The installation was easy, and
every hole was closed by its own screw, even those without magnets inside, Fig. 4.10(c).
Thanks to the partial transparency of plastic body, the actual position of the magnets of the
assembly can be seen by use of a lamp, see Fig. 4.10(d).

The next step was the experimental testing of the proposed magnet pack to qualify its
performance. We the conducted deposition tests in DC reactive mode of the Cr target,
adopting first the commercial and then the proposed pack. In this way two goals could be
achieved simultaneously, testing the novel magnet pack and verifying if stable deposition
conditions could be achieved in DC reactive. Such deposition tests consisted in reproducing
the characteristic oxidation curve of the Cr20s by DC reactive sputtering, analogously to that
observed with the batch laboratory machine. The oxidation curve for the batch machine
consisted in the required voltage to sustain the set current at fixed Ar flow while changing
progressively the O: flux from 0 sccm to the maximum, then back to zero. The resulting
hysteretic behaviour of the voltage, already described in section 3.3, was useful only for its
only de-oxidation phase as it generated the optimal deposition condition of Cr20s. For this
reason, the initial oxidation did not need to be progressive during the pre-sputtering process
and the maximum flux of O2 was immediately set, then progressively reduced to the point of
interest.
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Fig. 4.10 Pictures of the proposed magnet pack. (a) The stud screws are wrapped in Teflon
tape to further improve the water resistance. (b) The cylindrical magnets as they arrived. (c)

Lateral view of the mounted pack. (d) The partial transparency of the plastic body allows to
see the actual position of the magnets of the assembly.

For the industrial machine the characteristic oxidation curve was obtained fixing the
power instead of the current. This approach differs from the laboratory standard but leans on
the fact that during industrial processes it is suggested to always control the power delivered
by the supply, otherwise, in case of change of the deposition condition, the required power
might rise uncontrollably. The results of the tests conducted with the two magnet packs are
reported in Fig. 4.11 for the only de-oxidation phase, showing the voltage and the pressure
as function of the O: flux at set power of 200 W and Ar flux of 40.0 sccm.
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Fig. 4.11 Characteristic de-oxidation curves of Cr during the DC reactive sputtering with the
roll-to-roll industrial machine equipped with the commercial and the proposed magnet pack.
The lower values of needed voltage to sustain the power of 200 W and the same optimal O:
flow of 3.0 sccm are indications of the quality of the proposed magnet pack. The provided

magnetic field by the proposed solution is stronger and/or more extensive, keeping
unchanged the dynamic of oxidation.
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During the sputtering process, the pumping system was set with the turbomolecular
pump at half of its rotational speed, as the other way (pumping through the bypass line) did
not guarantee a stable process (the voltage changed continuously while fixed the other
parameters). This result confirmed the known behaviour of DC reactive processes which
require the highest possible pumping speed to stabilize the reactive sputtering [80]. The base
pressure without any injected gas was 5.0 x10° mbar, then the turbopump was set at its half
speed of 417 Hz, the Argon flow fixed at 40 sccm and the first deposition point of the graph
was for the maximum O: flow of 20 sccm. This and all the other subsequent points were the
result of 2 minutes of stable deposition under constant deposition. The needed voltage to
sustain the setpoint power at Oz flux =20 sccm is higher for the commercial than the proposed
pack, 450 V against 409 V. The progressive reduction of the Oxygen flow to 3.0 sccm slightly
changes the voltage of deposition for the proposed pack (from 409 V to 400 V) and of the
commercial with an increase to 460 V. A further reduction of the O: flow provoked a rapid
decrease of the voltage for both the magnet packs, and the total voltage drop was roughly of
200V at the zero of Oxygen flow, i.e., when only Cr is deposited. The pressure response of the
two processes is similar and only one of the two is reported. During the reduction of the
Oxygen flow from 20 sccm to 5.0 sccm, the pressure changes linearly from 6.5 x 10 mbar to
5.7 x 10 mbar, then keeps stable at lower O: flows.

