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ABSTRACT: Heat at intermediate temperatures (120−220 °C) is in
significant demand in both industrial and domestic sectors for
applications such as water and space heating, steam generation,
sterilization, and other industrial processes. Harnessing heat from
solar energy at these temperatures, however, requires costly optical and
mechanical components to concentrate the dilute solar flux and
suppress heat losses. Thus, achieving high temperatures under
unconcentrated sunlight remains a technological challenge as well as
an opportunity for utilizing solar thermal energy. In this work, we
demonstrate a solar receiver capable of reaching over 265 °C under
ambient conditions without optical concentration. The high temper-
atures are achieved by leveraging an artificial greenhouse effect within an optimized monolithic silica aerogel to reduce
heat losses while maintaining high solar transparency. This study demonstrates a viable path to promote cost-effective
solar thermal energy at intermediate temperatures.
KEYWORDS: solar thermal conversion, transparent aerogel, artificial greenhouse effect, light scattering, radiative transfer

Thegreenhouse effect in the Earth’s atmosphere provides
the warmth essential for the survival of our ecosystem.
Unfortunately, increasing human activities such as

burning fossil fuels have intensified this natural greenhouse
effect, leading to global warming and climate change.1 While a
temperature rise on Earth can be detrimental, a higher
temperature heat source implies a higher potential for energy
utilization in a heat engine when considering the Carnot
efficiency. Therefore, it is possible to take advantage of this same
greenhouse effect in engineering designs to boost the efficiency
of terrestrial energy conversion processes such as in solar-
thermal systems.2 Thermal energy at intermediate temperatures
(120−220 °C) is in particularly high demand, with more than
627 TWh of energy consumed annually in the US,3 which is
larger than the total US annual electricity generation from all
renewable sources in 2016 (∼599 TWh).4 To supply heat at
intermediate temperatures from the sun, state-of-the-art solar-
thermal approaches, however, rely on costly optical concen-
trators, selective surfaces, and vacuum enclosures to effectively
capture sunlight in this temperature range (120−220 °C).5,6

Here we demonstrate a simple low-cost solar receiver capable of
reaching over 265 °C under unconcentrated solar flux (1 kW/
m2) using a low-scattering, highly transparent aerogel as the
artificial greenhouse medium. Much like the natural greenhouse

effect, this aerogel transmits sunlight but traps heat by blocking
thermal emission. The receiver requires no selective surface or
vacuum enclosure and can operate at ambient conditions. The
ability to supply heat with solar energy at the desired
intermediate temperatures addresses the significant needs in
industry and mitigates fossil fuel consumption. Our study
demonstrates the feasibility of using an engineered greenhouse
cavity to capture sunlight effectively and provides a viable path
for leveraging the greenhouse effect to reduce greenhouse gas
emissions.
Most current solar thermal technologies utilize optical

concentrators to focus the dilute solar flux to generate
intermediate-temperature heat from the sun. Such optical
devices are expensive and require diurnal tracking of the sun.7

While nonconcentrating systems can reach temperatures up to
250 °C by using spectrally selective surfaces as well as vacuum
enclosures to suppress parasitic heat losses,8−12 maintaining the
vacuum and the radiative properties of spectrally selective
surfaces over the system lifetime is challenging. Recently, solar
absorbers based on plasmonic nanoparticles and 2-D materials
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have shown very promising results in the field of solar steam
generation.13−18 However, their performance at higher temper-
atures will still be limited by heat loss to the ambient through
conduction, convection, and radiation. Silica aerogels, on the
other hand, have been long thought to be a potential substitute
for vacuum enclosures and spectrally selective surfaces in high-
performance solar thermal collectors. However, high optical loss
due to scattering severely offsets their thermal insulation
benefits. Consequently, previous works have been limited to
low-temperature operation, and it has been shown that using
state-of-the-art silica aerogels is insufficient for intermediate
temperature operation under one sun.19−21

In this work, we demonstrate an aerogel-based solar thermal
receiver capable of reaching stagnation temperatures over 265
°C under unconcentrated solar flux (1 kW/m2) at typical
ambient conditions outdoors. The device consists of a
blackbody absorber covered by an optimized low-scattering
silica aerogel monolith as the greenhouse cavity to transmit
sunlight and suppress conduction, convection, and radiation

heat losses simultaneously (Figure 1a). The nanostructure of the
optimized aerogel is tailored to maximize its optical trans-
parency while maintaining its ultralow thermal conductivity.
The presence of aerogel eliminates the need for a spectrally
selective surface and vacuum enclosure. With both theoretical
modeling and experimental investigations, we show that the
receiver can be optimized to achieve over 50% efficiency at 200
°C, making it versatile for a variety of applications such as
industrial process heat, solar fuel production, desalination, and
solar cooling.

