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Abstract

In any solar thermal application, such as solar space heating, solar hot water for

domestic or industrial use, concentrating solar power, or solar air conditioning,

a solar receiver converts incident sunlight into heat. In order to be efficient,

the receiver must ideally absorb the entire solar spectrum while losing relatively

little heat. Currently, state-of-the-art receivers utilize a vacuum gap above

an absorbing surface to minimize the convection losses, and selective surfaces

to reduce radiative losses. Here we investigate a receiver design that utilizes

aerogels to suppress radiation losses, boosting the efficiency of solar thermal

conversion. We predict that receivers using aerogels could be more efficient than

vacuum-gap receivers over a wide range of operating temperatures and optical

concentrations. Aerogel-based receivers also make possible new geometries that

cannot be achieved with vacuum-gap receivers.

Keywords: solar receiver, solar thermal, aerogel

1. Introduction

Solar energy is abundant; the solar flux reaching the earth’s surface is orders

of magnitude larger than humankind’s global power consumption[1]. Harvesting

this energy requires enormous areal coverage, since the solar flux is very dilute.
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Photovoltaics harness this energy by converting sunlight directly into electricity.5

Many other processes rely on solar energy as a source of heat: the sun’s energy

can be used for space heating, heating hot water for domestic or industrial use[2],

desalination[3], producing chemical fuels[4], heating a working fluid in a cycle to

generate electricity[5], or driving other thermal energy conversion systems such

as thermoelectric generators, thermionic generators, or thermophotovoltaics[6].10

The sun’s heat can even be used to drive air conditioning cycles[7]. In all of

these processes, the solar radiation is absorbed as heat by a receiver, either in

the form of an absorbing surface, a receiver cavity, or a volumetric absorber.

There has been extensive work developing receivers that strongly absorb

sunlight without incurring large heat losses. One way is to introduce a solar15

optical concentrator in front of the receiver; the hot absorber surface can then

be made smaller, which results in smaller heat losses to the environment. Com-

mon concentration schemes are linear Fresnel reflectors, which can concentrate

the solar flux up to 40 times[8, 9]; linear parabolic troughs, which concentrate

the solar flux by a factor of 30 to 60 onto a receiver tube[10]; heliostat fields,20

which can concentrate the solar flux by a factor of approximately 1,000 onto the

receiver tower[11]; and parabolic dishes, which can concentrate the solar flux

by a factor of approximately 10,000 onto the receiver at the dish’s focus[12], or

even higher if secondary optics are used[13].

There has also been extensive work on reducing losses from a receiver by25

modifying the receiver itself. Such methods include adding glass panes over

the absorber surface to reduce convective losses[14]; placing the absorber in

a vacuum enclosure to eliminate convective or conductive losses through the

air[15]; and using an absorber with spectrally-selective properties to reduce the

radiative losses in the infrared (IR) while still absorbing strongly over the solar30

spectrum[16, 17, 18]. Another method to reduce radiative losses is to introduce a

radiation shield above the absorber[19]. Radiation shields are usually reflective

metallic surfaces which reflect IR radiation back to the absorber. Radiation

shields can also be designed to absorb the IR losses from the absorber and re-

radiate at a lower temperature some of that heat back to the absorber. This35
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recycling of radiation reduces the overall rate of heat loss from the absorber. If

a reflective or an absorbing radiation shield is placed in front of a solar absorber,

the shield must also be transmissive to the solar spectrum such that the sunlight

reaches the absorber. These selective transmitters can be as simple as a pane

of glass[20], or complex such as a multilayer selective transmitter[21].40

In some instances, more than one radiation shield has been used to reduce

radiation losses. Each successive shield added reduces the overall heat loss.

Taking this concept to the limit, one can imagine replacing many thin radiation

shields with one continuous medium - a volumetric radiation shield. This volu-

metric radiation shield would need to be spectrally selective, allowing sunlight45

to pass while absorbing or reflecting IR radiation, and it would need to have

low thermal conductivity such that the outer surface would be at a significantly

lower temperature than the absorber.