The fact that the proposed solution, under the same deposition conditions, requires a
lower voltage to sustain the same power of 200 W means that the induced magnetic field is
stronger and/or more extensive over the target’s surface than that provided by the commercial
magnet pack. The optimal O: flux to deposit the most stoichiometric Cr20:s is the last before
the drop of the voltage, and it is very interesting to note that this occured at the same value of
3.0 sccm for both magnet packs, meaning that the dynamic of the oxidation process was
unchanged.

The outcome of these tests were the deposition conditions of Cr and Cr20s for both the
magnet packs. Apart from the different voltages demanded to the power supply, all the other
parameters were the same, and they are reported in the following Tab. 4.1. The deposition of
Cr, without injection of Oz, was performed for a power of 100 W, half of that used for Cr20s,
because of the high deposition rate of the metal, since for preliminary tests a slower process
was preferred. In table, the column of the needed voltage has two values, the first is higher
than the second as they refer to the deposition by use of the commercial and the proposed
magnet pack, respectively. The pressure in chamber for the Cr deposition was 3.7 x 102 mbar,
lower than 5.7 x 10° mbar of Cr20s thanks to a lower amount of injected Ar flow, 25 sccm
against 40 sccm. The base pressure was 5.0 x 10 mbar, an order of magnitude higher than
that read with the laboratory machine. This level of vacuum was obtained pumping the
chamber from the afternoon to the next morning, analogously as the laboratory machine, but
the larger extension of the industrial chamber would have needed more time to reach the same
level of pressure. This difference is not relevant since the base pressure is at least three orders
of magnitudes lower than the operating, meaning that during the sputtering process the
dominant gas is still Argon. The deposition rates have the same magnitude of those measured
with the laboratory machine, but due to completely different sizes and geometries of the
components, no direct comparison can be made. The deposition rate of the metal is sensibly
higher than the oxide, 18 nm/min versus 4.2 nm/min, and no difference was measurable from
the use of one or the other magnet pack.
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Tab. 4.1 Deposition condition of Cr and Cr20s for the industrial roll-to-roll sputtering
machine for both the commercial and proposed magnet pack. They share all the deposition
parameters but differ only for the required voltage, as the commercial pack needs an
increased value.

Sputtering Arflow  O:flow  Pressure = Power Voltage Dep. Rate

Material Mode (sccm) (scem) (mbar) (W) (V) (nm/min)
Cr DC 25.0 0.0 3.7x10°3 100 364/313 18
Cr20s DC Reactive 40.0 3.0 5.7 x 103 200 460/400 4.2

Base pressure = 5.0 x 10¢ mbar

Assessed the deposition conditions of Cr and Cr20s, the next step is to verify the quality
of the deposited materials in terms of radiative response and uniformity over the copper
substrate. Two nominally identical absorber samples were deposited, one with the
commercial magnet pack and the other with the proposed solution. Then they were
calorimetrically tested, and the results compared, see Fig. 4.12. These depositions were
performed with stopped rolls to not waste meters of copper ribbon as the calorimetric test
facility could host samples not larger than 140 mm x 150 mm. The deposited coating was a bi-
layer structure, Cr20s — Cr over copper with thicknesses of 45 nm and 10 nm respectively. The
choice to deposit only a part of full multilayer coating came from the need to emphasize any
potential difference between the deposited material by the two packs, whereas the deposition
of the full coating might have had an unpredicted compensation effect on the light
absorptance and/or the thermal emittance due to the presence of repeated layers.