RESULTS AND DISCUSSION

Concept of Greenhouse Selectivity. To illustrate the
potential of using the greenhouse effect for solar thermal energy
conversion, we first consider the performance of an ideal
greenhouse medium covering a blackbody solar absorber. The
greenhouse medium provides effective spectral selectivity to a
blackbody absorber by lowering its emitting temperature while
keeping its high solar absorptancea concept we describe as

Figure 1. Harvesting unconcentrated sunlight using low-scattering aerogels as a greenhouse medium. (a) Similar to the natural greenhouse
effect, the aerogel allows sunlight to transmit through but blocks thermal radiation from the blackbody absorber by strong infrared (IR)
absorption. (b) Ideal optical properties of a greenhouse medium (blue solid line) with higher optical depth (e.g., 1000×) in the thermal band
than that in the solar band. The dashed blue line represents a nongreenhouse medium. The yellow filled area indicates the transmitted solar
radiation (gray area: AM 1.5). The red filled area indicates the reduced thermal emission from the blackbody absorber (pink area: blackbody at
250 °C). (c) Effective absorptance α (red) and emittance ε (blue) of a greenhouse enhanced blackbody absorber as a function of its greenhouse
selectivity. The medium thickness L is chosen such that the average (geometric mean) optical depth is fixed at unity for fair comparison:

L 1thermal solarβ β = . Dashed lines show the typical performance of conventional spectrally selective surfaces. Inset: schematic of a greenhouse

enhanced blackbody absorber.
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“greenhouse selectivity”. Spectral selectivity has been widely
used in high-performance solar absorbers to enhance solar-to-
thermal conversion efficiency by selectively absorbing solar
radiation (high solar absorptance) and suppressing thermal
emission22 (low thermal emittance). To date, spectral selectivity
has been realized by various surface engineering approaches,
such as multilayer metal-dielectric stacks,23 cermets,24 and
photonic crystals.25 In our case, the greenhouse effect achieves
spectral selectivity by a volumetric approach. Within the
medium, solar radiation can propagate and reach the absorber
while thermal emission from the absorber is significantly
impeded by frequent absorption and re-emission as it passes
through the medium. The frequent extinctions of thermal
radiation create a thermal barrier and lower the temperature
exposed to the environment. Since radiation becomes the major
heat transfer mechanism at elevated temperatures, the green-
house medium can significantly reduce the overall heat loss of a
blackbody absorber.
The ideal optical properties of a greenhouse medium are

depicted by a two-band model of extinction coefficient β with a
cutoff wavelength around 2.5 μm (Figure 1b). To quantify the

strength of greenhouse effect, we define greenhouse selectivity γ
as the ratio of the extinction coefficient in the thermal band
(>2.5 μm) βthermal over that in the solar band (0.3−2.5 μm) βsolar:

thermal

solar

γ
β
β

=
(1)