We propose using aerogels as a volumetric radiation shield for a solar ther-

mal receiver. Aerogels are low-density materials which can be transparent50

across the solar spectrum, opaque in the IR, and have a very low solid thermal

conductivity[22]. By reducing heat losses while still having high solar trans-

parency, aerogels allow a system to either operate at higher receiver efficiency,

or allow the same receiver efficiency to be obtained at lower optical concen-

trations. They also are strong enough in compression such that they can be55

used in flat-panel architectures to support glass panes[23], which previously was

not possible for vacuum-gap receivers. While modeling and experiments have

been performed using aerogels as volumetric radiation shields for solar hot water

systems[24, 25, 26], they have not been explored for higher-temperature systems.

We will explore this regime in detail in this work.60

Aerogels are low-density material foams most commonly produced through

a sol-gel process[27]. Aerogels can be made from a variety of materials, such

as silica[22], carbon[28], and various oxides[29]. The microscopic closed cellular

structure of the aerogel prevents the gas currents responsible for macroscopic

convection, and the low density means that there is very little material to pass65

heat via conduction. These properties make aerogels excellent insulators, al-
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though at higher temperatures radiation within the aerogel can have a signif-

icant impact on the effective thermal conductivity. Aerogels can be naturally

opaque or transparent to radiation. The properties of aerogels can be modi-

fied through seed inclusions such as oxide particles[30] or carbon-based flakes or70

rods[31]. They also are strongly dependent on the synthesis technique[32]. By

choosing the right materials and process, aerogels can be achieved with desired

performance characteristics for solar thermal receivers.

In this paper we model the performance of aerogel-based thermal receivers.

First we provide an explanation of the concept, and a conceptual model with just75

the heat equation. Then we provide a detailed model for calculating performance

using the coupled heat equation and equation of radiative transfer, similar to

work in the literature on low-temperature systems[24]. Next, we provide an

intermediate coupled model based on the Rosseland diffusion approximation[33].

Finally we compare the results of the models, and explore the potential for these80

receivers.

2. Concept

For any solar receiver, the receiver efficiency is defined as the fraction of

the incident sunlight on the receiver, Qs,rec, which is converted into heat and

delivered to the thermal system below the absorber. Looking at the effective85

properties of the receiver as a whole, the efficiency can be expressed as:

ηrec =
Qh
Qs,rec

=
Qabs −Qloss

Qs,rec
=
Qabs −Qloss

CQsol
(1)

where Qh is the delivered heat, Qabs is the absorbed sunlight, and Qloss is the

sum of all the thermal losses. In the denominator, the solar flux on the receiver

is represented as the product of the standard solar flux (e.g. the AM1.5 Direct +

Circumsolar value of 900 W/m2), Qsol, and an optical flux concentration ratio,90

C. The fraction of sunlight absorbed (and not reflected or scattered away) can

be represented by an overall effective absorptance, αeff = Qabs/Qs,rec; then

equation 1 can be rewritten as:

4



ηrec = αeff −
Qloss
CQsol

(2)

High solar absorption, small thermal losses, and high optical concentration

all contribute to a high receiver efficiency.95

Figure 1 is a schematic of our proposed aerogel-based receiver. Unconcen-

trated or concentrated light is incident on the receiver. Some of the sunlight

is lost due to reflections at the interfaces and within the aerogel. Most of the

radiation emitted by the absorber is absorbed by the aerogel and re-emitted

back to the absorber, thus reducing the radiation loss from the absorber. The100

parasitic conduction loss through the aerogel is very small due to the low solid

thermal conductivity of the aerogel. The heat loss is conducted through the

glass and lost to the environment via radiation and convection.

Figure 1: Schematic of an aerogel-based receiver. There are some reflections at the interfaces

and within the aerogel that diminish the amount of sunlight reaching the absorber. The aerogel

acts as a volumetric radiation shield: much of the radiation from the absorber is absorbed by

the aerogel and reemitted back to the absorber. Some heat loss reaches the glass, where it is

conducted to the top surface and lost to the environment via convection and radiation.
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3. Conceptual Model

In the ideal case, the volumetric radiation shield is good enough to suppress105

all radiation from the absorber; the only heat loss from the absorber is via

conduction through the aerogel. The amount of sunlight that is transmitted

through the aerogel is a decaying exponential function of the aerogel thickness.