In Fig. 4.12(a) there is a picture of one of the deposited samples with the central and the
peripherical holes for the thermocouple and for the stainless-steel springs, respectively,
needed to carry the calorimetric test. Thanks to the 10 inches diameter of the target, the 10%
non-uniformity was guaranteed over the demanded 140 mm x 150 mm area of copper
substrate, depositing the full-sized absorber sample. The calorimetric tests were conducted
indoor with the LED light power density of 1040 Wm?, set the control voltage of 6.5 V. The
resulting values of LED light absorptance atep and thermal emittance eett-tor are shown in Fig.
4.12(b). The absorptances of the two samples are close, 0.915 for the commercial magnet pack
and 0.938 for the proposed one, with a relative deviation of 2.5% that is in line with the
reproducibility range of the calorimetric test facility. For sake of clearness of Fig. 4.12(b), the
thermal emittance of the sample obtained with the commercial magnet pack is reported for its
titted value eeftrrror, and the emittance eeritor obtained by the calorimetric equation for the
other. They are in good agreement, with relative deviation of less than 2%. It is worth noticing
that the reported radiative performances could suggest this bilayer absorber as candidate for
our solar purpose of mid-temperature solar absorber. The not bad light absorptance, above
0.90, must be considered only for the limited visible range of the adopted LED lamps, whereas
in the whole solar range its value does not reach 0.75 being not suitable for solar thermal
applications.

The accordance of the radiative performances of the two samples was evidence of the
positive response of the proposed magnet pack in terms of quality and uniformity of the
deposited layers. Then, the lower required voltage of the novel solution suggested a magnetic
field intensity higher than that provided by the commercial device. So that, the proposed pack
could be used in place of the commercial for all the following tests. Contextually to those
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preliminary tests, were also found stable deposition conditions of Cr and Cr20s for the
industrial machine.
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Fig. 4.12 A bilayer coating, Cr20s — Cr, was deposited with the roll-to-roll industrial machine
over the copper substrate, once with the commercial magnet pack and then with the proposed
solution. (a) A picture and the thicknesses of the 140 mm x 150 mm sample are reported. (b)
The radiative properties of the two absorber samples were measured through the calorimetric
test facility in indoor configuration under 1060 Wm=2 of LED light power density. The
accordance between the two samples validates the performance of the proposed magnet pack.

4.4.  SiOz2 Deposition: RF and DC Reactive Sputtering

The deposition of thin layers of Cr and Cr20s, respectively via DC and DC reactive
sputtering, are processes well known in literature and the conducted experimental tests
demonstrated the feasibility to easily obtain Cr20s in reactive mode even with an industrial
machine. There is another known way to deposit Cr20s by sputtering and consists of using an
RF 13.56 MHz power supply starting from the Cr20s target with no injection of Oz. The main
drawback of RF sputtering is the demanded electric power to sustain a certain deposition rate
that is larger than the DC reactive alternative. This can be explained by the fact that, when the
power supply provides an alternating potential, more energy is needed to switch the polarity,
and the times when the potential applied to the target is positive are not effective to erode the
target, but only to repulse the undesired positive charges from the target surface.

When the target has a good electric conductivity, it is always possible to deposit oxides
by DC reactive sputtering, like metallic targets with a good reactivity to Oxygen. On the
contrary, when the target has a limited electric conductivity, the RF mode is mandatory, such
as the case of SiO: (top antireflective layer of the proposed coating architecture). Its DC
reactive sputtering process would have the target of Si, that is a semi-conductor, sputtered
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while injecting O: into the chamber, and no trace of this kind of deposition is available in
literature. In this section we want to experimentally demonstrate the feasibility to deposit SiO:2
films by DC reactive sputtering, as it would give the chance to deposit the whole coating just
with DC power suppliers, impacting positively on the required electrical energy and on the
costs of the equipment. The tests were conducted with the roll-to-roll sputtering machine and
the commercial copper foil was used as substrate. The scope was to sputter an Si target in DC
reactive mode with O: injection, then validate the quality of the deposited SiO: film by
comparison with that obtained by an SiO: target sputtered in RF 13.56 MHz mode.

The first goal of this activity was to improve the setup of the industrial sputtering machine
allowing the RF mode, since it had been designed and fully equipped only for DC sputtering.
A small laboratory RF generator from Advanced Energy with a maximum power of 500 W
was used, and the output RF power cable was connected the Matching Box. This device was
needed to adjust the impedance of the load detected by the power supply to the setpoint value
of 50 Q, minimizing the reflected power from the target to the generator. It is composed of
inductors and capacitors with variable inductance and capacitance, respectively, to match the
required complex impedance of the load. An automatic controlling system adjusted the
position of the armatures and/or of the solenoids in real time protecting the RF generator from
overheating by the amount of reflected power. Then, the output of the matching box was an
RF power cable to be connected to the target holder, and their relative position must be as
close as possible to minimize the losses through the connection. From this brief description of
the RF equipment, it is possible to realize the superior level of complexity of this technology
when compared to the DC, justifying higher costs of almost an order of magnitude.