with γ > 1, photons in the thermal band are extinguished more
frequently than photons in the solar band, and the medium is
therefore considered to have a greenhouse effect. The
greenhouse selectivity introduced here can serve as a material-
level figure-of-merit to help identify new greenhouse materials
for solar thermal systems. On the basis of the greenhouse
selectivity, the effective absorptance α and emittance ε of a
greenhouse enhanced blackbody absorber (Figure 1c, inset) are
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Figure 2. Low-scattering aerogel properties as a greenhousemedium. (a) Top: image of a low-scattering aerogel sample (thickness: 5mm) and a
soda-lime glass slide (thickness: 1 mm) on a piece of paper with the MIT logo (Logo printed with permission from Massachusetts Institute of
Technology; Copyright 2019 Massachusetts Institute of Technology). Bottom: SEM (left) and TEM (right) images of the aerogel sample. (b)
Direct-hemispherical transmittance spectrum of an 8 mm thick aerogel sample measured by a UV−vis−NIR spectrophotometer and an FTIR
spectrometer. Simulation results are based on mean scattering center diameter ds = 6.5 nm. Transmittance of the soda-lime glass slide is shown
for comparison. Sharp peaks in the aerogel spectrum between 1 and 3 μm originate from absorption by water molecules and silanol groups
present on the surface of silica particles. (c) Scattering center diameter ds distribution from SAXSmeasurements on an optimized sample (red)
and an unoptimized sample (blue). Insets: images of the two samples taken against a dark background to show the scattering effect (scale bar = 2
cm). (d) Solar-weighted transmittance as a function aerogel thickness. The lines are model results for ds = 3, 6, 12 nm and the markers are
measurements. Filledmarkers: single sample;Openmarkers: stack of two samples. The additional interface introduced by stacking two samples
does not introduce a noticeable deviation from the model because of the aerogel’s low refractive index.
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respectively. Here, qabs, qsolar are the absorbed and incident solar
flux, αbb, εbb are the absorptance and emittance of the blackbody
absorber (equal to unity), L is the thickness of the greenhouse
medium, τgh is the solar-weighted transmittance of the
greenhouse medium, qthermal is the total heat loss from the
absorber to the environment, and Tabs and T∞ are the absorber
and ambient temperatures, respectively. In Figure 1c, α and ε are
plotted as a function of γ, where γ = 1 represents a
nongreenhouse medium with a unity optical depth (βL = 1)
across the relevant wavelengths. The effective emittance
decreases while the solar absorptance increases with increasing
γ. When γ is greater than 300, a greenhouse enhanced blackbody
absorber outperforms a typical selective surface (α ∼ 0.9, ε ∼
0.1). Since the greenhouse medium spatially decouples the solar
absorption and suppression of thermal emission, it is a versatile
approach to provide additional spectral selectivity to almost any
solar absorber material26,27 and configuration.28−32

In summary, an effective greenhouse medium should satisfy:
(1) High greenhouse selectivity (γ ≫ 1); (2) Negligible heat
transfer by conduction and convection (Supplementary Note
1); (3) Thermal stability at elevated temperatures. While each

individual property is not rare in common materials, their
combination sets a stringent requirement. We demonstrate an
optimized silica aerogel that we have tailored to possess all three
desired properties to serve as an effective greenhouse medium.

Low-Scattering, Highly Transparent Aerogel. Silica
aerogels are well-known as superinsulating materials due to
their nanoporous structure, which simultaneously suppresses
solid conduction and gas phase convection.33 Their radiative
extinction in the thermal band (2.5 μm−25 μm) is dominated by
strong absorption similar to glass. These properties make silica
aerogel a promising candidate as a greenhouse medium.
However, unlike glass, silica aerogels typically scatter electro-
magnetic radiation in the visible and ultraviolet wavelengths due
to scattering centers formed by silica particles and pores. The
scattering behavior increases the extinction in the solar band and
gives rise to the signature blue tint and translucent look of silica
aerogels.34 While extinction in the thermal band depends
primarily on aerogel’s density, scattering in the solar band
strongly varies as a function of the scattering center size, ds.

35

Through a rapid-hydrolysis−condensation procedure (details in
Supplementary Note 2) and postsynthesis annealing to ensure

Figure 3. Aerogel enhanced solar receiver. (a) Schematic of the receiver. The black painted copper sheet serves as a blackbody absorber. Heat
losses from the back of the absorber and side of the aerogel are suppressed by commercially available microporous insulation. The aerogel layer
consists of one or multiple monolithic aerogel disks. (b) A close-up view of the receiver with one 10 mm thick aerogel disk (side insulation not
shown). (c) Temperature response of the absorber and the aerogel surface under one sun illumination. Solar radiation was introduced at t = 0.
The aerogel surface temperature is measured by a thermocouple shielded from solar radiation and in contact with the exposed aerogel surface.
The aerogel surface temperature is significantly lower than the absorber temperature, indicating effective spatial decoupling of solar absorption
(at the absorber) and thermal losses (at the aerogel surface). (d) Stagnation temperature as a function of aerogel layer thickness. The stagnation
temperature first increases with aerogel thickness. As the aerogel layer thickness is increased further (beyond the values shown in the plot), the
stagnation temperature will eventually reach a maximum and then decrease with aerogel thickness due to greater optical and side losses. The
shaded area representing the simulation results is based on the upper (1050W/m2) and lower bound (950W/m2) of the solar simulator output
flux.
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small and uniform scattering centers, we have been able to
reduce the solar scattering without sacrificing strong thermal
extinction.36,37 The resultant low-scattering, highly transparent
silica aerogels can transmit >95% of the sunlight at a 10 mm
thickness.
Our developed aerogel (Figure 2a) is an exemplary green-

