Applied Energy 288 (2021) 116603

journal homepage: www.elsevier.com/locate/apenergy

Contents lists available at ScienceDirect

Applied=; =¥

Applied Energy

Check for

Performance analysis of evacuated solar thermal panels with an infrared o

mirror

Carmine D’Alessandro #", Davide De Maio ", Marilena Musto ", Daniela De Luca ",
Emiliano Di Gennaro “°, Peter Bermel ¢, Roberto Russo "

2 Industrial Engineering Department, University of Napoli “Federico II”’, Napoli, Italy

b Consiglio Nazionale delle Ricerche, Istituto di Scienze Applicate e Sistemi Intelligenti, 80131 Napoli, Italy

¢ Physics Department, Universita degli Studi di Napoli “Federico II”’, 80125 Napoli, Italy

dSchool of Electrical and Computer Engineering, Birck Nanotechnology Center, Purdue University, West Lafayette, IN 47906, USA

GRAPHICAL ABSTRACT

IR emissions mostly suppressed by

Influence of IR mirror Bandwidth on Power Loss

500
O an IR mirror coating

450

400
3% 22 = 4 o 350 Z

e B ¢ =

5% 3¢ B 2 w0 =
L RER g :
© . . - @
S IR Mirror coating ® 20 s
= g_ o
= 200 g
) o

F 150

vy
VYL vy 100@ < =1¢ =0¢ =0
glass 'sub ves
50

3 4 5 6 7 8
Reflection Bandwidth (um)

ARTICLE INFO

Keywords:

IR mirror

Solar energy

Photon recycling
Thermal analysis

High vacuum flat panel

ABSTRACT

Reducing thermal losses in solar thermal devices is fundamental for enhancing conversion efficiencies,
particularly at high operating temperatures. In this work, we consider the benefits of adding an InfraRed (IR)
mirror coating to the inner surface of the glass encapsulating a High Vacuum insulated Flat plate solar thermal
Panel (HVFP). The IR mirror helps recover the radiation emitted by the absorber by sending it back to the
absorber itself. This mechanism, known as cold-side external photon recycling, allows a reduction of radiative
losses and, consequently, an improvement of the panel efficiency. The performance of the structure presented in
this manuscript is studied via a thermal model. A detailed discussion on the increasing efficiency is presented,
and results are presented by taking into account different parameters, like the mirror transparency, reflectivity
and reflection bandwidth, as well as different operating temperatures of the panel. Finally, the annual energy
gain associated with the IR mirror is analyzed in the case of three different cities, using historical data, showing
that improvement higher than 50% can be obtained at operating temperatures above 300 °C.
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Nomenclature

Abbreviations and subscripts

abs Absorber

all Overall

amb Ambient

BB Blackbody

C Solar concentration

c Collector

CSP Concentrating solar power

cut Cut-off

HVFP High vacuum insulated flat plate solar
thermal panel

I Solar irradiance, W m~2

IR Infrared

IRM Infrared mirror

MT-SSA Mid-temperature selective solar absorber

q Power loss, W m™2

SSA Selective solar absorber

sub Substrate

T Temperature, K

thres Threshold

vess Vessel

Greek Symbols

a Absorptance

a Spectrally averaged solar absorptivity
3 Spectrally averaged thermal emissivity
A Bandwidth, pm

n Efficiency

A Wavelength, pm

P Reflectivity

o Stefan-Boltzmann constant, W m~2 K—*
T Transparency

€ Emissivity

1. Introduction

Over the past few decades, sustainable energy has played an in-
creasingly important role in reducing global warming and the need for
fossil fuels [1]. Solar power, in particular, draws from an abundant
source, large enough to supply all global energy needs [2,3]. While
solar photovoltaics are widely used to capture this resource, solar
thermal technologies that capture sunlight as heat also help decrease
environmental pollution by providing a renewable heat resource that
can be used either directly or as a means for power generation [4].

Solar thermal devices are mainly divided into two categories: Con-
centrator and Flat Plate Solar Thermal devices [5], both used in several
applications, mainly in the industrial field. Concentrators enable high
temperature outputs; they mainly collect direct solar radiation and
a small portion of the diffuse rays that fall within the acceptance
angle. The tracking infrastructure can also add to the expense and
complication of the devices themselves. From this perspective, flat plate
systems may appear to be more versatile, since they are able to collect
both diffuse and direct rays, and cheaper, since they do not need solar
tracking.