The second step of this activity was the supply of the target materials, Si for DC and SiO:
for RF, and their installation on the holder. In the market there are several companies selling
high purity circular targets of different materials, thicknesses, and diameters for sputtering
applications, and some of them provide even the service of sticking of the target over the
desired holder. Unfortunately, the purchase and sticking of those targets was not compatible
with the temporal extension of the activity in TVP Solar SA since the estimated delivery time
of several quotations was more than 3 months. To overcome this issue, the experimental tests
were conducted adopting as Si target a circular silicon wafer for electronics application of 8
inches of diameter and 1 mm of thickness, highly doped with a resistivity of 10 Qcm, which
was already available at the laboratory. As SiO: target we used a disc of Pyrex with the same
diameter and 6 mm of thickness cut out of a glass plate by a glassworker close around the TVP
Solar SA laboratory. The doped silicon is an interesting alternative to traditional Si targets for
sputtering applications because the introduction of controlled impurities can significantly
enhance the electric conductivity, still guaranteeing the dominant presence of Si of more than
99.9%. On the other hand, Pyrex is a borosilicate glass where the SiO2 concentration is of the
order of 80% and must be considered an SiO: target with extremely low purity. Even if the
adopted target were not properly designed for sputtering applications, the experimental
results would reveal their effectiveness.

The next step was the sticking of the targets to the holder. In Fig. 4.13(a) there is the
picture of the target holder with the side exposed to the vacuum tilted upward. To guarantee
the proper sticking over the bare copper surface of the holder, the Indium/Gallium alloy was
adopted. It is the perfect solution for this kind of application because at room temperature it
is liquid, very low degassing in high-vacuum, and, being a metal, its surface tension, thermal
and electrical conductivity are extremely high. The In/Ga alloy was put and spread over the
target holder covering a central circle of 8 inches, leaving uncovered the remaining holder
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surface (being designed to host targets of 10 inches), see Fig. 4.13(b). Then the target was
attached to the holder and a custom-made Teflon ring was installed, Fig. 4.13(c), to keep the
target always centred, cutting out any transversal motion, and shielding the bare part of the
holder from the Ar* ion current.

i
\

Fig. 4.13 Pictures of the target holder during the sticking procedure with In/Ga alloy used for
the silicon wafer and fused silica glass discs adopted as target. (a) The bare copper holder put
upwards. (b) In/Ga is spread over the holder for a diameter of 8 inches. (c) The silicon wafer
is mounted, and a custom-made Teflon ring was used to shield the bare surface of the holder
and to avoid any translational motion of the target along the vertical direction.

Once the mounting procedure of the targets was proved to be effective, deposition tests
were performed by use of the proposed magnet pack, DC reactive for the silicon wafer and
RF 13.56 MHz for Pyrex. First, we started with the DC reactive sputtering of Si, and its
characteristic oxidation curves are reported Fig. 4.14(a) and (b) where each point of the graphs
corresponds to 2 minutes of stable deposition. The difference between these graphs is the
volumetric flow rate of the pumping system. As explained previously, the roll-to-roll machine
had two possible modes for the pumping system, one is pumping through the bypass line (a)
reducing the flow rate of an order of magnitude, the other is pumping through the main gate
with the turbomolecular pump at half speed (b). In both cases, the introduction of injected
gases would not overload the turbopump.

Contrarily to what happened for the Cr target, the Si experienced a DC reactive process
steady even with the chamber evacuated through the bypass pipeline, Fig. 4.14(a). The power
was fixed at 100 W and, to keep the needed voltage around 500 V, the Ar flow was set 8.0 sccm
obtaining an operating pressure as high as 1.8 x 102 mbar. This pressure is sensibly higher
than that used for the Cr and Cr20s, roughly 5 x 10 mbar, being evidence of the limits of the
ionization process when the target is not as conductive as a metal. The increase of the O: flow
up to the maximum of 20 sccm, then the decrease back to zero return always a linear variation
of the pressure and no hysteretic behaviour can be observed. The voltage has a similar linear
response and none of the typical hysteretic features of the DC reactive sputtering could be
detected.