With these two basic concepts we can calculate the receiver efficiency:

ηrec =
Qs,recτge

−αaLaαabs − ka
Th−Tg,i

La

Qs,rec
(3)

where τg is the transmittance of the glass, αa is the effective absorptance of the110

aerogel, La is the thickness of the aerogel, αabs is the absorptance of the ab-

sorber, and ka is the solid thermal conductivity of the aerogel. The temperature

of the inner surface of the glass, Tg,i, can be solved by balancing the heat flux

through the glass with the convective and radiative losses to the environment:

kg
Tg,i − Tg,o

Lg
= h (Tg,o − Tamb) + σsbεg

(
T 4
g,o − T 4

amb

)
(4)

where kg is the thermal conductivity of the glass, Tg,o is the temperature of the115

outer surface of the glass, Lg is the thickness of the glass, h is the convective

heat transfer coefficient, Tamb is the ambient temperature, σsb is the Stefan-

Boltzmann constant, and εg is the IR emittance of the glass. As we can see

from equation 3, as the aerogel thickness is decreased, the amount of sunlight

absorbed by the receiver increases, but the thermal losses through the aerogel120

increase. This simple analysis suggests there is an optimal aerogel thickness to

maximize receiver efficiency, which balances the aerogel transmittance with the

thermal conduction losses through the aerogel.

In the preceding ideal model, all radiation from the absorber was suppressed.

However, this is not realistic; all wavelengths of radiation will penetrate the125

aerogel to some depth. To properly solve the heat transfer within the aerogel-

based receiver we must use a more detailed model based on the equation of

radiative transfer. This detailed model is presented in the following section.
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4. Detailed Model

To more accurately capture the radiation effects within the aerogel, the130

equation of radiative transfer is solved. The equation of radiative transfer states

that the radiative intensity in a specific direction inside a medium is decreased

due to absorption and out-scattering, and increased due to thermal emission

and in-scattering from all other angles[33]:

cos θ
dIΩ′

dz
= − (κ+ s) IΩ′ + κIb +

s

4π

∫
4π

ΦΩ→Ω′IΩ dΩ (5)

where IΩ′ is the intensity in a given direction, θ is the polar direction away135

from z, κ is the absorption coefficient, s is the scattering coefficient, Ib is the

blackbody intensity at a position z, and ΦΩ→Ω′ is the phase function from

angle Ω into Ω′. We assume aerogels scatter isotropically, meaning the phase

function is 1[34, 35, 36, 37]. The properties of aerogels are strongly wavelength-

dependent (Fig. 2), so the equation of radiative transfer should be solved for140

each wavelength of light. To make the problem computationally tractable, we

divide the radiation spectrum into N bands, and assume that across each band

the absorption and scattering coefficients are constant. For our calculations, we

divided the spectrum into 11 bands. For a given band i between wavelengths

λi and λi+1 the blackbody intensity must be weighted by the fraction of the145

blackbody spectrum in that band:

cos θ
dIi,Ω′

dz
= − (κi + si) Ii,Ω′ + κiIbi +

si
4π

∫
4π

Ii,Ω dΩ (6)

where

Ib,i = n2σsbT
4
z

15

π4

C2/nλ1Tz∫
C2/nλ2Tz

ξ3

eξ − 1
dξ (7)

The constant C2 = 0.014388 m K. For each band, the heat flux in the

z-direction is:
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qz,i =

∫
4π

Ii,Ω cos θ dΩ (8)

The radiative heat flux must be solved in conjunction with the solid conduc-150

tion in the aerogel. The gradient of the summed radiative heat fluxes is inserted

as a source term in the heat equation:

0 = ka
d2T

dz2
+

d

dz

N∑
i=1

qz,i (9)

