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Abstract

The integration of Transparent Insulation Materials (TIMs) into Flat Plate Collectors (FPCs), Parabolic
Trough Collectors (PTCs), and Central Receiver (CR) collectors is studied in this paper. A general model
consisting in optical and thermal analyses is developed. At low absorber temperatures the performance
of traditional collectors is slightly superior. At higher temperatures, instead, the efficiency of these
collectors reduces dramatically due to the increment of heat losses. The incorporation of a TIM
decreases thermal losses, leading to higher collectors’ efficiencies at high absorber temperatures. The
effects of TIM’s properties, such as emittance, thermal conductivity, extinction coefficient, and
thickness, on the collectors’ performance, are also analyzed. In general, TIMs, for high performance
collectors, are characterized by low emittances and thermal conductivities, high transmittances, and low
extinction coefficients. The effect of the concentration ratio, for CRs and PTCs, is also analyzed in this
paper. High efficiencies can be reached in conventional solar collectors having large concentration
ratios. In this work, the integration of a TIM into CRs and PTCs leads to a high efficiency, even at low

concentration ratios.
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Nomenclature

subscripts
T Temperature, (K)
qap  Energy absorbed, (kW) FPC  Flat plate collector
Qioss  Energy losses, (kW) PTC  Parabolic trough collector
L Peak direct-normal radiation, (W/m?) CR Central receiver
h Convection heat transfer coefficient, (W/m?-K) HTF  Heat transfer fluid
k Thermal conductivity, (W/m-K) GE Glass envelope
R Thermal resistance, (K/W) TIM  Transparent insulation material
H Height, (m) ab Absorber
D Diameter, (m) cf Collector field
L Length, (m) env  Environment
t Radius or thickness, (mm) Sky  Sky
o Stefan—Boltzmann constant, (W/m2-K*) loss  Losses
a Absorber solar absorptance cd Conduction
R,,  Reflected radiation, (%) cv Convection
U TIM’s Extinction coefficient, (m™) T Radiation
Ts Glass envelope’s transmittance tot  Total
£ Thermal emittance lim limit
C Concentration ratio 0 Reference condition
n Efficiency, (%) c Collection

1. Introduction

Renewable-based technologies are becoming fundamental alternatives for energy conversion
and power generation. The use of these technologies can mitigate the environmental impact caused by
the extensive use of fossil fuels. Among renewables resources, solar energy is, probably, the most
promising alternative to satisfy the rising energy demand. In fact, the concentrated solar power
generation potential is more than hundred times the total energy consumed in the world [1]. The solar
radiation can be directly collected and converted into thermal energy for water and space heating using
Flat Plate Collectors (FPC). These types of collectors, traditionally, consist of a multilayer system
composed of absorber elements, such as tubes, plates or channels, where the solar energy is converted
into heat and then transferred to a working fluid. In FPC, the absorber is located between a transparent
cover (glass envelope) and a backing insulation layer to reduce heat losses. Operating temperatures of
between 80°C and 120°C can be achieved with this type of collector using water as working fluid [2].
Higher temperatures can be accomplished by concentrating the solar energy. Concentrated solar power
(CSP) technologies use a solar receiver located in a focal point or focal line, where the energy is
concentrated after reflection processes. Two of the main CSP technologies are the Parabolic Trough

Collector (PTC) and the Central Receiver (CR) collector also known as solar tower. The temperatures




reached with these collectors allow the system to operate in conjunction with modified Brayton or

Rankine power generation cycles driven by solar energy.

PTC systems have been successfully used in commercial applications [3]. They consist of an
absorber, usually a metallic tube, where the energy is transferred to a working fluid, a concentric glass
envelope, an annular air gap or vacuum to reduce heat losses, and a solar tracking mechanism. The
geometrical concentration ratio for these systems usually varies from 15 to 45 [4]. Working fluids, such
as water, oil and organic compounds, are typically used for operating temperatures of between 100°C
and 400°C [5]. PTC plants can operate with Brayton or Rankine cycles [6-8]; however, it has been found
that good efficiencies are achieved in these systems operating in Rankine cycles for temperatures lower
than 500°C [6, 7]. PTCs can generate vapor directly to be used in a power cycle, and also, they can heat
thermal oil or organic fluids to generate vapor indirectly in a heat exchanger [5]. Higher operating
temperatures and power generation capacities can be obtained using CR collectors. In this
configuration, the solar receiver operates at high temperatures, and under non-uniform solar radiation
and environmental conditions. This operation requires special materials being able to withstand thermal
stresses, corrosion and fatigue at high temperatures. This component has a strong effect on the system
performance, and, together with the heliostats, represents about 50% to 70% of the total cost of the
plant [9, 10]. Two types of receivers for solar tower systems are commonly used: external and cavity
receivers. The first type consists of a series of panels of tubes arranged in a cylindrical layout. Usually,
darkened metal tubes have been used with steam and molten salt for operating temperatures of
between 500°C and 600°C; higher temperatures, of up to 900°C, are possible for tubular receiver
operating with gas [11]. Cavity receivers, on the other hand, have the absorbing surface or volume
inside of an insulated compartment to provide some level of insulation with the surroundings. Both
types of receivers can be designed to collect solar energy in a surface or volume by using porous
materials resistant to high temperatures. Usually, external receivers operate at higher temperatures and
the heliostat field can be accommodated around the tower. On the other hand, the insulation in cavity
receivers can lead to higher efficiencies due to lower heat losses; however, its geometry restricts the

accommodation of the heliostats in a portion of azimuthal angles [12].

In general, higher operating temperatures in solar collectors lead to larger cycle efficiencies, but
also increase thermal losses that reduce the collection efficiency. This situation represents a great
potential for improvement of solar collectors via design optimization. Numerous experimental and

theoretical studies have been done in FPCs [13-16], PTCs [17-20] and CR collectors [21-25], trying to



reach such a goal. Most of them are focused on modelling and calculating thermal losses, as well as
optimizing and analyzing the effects of operating and design parameters on the solar collector’s
efficiency and performance for specific applications. Improvements over these components are usually
based on the reduction of energy losses and/or increment in the heat transfer to the working fluid. In
particular, multi-layer glass covers and transparent insulating materials have been analyzed to reduce
thermal losses in FPCs [26-29]. Also, roughened absorber plates [30], as well as internal fins with
rectangular and triangular shapes inside the channels or tubes [26, 31, 32], have been proposed in order
to increase the heat transfer coefficient by increasing the effective heat transfer area, and by inducing
turbulence in the working fluid. The use of fins inside and outside FPCs has shown favorable results in
the enhancement of the heat transfer coefficient, leading to significant improvements in the collector’s
efficiency [26, 31-33]. The fin shape optimization based on operating conditions, geometric restrictions
and specific applications is fundamental to achieve additional gains in the solar collectors and heat
exchangers performance [34]. In order to improve the efficiency of PTCs, some novel design changes
have been proposed. Some of these changes include the addition of helical fins [35] and porous discs
[36] inside the absorber, a reduction in diameter of the absorber tube to decrease the thermal
resistance by inducing a turbulent regime in the fluid, and the incorporation of external fins to keep the
area of the absorber constant while improving the heat transfer coefficient [32]. Significant progress in
the performance of solar plants has been accomplished using selective coatings on the absorber due to
an increment in the solar absorptance, and a reduction in the thermal emittance [37]. Similarly, in CR
collectors, remarkable improvements in the efficiency have been accomplished by implementing
different designs, including tubes with dimpling and induced roughness [38, 39], spiral tubes [40],
hexagonal pyramidal elements [41], and multi-diameter tubes [42]. Different materials for tubes, such as
stainless steels and nickel alloys, coatings and glasses, have also been tested to reduce heat losses [43-
46]. In addition, the performance of a wide variety of heat transfer and working fluids have been
assessed [44], as well as porous materials inside the tube [47], and suspended particles in the working

fluid to enhance the heat transfer coefficient [48].