Repeating the same test but with the turbopump at half speed, the experimental points
are reported in Fig. 4.14(b) for the same fixed power of 100 W and Ar flow set 100 sccm. Such
a high value of flux was needed to guarantee an operating pressure high enough to keep the
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maximum voltage not exceeding 500 V. The first point of the test was null Oz flow and 466 V
of needed potential, then with the increase of the Oxygen flow, the voltage had a decrease to
440V for 2.0 sccm. A further increase of the Oz flow produced the rise of the voltage up to the
maximum value of 500 V is at 20 sccm. The reduction of the reactive flux did not change the
response of the deposition, keeping constant the needed voltage up to 5 sccm, where a slight
decrease was observed. With the reduction of the flux from 5.0 sccm to 1.0 sccm there was a
progressive decrease of the voltage to 490 V. The total removal of the reactive flow showed an
unexpected instability of the plasma, and no steady points could be observed (not reported in
figure). The pressure changed linearly with the O: flux, but the slope of the decrease is slightly
lower than the increase. The points at 1.0 sccm had pressures of 1.85 x 102 mbar and 1.93 x 10-
2mbar at the oxidation and de-oxidation phases, respectively. This difference was of the order
of 10 mbar, being significant and not negligible.
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Fig. 4.14 Oxidation curves of the Si target during DC reactive sputtering with Oz injection in
chamber for a set power of 100 W. The values of pressure are higher than those used for the
Cr20s, roughly one order of magnitude, to limit the maximum value of the applied voltage
around 500 V. (a) Oxidation curve when the chamber is evacuated through the bypass line.
(b) Oxidation curve when the evacuation is performed through the main gate with the
turbopump at half speed.

The hysteretic behaviour of the voltage in Fig. 4.14(b) had features similar to those seen
during the Cr20s in DC reactive sputtering, and because of this, the optimal deposition
condition of SiO:z in DC reactive mode must be chosen among those points. In literature there
was no data about hysteretic response of the Si oxidation during DC reactive sputtering, so
nothing was known about the stoichiometry of the deposited oxide in each of the points of
Fig. 4.14(b). For the Cr203 in DC reactive mode, it was known that stoichiometry was reached
by the point of the de-oxidation phase that anticipated the fast drop of the voltage, but
unfortunately, for the Si target there was just a slight decrease of voltage from 500 V to 490 V,
then followed by an unexpected unsteady deposition condition of the bare Si with no O: flow.
At this point, the only information we could use was the O: flux for the stoichiometric Cr20s,
3.0 sccm, and it was chosen as first guess point to test the deposited Silicon Oxide. The related
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deposition condition is summarized in Tab. 4.2, and a deposition rate of 2.4 nm/min was
measured.

The other parallel test, RF sputtering of the Pyrex target, was carried out with the chamber
evacuated through the bypass, since the dominant parameter for this process is only the Ar
pressure and, thanks to a minimized pumping rate, the required Ar flow injected in chamber
was minimal. In the Tab. 4.2 are reported details of the RF deposition too. The needed Ar
flow to guarantee a pressure of 8.78 x 10° mbar was just 3.0 sccm and the power was set to
400 W to return the same deposition rate of 2.4 nm/min of the DC reactive mode. This is the
experimental evidence that the RF sputtering deposition is less efficient than the DC reactive
sputtering, because to sustain the same deposition rate, the required power for the RF power
supply is four times bigger.