However, flat plates are not currently used in applications requiring
temperature heat higher than 180 °C, since they often experience
relatively low temperature outputs and high losses, caused by the
three heat transfer processes: conduction, convection and radiation.
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Even if high-vacuum insulation suppresses the first two components,
the radiative term still survives, and rises rapidly with temperature,
particularly in the absence of concentration [6]. This limits the use of
flat panel devices at these temperatures, since they experience a fast
drop off in the radiative efficiency of the absorber #, defined as [7]:

__ &T)eT*

YT Ter
where C is the solar concentration, ¢ is the Stefan-Boltzmann constant,
T is the operating temperature, I is the solar irradiance, and @ and &
are the spectrally averaged solar absorptance and thermal emittance,
respectively. In Eq. (1), all the surrounding elements are considered
to operate near room temperature, which allows their contributions to
the efficiency to be neglected. Instead, this expression highlights the
leading role of two factors that contribute to the device efficiency: the
solar absorptance and the thermal emittance.

Therefore, for flat plate applications, non-selective absorbers must
be replaced by a spectrally-Selective Solar Absorber (SSA) [8,9], char-
acterized by absorptance a ~ 1 in the region where the Solar spectrum
has its maximum intensity (i.e. 0.3-2.0pm) and emittance ¢ ~ 0 for
longer wavelengths. SSAs have been extensively studied since ’50s,
and several materials have been explored during the years: multi-
layered structures [10,11], high entropy alloy [12], cermets (metal-
dielectric composites) [13,14], inherently selective materials [15],
semiconductor-metal tandems [16,17], textured materials [18,19],
photonic designs [20,21], and plasmonic designs [22,23].

While improved thermal efficiency can be easily reached with SSAs,
increasing their operating temperature can cause challenges with sta-
bility and large scale production [7,24], particularly in HVFP collec-
tors, where high thermal conductivity substrates, such as copper or
aluminum, are required. Part of the reason is that many materials expe-
rience phase changes and/or shifts in their dispersion with temperature.
In the case of metals, often the Drude conductivity drops, resulting in
higher IR emission.

One of most functional and easy-to-fabricate SSAs is the multi-
layer design: a recent work [25] has demonstrated that with a sim-
ple Cr,0;/Ti/Cr,05 tri-layer design, the SSA can reach an efficiency
more than double that of a commercially available absorber [26] at
temperatures up to 300 °C, 48% Vs 20%.

Despite its strong selectivity, the SSA still experiences radiative
losses (e # 0 in the near-IR). There, a second route could be followed:
cold-side external photon recycling. In fact, since radiation exchange
takes place between the absorber and the glass encapsulation, this
suggests that, using a properly designed IR mirror, one could recapture
the infrared emissions by reflecting them back to the absorber itself.

Such IR mirrors may have important applications in solar, thermal
and electric conversion, as well as solar heating and solar photovoltaic
conversion. The influence of the use of IR mirrors has already been
deeply studied for concentrators. Prior work [27] has demonstrated
how an IR-reflective cover coated on the dark side of the receiver
tube can bring a gain in efficiency over a year comparable to the one
obtained with an AR treatment. Also, [28,29] pointed out the versatility
of such mirror, which can be used both as an alternative to selective
coatings, and in an hybrid system, i.e. by taking advantage of the
selective coating on the absorber pipe on the lower temperature section
of the receiver, and of the hot mirror coating in the high temperature
sections. The reason is that the glass cover remains cooler, and thus
experiences less thermal expansion-driven mechanical stress.

All these prior publications are based on numerical models, which
do not include any spectral analysis of the system; they use just one
numerical value for solar transmissivity and one for IR reflectivity, al-
though fabricated reflectors have finite bandwidths for each behaviors.
For a deeper and more accurate analysis, the wavelength dependence
of reflectivity and transmissivity must be properly taken into account.
We therefore want to extend those results to include the case of the
HVFP produced by TVPSolar [30], where, in addition, guaranteeing
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Fig. 1. (a) Left-hand axis: Solar spectral emission at the Earth surface (orange line) and blackbody emission at 250 °C (green line). Right-hand axis: emissivity curve of an ideal
absorber (gray dashed line ending at 4.,) and an optimized absorber (red line). (b) Calculated absorber efficiency (cyan dashed line) and HVFP efficiency (blue solid line) as a
function of absorber temperature. Inset: schematic cross view (not to scale) of our system.

a high transparency in the visible region is crucial to avoid altering
the absorber performance. Fortunately, a prior experimental work on
incandescent light source [31] has showed that both recycling of the
infrared radiation and transmission of the visible light are allowed, thus
tripling the system overall efficiency.