Thermal insulation is an essential alternative to reduce heat losses and enhance the
performance of any thermal component or system. The fast development of solar-based energy
conversion devices, where solar collectors emerge as key components, has ignited the demand of more
efficient devices, with materials capable of operating at high temperatures while being resistant to

corrosion, fracture and fatigue. Transparent insulation materials (TIMs), from products like polymer



sheets, capillaries and cellular profiles, have been broadly investigated to be used as effective thermal
insulators in solar energy applications [27, 28, 46, 49-51]. In this work, the effect of the integration of
transparent insulation materials on the performance of solar collectors’ receivers is investigated. A
general thermal and optical model for FPCs, PTCs and CR collectors is presented. The effects of
integrating a TIM, and different TIM’s properties, on the performance of these collectors are studied.
The efficiency of the proposed designs is assessed and compared with that of traditional solar collector
configurations. TIMs have been successfully used in FPCs to allow higher operating temperatures and
reduce energy losses [2, 27-29]. These materials are transparent to solar radiation wavelengths while
providing good thermal insulation and restricting infrared energy losses via re-radiation [49]. Some
models to evaluate different arrangements of square-cell honeycomb TIMs in FPCs have been done [50,
51]. In general, increments in the efficiency of between 7% and 12% in this type of collector, using TIMs,
have been reported [52, 53]. Besides FPC, and some isolated works about the TIM integration in cavity
central receivers [54], applications of TIMs in PTCs and external CR collectors are still a subject to be

developed in the literature.

2. Solar collector model

In non-concentrating solar devices, such as flat plate collectors, the solar energy coming from all
direction can be absorbed, i.e. direct-normal and diffuse components of solar radiation. In concentrating
solar collectors, the receivers can operate under solar radiation flux concentrations of between 15 and
45 times the direct-normal radiation for PTCs, and between 100 and 1500 times for CR collectors [4].
This high concentrated energy leads the system to operate at high temperatures which favor the power
cycle efficiencies, but, at the same time, can affect the efficiency of the collector due to energy losses.
The incorporation of a transparent insulation material (TIM) into the three most common types of solar
collectors (FPC, PTC, and CR) is studied in this paper. The addition of this component helps to reduce
heat losses, allowing higher efficiencies at higher operating temperatures. Schematic designs of each of

the solar collectors with a TIM integrated are presented in Fig. 1.



Heat trasfer fluid  typylar
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Figure 1. Schematic illustration of solar receivers including a TIM. a) FPC. b) PTC. c) CR.

In this section, a general model for solar receivers to quantify the total solar energy absorbed by
the collector’s absorber, and the respective thermal losses for FPCs, PTCs, and CR collectors is
developed. The effects of TIM’s thickness, thermal and optical properties, as well as the working fluid

temperature on the collectors’ performance are studied. In this model, an optical analysis taking into



account each of the collector layers is done to determine the solar energy reflection and attenuation
when passing through the glass envelope (GE) and TIM. Similarly, the thermal losses are evaluated by
using a thermal resistance approach. The general one-dimensional optical and thermal energy model of

a solar collector’s receiver with a TIM is displayed in Fig. 2.
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Figure 2. General energy model of a solar receiver with a TIM.

The solar energy reaching the HTF (qyrr) can be calculated as the energy absorbed by the

collector’s absorber (g;,-) minus the heat losses (q;,ss):



qHTF = 9r — Qloss (1)

The solar radiation is attenuated and reflected in each of the layers until it reaches the absorber
at point 2 (see Fig. 2a). An important amount of this energy is absorbed in the first angstroms of the
absorber’s surface [55], while the remaining fraction gets lost and returns back to the environment by
passing through the receiver’s layers (air gaps, TIM and GE), and also along the support brackets via
conduction (see thermal circuit in Fig 2b. ). All these losses are taken into account in the last term of Eq.
1 (qi0ss)- The remaining energy (qyrr) is transferred by conduction towards the absorber’s interior and

reaches the HTF.

2.1.Optical analysis

The solar radiation reaching the external layer of the GE (g¢) can be determined as:

46 = Iy AagpCnc (2)

Where I,., usually taken as 1000 W/m?, is the reference, peak, global radiation for the FPC, and the peak,
direct-normal radiation for the other two collector types. A, is the irradiated projected area of the

absorber, 1, is the collection efficiency (see section 3), and C is the concentration ratio.

When passing through the GE and TIM, a fraction of the radiation is reflected and attenuated by
those materials (see Fig. 2a). The solar energy reaching the TIM’s outer (q,), the TIM’s inner (gs), and

the absorber’s outer surface (q5) is, respectively, calculated as:

qs = (s = qeTs (3)
s = qa(1 = Ryg)e #ts~ta) (4)
2 = qa(1 = Ryg)?e #(tamta) (5)

where 74 is the GE’s transmittance, R, is the reflected radiation, y is the TIM’s Extinction coefficient and t, — t3

is the TIM’s thickness.



Finally, the solar energy absorbed by the absorber after passing through the different solar

collector’s layers is determined by:

ar = g2« (6)

where a is the absorber’s solar absorptance.

A similar analysis applied over traditional solar collectors, FPC, PTC and CR without a TIM, yields:

qTNO TIM = (e6Ts (7)

It is important to note that because the external CRs do not have a GE, t, will be taken as 1 in Eq. 7

when analyzing such a case.

2.2.Thermal analysis

Based on the thermal circuit presented in Fig 2b, the energy losses in the solar receiver can be

determined as follows:

Qioss = (TZ - T7)/Rtot (8)

where T, and T, are the absorber’s and ambient temperature, respectively, and R;, is the total
effective thermal resistance for the circuit. In general, T; represents the corresponding temperature at
each position i, with Tg =T, — 11°C being the effective sky temperature. Usually, the difference
between sky and air temperatures is between 5°C and 30°C depending on environmental conditions

[56].

The energy reaching the HTF can be written in terms of the conduction resistance through the
absorber’s wall (R.qq4p), the convection resistance inside the absorber (R, prr), and the HTF

temperature (Ty) as follows:

T,—T,
qurr = _ BT (9)

Rcd.ab +Rcv,HTF



The total thermal resistance (R;,;) is deducted from the thermal circuit (c.f. Fig. 2b) and can be

computed in terms of every single resistance for each receiver’s constituents as follows:

RenvRcy,gap 1Rr.gap 1 | , RenvRcv,gap 2Rr,gap 2
R +R T Reancd,TIM T
R _ cv,gap 1+Rr.gap 1
tot —

‘R R . RenvRcv,envRy sky
Revgap 2+Rrgapz | o0 CHGE” Rev,env+Ry sky
Rey,gap 1Rr,gap 1 Rey,gap 2Rr,gap 2 Rev,envRr sky
R 4 2 2 +R T ’ ’ +R " )
€MV Rev,gap 1+Rrgap 1 cd,TIM™ Rev,gap 2+Rr,gap 2 ed,GET Rev,env+Ry sky
(10)

In turn, the total effective thermal resistance for the receiver of a FPC, PTC, and CR collector without
a TIM, is determined from Egs. 11 and 12, where the CR has been considered without GE.