Tab. 4.2 Deposition parameters for the roll-to-roll industrial machine of the SiO: film
obtained by DC reactive sputtering (Si target + Oz injection) and RF 13.56 MHz sputtering of

the Pyrex target.
Sputtering Arflow O:flow  Pressure  Power Voltage Dep. Rate
Material Mode (sccm) (sccm) (mbar) W) V) (nm/min)
SiO2 DC Reactive 100 3.0 1.97 x 10 100 490 2.4
SiOz RF 13.56 MHz 3.0 0.0 8.78 x10° 400 N.A. 2.4

Base pressure = 5.0 x 106 mbar

The adopted experimental procedure to qualify the SiO: layer deposited by DC reactive
sputtering from the Si target consisted of depositing some mono-layer samples of SiO2, or
presumed, over copper substrate to be calorimetrically tested indoor. The resulting LED light
absorptance was compared to that obtained by similar mono-layer samples of SiO: by RF
deposition over copper. In other words, the adopted parameter used to quantitatively define
the quality of the deposited SiO2 was the LED light absorptance of a single layer over the
copper substrate, and the samples made by RF deposition were our reference benchmarks.

At this stage, we did not know what SiOz thickness would have maximized the change of
absorptance into the LED spectrum, and, in order to minimize the number of deposited and
calorimetrically tested samples, a series of simulations was conducted in advance. IMD [91] is
a software that simulates 1-D optical structures starting from the refractive index, extinction
coefficient and thicknesses of each material composing the sequence and returns the spectral
emissivity into the wavelength range of interest. The spectral emissivity of several mono-layer
structures was simulated into the LED wavelength interval and the expected absorptance was
integrated through eq. 1.9. The simulated SiO: thickness ranged from 0 nm (not coated copper)
to 150 nm, while the substrate was a copper layer of 0.20 mm. Refractive indices and extinction
coefficients were taken from literature, Gao et al. (2012) for the SiO2 [73] and Ordal et al. (1985)
for Cu [77]. The outcome of the numerical simulations was the LED light absorptance atep
function of the thickness of the SiO: top layer over copper, see Fig. 4.15.

Since the SiO2 deposited by DC reactive sputtering could not have been stoichiometric,
potentially SiOx due to vacancy of Oxygen, in the same figure together with the simulations
of 5iO2 there are also those with SiO and Si over the copper substrate. Their refractive indices
and extinction coefficients referred to literature, SiO from [92, p. 19] and Si from [93].
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The simulated ateo for the bare copper, i.e., for 0 nm of top layer, is 0.323 and it is in
perfect accordance with the calorimetric measurement of the bare substrate reported
previously in Fig. 3.7(c). All the three curves start from that value of simulated ateo but have
three completely different trends and values when the thickness of the top layer increases.
The SiO:2 layer would increase avep from 0.323 up to 0.492 for a thickness of 59 nm and any
thinner or thicker layer would reduce it. This was promising because that value of thickness
is perfectly compatible to our deposition setup and the change of LED light absorptance is
sensible and could be effectively measured with the calorimetric test facility. For the other
materials, SiO and Si, there is an increase of avrep too, but it occurs to different thicknesses and
higher values than SiOz. Indeed, Si reaches a narrow maximum of 0.855 at 12 nm of thickness,
but at 40 nm aceo reduces with almost unchanged value with respect to the bare copper. At 78
nm there is a secondary maximum of 0.634, and a secondary minimum at 120 nm of 0.558. On
the contrary, SiO has a different response with a maximum at 40 nm of 0.641 which slightly
reduces to 0.615 up to 150 nm. The optical simulations of SiO2 over copper revealed that tens
of nanometres are enough to experimentally observe a substantial increase of the LED light
absorptance during the calorimetric tests. The simulations of SiO and Si over copper

confirmed that, if the DC reactive sputtering had deposited silicon not fully oxidated, it was

calorimetrically measurable.
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Fig. 4.15 Simulated LED light absorptance atep of single layers of Si, SiO and SiO:z over the
copper substrate as function of the thickness. These simulations were performed thanks to a
1-D software [91] that returns the spectral emissivity curve of multi-layered structures
starting from refractive indices, extinction coefficients and thicknesses of the sequence. Then,
thanks to eq. 1.9, atep was calculated over the spectrum of the LEDs used for the solar
simulator of the calorimetric facility. The three curves are completely different, and the
calorimetric tests is enough to qualify the deposited silicon oxide by DC reactive sputtering.

