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Abstract
The sun and the universe are the two most important fundamental thermodynamics
resources for human beings on Earth. The capability for harvesting solar energy has been
of central importance throughout the history of human civilization. Harvesting the coldness
of the universe using radiative cooling technology also has a long history and has received
renewed interest recently. However, simultaneously and synergistically harvesting energy
from these two thermodynamics resources has never been realized. In this GCEP project,
we report the first experimental demonstration of such simultaneous energy harvesting
using a configuration where a solar absorber that is transparent in mid-infrared is placed
above a radiative cooler1. The solar absorber is heated to 24°C above the ambient
temperature and provides a shading mechanism that enables the radiative cooler to reach
29°C below the ambient temperature. Our work points to a new avenue for harvesting of
renewable energy resources.
Introduction
The objectives of this research project are to identify new opportunities for renewable
energy harvesting by simultaneously utilizing the hot sun and the cold universe.
Background
A significant portion of current renewable energy research has been focusing on
harvesting energy from the sun. Examples include solar thermal panels that convert solar
energy to thermal energy, and photovoltaics that convert solar energy to electricity.
Recently, energy harvesting from cold universe has also been proposed, which can be
achieved using radiative cooling technology2. This technology utilizes cold universe as a
heat sink. The heat from Earth in the form of thermal radiation is dissipated to the cold
universe through the wavelength range from 8 to 13 μm, where the atmosphere is highly
transparent. This wavelength range is commonly referred to as the atmospheric
transparency window.
Considering the fact that both the sun and the universe can be simultaneously accessed
through radiation at daytime, it is certainly desirable to have the capability for harvesting
energy from both resources at the same time. Such a capability however has not been
realized before. Solar cells and solar thermal panels operate at a temperature above ambient
and cannot be used for cooling purposes. Existing experimental structures for daytime
radiative cooling reflect and hence do not utilize the sunlight2,3,4. While as a practical
approach one can place a solar thermal panel and a cooling panel side by side, in this
approach a given physical area can only be used for either purposes but not for both. To
maximize the capability for harvesting both the sun and the universe as renewable energy

resources, it is important to develop an approach through the same physical area can be
used simultaneously for both purposes.
Results
In this GCEP project, we report the first experimental demonstration of such
simultaneous energy harvesting using a configuration where a solar absorber that is
transparent in mid-infrared is placed above a radiative cooler. The solar absorber is heated
to 24°C above the ambient temperature and provides a shading mechanism that enables the
radiative cooler to reach 29°C below the ambient temperature.

Figure 1: (a) Our approach of harvesting energy from both the sun and the universe
simultaneously using the same physical area. The solar absorber above the radiative cooler
is mid-infrared transparent, so that it allows unhindered energy dissipation from the
radiative cooler to the universe. (b) Our experimental setup: a solar absorber is placed
above a radiative cooler which is enclosed in a vacuum chamber equipped with a ZnSe
window. (c) Inside view of the vacuum chamber, highlighting the radiative cooler. (d)
Experimental results. The orange line is the temperature of the germanium solar absorber,
Tabsorber. The grey line isthe ambient temperature, Tambient. The green line is the Gsolar.
Figure 1a-c shows the experimental setup. We use a radiative cooler consisting of a 70
nm thick silicon nitride layer, a 700 nm thick amorphous silicon layer, and a 150 nm thick
aluminum layer from top to bottom5. The cooler is enclosed in a vacuum chamber equipped
with a mid-infrared-transparent ZnSe window. A solar absorber, which consists of a 500
µm thick intrinsic germanium wafer with double-side antireflection coatings for the midinfrared wavelength range, is placed above the ZnSe window. This solar absorber is highly
transparent in the 8-13 µm wavelength range, which, together with the ZnSe window,
ensures the unhindered thermal radiation exchange between the universe and the radiative
cooler inside the vacuum chamber.
Figure 1d shows a typical measurement by exposing the experimental setup to direct
sunlight under a clear sky in a late autumn day at Stanford. The temperature of the
germanium solar absorber (Tabsorber), the radiative cooler (Tcooler), and the ambient (Tambient)
was measured from sunrise to sunset over a total period of 14 hours. The solar irradiance,
Gsolar (green; right axis), was also measured.
We first examine the temperature of the germanium solar absorber Tabsorber (orange
line in Figure 1d). Before the sunrise, Tabsorber is approximately the same as the ambient
temperature Tambient. After sunrise, the two temperatures, Tabsorber and Tambient, gradually
deviate from one another, with a maximal difference, Tabsorber - Tambient = 24.4 oC, reached
around the peak of the solar irradiance, demonstrating the harvesting of solar energy. At
sunset, Tabsorber again approaches Tambient.

We next examine the temperature of the radiative cooler, Tcooler (blue line in Figure
1d). The radiative cooler has a temperature that is significantly below the ambient air
temperature. The temperature difference Tambient - Tcooler has a maxima of 28.9 oC at
around 4:30pm, indicating the significant effect of radiative cooling.
Conclusions
Our experiments represent the first demonstration of harvesting energy simultaneously
and synergistically from the sun and the universe, with an important feature that the solar
absorber and the radiative cooler occupy the same physical area. The use of the midinfrared-transparent solar absorber simplifies the design of the radiative cooler. Our work
indicates the potential for simultaneously harvesting both solar radiation and the coldness
of the universe all passively, without any energy inputs and CO2 emissions. The concept
can be deployed over a substantially larger scale3,4,6, therefore could have a significant
impact on greenhouse gas emission reduction.
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