R =R _ Rev,gapRrgapRenv
tot FPC NoTIM — “‘‘tot PTC NoTIM —

Rcv,eanr,sky
R Renv+Rr gapReny+R R + Reage + (11)
cv,gapRenvtRr,gapRenvtRcv,gapRr,gap

Rcv,env"'Rr,sky

R _ Rcv,eanr,skyRenv
tot CR NoTIM —

Rcv,eanenv+Rr,skyRenv +Rcv,eanr,sky

(12)

Table 1. Thermal resistance expressions for each of the solar receiver’s elements, including a TIM.

Flat plate Parabolic Trough Central receiver
L. Global Direct-normal Direct-normal
Regap (t; — t1)/(LHkgp) In(t,/t,)/(2rHkgp) In(t,/t)/RrHkgp)
Rey gan1 1/(LHh,_3) 1/@2ntyHh,_3) 1/Q@mntyH(1/2)h;_3)
Ry gap1 1/(LHhy5_3) 1/(2rtyHh, 5 _3) 1/(2t,Hh,5_5)
Renv Ldis/(Ldeis) Ldis/(Adiskdis) Ldis/(Adiskdis)
Rearim (ts — t3)/ (LHkp) In(t,/t3)/ RuHkry) (ta — t3)/ Rty Hkrim)
Ry gap 2 1/(LHhy_s5) 1/@2ntyHhy_s) 1/(2t;Hhy_5)
Ry gap 2 1/(LHhy4_5) 1/(2rtyHhy 4s) 1/(2t,Hhy4-5)
Reace (te —ts)/(LHkgg) In(ts/ts)/(2nHkgg) (te — ts)/ (2t Hkgp)
Reyenv 1/(LHh,) 1/@2ntgHh;) 1/(2t,Hh;)
Ry iy 1/(LHh,.z) 1/(2mtsHh,g) 1/(2t,Hh,.g)

Table 2. Thermal resistance expressions for each of the traditional solar receiver’s elements, without a TIM.

Flat plate

Parabolic Trough

Central receiver

Global Direct-normal Direct-normal
Rea,ap (t; —t1)/(LHkgp) In(t,/t1)/(2nHkgp) In(t,/t,)/(2nHkqp)
Rcv,gap 1/(LHh,_5) 1/(2ntyHhy_s) -
Ry gap 1/(LHh,,_5) 1/(2rt,Hh, 5 5) -
Renv Ldis/(Ldeis) Ldis/(Adiskdis) Ldis/(Adiskdis)
Reace (te — ts)/(LHkgg) In(te/ts)/(2nHkgg) -
Rcv,env 1/(LHh7) 1/(27Tt6Hh7)

1/(2rt,H(1/2)h,)



Ry siey 1/(LHh,g) 1/(2mtsHh, ) 1/(2rt,H(1/2)h,5)

Table 3. Radiation heat transfer coefficients for solar receivers with a TIM and GE.

Flat plate Parabolic Trough Central receiver

hy2-3 a(T, + T3)(TF +T3) o (T, + T3)(T5 + T3) o(T, + T3)(TF +T3)

1,1 1, 1-& 2 1

& + &3 1 & + &3 (t3) TE, + &3 1
Rya_s o(T, + Ts)(TZ + T2) o (T, + Ts)(TZ + TZ) o(T, + Ts)(TZ + T2)

1,1 1 1—¢&5(ty 1,1

ate ] o ) it

hyg £60(Tg + Te)(Tg + T¢) £60(Tg + Te)(Tg + TE) e60(Tg + Tg)(Tg + T¢)

Table 4. Radiation heat transfer coefficients for solar receivers without a TIM and GE.

Flat plate Parabolic Trough Central receiver
o (T, + Ts)(TZ + T2) o(T, + Ts)(TZ + T2)
hy s 1, 1 1 1-—e5t, -
ate ! i )
hy 2 - - £,0(Tg + To)(TE + T2)
hyg 60(Tg + Te)(Tg + T¢) £60(Tg + Ts)(T§ + TZ) -

The specific thermal resistances, for each layer of the solar receivers with a TIM and without a TIM,
are presented in Tables 1 and 2, respectively. k,j, k11 and kg are the thermal conductivities of the
absorber, the TIM and the GE. h,_3, h,_c, and h,_s are the convection heat transfer coefficients in the
air gaps, while h is the convection heat transfer coefficient with the environment (see Fig. 2a). The
thermal losses with the environment through support brackets are taken into account by considering a
conduction resistance (R,;,,) in parallel with the resulting resistance from point 2 to points 7 and 8, see

in Fig. 2b.

Expressions to determine the radiation heat transfer coefficients, h,.,_3, h, 4_s5 and h, g, for the
solar collector with a TIM are listed in Table 3. Radiation heat transfer coefficient, h,.,_s, h,, and h,. g,
for traditional collectors, without a TIM, are presented in Table 4. As expected, these coefficients are a

function of emittances ¢;, being assumed &), = &5, €3 = €4 = &y, and €5 = &g = &E-

It is important to note here that in the case of the heat transfer through the TIM, a simplification has

been made about the process taking place and the corresponding thermal resistance characterizing it.



Underlying the use of this conduction thermal resistance is the assumption that no heat absorption is
happening in the inside the TIM. However, as explicitly recognized by the inclusion of the exponent term
in Eq. 4, some radiation is absorbed in function of the TIM thickness (t, —t3) and the extinction
coefficient (i), which modifies the pure-conduction temperature profile and heat transfer across the
component [29]. In order to verify that neglecting the absorbed radiation during the thermal analysis
does not affect significantly the results, a more complete model was run, which replaces the thermal
resistance by a one-dimensional differential equation taking the absorption effect into account. This
model and the corresponding results are not presented in this paper for the sake of brevity, but it can be
said that, in general, no divergence of the heat transfer larger than 5% was observed for the parameters

analyzed in this work.

2.3. Efficiency

The efficiency (n) for the three types of solar collectors can be expressed as the ratio between the
energy reaching the HTF and the incoming solar radiation energy (q;,). As implicit defined in Eq. 2, the
collection efficiency is expressed as the ratio between the solar radiation reaching the external layer of
the GE (q¢) and g;,. Therefore, the efficiency of the receiver (ngz) can be defined as the ratio between

the collector and the collection efficiencies as follows:

n _ quTF/din dr — dioss (13)

R = 0.~ " ae/am s

Replacing Egs. 2 through 6 and Eq. 8 into Eq. 13, the general expression for the receiver’s efficiency

of a solar collector with a TIM yields:

—u(ta— (T2=T7)/Reo
n = tsa(l — R)%e #ta—ts) W ”

In contrast, the efficiency of traditional solar receiver without a TIM can be computed from Eq. 15.

_ (TZ_T7)/Rtot,No TIM (15)

=T
MNo TIM s 1 AgpCe

where Ryt no 71m iN EQ. 15 can be calculated from Eq. 11 for FPC and PTC and Eq. 12 for CR.



3. Solar collectors parameters

Dimensional parameters for the three main types of solar collectors studied in this work are
presented in Table 5. These parameters were selected based on current operating devices and accepted
models available in the literature [2, 23, 57, 58]. For FPC and PTC, the TIM was incorporated between
the absorber and the GE. For the external CR, both the TIM and GE were added. The geometrical and
physical characteristics of the GE in the CR are adapted from the current features of GEs used in FPCs
and/or PTCs. All values presented in Table 5, including the air gaps between the absorber-TIM and TIM-
GE, as well as the GE thickness will be maintained constant throughout this work. The only exception is
the TIM’s thickness, which will be changed to assess its impact in the receiver’s performance. Therefore,
any change in the TIM'’s thickness would have the effect of displacing the GE (in FPC and CR) or changing
the GE’s diameter (in PTC).