We deposited four samples with the DC reactive process (thicknesses 30 nm, 50 nm, 67
nm, and 90 nm) and three with the RF (thicknesses 28 nm, 57 nm, and 86 nm), then cut 140
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mm x 150 mm samples to be calorimetrically tested indoor. In Fig. 4.16 the experimental atrep
of the deposited samples are compared to the simulations. The point at 0 nm referred to the
test of the bare copper and it matched the simulations with a deviation below 1%. With the
increase of the deposited thickness, the experimental points followed the SiO: simulation with
a deviation below 2% for both DC and RF sputtering (apart from the sample deposited in RF
with thickness of 86 nm, its deviation was 5%). These results confirmed the good quality of
the deposited SiO:z in DC reactive mode, since it behaved like that obtained by the traditional
RF process, that in turn corresponded to simulations based on optical properties of the
materials of literature.

This means that our guess of Oz flux equal to 3.0 sccm was right to deposit stoichiometric
SiO2 by DC reactive sputtering from the Si target. The lack of additional experimental data
would limit the effectiveness of this deposition recipe only to this industrial machine, and no
general correlation could be extrapolated. Even if we do not have yet a general rule to describe
this kind of deposition, we proved that there is at least one stable condition for a good quality
SiO:z by use of DC reactive sputtering.

In addition, the target used to deposit SiOz in RF was a Pyrex glass and surely it could be
classified as a low purity target for sputtering depositions (purity of 80% against a value of
more than 98.0% for commercial SiO: targets available in the market). The fact that there is
accordance between experimental and simulated atep is interesting, meaning that high purity
of the target is not mandatory for this kind of applications, explaining eventually the slightly
bigger deviation from the simulation of the thickest sample made in RF mode.
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Fig. 4.16 Simulated LED light absorptance of single layer samples over copper substrates of
SiO and SiO:2 are compared to calorimetric experimental results of SiO: deposited over the
copper foil by both DC reactive and RF sputtering. The good accordance between the
experimental data with the numerical results confirms the success of the deposition of SiO:
via DC reactive sputtering starting from the Si target while injecting O2 into the chamber
during the process.
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Conclusion

The evacuated flat panel for solar thermal applications working unconcentrated under
high-vacuum insulation (pressure below 10+ mbar) is the new frontier to renewably produce
industrial process heat in the mid-temperature range 100 °C — 200 °C. The annual demand for
heat in this specific interval is substantial and reaches 21% of the total produced industrial
heat and cooling in Europe. The evacuated flat panel overcomes all the limits typical of
concentrated tube receivers, such as the need for solar tracking, large acceptance angle of the
light, and higher fill fraction of the net absorbing surface. It returns unrivalled conversion
efficiency at mid-temperatures, but a sensible improvement could be achieved if the proper
absorber was adopted. The high vacuum insulation cuts out even the conduction contribution
of the internal air, bringing the main mechanism of thermal loss to the radiative emission of
the absorber. This completely changes the demanded absorber’s features, as thermal
emittance becomes the new key parameter controlling the panel efficiency.

TVP Solar SA is the only company still active producing commercial high-vacuum
unconcentrated flat panels designed to operate at mid-temperature applications. Due to the
lack of availability of commercial absorbers properly designed, such collectors are equipped
with the same absorbers adopted to operate at low temperatures (below 100 °C). The aim of
this work was producing a novel absorber to better match the requirements of this relatively
new solar receiver, resulting in a sensible improvement of the performance.