house medium. The measured direct-hemispherical trans-
mittance of a low-scattering aerogel sample as compared to a
soda-lime glass slide, from 0.25 to 20 μm, is shown in Figure 2b.
Simulation results based on the radiative transfer equation
taking into account both absorption and scattering effects are
also provided38 (Supplementary Note 3). When compared to
soda lime glass, the aerogel shows higher transmittance in most
parts of the solar spectrum because of its low refractive index39

(∼1.05) and reduced scattering losses. In the infrared
wavelengths, the aerogel has low transmittance comparable to
glass. The excellent solar transparency of the aerogel originates
from its nanostructure (Figure 2a bottom-pane). To quantify
the scattering center size, we conducted small-angle X-ray
scattering (SAXS) measurements on two representative samples
(transparent and highly scattering) (Figure 2c). The scattering
center diameter distributions show that the low-scattering
sample has a mean scattering diameter ds = 5.8 nm and only a
slight blue tint due to weak scattering at shorter wavelengths,
while the highly scattering sample has a mean scattering
diameter ds = 11.2 nm and appears completely white due to
strong scattering across the visible wavelengths. The mean
scattering diameter not only changes the appearance of an
aerogel sample but also affects the amount of sunlight it can
transmit. The simulated solar-weighted transmittance is shown
as a function of aerogel thickness for ds = 3, 6, 12 nm in Figure
2d. Experimental data on low-scattering aerogel samples were
obtained by integrating the measured transmittance spectrum
weighted by the AM 1.5G solar spectrum. The experimental
transmittance matches the model of ds = 6 nm which is
consistent with the SAXS results. Figure 2d indicates that the
scattering center size has a strong impact on the solar
transmittance of an aerogel sample especially at greater
thicknesses necessary for high-temperature operation. For
example, at a thickness of 30 mm, the low-scattering sample
(ds = 6 nm) has a solar transmittance of 89%, compared with

69% of the highly scattering sample (ds = 12 nm). To achieve the
same level of transmittance, the thickness of the highly scattering
sample needs to be reduced to 6.5 mm, which will significantly
lower its thermal insulating performance. Therefore, the 50%
scattering center size reduction (12 to 6 nm) is vital for efficient
solar thermal conversion at higher temperatures. Even better
aerogel performance can be realized if the scattering center size
can be further reduced, e.g., from 6 to 3 nm.

Aerogel Enhanced Solar Receiver. We constructed a
solar-thermal receiver with our low-scattering aerogel in a
nonevacuated enclosure (Figure 3a). The blackbody absorber is
made out of a thin copper sheet (dabs = 120 mm) coated by
nonselective high temperature black paint (Pyromark, Tempil)
with a solar absorptance α = 0.97 and thermal emittance ε =
0.85−0.9.40 The aerogel samples were synthesized in the form of
disks with the same diameter as the absorber at a thickness of Lag
≈ 10 mm (Figure 3b). We created a thicker aerogel layer by
stacking multiple aerogel samples. As shown in Figure 2d, the
additional interfaces introduced by sample stacking show no
appreciable effect on the optical transmittance. Therefore, it is
possible to fabricate aerogels in standard form factors and stack
multiple pieces to achieve the desired optimal performance (see
details in the Model and Optimization section). Compared to
conventional high performance solar thermal collectors, the
proposed design is much simpler by eliminating the need for
vacuum and spectrally selective surfaces.
We first investigated the performance of the aerogel solar

receiver in a laboratory setup (Supplementary Note 3). An
unconcentrated solar flux (1 kW/m2) was supplied by a solar
simulator in a beam-down configuration. Under illumination,
the temperature of the absorber increased immediately, reached
over 200 °C in 25 min, and eventually equilibrated at its steady
state value, i.e., the stagnation temperature (Figure 3c). The
stagnation temperature is the maximum achievable temperature
of a solar thermal receiver, below which the receiver can output
useful thermal energy. The stagnation temperature of a
nonevacuated flat plate collector with blackbody absorber is
limited to 120 °C due to both radiation and convection losses.41