The optical parameters and thermal properties for each of the collectors’ layers [2, 59-68] are
listed in Table 6. The absorber tubes’ materials are, commonly, metals due to their high thermal
conductivity and mechanical properties. The operating temperatures, and the corrosion resistance at
high temperatures are fundamental factors to be considered in the selection of the absorber material. In
this work, aluminum for the FPC, B42 copper for the PTC, and 316 stainless steel for the CR are selected.
In all cases, the absorber’s thermal conductivity is kept constant. Usually, in FPC and PTC, a selective
coating is applied onto the absorbers’ surface to improve the absorptance in the solar energy spectrum
and decrease the emittance in the long-wave spectrum to reduce heat losses [37, 56]. The use of
selective coatings allows absorptance (a) values of around 0.95 and emittance (g,) values as low as 0.1

[56].

The GE is a thin, transparent, glass cover on the top of FPCs and concentric in PTCs, which
provides protection to the absorber and reduces heat losses. For the three types of collectors, a
borosilicate glass with a thickness of 3 mm is considered as GE. A constant thermal conductivity (k;y) of
1.25 W/m-k and emittance (g;g) of 0.85-0.86 are selected. The GE’s transmittance (zg) is a material
property that specifies the fraction of the solar radiation passing through the glass. Transmittance values
as high as 0.97 are possible using anti-reflective coatings [66]. In this work, a constant value of 5 = 0.92
is considered. As previously mentioned, the use of TIMs in the three types of collectors is the strategy

analyzed in this work to enhance the receiver’s performance due to a reduction of radiative and



convective heat losses. The TIM’s extinction coefficient (u) is an indicator of the amount of radiation
absorbed by this material at a specific wavelength. u usually varies from ~ 4 m? in good quality glass to
~ 30 m? for typical window glass containing iron [56, 69]. For solar applications, high quality glasses
may have extinction coefficients as low as ~ 1 m™ [28], which is the reference value taken in this work.
In addition to the absorption effect, around 4% of the solar radiation is reflected in each of the TIM’s
surfaces (outer and inner). Note that the reference TIM's optical and thermal properties (ky1ur, U €71,
&ra), Presented in Table 6, are the same for the three collectors. This set of parameters will be changed
in the corresponding sections indicated in Table 6 in order to study the effect of each of these variables

in the solar receiver’s performance.

Table 5. Dimensional parameters for FPCs, PTCs, and CR collectors.

Parameter Value
Flat plate collector
Width, H (m) [2] 1.0
Length, L (m) [2] 2.0
Absorber channel thickness, t; (m) [2] 0.02
Absorber wall thickness, t, — t; (mm) 2
Absorber area, A, (M?) 2
Air gap, t3 — t, (mm) 10
TIM’s thickness, t, — t; (mm), (Subsec. 4.1) 20
Air gap, ts — t4 (mm) 10
GE'’s thickness, t; — t5 (mm) 3
Parabolic trough collector
Receiver length, L (m) [57] 4
Absorber outer diameter, 2t, (m) [57] 0.07
Tube wall thickness, t, — t; (mm) [57] 2
Projected area of absorber, 4,4, (m?) 0.28
Air gap, t; — t, (mm) 10
TIM’s thickness, t, — t; (mm), (Subsec. 4.2) 20
Air gap, ts — t4 (mm) 10
GE's thickness, tg — ts (mm) [57] 3
Central receiver
Receiver height, H (m) [23] 10.5
Receiver diameter, D (m) [23] 8.5
Absorber tubes outer diameter, 2t, (m) [58] 0.0603
Tube wall thickness, t, — t; (mm) [58] 1.65
Projected irradiated area of each absorber, A,, (m?)  0.63
Air gap, t3 — t, (mm) 10
TIM’s thickness, t, — t; (mm), (Subsec. 4.3) 20
Air gap, ts — t, (mm) 10

GE's thickness, t; — t5 (mm) 3




Table 6. Optical parameters and thermal properties for FPCs, PTCs, and CR collectors.

Parameter Flat plate Parabolic Trough Central receiver
Absorber
Material Aluminum B42 Copper 316 Stainless steel
a 0.95 [2] 0.95 0.95 [59]
Kqp (W/m-K) 190 [60] 400 [61] 23.8 [62]
Eab 0.1[63] 0.27 [57] 0.85 [64]
Support bracket
Material Crystal wool 304 Stainless steel 316 Stainless steel
kqis (W/m-K) 0.038 [2] 16[62] 23.8 [62]
Agis (M?) 2 0.01 0.0003
Lgis (M) 0.05 1 4.2
TIM
krim (W/m-K) 1.0(0.1-5.0,Sec.4.1) 1.0 (0.1-5.0, Sec. 4.2) 1.0(0.1-5.0, Sec. 4.3)
u(m?) 1(1-8,5ec.4.1) 1(1-8,Sec.4.2) 1(1-8, Sec.4.3)
ETIM 0.20 (0.05-0.95, Sec. 4.1) 0.20(0.05-0.95, Sec.4.2) 0.20(0.05-0.95, Sec. 4.3)
Ryq (%) 4 (28] 4 4
GE
kce (W/m-K) 1.25 1.25 [65] 1.25
T 0.92 [2] 0.92 [66] 0.92
EGE 0.87 [4] 0.86 [57] 0.87
Air gaps and environment
hs_4 (W/m2-K) 5 5 5
hs_g (W/m2-K) 5 5 5
h; (W/m?2-K) 20 [67] 20 [67] 20 [67]
Collection system
C 1 30 (15-100, Sec. 4.4) 400 (100 - 1500, Sec. 4.4)
Ne 1 0.8 [57] 0.6 [68]

A fraction of thermal losses occurs along the support brackets. Values for the bracket’s cross-

sectional area (Ags), length (Lg;s), and thermal conductivity (kg;s), for each type of collector, are
presented in Table 6. In the case of the PTC, these supports are attached to the absorber tubes at the
collector’s focal line, providing structural support. For a CR, the brackets support the absorber tubes,
fastening them to the central structure in the receiver. The values of Ag;s and Ly;s for PTCs and CR
collectors are estimated based on their receiver’s geometries, and are comparable with the values
reported for similar systems [17, 57, 58]. The bracket’s thermal conductivity for the PTCs is k;;s = 16
W/m-K, which corresponds to a 304 stainless steel material, commonly used in outdoors structures [62]
and PTC absorbers [57]. For the CR at thermal conductivity value of k ;s = 23.8 W/m-k [62] is used,
which is assumed to be equal to k,p. In the case of FPC, the system is supported by the bottom
insulation layer, which, in this particular case, is composed of crystal wool. This material has a low
thermal conductivity of k;;c = 0.038 W/m-K [2], an area of Ag;; =2 m?, and a thickness of L4;; = 0.05

m. Note that these values agree with dimensions of real FPCs [2, 70].



Regarding the collection system, the collection efficiency (n.) is a factor applied to PTCs and CRs.
This efficiency accounts for energy losses due to tracking errors, shadows, mirror alignment, dirt on the
mirrors, etc. For PTCs, 1. has been estimated as ~ 0.8 [57], while an annual collection efficiency of
about 0.6 has been estimated for CRs [68]. In concentrating solar devices, the concentration ratio (C) is
a factor that quantifies the increment in the direct-normal solar radiation flux reaching the absorber’s
surface after it is reflected and redirected to a focus point or line. C values usually vary between 15 and
45 in PTCs, and 100 and 1500 in CRs [4]. The reference value of the concentration ratio and the analyzed
range of this parameter are indicated in Table 6. Finally, in order to simplify the analysis, the convection
heat transfer coefficients have been considered constant in this work. The values of h3_4, hs_g, and h;

are commonly used in the literature [67] and are also listed in Table 6.