Ideally, the perfect mirror is characterized by a transparency, z;ga,
close to 1 in the visible and near-IR regions and a reflectivity, p;pa»
almost equal 1 in the mid-IR region: in this way it allows virtually
all incident solar power to reach the absorber, while reflecting nearly
all the power re-emitted back to the absorber itself [32]. However,
an IR mirror with such ideal properties is challenging to fabricate
experimentally, and undesired reflections and absorption peaks could
emerge along the spectrum.

It has previously been demonstrated that changing the reflectivity
values of the inner surface of the cavity lead to different temperatures
and efficiencies [33]. For this reason, thermal simulations are funda-
mental to understand what minimum spectrally-averaged transparency
and reflectivity values are needed to produce significant gains in ef-
ficiency under different conditions. In this work, we aim to address
this gap by investigating the fundamental principles of an effective IR
mirror design, which allows for the potential non-idealities associated
with creating a real design with a finite number of layers, made from
materials with absorption and dispersion, as well as geometries with
limited reflection bandwidths, and wavelength-dependent reflectivity
values.

To address these questions, this manuscript is structured as follows:
in Section 2, we show details of our methodology for simulating the
performance of a HVFP with an IR mirror coated on the inner face
of the glass encapsulating the panel. Then, in Section 3, we present
the main results obtained by means of thermal simulations. Finally, we
conclude by summarizing our findings and proposing new perspectives
in Section 4.

2. Methodology

The HVFP under study consists of an SSA coated on a copper
substrate and enclosed between a highly transparent glass cover and a
stainless steel vessel. For simplicity, we assume that the glass—absorber
and absorber-vessel distances are much smaller than the lateral widths
of each, allowing the system to behave much like three effectively
infinite layers, as schematically represented in the inset of Fig. 1(b).
The thermal exchanges can be effectively described by the equation of
radiative exchange between flat parallel plates in a 1D thermal model
that neglects thermal gradient and boundary effects, as experimentally
demonstrated in [34]. In addition, the glass cover could be coated

on the inner side by an IR mirror to reduce the absorber radiation
losses (see inset of Fig. 3): in the next section, we will discuss in detail
the impact of such a mirror on the overall performance of the HVFP.
Since we expect the results to be strongly dependent on the absorber
spectral emissivity, we investigate the performance of the discussed
structure in the particular case of an HVFP equipped with an SSA
optimized for Mid-Temperature operation (MT-SSA). In the following,
we describe the steps needed to evaluate the effect of an IR mirror on
the HVFP efficiency, comparing two different scenarios: one in which
the absorber loses thermal power only through irradiation (¢, = 0,
Epess = 0, and 7,,,,=1), and one in which the whole collector is
considered, where both the radiative exchange with the vessel and the
non-ideal glass transparency are included (£, = 0.02, ,,,, = 0.15, and
Tglass= 0.95).

vess

2.1. Ideal SSA

An ideal SSA exhibits an absorptivity curve like the gray dashed line
in Fig. 1(a): a(4) = 1 where 4 < 1, being 1 the transition wavelength
from high-to-low absorptivity. One can easily calculate its efficiency
using Eq. (1); its value depends greatly on the SSA temperature (T,;,)
and its spectral features (1). Fig. 1(a) shows the blackbody emission at
250 °C (green line) and the solar spectral emission at the Earth surface
(orange line). The latter behaves like a blackbody at a temperature
of 5500 K, with some near-zero intensity regions due to the light
absorption in the atmosphere. In accordance with this temperature-
dependent character of the blackbody emission, the cut-off wavelength
Aews(Tyys) is defined as the transition wavelength that maximizes the
efficiency at 7,,, (as calculated in Eq. (2)). Generally, this transition
occurs at the wavelength where the blackbody emission exceeds the
incident solar radiation [13].

Calculating the overall efficiency of the system requires implement-
ing an energy balance calculation in thermal equilibrium. In particular,
the presence of the absorber substrate, the glass, and the vessel needed
to realize the high vacuum environment must also be considered.
By including extra-transparent glass with a double AR coating and
transparency t 0.95, a copper substrate with £,, = 0.02 and a
stainless steel vessel with £,,,, = 0.15, the overall efficiency decreases,
as shown in Fig. 1(b). In this case, the efficiency calculation is based
on Eq. (4), which will be described in detail in Section 2.4, where
I = 1000 W/m? and a room temperature of 20 °C have been considered.