At the absorber (z = 0) boundary, the temperature is fixed at the absorber

temperature T = Th; the radiation propagating in the positive z-direction (I+
Ω,i)

is the sum of the radiation emitted from the absorber, and a reflected fraction155

of the radiation incident on the absorber:

I+
Ω,i(z = 0) = εabs,iIb,i(Th) + (1 − εabs,i)I

−
Ω,i(z = 0) (10)

where εabs,i is the average emittance of the absorber surface over the band i, and

I−Ω,i is the radiation traveling in the opposite direction of I+
Ω,i. The glass is also

treated with the equation of radiative transfer. The radiation in the aerogel just

inside the interface with the glass (z = L−a ) traveling away from the interface160

is the sum of radiation from the aerogel reflected off the interface and radiation

within the glass transmitted through the interface:

I−Ω,i(z = L−a ) = R12,Ω,iI
+
Ω,i(z = L−a ) + T12,Ω,iI

−
Ω′,i(z = L+

a ) (11)

where R12,Ω,i and T12,Ω,i are the reflectance and transmittance coefficients for

the glass and aerogel interface at a given angle and band. These coefficients

are calculated with the Fresnel equations for complex media[38]. The angle of165

travel within the aerogel, Ω, is related to the angle of travel within the glass,

Ω′, with Snell’s Law. The same procedure is used to calculate the radiation at

the interface between the glass and the air:
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I−Ω′,i(z = (La+Lg)
−) = R23,Ω′,iI

+
Ω′,i(z = (La+Lg)

−)+T23,Ω,i (Ib,i(Tamb) + Isol,Ω,i)

(12)

The solar intensity is assumed to be uniform within a half-angle of 2.9◦ and

has the AM1.5 Direct + Circumsolar spectral intensity[39]. These equations170

are solved iteratively, until the temperature profiles and heat fluxes within the

aerogels converge.

Silica aerogels, like typical glass, show strong absorption beyond 2.5 µm[40].

This is ideal as an insulator, since large IR absorption results in less heat transfer

through the aerogel. The IR absorptance of silica aerogels is purely a function175

of the optical thickness of the aerogel, which is the product of the thickness

of the material and its density, so absorptance results for a given density can

be linearly scaled to find the properties at a different density. Figure 2 shows

the measured extinction (absorption plus scattering) of various silica aerogels,

normalized by their densities [32, 41, 42, 43, 40].180

Unlike fully dense silica, silica aerogels scatter in the visible wavelengths.

This scattering has been shown to be nearly isotropic[35, 36] and inversely pro-

portional to the fourth power of the wavelength[34], characteristic of Rayleigh

scattering of small particles or voids. This trend is illustrated in Figure 2. It

has been shown that for a given density, the pore structure of the aerogel and185

hence its scattering is a strong function of the manufacturing process[32, 44].

Shown in Figure 2 is the bulk extinction of three aerogels produced with different

processes but all having nearly the same density (80 kg/m3)[32].

For these calculations, we assume that the aerogel extinction at wavelengths

shorter than 1 µm is entirely due to scattering, and the extinction at wavelengths190

longer than 1 µm is entirely due to absorption. For the bands longer than

2 µm, the wavelength-dependent properties (from [41]) are averaged with equal

weighting. For the bands shorter than 2 µm where the solar spectrum dominates

the radiative transfer, the wavelength-dependent properties (from [32], pH=13)

are averaged using the solar spectrum as the weighting.195

9



10
0

10
1

10
2

10
−2

10
−1

10
0

10
1

10
2

10
3

Wavelength [µm]

S
p
ec
ifi
c
ex
ti
n
ct
io
n
co
effi

ci
en
t
[m

2
/k

g]

pH=9 [32]

pH=11 [32]

pH=13 [32]

[41]

[42]

[43]

Fused quartz [40]