4. Results and Analysis

The effect of integrating a TIM into each of the three types of solar collectors (FPC, PTC and CR)
is assessed in this section. Different TIM’s properties including the emittance, thermal conductivity,
extinction coefficient, and thickness are studied and evaluated in terms of solar the collector’s efficiency
and thermal losses. Performances of solar collectors with different TIM’s properties are analyzed and

compared with the respective conventional configurations without a TIM.

4.1.Flat plate collector

The efficiency and thermal losses of a traditional type and TIM-incorporated flat plate collectors,
as a function of the inner absorber’s surface temperature (T,;), are presented in Figs. 3 to 6. As
indicated before, the values for the parameters used are listed in Tables 5 and 6. It is well know that
higher working fluid temperatures favor power cycles efficiencies. However, they can also increase
thermal losses to the environment in solar collectors. Note that a high T, is a relative condition that
depends on the collector technology in question. It, typically, represents the upper temperatures range
where a specific type of collector usually operates. From Figs. 3 to 6, the reduction in efficiency with T,
can be lessened with the incorporation of transparent insulation materials. These figures not only show
the advantages of using a TIM but also the effect of TIM’s thermal and optical properties on the

collectors’ efficiency and thermal losses.



The performance of FPC with different TIM’s emittances is shown in Fig. 3. For the values of
parameters used and low absorber temperatures (T,;, < 50), efficiencies between 69% and 82% can be
achieved in a traditional collector. A better performance of the system is possible, for larger T,;, by
integrating a TIM into the traditional collector configuration, see Fig. 3a. Several scenarios with different
TIM’s emittance values are displayed in this figure. Lower e, values are desired to achieve higher
efficiencies due to a reduction in the TIM’s outer surface temperature, and consequently a reduction in
heat losses, see Fig 3b. The use of a TIM leads to a better performance of the system after 51°C for &7y
= 0.05 and 71°C for e = 0.95. For instance, a high absorber temperature of 120°C results in an
efficiency of ~ 34% for a traditional FPC, which is improved to ~ 41% and ~ 51% for a TIM with g7, =
0.95 and &7y, = 0.05 is, respectively, introduced. The corresponding thermal losses are reduced from
about 1 kW in the traditional configuration to 0.74 kW for &r;y = 0.95 and 0.56 kW for &7, = 0.05,

when T, = 120°C.
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Figure 3. Effect of TIM’s emittance (g7;,,) on a) efficiency and b) thermal losses for flat plate collectors.

The effect of TIM’s thermal conductivity on the efficiency and thermal losses of a FPC is
presented in Fig. 4. Lower thermal conductivities imply a better thermal insulation effect through the
TIM and consequently a reduction in the heat losses. According to Fig 4a, the FPC performance is
enhanced for absorber temperatures greater than 43°C if kr;p; = 0.1 W/m-K and 59°C if k7jp = 5.0 W/m-
K when a TIM is incorporated. A considerable improvement in the efficiency and reduction of heat losses
are achieved for lower kjy values, i.e. krp < 0.1 W/m-K. Less significant changes in gpc and qoss rpc
are observed for thermal conductivities between 0.5 W/m-K to 5.0 W/m-K. From these results, it is clear
that the system is more sensitive at low ky;y, values. Then the quest for a superior performance must

include a TIM with very low thermal conductivities, taking into account that having a TIM with kg, =



0.5 W/m-K does not represent a significant improvement when compared with values ten times higher.

Considering a traditional FPC, which maximum operating temperature limit is around 120°C [2], the

efficiency can be enhanced from ~ 34% to ~ 46% for k= 5.0 W/m-K and to ~ 57% for kpp = 0.1

W/m-K. The thermal losses, in turn, are diminished from ~ 1 kW in the traditional FPC to 0.65 kW for

kv = 5.0 W/m-K and 0.45 kW for kp; = 0.5 W/m-K. Note that these values are calculated with a

reference emittance of € = 0.2 (see Table 6). It is expected that the combination of a lower thermal

conductivity and a lower thermal emittances (¢ < 0.2) lead to additional improvements in efficiency and

reduction in heat losses.
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Figure 4. Effect of TIM’s thermal conductivity (k1) on a) efficiency and b) thermal losses for flat plate collectors.
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Figure 5. Effect of TIM's extinction coefficient () on a) efficiency and b) thermal losses for flat plate collectors.

Another important TIM’s property is the extinction coefficient. The effect of this parameter on

the efficiency and thermal losses of a FPC is presented in Fig. 5. Lower u values imply a lower absorption

of the incoming solar radiation or a more transparent material, which results in an increased efficiency



due to a greater energy input. Changes in u, do not affect the efficiency reduction rate as a function of
T,p (the slope of the efficiency profiles remain constant), see Fig 5a. This means that the thermal losses,
in a TIM-incorporated collector, are independent of the extinction coefficient as observed in Fig. 5b. This
behavior have two implications: first, changes on the efficiency of the collector as a function of u are not
caused by a reduction in thermal losses but a change in the input of solar irradiation, unlike what
happens in the case of other TIM’s properties such as ky; and g773,. Second, changes in the slope of
efficiency curves are caused by variations in the heat losses, which in turn can be modified with some
TIM’s properties as shown in Figs. 3b and 4b. For 4 = 8 m, the collector with a TIM is more efficient,
than the conventional one, at T, >~ 103°C. The T,; from which the efficiency of a TIM-incorporated
collector surpasses the efficiency of a traditional one, can be reduced up to ~ 55°C for = 1 m™. This
means that lower the TIM’s extinction coefficients, larger the expansion of the absorber temperature

domain, where a collector with a TIM operates more efficiently than a traditional one.
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Figure 6. Effect of TIM’s thickness (t, — t3) on a) efficiency and b) thermal losses for flat plate collectors.

The effect of the TIM’s thickness on the efficiency and thermal losses of a FPC, as a function of
the T,;, is presented in Fig. 6. Only a small influence of this parameter on the collector’s performance is
observed. A greater thickness slightly reduces the energy input at low temperatures (T,; < 100°C), with
the efficiency of the collector undergoing a short reduction. At high temperatures (T,; = 150°C), thicker
thicknesses imply a more significant insulation effect that translates in some reduction of thermal losses,
see Fig. 6b. AtT,;, = 150°C, the TIM thickness starts to exert a stronger influence in the heat loss
reduction that overcomes the reduction on the solar radiation, with higher efficiencies on the FPC being
achieved. A balance between these two competitive effects, around 127°C < T,;, < 132°C, results in a

similar efficiency for the analyzed thickness values.



4.2.Parabolic trough collector

The results from the analysis of integrating a TIM into parabolic trough collectors, as a function
of the T,,;,, are presented in Figs. 7 to 10. It can be observed in these figures that higher efficiencies and
lower heat losses are possible in TIM-incorporated collectors operating at relatively high temperatures,
when compared with a traditional PTC. A strong influence of TIM’s parameters on the collector’s
performance is also evident. The effect of TIM’s emittance on the efficiency and thermal losses of this
type of collector is displayed in Fig. 7. Lower &y, values reduce the efficiency decay rate as a function
of T3, maintaining relatively high the collector’s efficiencies at high temperatures, with respect to the
reference collector without a TIM. A larger benefit can be accounted for &5, = 0.05 that allows a
superior efficiency for T, > 176°C, reaching about 59% atT,, = 400°C. At this temperature, a
traditional PTC works with an efficiency of less than 30%, see Fig. 7a. High emittance values, for instance
erm = 0.95, can also provide some improvement in the receiver’s performance for T, greater than
287°C, allowing an efficiency of 36% at T, = 400°C. Increments in n7prc, as a result of low emittances,
are driven by a reduction in the heat losses as can be observed in Fig. 7b. At T, = 400°C, the thermal
losses of a traditional PTC are about 3.9 kW. With the integration of the TIM, these losses are lowered to

~2.9 kW and 1.3 kW for &7 = 0.95 and &gy, = 0.05, respectively.