The first challenge of the activity was the reliable measurement of the radiative properties
of the absorber, since the optical analysis of reflectivity is commonly conducted at room
temperature and pressure, whereas the real operation is under high vacuum and at
temperatures up to 200 °C, potentially returning a different radiative response. A novel
calorimetric test facility was designed to measure the radiative properties of the absorber
reproducing the real operating conditions of the evacuated flat panel. It consisted in a panel-
like vacuum chamber with the absorber heated by the exposure to the solar irradiation
(outdoor testing configuration) or to the LED based solar simulator properly designed for the
scope (indoor testing configuration). Calorimetric tests were conducted to assess the radiative
properties of the absorber, and discrepancies on the thermal emittance with respect to the
optical response were observed only at temperatures above 150 °C, reaching +9% at 300 °C.
On the other hand, the optical emittances corrected by the analytical model of infinite parallel
plates, to simulate the interaction with glass and vessel, underestimated the emittance over
all the investigated temperature range, with -11% below 100 °C and reduced to -8% at 300 °C.
Good agreement was found between the calorimetrically measured solar and LED light
absorptance, respectively during outdoor and indoor tests, with those measured optically
within a deviation of the order of 2%.

Once a reliable measurement procedure of the radiative properties was established, the
activity moved to the production of the novel absorber. The chosen architecture was the multi-
layered coating of nanometric films deposited via Magnetron Sputtering over a commercial
copper substrate. This solution is perfectly in line with the current industrial production of
commercial low-T absorbers. The adopted multilayer was Chromium based with the
alternation of the metal and its Cr20s oxide with a top antireflective layer of SiOz. Three
multilayers with the same sequence of materials but with different thicknesses were selected
to be deposited. The decrease of the thicknesses from absorber #3 to #1 was expected to slightly
reduce solar absorptance in favour of a strong reduction of thermal emittance. They were
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produced with a laboratory sputtering machine, then calorimetric and optical tests confirmed
the expected trend of radiative properties with the deposited thicknesses, such as solar
radiation absorptance of 0.950, 0.924, 0.890, and total thermal emittance at 200 °C of 0.137,
0.095, 0.075 respectively for absorbers #1, #2, and #3, against absorptance of 0.933 and
emittance of 0.107 of the commercial absorber used as benchmark. Simulations of the annual
efficiency of the TVP Solar SA panel mounted in a city with medium solar irradiation (Naples,
Italy) showed the benefit of employing absorber #2 and #3 in the mid-temperature range,
whereas absorber #1 was not suited for this application. The benefit of using absorber #2 in
place of the adopted commercial for the 100 °C — 150 °C range was minimal (of the order of
2%), while absorber #3 showed a substantial increase of the annual efficiency of +5% at 150 °C
and +25% at 200 °C of operating temperature.

During my experience abroad at TVP Solar SA laboratories in Geneva (Switzerland),
deposition tests of the materials of interest were conducted with an industrial roll-to-roll
sputtering machine. Cr and Cr20s were deposited through Direct Current processes starting
from the Cr target, the second with additional injection of O: into the chamber, as done with
the small-scale laboratory machine. The top SiO: antireflective layer was deposited both by
Radio Frequency 13.56 MHz sputtering from the SiO2 target and by Direct Current from the
Si target coupled to the O: injection. It was demonstrated the chance to deposit the whole
coating structure by means of DC power supply, which proved to be more energetically
efficient and cost effective than the RF alternative. Part of the activity was the design of a novel
magnet pack for the industrial sputtering machine. An innovative geometry of the parallel
component of the induced magnetic field was introduced, overcoming all the maintenance
limits of the commercial alternative. Experimental sputtering tests validated the simulated
performances and qualified its use in place of the commercial device.

The research activity reported in this thesis has interesting future developments. One is
to overcome the need for the industrial copper substrate, substituting it with any other
cheaper metallic substrate (such as aluminium) thanks to the deposition of a thick film of
copper. A thickness above 150 nm of copper on both sides of the coil before the deposition of
the absorbing multilayer coating has a positive impact on costs with no difference in terms of
performance. The designing of a proper diffusion barrier to limit the inter-diffusion
mechanisms is needed, being the core of the novel development. The possibility to adopt any
kind of substrate makes the proposed multilayer coating even more appealing and versatile.
The other future activity is to test the full scale evacuated panel equipped with the proposed
absorber under controlled boundary conditions to assess the novel formulation of the overall
panel efficiency. Contextually, an innovative procedure to test flat plate evacuated panels
would be established as the current international methodology is not suited for evacuated
devices due to the limited temperature of the tests.
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