Figure 2: Measured specific extinction coefficient of silica aerogels. Solid black line

shows the specific absorption coefficient of fused quartz[40]. Filled markers show scatter-

ing measurements of three silica aerogel samples with density 80 kg/m3; the accompany-

ing dashed lines show the bulk scattering coefficient (after the surface scattering has been

subtracted)[32]. Markers without lines show measured specific absorption coefficients of silica

aerogels[41, 42, 43]. The authors of [43] posit that the large absorption they measure in the

4 µm to 5 µm range is due to their samples containing water.
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The real part of the index of refraction of aerogels is assumed to be in-

dependent of wavelength, and is obtained with the formula n = 1 + (2.1 ×

10−4)ρ from literature[45], where the density is measured in kg/m3. The imag-

inary part of the index of refraction is extracted from the absorption data[46].

The wavelength-dependent index of refraction of glass (fused quartz) is from200

literature[40]. The band averages for the glass were computed with the same

weighting method as described for the aerogels.

5. Diffusion Model

In some situations, the heat transfer within the aerogel can be calculated

with a more simple model based on the Rosseland diffusion approximation.205

In this model, the heat transfer in the aerogel layer is assumed to be one-

dimensional and the temperature distribution in this layer is calculated by using

the Rosseland diffusion approximation of radiative heat transfer. For a control

volume in this layer, the heat equation is expressed as:

ρc
∂T

∂t
=
∂qcond
∂z

+
∂qrad
∂z

(13)

where ρ denotes the density of the aerogel, c the specific heat capacity of the210

aerogel, T the local temperature inside the aerogel, t the time, qcond the con-

ductive heat flux density per unit area, z the vertical coordinate and qrad the

radiative heat flux per unit area. Based on the Rosseland approximation qrad

can be expressed as

qrad = −
(

16n2σsb
3 (αa(T ) + s)

T 3

)
∂T

∂z
(14)

where n denotes the refractive index, αa(T ) the effective temperature-dependent215

absorption coefficient of the aerogel and s the scattering coefficient of the aerogel.

The general solution for the non-linear heat equation in the glass and aerogel

layers is written as

z =
1

C1

∫
g(T )dT + C3 (15)
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where

g(T ) =

(
ka +

A

αa(T ) + s
T 3

)
(16)

with220

A =
16n2σsb

3
(17)

and C1 and C3 are constants. Note that g(T ) and A are different for the aerogel

and glass layers.

For given thermal and optical properties of the aerogel layer and glass, g(T ),

one can pose the boundary conditions to determine the temperature field in

each layer. The transmission in the aerogel layer, as discussed, is expressed as225

a decaying exponential function. The boundary conditions are same as above

(the fixed absorber temperature, the equality of conductive and radiative flux

at the glass-aerogel interface, and the convective and radiation flux condition at

the glass-air interface). The solution of the heat equation is applied to both the

aerogel layer and the glass slab simultaneously to determine the temperature at230

the aerogel-glass interface, and the glass-air interface. The heat flux to the am-

bient from the cold side of the receiver and the receiver efficiency are calculated

as defined in equation 1 but considering transmission losses in both the glass

and aerogel layers.

6. Results235

The three described models were used to calculate the maximum solar re-

ceiver efficiency and corresponding optimum aerogel thickness over a wide range

of concentrations at two different operational temperatures: 100 ◦C, which is

representative of domestic hot water systems, and 400 ◦C, which is a common

operational temperature for solar thermal plants[47]. In addition to the aerogel240

and glass properties shown in figure 2, we use a glass thickness of 2 mm and

thermal conductivity of 1 W/m/K; an ambient temperature of 25 ◦C; a con-

vective heat transfer coefficient of 10 W/m2/K; and an aerogel solid thermal
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conductivity of 0.005 W/m/K. The thickness of the aerogel layer was limited

to 50 mm for computational purposes; it was also deemed a reasonable upper245

bound for a practical manufacturing limit. The properties in figure 2 give the

glass an effective solar transmittance of 93.1%.
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Figure 3: Performance of an aerogel-based receiver with an absorber temperature of 100 ◦C.

a) Efficiency and b) optimal aerogel thickness, as calculated by the two different models. At

this absorber temperature, the models agree reasonably well.