. - .
0.9 b /
i 1.0 — == NoTIM /
o s —8— ey = 0.05 rd
L —— — —t— gy = 0.2 i
b E o8 —o—eu=05 4 ]
L 1= —e— gy =0.8 /
ﬁ —F— &M = 0.95 4
n.ﬂrc 0.5 < o 0.6f 2
| ===No TIMO 5 &
—&— em = 0.05 304 ]
03] —a—gpy =02 S
L —— ey =05
—e— g7y = 0.8 0.2 -
0.1 =——t— Erm = 0.95
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
T (°C) T (°C)

Figure 7. Effect of TIM’s emittance (e7;) on a) efficiency and b) thermal losses for parabolic trough collectors.

The traditional parabolic through collector presents the highest efficiency at low T, however it
reduces dramatically with the increment in the temperature due to a substantial growth in heat losses.
These losses can be minimized by incorporating a TIM with low thermal emittance, as analyzed

previously, and low thermal conductivity as can be seen in Fig. 8. Small k¢, values do not affect the



incoming radiation but exert an insulating effect to the energy losses that allow higher efficiencies at
high absorber temperatures. Likewise of what happens in FPC, low values of TIM’s thermal conductivity (
kv < 0.1 W/m-K) have a stronger impact on the efficiency. The efficiency of a TIM-incorporated PTC
surpasses the traditional one at T,,;, = 162°C for kq;3, = 0.1 W/m-K, and Ty, = 207°C for kypp = 5.0 W/m-
K. A considerable high efficiency of ~ 61% is still achieved in the TIM-incorporated collector with k4 =
0.1 W/m-K and operating at T,;;, = 400°C. It also increases, in a lower scale, to ~ 49% for k1 = 5.0 W/m-
K and ~ 52% for k= 0.5 W/m-K for the same temperature, see Fig. 8a. The corresponding thermal
losses are diminished to 1.2 kW in a TIM-incorporated collector with k¢, = 0.1 W/m-K. Also reductions
in thermal losses of between 1.8 kW and 2.0 kW for k= 0.5 kW/m-K and kp;p = 5.0 kW/m-K are

achieved, respectively, see Fig. 8b.

00 a / b
’ Y 1.0 === No TIM /
S 1 : —8— ke = 0.1 Wim-K 5
| : 1o~ —h— k‘nM =0.5 W/m-K F
g E 08 —— kpy=10WmK &
+ g 4 ; —&— k= 5.0 Wm-K o
: = 4
nPTC 0.5¢ 1 o 0.6f
e o,
L ———=NoTIM 5 04r
03[ o kry = 0.1 WimK \ o
—— /"T\M =0.5 Wim-K 5\ L
gl — ki = 1.0 WimK Y 02
8 e kT\M =5.0 Wim-K \
0 100 200 300 400 500 600 700 0
T (°C)
Figure 8. Effect of TIM’s thermal conductivity (ky;) on a) efficiency and b) thermal losses for parabolic trough
collectors.
; . , ; . ‘a . ‘ ‘ ‘ ‘ ./ B
09} _ -==NoTIM 1 ——=NoTIM /
i —&— p=1m 100 s p=1m" / }
S —— = 2 m'1 -1 /
=1 —_—
0.7¢ —— p=4m 1E i!
2 0.8
—_— p= 8 |'|']‘I e -1
— =
=
N, 05 1=, o8t
: =
0.3t c_é 04r
02r
017
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
T (°C) Tar (°C)

Figure 9. Effect of TIM's extinction coefficient (i) on a) efficiency and b) thermal losses for parabolic trough

collectors.




The effect of TIM’s extinction coefficient on the efficiency and heat losses of parabolic though
collectors with and without a TIM are presented in Figs. 9a and 9b, respectively. In general, u <8 m™is
beneficial to maintain higher efficiencies for T, > 319°C. The efficiency profiles values for a PTC
including a TIM are shifted downwards with the increment in the extinction coefficient, which implies a
larger amount of solar energy absorbed along the TIM thickness. As previously mentioned in the analysis
of a FPC, the thermal losses are reduced in a TIM-incorporated PTC; however, they are independent of u
as can be seen in Fig. 9b. Again, the efficiency improvements achieved with lower p values are driven by

a more transparent TIM that exerts a smaller resistance to the solar radiation flux.
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Figure 10. Effect of TIM'’s thickness (t, — t3) on a) efficiency and b) thermal losses for parabolic trough collectors.

The TIM thickness also influences the efficiency and thermal losses of a PTC. Figures 10a and

10b present the behavior of PTC with a TIM with thicknesses of 5 mm, 20 mm and 40 mm. The

conventional PTC achieves higher efficiencies at low absorber temperatures (T,; < 179°C). For T,

greater than ~ 201°C, TIM-incorporated PTCs accomplish a superior performance. Thicker TIMs slightly

reduce the solar energy input and therefore the PTC’s efficiency, see Fig. 10a. Comparing with other

properties such as &ryy, Kty and i, less improvement in the efficiency can be achieved with TIM’s

thickness ranging between 5 mm and 40 mm. For instance, a traditional PTC can operate at an efficiency

of about 29% at T,,; = 400°C. At this temperature, the integration of a TIM into the PTCs increases Npre

to 48% for t, — t; < 40 mm, but only five additional percentage points can be obtained fort, —t; <5

mm. It can be noticed that any change in the thickness also changes the diameter of the GE, so the air

gaps remain constant independent of the TIM’s thickness. These geometric modifications, in GE’s

diameter of PTCs, when the TIM’s thickness is augmented or diminished imply a change in the surface




area of the GE, which slightly impact the thermal losses of the traditional collector’s efficiency, and also

affect its efficiency. This effect does not occur in FPC and CR because, in these cases the GE’s surfaces

are flat, and any change in the TIM thickness is only reflected in a displacement of this layer which

surface remains constant. The behavior of thermal losses as a function of the TIM’s thickness is,

relatively different of what was observed in FPCs. From Fig. 10b, losses are practically independent of

the TIM’s thickness. Only a small variation in heat losses profiles of TIM-incorporated PTCs can be

observed for intermediate absorber temperatures (250°C < T,; < 650°C), which are expected to exert a

minor impact in the receiver’s efficiency.

4.3.Central receiver

The efficiency and thermal losses of a traditional and a TIM-incorporated external central receiver, as
a function of the T,;,, are presented in Figs. 11 to 14. In general, two different scenarios can be
identified: low absorber temperatures where a traditional receiver exhibits a higher efficiency when
compared with the receiver with a TIM and GE, and high absorber temperatures where this last receiver
still operates efficiently, while the traditional one is every time less efficient, as the temperature rises,
due to an accelerated increment in thermal losses, see Figs. 11b, 12b, 13b and 14b. The addition of a
TIM and GE reduce the thermal losses but also the solar radiation reaching the absorber. This is why the
new design initially presents a lower efficiency, but the reduction of heat losses attributed to the

presence of the TIM and GE leads to an efficient operation at high temperatures.
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Figure 11. Effect of the TIM’s emittance (eg;,) on a) efficiency and b) thermal losses for external central receivers.