2.2. Realistic SSA

To mimic the response of an ideal SSA, we used an alternating
dielectric-metal multilayered structure (Cr,05/Ti/Cr,05) deposited on
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Fig. 2. (a) Left-hand axis: Solar spectral emission at the Earth surface (orange line) compared with the blackbody emission at 250 °C (green line), the MT-SSA absorption (dark
brown line) and emission (green dashed line) at 250 °C. Right-hand axis: emissivity of ideal SSA (gray dashed line), realistic SSA (red solid line); transmissivity (blue dashed line)
and reflectivity (red dashed line) of an ideal IR mirror. (b) Enlarged view of the wavelength region where the emission and absorption curves cross.

a copper substrate. By means of optical simulations and an optimization
procedure originally presented in [25], we show that its emissivity
curve can be adjusted to partially fit a target function by varying the
layer thicknesses, preserving a high solar absorption and reducing the
thermal emission. In Fig. 2(a), the emissivity curve of our MT-SSA (red
line) is compared with the same curve for an ideal SSA (gray dashed
line), both designed to work at 250 °C (4., = 2.35 pm for both). As
evident, the response of the real structure is not able to reproduce the
steepness of the ideal one at 4, nonetheless such MT-SSA has a = 0.88
and a spectrally averaged emissivity £ = 0.035 at 250 °C.

2.3. MT-SSA and ideal IR mirror

To further reduce the radiative losses of our MT-SSA in HVFP, it
is crucial to recycle all or at least part of the power lost as thermal
radiation, by reflecting it back to the absorber. We consider here the
contribution of an additional layer made of an ideal material, assumed
to perfectly reflect the absorber radiation in a well-defined region of
the spectrum, and perfectly transparent elsewhere. This layer, placed
on the inner side of the cover glass, operates at room temperature
and hence has a very low emission. The absorber, when operating
at 250 °C, for instance, presents an emission spectrum described by
the green dotted line in Fig. 2(a) and (b), which is determined by
the product of the blackbody emission (green dashed line) and its
emissivity curve (red dashed line) and has non-negligible values in the
IR region between 1 and 10 pm. We require that our ideal material acts
as an IR mirror coating and is characterized by a spectral reflectivity
prrm = 1 throughout this IR region (highlighted by the red rectangle
in Fig. 2(a)) and transparency z;z) = 1 where the solar spectrum is
maximal (visible and near-IR regions). Again, the transition from high
transparency to high reflectivity happens at a specified wavelength,
which we call 4,,,.,. Similarly to A.,, 4,5 is defined as the shorter
wavelength with p;z), = 1. Moreover, to adhere to experimental
constraints, we only considered limited reflection bandwidths, 4; ;.

Therefore, the radiative efficiency of an ideal system including only
a glass, a mirror, and an absorber, 7,,,, can be defined in terms of
absorbed, emitted and incident power as follows:

P,

_ Pabsorbed — Lemitted _

Naps = P

incident
/,1/[‘2 Sabx('l)l()')d’{ - /000 Sabs—glam(ﬂ)[EBB(’L Tub:) - EBB(’L Tamb)]d'{ (2)

[ 1Gyaa ’

where ] is the electromagnetic wavelength, T, is the absorber temper-
ature, I(4) is the solar spectral irradiance, Egp(4,T,,) is the blackbody
spectral emission calculated at the absorber temperature value. 4,

0.25um and 4, = 2.5pm represent the lower and the higher limits of
the solar region, respectively, ¢,,,(4) is the spectral emissivity of the
absorber, and &,,_,,,(4) is the equivalent emissivity of the absorber
facing the glass, calculated as a 0 — D equation of the radiative heat
transfer [35]:

eabS—glass()”) = 1 1 1 . (3)
I=prrM (D) €4p5(A)

Note that e,,_gq,(4) reduces to e,,,(4) if p;pp(4) = 0, whereas

Eabs—glass(D) = 0 for prrp (1) = 1, meaning that the ideal mirror

reflects all the photons emitted by the absorber back to itself. In the
analyzed system the power 10ss is g, = &5 105 (T)o(T —T2 ), where
E,s—giass(T) is the spectral averaged emissivity of the system. Therefore,
according to Eq. (3), the regions where (1 — p;pp (1) S €4p5(4) reduce
& ,4bs—glass(T) and, consequently, the power loss.

Egs. (2) and (3) are derived in the particular case of infinite par-
allel plates, but they represent a good approximation of the absorber
efficiency, since in the evacuated flat collector the distance between
the glass and the absorber is two orders of magnitude lower than the
absorber size. By using Eq. (2), it is possible to define the ideal 4,,,,
as the wavelength that maximizes the absorber efficiency at a given
temperature.