With a 40 mm thick low-scattering aerogel layer, the solar
receiver can reach a stagnation temperature of 265 °C (Figure
3d). This stagnation temperature is nearly 100 °C higher than

Figure 4. Aerogel receiver performance with natural sunlight on a winter day. (a) Image of the outdoor test setup on a rooftop at MIT. The
receiver was tilted at a 60° angle and facing south. During the experiment, the receiver was fixed and did not track the sun. A pyranometer tilted
at the same angle was used to measure the solar flux. Aerogel thickness: Lag = 20 mm. (b) The absorber reached over 220 °C while the ambient
temperature was close to 0 °C, demonstrating feasible operation even under winter conditions (wind speed: <2m/s, RH: 45%, solar elevation at
noon: 26.88°). The receiver maintained its temperature even when the sky became cloudy during the afternoon.
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the recent prediction at the same thickness based on nonoptimal
silica aerogels21 and is comparable to the best available solar
collectors with sophisticated vacuum enclosures as well as
spectrally selective surfaces.42

To explore the receiver’s performance under realistic weather
conditions, we conducted an outdoor experiment on a sunny
winter day (January 16, 2017) from 11 am to 1 pm at MIT
campus. During the experiment, the receiver was fixed toward
the south and tilted 60° from the horizontal position to
maximize solar exposure (Figure 4a). After exposure to solar
radiation, the absorber temperature started increasing and
eventually reached over 220 °C despite the cold ambient
temperature (<1 °C) and the presence of clouds in the afternoon
(Figure 4b). This experiment demonstrates that the aerogel
solar receiver can reach the desired intermediate temperatures
even under typical winter conditions (low ambient temperature
and low solar elevation angle).
In addition to measuring the stagnation temperature, we also

studied the receiver performance under flow conditions. The
absorber wasmodified by attaching a serpentine fluid channel on
the back and a heat transfer fluid loop was built to circulate high-
temperature heat transfer oil through the fluid channel (Figure
5a). The modified absorber was then placed in the original
enclosure and covered by a 40 mm thick aerogel layer to
demonstrate the highest operating temperature. During the
experiment, unconcentrated solar flux was incident on the
receiver and the steady-state fluid inlet and outlet temperatures
were recorded to determine the heat output (details in
Supplementary Note 3). The receiver efficiency was calculated
as

mc T T

A q

( )p

c

out in

solar

η =
̇ −

(4)

where ṁ is the mass flow rate, cp is the heat capacity of the fluid,
Tin and Tout are the inlet and outlet temperatures respectively, Ac
is the aperture area, and qsolar = 1 kW/m2 is the solar flux. The
measured results are shown in Figure 5b, and are in excellent
agreement with ourmodel which considers losses in the receiver.

The receiver is able to achieve 85% efficiency at 40 °C and the
efficiency decreases at higher operating temperatures. Never-
theless, the receiver is able to provide heat at 250 °C, consistent
with the stagnation temperature measurement. The parasitic
heat losses from the edge of the absorber and tubes become
significant at high temperature for the lab scale receiver. For a
larger receiver, the parasitic loss could be significantly reduced
and its efficiency will approach 55% and 30% at 200 and 250 °C,
respectively (Figure 5b).

Model and Optimization. To better understand the
experiments and explore the potential of future improvements,
we carried out system modeling by tracking the energy flows
within the aerogel solar receiver. The receiver gains energy by
absorbing the incident solar flux transmitted through the aerogel
layer. The model for this solar energy flow has been discussed in
the previous section and is incorporated in the systemmodeling.
The thermal energy flow, or heat loss, is modeled by the finite
element method using COMSOL with the thermal conductivity
of each receiver component as an input. The effective thermal
conductivity of the aerogel is evaluated by a theoretical model
considering solid and gaseous conduction, convection and
thermal radiation within the aerogel20,33,43,44 (details in
Supplementary Note 4). The COMSOL thermal model is
validated by heat loss measurements performed on the
constructed receiver using an electrical heater as the power
input instead of the solar simulator (details in Supplementary
Note 4). By combining the optical model and the thermal
model, our receiver model can predict the temperature of the
absorber under both transient (Figure 3c) and steady state
(Figure 3d) conditions.
Besides achieving high stagnation temperatures, the useful

heat output of a receiver under flow conditions is another
important metric. The heat output of a receiver depends on
many factors, including the optical efficiency (ηopt), absorber
efficiency (ηabs), and heat removal efficiency (ηhr).