In Figs. 11 to 14, the effects of the TIM’s emittance, thermal conductivity, extinction coefficient

and thickness on the receiver’s performance are presented and compared with a traditional CR. As it



was observed in the FPC and PTC, low emittance values reduce heat losses allowing higher efficiencies at
high absorber temperatures. For T,;, < 484°C, the efficiency of a traditional receiver is the highest
starting at a value of ~ 95% at T,;;, ~ 20°C, and decreasing to ~ 78% at T,; = 484°C. In this temperature
range, a receiver with a TIM and GE exhibits an initial efficiency of about 79% which reduces in
approximately one to two percentage points for the analyzed e, values, see Fig. 11a. The thermal
emittance does not have a strong influence at T,, below 484°C. Lower &y results in higher
efficiencies; however, this effect is more significant as the absorber temperatures increases. Emittances
as low as 0.05 imply an efficiency of the solar collector of about 77% at T,;;, = 800°C, while only an
efficiency of around 42% are possible for the reference traditional one at this temperature. Low
emittances improve the receiver’s performance due to a considerable reduction in heat losses as can be

observed in Fig. 11b.
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Figure 12. Effect of the TIM’s thermal conductivity (k7;) on a) efficiency and b) thermal losses of external central

receivers.

The influence of the TIM’s thermal conductivity on the collector’s performance and heat losses
are displayed in Fig. 12. The effect of this property on the efficiency is similar to the effect of ;. For
T,p» < 484°C, the efficiency of the TIM and GE-incorporated receiver is practically identical for the
studied kypy values. Lower TIM’s thermal conductivities favor the efficiency; however the effect of this
property becomes stronger at high temperatures. Note that a solar receiver having a TIM with a low
thermal conductivity of kg5 = 0.1 W/m-K maintains the efficiency almost constant, see Fig. 12a. Only a
reduction in ncg from ~ 79% to ~ 77% occurs in the entire T, range (~ 20°C to ~ 1223°C), which is

caused by the insulating effect that reduces heat losses, see Fig. 12b.
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Figure 13. Effect of the TIM’s extinction coefficient (1) on a) efficiency and b) thermal losses for external central

receivers.

Figure 13 shows the influence of the TIM’s extinction coefficient on the efficiency and heat
losses of a central receiver. These results are presented as a function of T,;;, and are compared with the
efficiency and thermal losses of a traditional CR configuration. Lower u values imply more transparent
TIMs. In other words, the TIM allows more solar radiation to cross as the extinction coefficient becomes
smaller. Then, the efficiency of the solar collector increases when u is reduced. At difference of &7, and
kriu, @ reduction in the extinction coefficient, implies a substantial increment in the efficiency at the
entire absorber temperature range, see Fig. 13a, and not only at high temperatures. Larger u means
more radiation absorption, and thus a reduction in the efficiency caused by a lower solar energy
reaching the absorber. The efficiency decay rate can be controlled by changing the emittance and
thermal conductivity (slope of n¢gr- T,y curve), while u determines the initial CR’s efficiency and how
much one of the 1.y profiles parallel displaces with respect to the other. The integration of a TIM into
the CR substantially reduces thermal losses; but they are independent on u as can be observed in Fig. 13
b. This means that the extinction coefficient does not exert any influence on the energy going out of the

receiver and the insulation effect is mainly attributed to er;y and k.
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Figure 14. Effect of the TIM’s thickness (t, — t3) on a) efficiency and b) thermal losses for external central

receivers.

The effect of the TIM’s thickness on the performance of a central receiver, as a function of T,
is displayed in Fig. 14. The thickness affects both, the solar radiation entering the receiver (see Eqgs. 4
and 5) and the energy losses (see thermal resistance R, in Table 1). At low temperatures (T, <~
400°C), thicker TIMs represent a slight reduction in the solar radiation (Egs. 4 and 5) and consequently a
small reduction in ncg. The thermal losses, instead, are not significantly affected at these temperatures.
Then, the efficiency profiles are almost parallel one to each other, while the thermal losses profiles
coincide. For T, >~ 600°C, the thickness starts to cause an insulating effect which is evidenced in
lower heat losses when t, — t; = 40 mm, as can be seen in Fig. 14b. A reduction in these losses, allows
the receiver with a thicker TIM (t, — t3 = 40 mm) to maintain larger efficiencies that even surpasses the
efficiency of thinner-TIM receivers after ~ 1000°C. In this particular case, a TIM thickness of 40 mm is
more convenient for Ty, over 1000°C, thinner TIMs (t, — t3 = 20 mm and t, —t3 = 5 mm) are more
appropriated in the range ~ 512°C < T,;, <~ 1000°C, while a traditional central receiver should be

operated at T, <~ 476°C for the selected concentration ratio and design conditions.

4.4.General comparison
Figure 15 presents the efficiency profiles for FPCs, PTCs, and CRs for different TIM’s properties.
The reference condition (TIM ref) corresponds to the TIM’s properties listed in Table 6. The other two
conditions, TIM 1 and TIM 2 are defined in terms of TIM’s properties as follows: TIM 1: ey = 0.9, K7y
=1.0W/m-K, u=4m? t,-t3=0.02m.TIM 2: g7,y =0.1, kg = 0.5 W/m-K, u=1m?, t, -t3 =0.02 m.
The efficiency profiles of solar receivers with different TIMs are compared with the respective traditional

configuration. The operating ranges according to the collection technology are clearly differentiated. It



can be observed that in all cases the solar receivers with the TIM exhibit superior performance at high
T,p- Even for TIM 1, which properties are quite modest, the efficiency is improved at higher
temperatures. The properties of TIM 2, in turn, are selected to exemplify the behavior of the receiver
with a TIM with a high quality that can be implemented in any of the three solar collectors to obtain a
superior performance. Finally, there is a wide range of semitransparent materials that can be used as
TIMs. The proper selection of TIM’s properties, to achieve a high performance, depends on T,p. In
general, an appropriated TIM must be characterized by a low emittance, low thermal conductivity, high

transmittance and low extinction coefficient.

—=—==NoTIM
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Figure 15. Efficiency of FPC, PTC and CR collectors without a TIM and with two different TIM’s properties. TIM 1:
Erm =0.9, k= 1OW/m-K, u=4m?, t, -t3=0.02m. TIM 2: &1py = 0.1, Ky =0.5W/m-K, u=1m? t, -t =
0.02 m.

5. Concentration ratio

The concentration solar ratio (C) is another important characteristic in solar-based power
generation cycles. The direct-normal solar radiation is reflected in a heliostat, dish or parabolic mirrors
and then it is concentrated in a focal line or point to run a power generation cycle. In general, larger C
values involve higher plant capacities. It also results in larger investments and operating costs due to
bigger number of reflectors, more robust components and resistant materials to operate at high
temperatures. The concentration ratio also depends on the CSP technology. PTC usually operates at

concentration ratios between 15 and 45, while C values ranging between 100 and 1500 are typical used



in central receiver configurations [4]. In general, greater concentration ratios allow higher operating
temperatures and consequently higher cycle efficiencies. In Fig. 16, the efficiency profiles as a function
of the T, of PTC collectors are presented for three different values of C. The efficiency of both, the
traditional and TIM-incorporated PTCs, rises with C. Increments in the concentration ratio also displaces
the limit absorber temperature (T, 1im) to higher values. In this work, Typ ;i cOrresponds to the
temperature from which the efficiency of the new design (collector with a TIM) surpasses the efficiency
of a conventional solar receiver. Then, larger T, ;i Means greater ranges of absorber temperatures
where the performance of traditional PTCs is superior. According to the profiles displayed in Fig. 16, the
TIM-incorporated PTC becomes more efficient at T, > 153°C, Ty, > 239°C, and T, > 301°C for

concentration ratios of 20, 40 and 60, respectively.
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Figure 16. Effect of the concentration ratio on the performance for parabolic trough collectors.