2.4. Real IR mirror

From an experimental point of view, realizing an ideal IR mirror is
not an easy task. It can be produced by using a rugate filter design,
which consists of alternating layers of dielectric materials and, to best
suppress high order harmonics due to a large variation of the refrac-
tive index values of two adjacent layers, a continuous and sinusoidal
variation of the refractive index as a function of optical thickness is
required [36]. While one can readily obtain a near-ideal mirror for
a relatively small bandwidth [37,38], transmissivity and reflectivity
may deviate much more from the ideal as the bandwidth is increased
substantially. Therefore, since an infinitely wide reflection window
and high transparency in the solar region cannot be simultaneously
realized in experiment, the range of reflected wavelengths must be
bounded. For this reason, we introduced a new parameter, 4;,,, which
represents the high-reflection window width, such that the IR mirror
has nearly ideal behavior only in a finite region: it has a fixed starting
point, A,,,.,(T), but a variable ending point, 4,,..; + 4;gs. Outside
the range [A;4.05o Apres + Arrar], the IR mirror coating is supposed
to be perfectly transparent, showing the cover glass with the typical
emissivity e,,,, = 0.89 (see Fig. 2). To reach a configuration that
can actually be experimentally produced by using a realistic set of
materials, we need to consider further constraints:
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+ solar transparency 7z < 1 below 4,,.;
» reflectivity p;gys < 1 over the range [4,4,055 Aipres + Arrarl-

Note that, to obtain the overall solar transparency value, one should
multiply the mirror transparency, 7, g, by the one of the glass, z,,,,
L.e. 7y = Tya X Trgu- Of course, this non-ideality have to be taken
into account in calculating the overall collector efficiency, as we will

see in the next subsection.
2.5. Collector efficiency

To calculate the overall efficiency of an evacuated flat collectors
more terms have to be included: the glass transparency and the sub-
strate and vessel emissivities. The finite bandwidth, 4,z,,, and the
reflectivity values p;p), < 1 over the range [A;,e5, Apres + Arra] CAN
be easily taken into account in Eq. (2) and (3) by assuming the proper
values for p;gp(4). Therefore, the analytical formula for the collector
efficiency calculation, 7., based on the described 0 — D thermal model,
becomes:

.//1?2 TglussTIRM(/‘L)Eabs(j”)l(;ud/‘L - /(')00 Enll(l)[EBB(ﬂ's Tgbg) - EBB(’l’ Tamb)]d}b

e = n
[ 1yda
4
where
Eall = gabsfglass *+ Esup—vess (5)
and
1
Esub—vess(i) = -0 1 (6)

1

e e
which describes the thermal loss due to the substrate of the absorber
that faces the interior side of the vessel. The emissivity values of the
stainless steel vessel and the copper substrate are subsequently assumed
to be 0.15 and 0.02, respectively. In the previous formula we assumed
that both glass and vessel remain at room temperature. This is not
a risky assumption, in fact it has been experimentally observed that,
when in operation, both the glass and the vessel of an HVFP do not
exceed 7,,, by more than 10 °C. The mathematical model describing
the collector efficiency as in Eq. (4) has been validated, in the absence
of the IR mirror, by numerical simulations performed using COMSOL
Multiphyics [39] and an experimental system [25].

3. Results

In the following, we show the relevant results of our analysis
divided in different sub-sections, starting from the definition of 4., and
Ainres to the annual energy output.

3.1. MT-SSA and ideal IR mirror: results

In Fig. 3, the optimal values of A, (T) are provided as a function of
temperature (empty black square). 4.,,(T) is determined by maximizing
the efficiency of the ideal SSA described by Eq. (2), to absorb as much
sunlight as possible while reradiating as little IR radiation as possible.
It only depends on the operating temperature and solar concentration,
therefore its value cannot be influenced by the presence of the IR mirror
(prrp(A) = 01in Eq. (3)). Note that the zero intensity regions in the solar
spectrum at the Earth surface is responsible for the stepped behavior of
Aewr [131.

Once we determine A.,(T), we can then calculate the A, (T)
values (red circles in Fig. 3) by maximizing the efficiency of a collector
equipped with an SSA having the chosen 4., and the ideal IR mirror
facing the absorber: Eq. (2) has been used and p;),(4) = 1 has been
fixed for each A > A,,,,,(T). The value of 4,,,.,(T) and 4, (T) perfectly
overlap in the whole range of considered temperatures, showing that
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Fig. 3. The cut-off wavelength, 4, for the ideal absorber and threshold wavelength,
Ainres> for a realistic SSA combined with the ideal IR mirror are compared at different
working temperatures. The inset shows the system described in Fig. 1, where an IR
mirror on the inner side of the glass has been added (red layer).