45 For the
nonconcentrating system in this study, the optical efficiency is
simply the transmittance of a protective glass cover. The heat
removal efficiencymeasures how efficiently the heat output of an
absorber is transferred out, typically by a heat transfer fluid

Figure 5. Aerogel receiver performance under flow conditions. (a) Schematic of the heat transfer fluid loop used for the receiver test. The fluid
inlet and outlet temperatures were measured to determine the usable heat. (b) Receiver efficiency as a function of the average inlet and outlet
temperatures. Each data point represents an experiment where the inlet fluid temperature was set by the hot tank and the flow rate was chosen to
ensure a relatively small temperature gain (∼10 °C) at the outlet, thus assuring the average of inlet and outlet temperatures is a good
approximation of the absorber temperature. Experimental results with aerogel thickness Lag = 40 mm are shown as black dots. The dashed line
shows the modeling results for comparison. The shaded areas indicate the contribution from optical loss (aerogel transmission loss), thermal
loss (from the front and back of the absorber), and parasitic loss (from the edge of the absorber and tubes). Inset: image of the absorber with
fluid inlet/outlet and thermocouple fitting.
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flowing on the backside of an absorber. The absorber efficiency
describes how efficiently sunlight is converted into useful heat at
the absorber. The overall solar to thermal conversion efficiency
can then be expressed as the product of the subcomponent
efficiencies:

opt abs hrη η η η= (5)

The modeling results of the receiver heat output are plotted in
Figure 5b (details in Supplementary Note 4).
As the focus of the study is to demonstrate an absorber

configuration, it is convenient to use the absorber efficiency:

h T T
q

( )L
abs sol

abs

opt solar

η α
η

= −
− ∞

(6)

where αsol is the solar weighted absorptance, hL is the linearized
overall heat loss coefficient from the absorber to the ambient,
including both radiation and conduction contributions within
the aerogel, Tabs and T∞ are the absorber and ambient
temperature, ηopt is the glass cover transmittance, which is
assumed to be unity in this analysis, qsolar is the solar flux (1 kW/
m2). The absorber efficiency quantifies the useful heat output
from an absorber under a fixed input solar power and provides a
common baseline for comparing the performance of different
absorbers as it only depends on the absorber optical and thermal

properties (for a full solar collector comparison, see details in
Supplementary Note 4). In Figure 6a, the aerogel blackbody
absorber efficiency is plotted as a function of aerogel thickness
for various absorber temperatures. For each absorber temper-
ature, an optimal thickness exists. A higher absorber temperature
results in a thicker optimal aerogel because of the greater
importance of minimizing heat loss. For comparison, the
absorber efficiency of a typical selective surface in vacuum
(solar absorptance αsol = 0.9, thermal emittance ε = 0.1, parasitic
loss coefficient hc = 0.5 W/m2K) is plotted as dashed lines in
Figure 6a (details in Supplementary Note 4). The aerogel
blackbody absorber configuration can achieve a comparable
absorber performance at the optimal aerogel thickness. Figure
6b shows the optimal aerogel thickness and maximum absorber
efficiency as a function of the absorber temperature. It is worth
noting that this optimal thickness does not consider the aerogel
cost. As shown in Figure 6a, the efficiency curve nearly plateaus
after a certain thickness, especially at high temperatures.
Therefore, when considering cost, the aerogel thickness can be
reduced with a small efficiency penalty. As mentioned
previously, the scattering center diameter ds largely dictates
the optical transparency of the aerogel. In Figure 6c, we show a
sensitivity study of scattering center diameters ds to the
maximum absorber efficiency. The absorber efficiency quickly

Figure 6. Aerogel blackbody absorber performance and optimization. Aerogel properties: ds = 6 nm, density = 200 kg/m3 unless otherwise
stated. qsol = 1 kW/m2. (a) Absorber efficiency as a function of aerogel thickness for various operating temperatures. The star indicates the
maximum efficiency point. The efficiency curves gradually plateau after a certain thickness. Dashed lines are efficiencies achieved by a typical
selective surface in a vacuum enclosure at corresponding temperatures. (b) Optimal aerogel thickness and maximum achievable efficiency as a
function of operating temperature. (c,d) Sensitivity of the maximum efficiency, and optimal aerogel thickness, to the aerogel scattering center
diameter ds. Smaller scattering center reduces the transmittance loss penalty and increases both the optimal aerogel thickness and themaximum
achievable efficiency. Scattering center diameter greater than ∼17 nm results in negative efficiency at 240 °C.
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degrades with scattering center size as the solar transmittance
decreases due to strong scattering (Figure 2d). In this work, the
optimized aerogel has a scattering center diameter around 6 nm,
much smaller than previously reported values of around 20
nm.34 This fundamental improvement enables us to use a thicker
aerogel layer to reduce the heat loss without incurring a
significant optical loss21,46 as shown in Figure 6d.