Figures 17a and 17b, present efficiency contours of TIM-incorporated PTCs (Fig. 17a) and
traditional PTCs (Fig. 17b) as a function of C and T,j,. In both figures, the limit Ty, is displayed as a solid
line. Comparing both contours, it is clear that higher npr are obtained in the upper region above the
Tap 1im line for TIM-incorporated PTCs. The lower region, conversely, corresponds to the concentration
ratio and T, where the traditional PTC is more efficient. Particularly, a Typ ;;m Of approximately 390°C is
obtained for a relatively high concentration ratio (in PTCs) equal to 100, with a corresponding efficiency
of ~ 71%. The efficiency can be maintained high at high absorber temperatures (T,; > 390°C) if a TIM is
integrated into the PTC. From the contours, it is clear that the use of an additional layer, in this case the
TIM, reduces the solar radiation reaching the absorber. This effect has a strong impact in the efficiency
at low temperatures. However, the TIM also produces an insulation effect that reduces the thermal

losses and becomes stronger at high T,; as can be observed in Fig. 17c. The important outcome from



this analysis is that the efficiency, of a TIM-incorporated receiver operating at low temperatures, is not
strongly impacted, and values of more than 70% can still be reached, while a traditional PTC operating at
high temperatures, or after Typ, 1;m, could reduce its efficiency considerably. This aspect is further
important considering that higher operating temperatures are desired to obtain high conversion cycles
efficiencies. From Fig. 17c, the integration of the TIM reduces the thermal losses in the range 15 < C <
100. This effect is stronger at large concentration ratios because greater energy inputs result in higher

temperatures and therefore larger heat losses.
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Figure 17. Efficiency contours of PTC receivers as a function of the concentration ratio and T, a) Collector

with a TIM. b) Collector without a TIM. c) Thermal losses of PTC receivers (q;oss prc) at Tap 1im-
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Figure 18. Effect of the concentration ratio on the performance for central receivers.
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Figure 19. Efficiency contours of central receivers as a function of the concentration ratio and T, a) Receiver

with a TIM. b) Receiver without a TIM. c) Thermal losses of CR collectors (q;oss cr) at Tap 1im-

The efficiency of central solar receivers with and without a TIM and GE as a function of Ty,

operating under different concentration ratios is presented in Fig. 18. According to this figure, the



efficiency of traditional collectors is relatively high at low temperatures and decrease rapidly with the
increment in Ty;,. The new design of solar receiver design with a TIM and GE exhibits a more stable
efficiency which surpasses the efficiency of the conventional receiver and presents a better performance
at high temperatures. In particular, for C = 200, 600, and 1000, the efficiency of the new design exceeds
the efficiency of the conventional solar receivers at ~ 339°C, ~ 591°C and ~ 728°C, respectively. These
temperatures correspond to the limit temperatures for the respective concentration ratios. As it was
mentioned, Ty}, ;im represents the lower limit temperature from which a solar receiver with a TIM
should be operated in order to obtain superior efficiency. These results are important considering that
solar tower configurations usually operate at high temperatures (T,; > 600°C). The plots in Fig. 18 (and
also Fig. 16 for PTC) show that high concentration ratios are fundamental to maintain high efficiencies in
conventional central receivers. For instance, the efficiencies of traditional central receivers reach 80% at
~313°C, ~ 556°C and ~ 692°C for C values of 200, 600 and 1000, respectively. It is important to highlight
that the increments in the cost associated with larger concentration ratios (for instance the heliostat
field enlargement) could be significant [9, 10]. With a TIM incorporated, the central receivers can
operate efficiently at high absorber temperatures even at relatively low C values. This important
outcome deserves a further economic analysis because a CR having a TIM and GE not only exhibit a

better performance at high Ty, but also seems to be a cost-effective alternative.

Efficiency contours as a function of the concentration ratio and T,; are presented in Fig. 19a for
a central receiver with a TIM and GE, and Fig. 19b for a traditional central receiver. In both figures, the
solid line represents the limit temperature (T, 1im). This line represent the operating point where both
receivers (with and without a TIM) present the same efficiency. According to these figures, the region
above the curve represents the values of C and T,;, where a CR having a TIM offers superior
performance. The region below the curve, in turn, corresponds to the values of C and T,; where a
conventional receiver is more efficient. It is important to note that a receiver with the TIM operating in
the lower region can still achieve efficiencies of more than 70%. However, a conventional central
receiver operating in the upper region could be very inefficient. The performance of both receiver
configurations, with and without a TIM, is increased with the concentration ratio, as can be verified in
Figs. 18 and 19. Also, larger values of C point to CSP systems with higher power generation capacities,
but also additional investments in more robust components and additional reflectors to enlarge the

heliostat field. From Figs. 18, 19a, and 19b, the efficiency at T, ;;m, Slightly increases with C. It ranges



between 77.7% and 78.1%, for 100 < C < 1500. In the limit, when C — oo, the efficiency at Typ 1im

approaches to 78.9%, which corresponds to the initial efficiency value of a central receiver with a TIM.

The thermal losses at the limit temperature are presented in Fig. 19c. They exhibit a linear
evolution with C. The energy input is increased with the concentration ratio, leading to higher absorber
temperatures and accordingly heat losses. However, the increment rate of thermal losses (which is
almost constant at T, ;) is greater in traditional CRs. Larger heat losses are responsible for the fast
drop in the efficiency of this type of collector with T,;;. In real CSP systems with fixed concentration
ratios, the temperature of the absorber would change as a function of the solar radiation profile and the
environment temperature. Then, a solar receiver with a TIM incorporated would start its operation, at
the beginning of daylight, at some point in the lower region with a relatively good efficiency. The
receiver’s absorber temperature may cross T, ;;m @and operates in the upper region during high solar
energy radiation hours. At the end of the daylight, the operation of the receiver would return to the

lower region.

6. Conclusions

The integration of transparent insulation material into flat plate, parabolic trough and central
receiver collectors was studied. A general model consisting in optical and thermal losses analyses was
implemented. The effects of TIM’s properties, such as emittance, thermal conductivity, extinction
coefficient and thickness, on the performance of collector’s receivers were analyzed and compared with
that of traditional designs. The efficiency of conventional solar collectors decreases with the increment
in T, due to a continued growth in the heat losses. A slight reduction in the efficiency of TIM-
incorporated collectors is observed at low absorber temperatures, due to a solar radiation attenuation
induced by the TIM. At high T,j, the TIM reduces the thermal losses leading to higher solar collectors’
efficiencies. This behavior is important considering that high operating temperatures are usually desired

to obtain high thermal cycles efficiencies.

According to the results, a suitable TIM for high performance solar receivers must be
characterized by low emittances and thermal conductivity, high transmittance, and low extinction
coefficient. It was also verified that high concentration ratios are fundamental to maintain high

efficiencies in conventional parabolic through and central receiver collectors. However, larger



concentration ratios could imply higher cost associated to enlarged reflection components. It was found
in this work that the incorporation of a TIM leads to high solar collector efficiencies even at low
concentration ratios. Finally, transparent insulating material, for non-concentrating and concentrating
solar applications, deserves further exploration as it seems to be a suitable and effective alternative to

reduce heat losses and improve the efficiency of collector’s receivers.
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