Ainres(T) does not depend on the optical properties of the absorber.
The reason is that for 4 < 4., the absorber spectral emissivity
calculated at the specific working temperature affects solar absorption
and radiative emission in the same way (see Fig. 2b), whereas for
A > Ares the ideal absorber also behaves as an ideal IR mirror.

We therefore fix 4,;,.,(T) to the values reported in Fig. 3 and assume
a finite width of the IR mirror to calculate the efficiency of our MT-SSA.
The mirror is assumed to be ideal, i.e. reflectivity equals 1 from 4,,.,(T")
to Apres(T) + Ajrpy and transparency equals 1 outside this region (see
Fig. 2a).

3.2. Ideal IR mirror: results

The calculated power losses are reported in Fig. 4(a) for the
absorber-glass system alone, and in Fig. 4(b) for the whole collector.
A;ry = 0 corresponds to the power loss calculated in absence of the IR
mirror. The presence of an ideal IR mirror (4,5, > 0) keeps power
losses low even for absorber temperatures higher than 250 °C; for
example, only 200 Wm™2 are lost at 325 °C when an ideal mirror with
A;ry = 2pm is used. In Fig. 4(b), the addition of the radiative losses
from both the substrate and the vessel reduces the absorber stagnation
temperature from 450 °C to 405 °C at I = 1000W m~2: the patterned
area represents the region where the power loss is higher than the
absorbed power.

An additional small contribution to the power loss is due to the
substrate emissivity towards the vessel. This could also be recovered
if an additional coating is applied to the stainless steel vessel. In this
case, there is no need for transparency, so the coating could be made
of silver, which has a p =0.99 in IR [40].

The reduced power losses directly increase the efficiency. In Fig. 5,
we report the efficiency change (45), defined as the difference between
the efficiency with and without the IR mirror at I = 1000W m™2
and T,,, = 20°C. It has been calculated for the absorber alone (7,
Fig. 5(a), or for the whole collector (., Fig. 5(b)).

As expected, the broader the IR window, the bigger the efficiency
change. However, a reflection bandwidth of two micrometers is already
enough to produce an absolute efficiency change of 0.1 at 325 °C.
The efficiency change is more pronounced when the absorber temper-
ature increases, reaching a maximum of 0.70 close to the stagnation
temperature of the absorber-glass system.
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Fig. 5. Efficiency change trend as a function of working temperature and 4,,, for (a) the MT-SSA alone and (b) the HVFP collector equipped with an MT-SSA.

Because of the additional losses shown in Fig. 4(b), a slight reduc-
tion in the MT-SSA stagnation temperature (from 450 °C to 405 °C) is
evident in Fig. 5(b). Above this temperature, the efficiency is not well
defined, and Az cannot be calculated. This region is represented as the
patterned area.

To highlight the effect of the cold-side external photon recycling
on the panel performance, we compare the available power, i.e the
power converted into heat by the absorber in presence of the IR mirror
and defined as n x I(4), with the recovered power, defined as 4n x
I(4). The analysis has been performed for different absorber working
temperatures and results are shown in Fig. 6, for the system absorber—
glass (a) or for the whole collector (b). By comparing the two cases, it
is evident that the presence of the substrate and vessel only changes
the available power, since the power losses due to the substrate are
not recovered in the present configuration. Moreover, the case 4;z), =
0 corresponds to the absence of the mirror, therefore the recovered
power (solid lines) is zero. By increasing the 4;p,,, the IR mirror acts
as a photon recycler, contributing to the increasing of efficiency: the
recovered power increases and sum up to the power converted by the
absorber alone, increasing the available power to levels which are very
close to the ideal one (& X 7,5, X T/gp X I). Also, since the emitted
power increases with temperature, the recovered power will increase
too.

The results in Fig. 6 indicate that, after a quite rapid increase,
by increasing the Ay, the recovered power saturates. This can be
understood by looking at the emissivity curve of MT-SSA reported in
Fig. 2 that shows how this emissivity becomes smaller when increasing
the wavelength. The power emitted by a blackbody at 250 °C has a
maximum around 5.5 pum, and decreases at larger wavelength, where

also the spectral emissivity of the SSA tends to the decrease, resulting in
less power available for recovering per wavelength unit. Increasing the
absorber operating temperature moves the black-body emitted power
peaks towards shorter wavelength, increasing the recovering efficiency
of the IR mirror at small width.