CONCLUSIONS
The integration of a low-scattering aerogel layer of reasonable
thickness with nonevacuated flat plate solar collectors can boost
its efficiency, especially at high temperatures (>120 °C).
Although not optimal, a 20 mm aerogel layer can already
achieve higher than 50% absorber efficiency for temperatures
below 200 °C, which satisfies a major portion of the thermal
energy demand. The ability to convert unconcentrated sunlight
at this intermediate temperature without the need of costly
optical and mechanical components provides an exciting
pathway to promote solar thermal energy utilization.

MATERIALS AND METHODS
Aerogel Synthesis. The low-scattering silica aerogel was

synthesized by sol−gel polymerization of tetramethyl orthosilicate
(TMOS, 131903, Sigma-Aldrich), using an ammonia solution (NH3,
2.0 M in Methanol, 341428, Sigma-Aldrich) as a catalyst to promote
both hydrolysis and condensation reactions. TMOS was diluted by
methanol (MeOH, 322415, Sigma-Aldrich) followed by addition of
NH3 and water. The mixing molar ratio of chemicals was
NH3:TMOS:water:methanol = 0.0348:1:4:6.42. Then, the solution
was gelled in a disposable polystyrene container. After 2 weeks, the
container was dissolved away using acetone. The mother solvent was
replaced with ethanol (EtOH, 89234−848, VWR) to be prepared for
critical point drying (CPD, model 931, Tousimis) as EtOH is miscible
with liquid CO2. To dry the wet gels in EtOH without cracks, it is
important to dry them slowly to minimize capillary pressure during the
CPD process. A bleed rate of 100 psi/h was used to decrease the CPD
chamber pressure from∼1300 psi to ambient pressure. After drying, the
monolithic aerogels were annealed at 400 °C for 24 h to maximize their
transmittance.
Optical Property Measurement. The direct-hemispherical trans-

mittance of our prepared aerogel samples was measured using a UV−
vis−NIR spectrophotometer (Agilent Cary 5000) with an integrating
sphere (Internal DRA-2500, Agilent) and a Fourier transform infrared
(FTIR) spectrometer (Nicolet 5700) with a Pike Technologies mid-IR
integrating sphere. A custom-built sample holder was used to load
samples into the spectrophotometer.
SAXS Measurement. SAXS was used to determine the scattering

length distribution and estimate the average scattering radius size.
Characterization was done on a SAXSLAB custom-built instrument
using a Cu Kα X-ray source. Samples were probed at multiple points
within the sample to check consistency of structurefrom the center to
edge. The scattering patterns were reduced and corrected using
SAXSGUI software, and the mean scattering radii were estimated using
MCSAS software and verified in SasView.
Solar Receiver Construction.The aerogel solar receiver enclosure

was constructed using commercially available thermal insulation
material (MICROSIL, Zircar Ceramic, and Cryogel, Aspen Aerogel).
The substrate of the blackbody absorber used in the experiment was
made out of a copper sheet (thickness = 0.45 mm) machined to the
desired size by water jet (OMAX Micro jet). A K-type thermocouple
(5TC-KK-K-30-36, OMEGA Engineering) was attached to the back of
the absorber using a thermally conductive silver paste (High
Performance Silver Paste, PELCO). An aperture made of a reflective
aluminum sheet was used to reflect the solar flux incident on the
inactive area of the receiver. For the flow measurement, a serpentine
fluid channel (1/8-in. copper tube) was attached to the back of the
absorber using the same silver paste.

Outdoor Test. The outdoor test was conducted on the rooftop of
Building 1 at MIT. The solar flux was measured using a Hukseflux LP-
02 thermal pyranometer. The weather data was measured by a weather
station on the same rooftop.
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