Figures 3 and 4 show the receiver efficiency as a function of concentration for

two different absorber surface temperatures: 100 ◦C and 400 ◦C. The general

trend is that the models are closest in agreement when the predicted optical250

thickness of the aerogel is small. This is not surprising: the main difference

between the models is the treatment of the aerogel and glass, so if there is little
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Figure 4: Performance of an aerogel-based receiver with an absorber temperature of 400 ◦C.

a) Efficiency and b) optimal aerogel thickness, as calculated by the two different models. At

this absorber temperature, the Rosseland approximation underestimates the efficiency.
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aerogel then there should be little difference in the models’ predictions.

In order to understand how the aerogel-based receiver performs compared to

other receiver types, we calculate with the ERT model the receiver efficiency for255

three different receiver scenarios: 1) a blackbody absorber surface below a glass

pane, with a vacuum gap between (denoted “bb/vacuum”); 2) a blackbody ab-

sorber surface below a glass pane, with aerogel between (denoted “bb/aerogel”;

and 3) a wavelength-selective absorber surface below a glass pane, with a vacuum

gap between (denoted “ss/vacuum”). The wavelength-dependent emittance of260

the selective surface is assumed to be a step function, with an emittance of 0.95

at wavelengths shorter 2 µm, and 0.05 at wavelengths longer than 2 µm. The

receiver calculation results are shown in Figures 5 and 6.
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Figure 5: Efficiency of three different receivers with an absorber temperature of 100 ◦C:

blackbody surface under an aerogel; blackbody surface under a vacuum; and a selective surface

(ε=0.95 for λ < 2µm; ε = 0.05 for λ > 2µm) under a vacuum. The blackbody and aerogel

receiver is the highest-performing.

We can see that for the 100 ◦C receiver, at high concentration aerogels make

very little difference, and blackbody absorbers are the most efficient. Due to the265

low temperature and high optical concentration, the receiver efficiency is mainly

determined by the solar absorption. Thus, aerogels and selective surfaces are not

helpful because they increase solar reflection. At lower incident fluxes, aerogel-

and-blackbody absorbers give the highest receiver efficiency because thermal
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(ε=0.95 for λ < 2µm; ε = 0.05 for λ > 2µm) under a vacuum. The selective surface

under vacuum is the highest-performing at moderate concentrations; at concentrations 60X

or greater, the receiver comprising a blackbody and aerogel outperforms the other receivers.
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losses determine the device performance, although there is not much difference270

compared to a selective surface under vacuum.

At an operating temperature of 400 ◦C, thermal losses become even more

significant. Thus at low concentrations the selective surfaces outperform any

blackbody receiver. The aerogel-and-blackbody receiver performs well at higher

concentrations because the absorption is most important in this regime. In275

addition, at these high temperatures the stability of materials is critical, and

stable, inexpensive black paints may be more reliable than multilayer selective

surfaces.

A final note on these results is that we did not include the performance of a

system comprising both a selective surface and an aerogel; this is because such280

a system is rarely optimal. The selective surface naturally loses little heat via

radiation, so adding an aerogel only makes a small incremental reduction in

the loss. With the accompanying drop in solar transmission, the net effect is

a decrease in system performance compared to a selective surface and vacuum

system. The only instance where a selective surface and aerogel system outper-285

forms the other options is for high-temperature, non-concentrating applications,

but in such an application all the systems described in this paper would have

efficiencies less than 50%, so we consider them all to be unpractical.

7. Conclusion

Our models predict that for low- to mid-temperature applications at incident290

fluxes less than 100 suns, receivers comprising blackbody absorbers and aerogels

are at least as efficient as current state-of-the-art selective surface evacuated

receivers. These aerogel-based receivers could supplant traditional evacuated

tube receivers, such as those used for high-efficiency domestic hot water and

solar thermal troughs; reliability and cost will be the deciding factors. Because295

they do not need to be evacuated, aerogel-based receivers could bring the high

efficiency normally associated with evacuated tube receivers to additional form-

factor receivers such as flat panels.
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