The recovered power extends the temperature range achievable by
the MT-SSA, as shown in Fig. 7, where the efficiency is calculated for
both an ideal and realistic IR mirror with 4,,,, = 2.2 um, considering
as incident power 1000 W/m? and ambient temperature 7,,,, = 20 °C.
On the basis of some already experimentally produced [41,42] or sim-
ulated [38] filters, four different values of A;z,, have been considered
and results have been obtained for the absorber alone (dashed lines,
Fig. 7) or for the whole collector (continuous lines). Since we choose
a Ages = 2.2 pm the mirror starts to recover a noticeable fraction
of power at temperature higher than 150°C and the efficiency of the
absorber (neglecting the substrate and vessel) increases significantly
up to about 450 — 500°C. At higher temperatures, particularly when
substrate losses are neglected and large 4, z,, are considered, there is a
quick drop in efficiency due to increased power emitted at wavelengths
lower than 4,,.-

As expected, the collector efficiency improves with increasing 4; z;,
however a A; ), = 2 pm is sufficient to increase 7, from 30% to 46% at
350 °C and from 0 to 30% at 400 °C, whereas a 15% relative increase
is obtained at 300 °C (from 50% to 58%).

3.3. Real IR mirror: results

Since it has already been shown that an optimized HVFP can be
more efficient than concentrators up to 250 °C [43], we will focus our
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Fig. 7. Efficiency of an absorber with an ideal IR mirror designed at 300 °C and
different 4,,,. Results refer to I = 1000W/m’ and T, = 20 °C, calculated for the
absorber only (dashed lines) and the whole collector (continuous lines).

attention on the effect of a real IR mirror at temperatures equal or
higher than 250 °C to extend the HVFP operational temperature range.
To investigate this question in detail, we report colormaps representing
the power loss of the couple absorber—glass in absence (4, = Opm,
Fig. 8(a)) or in presence of an IR mirror (4;z,, = 1,2,3,4um, Fig. 8
(b), (c), (d), (e)) at different operating temperatures and for different
reflectivity values ranging from 0.80 to 1. The power loss of the
absorber through the glass can significantly be reduced by the presence
of the IR mirror, in particular at 7, above 350 °C. As expected, the
higher the p; g, the greater the benefits in terms of recycled power.

The power losses are a fundamental parameter independent of
the IR mirror transparency. We therefore studied the influence of all
these parameters, A; g, prry @0d 77 5ps, ON the collector efficiency to
determine their relative importance to the collector performance. These
results are presented in Fig. 9, where colormaps of efficiency change
with respect to these factors are shown: each row refers to different
T,»s» Whereas columns to different IR mirror bandwidth values. For each
single figure, both transparency and reflectivity of the mirror have been
varied in the range of 0.80 to 1.00. Of course, the higher the 7,3, and
prry Values for each rectangle, the higher the efficiency change. Nev-
ertheless, non-negligible results can be obtained with realistic mirrors
if certain values of z;z,, and p;p,, are reached, as represented by the

colored areas of Fig. 9, while the white areas are regions of non-positive
efficiency change. Also, an important contribution in increasing the
performance comes from the reflection bandwidth, in fact, increasing
the 4;z)s reduces the requirements on the transparency at the same
temperature, as can be observed looking at the columns of Fig. 9.
At temperatures of 250 °C and 300 °C one can register an efficiency
change higher than zero for each of p;z;, > 0.80 and for each value
of 7,y close to 1. On the contrary, reflectivity values close to 1 still
need a high transparency. Therefore, in designing an IR mirror for mid
temperature applications at nominal input power of 1000 W/m?, the
priority has to be given to the mirror transparency and 4, z,, more than
reflectivity. Note that the collector efficiency values, 7, in the legends
of Fig. 9 are the ones calculated from Eq. (4) in absence of the IR mirror
on the glass (p;rpr = 0). Therefore, to obtain the collector efficiency
in presence of an IR mirror, one should also add the correspondent
efficiency change value to 7,.

It is worth noting that the efficiency changes reported in Fig. 9 are
peak efficiencies at I = 1000 W/m?, whereas the power irradiated by
the Sun on the earth varies accordingly to the seasons, the time of
day, and the weather conditions. When the available power is lower
than the nominal solar power, the efficiency change can be recalculated
according to the formula:

_ 1 1
an, = aTglllSS<l _TIRM> (I_ - 1) +A'IIOOOI_’
X X

where 4z, is the efficiency change at Sun irradiance, I, = xW/m? and
Anyo00 is the efficiency change calculated at 1000 W/m?.

@)

3.4. Monthly and annual energy conversion

When Eq. (7) is applied to Typical Meteorological Year Data (TMY)
[44], we observe improvements in efficiency higher than those seen
at the peak efficiency. We show the results obtained in two European
cities as Naples' in Italy and Copenhagen? in Denmark, and in Phoenix
in the United States.®

In Fig. 10(a,b,c) we report the monthly distribution of the converted
energy at T, = 250 °C for the three chosen cities. The relative increase
is more pronounced during winter particularly at higher latitude. Using
a not ideal mirror with 7,5, = 0.99, and p;gy = 0.97 produce still
appreciable results.

! Lat.: 40°51'N Long.: 14°15'E.
2 Lat.: 55°41'N Long.: 12°35'E.
3 Lat.: 33°27'N Long.: 112°04'W.
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assumed in the calculation.

In Copenhagen the use of the IR mirror allows to extend the useful
hours during the days at high temperatures, however at such high
latitudes during autumn and winter the Sun is too low on the horizon
for too few hours to reach the 250 °C working temperature. Still, other
applications at lower temperatures (such as district heating) could use
the heat generated by the HVFP during winter.

When integrating over the year, we observe that a peak efficiency
change due to the IR ideal mirror (4;zy, = 2pm, 7,8y = 1, and
prrym = 1) for working temperature of 250 °C of 3.9% results in a 14.7%
increase of produced annual energy in Naples (from 3044 MJ/m? to
3493 MJ/m?, see Fig. 10(d)). The same peak efficiency changes produce
a relative annual energy increase of 21.4% in Copenhagen (bringing
the available energy from 1452MJ/m? to 1762MJ/m?, and 10.6% in
Phoenix (available energy from 4555 MJ/m? to 5038 MJ/m2) with an
annual efficiency that increases from 0.517 up to 0.572. At higher
temperature the radiative losses increase and the same bandwidth of
the ideal mirror can recover more energy (see Fig. 10(e,f)), extending
the operating temperature range of the panel. However the losses can
became so important that the bandwidth should be extended to produce
a significant amount of annual energy. At 300 °C an ideal mirror with

Arry = 3pm would bring the annual energy from 3063 MJ/m? to

4363MJ/m” in Phoenix, with a relative improvement of 42% and an
annual efficiency of 49.5%, and from 1731 MJ/m? to 2871 MJ/m? in
Naples, with a relative increase of 65.9% and an annual efficiency of
41.8%. At the same temperature of 300 °C, if we consider instead a
realistic mirror with A;z,, = 3pm, 7,5y, = 0.99, and p; gy, = 0.97, the
annual efficiency varies from 25.2% to 36.1% in Naples, from 34.8%
to 44.3% in Phoenix, and from 13.7% to 23.8% in Copenhagen.

Note that data from Ref. [44] are hourly-mean value for each
month, which averages any combination of sunny and cloudy days and
leads to an underestimation of the monthly output. Indeed, if one could
shut down the system during the days when the light is not enough,
one might increase the available energy, which be an appropriate
optimization problem for future studies.

4. Conclusions and perspectives

In this work, we considered the problem of reducing losses for
solar thermal devices to improve their overall efficiencies. The con-
cept investigated was to introduce a selective infrared (IR) mirror to
recapture part of the radiated heat from the system through the photon
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and (c) Phoenix (AZ).

recycling mechanism. To understand the performance, we modeled
both the optical and thermal equilibrium for a range of designs. Our
models show that an appropriately chosen IR mirror can extend the
operating temperature range, as well as improve the panel efficiency
at a fixed working temperature. An effective IR mirror with bandwidth
Arry = 3pm, and reflectivity p; gy = 0.97 can reduce the power loss
below 300 W m~2 at temperatures up to 350 °C, resulting in efficiencies
higher than 50% at solar irradiance of 1000 W/m?. The results indicate
that the efficiency can be improved for limited values of the mirror
transmittance only, and it is particularly important at temperature
equal or below 300 °C. At higher temperatures the emitted power
increases and the reflectance gains importance over transmittance. The
bandwidth of the mirror is important; still, 4;z,, = 1pm is already
enough to have a measurable improvement at temperatures above
250 °C. For instance, a bandwidth 4;z,, = 3pm with transparency
Trrm = 0.99, and reflectivity p;p), = 0.97 can lead to a relative annual
efficiency improvement of the order of 50% in Phoenix at 300 °C. These
results indicate that it is significantly beneficial to design and realize IR
mirrors with the aim of improving the high vacuum flat solar thermal
panel efficiency in the mid temperature range (250 °C-350 °C). Such
temperatures and efficiencies open a path towards the use of Solar
energy in a large number of industrial applications requiring heat. In
particular, high-pressure steam generation represents a large fraction
of current industrial heat demand that has not yet been addressed by
widespread renewable energy solutions commercially. Such improve-
ments become more interesting considering that the easy installation
of high vacuum flat solar thermal panels on flat roofs can save land
area usage, which is particularly valuable in European countries and
other high population density countries.
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