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SUMMARY

The outer space (3 K) represents an important thermodynamic resource. It has
been known for decades that at nighttime, a sky-facing thermal emitter radiating
strongly within the atmospheric transparency window (8-13 pum), can reach
below the ambient temperature. In recent studies, thermoelectric generators
were used to harness this temperature difference between the emitter and
ambient to generate electricity. However, the demonstrated power density has
been limited by parasitic thermal losses. Here we show that these parasitic losses
can be reduced through thermal engineering. We present a simple model
showing the optimum power density can be approached by controlling the rela-
tion between the emitter area and the thermal resistance of the thermoelectric
generator. We show that the stacking of multiple thermoelectric generators is
an effective way to approach this optimum. We experimentally demonstrate a
generated electric power density >100 mW/m?, representing > 2-fold improve-
ment over the previous results for nighttime radiative cooling.

INTRODUCTION

Nighttime renewable energy harvesting represents a significant engineering challenge. Daytime en-
ergy generation, by harvesting sunlight, has made tremendous progress over the last two decades
(Green et al., 2022). Meanwhile, the standard way to provide renewable energy at night is through en-
ergy storage (Bowen et al., 2021). However, in many applications, the possibilities for renewable en-
ergy generation without the need for storage are attractive in terms of reducing system complexity
or cost.

At night, as the sunlight is absent, to provide power, one needs another source of energy from the ambient
environment. Technologies such as wind (Holmes et al., 2004) and radio-frequency harvesting (Yeatman,
2004; Ajmal et al., 2014) have been proposed and tested. But the achieved power density (power gener-
ated/area), which represents a critical figure-of-merit of ambient energy harvesting, remains low. The
maximum power density demonstrated for wind is 177 pgW/m? (Holmes et al., 2004), and for radio-frequency
harvesting, it is 2 mW/m? (Ajmal et al., 2014). Further increasing the power density is important for appli-
cations such as night-time lighting or providing power to off-grid sensors.

In recent years there have been emerging interests in harvesting the coldness of the universe as a ther-
modynamic resource (Rephaeli et al., 2013; Zhu et al., 2013, 2014, 2015; Byrnes et al., 2014; Raman et al,,
2014, 2019; Shi et al., 2015; Hossain and Gu, 2016; Li et al., 2017, 2018a, 2018b, 2019, 2020a, 2020b,
2020c, 2021; Zhai et al., 2017; Buddhiraju et al., 2018; Hu et al., 2018; Mandal et al., 2018, 2020; Tsoy
et al., 2018; Zhao et al.,, 2018, 2019; Li and Fan, 2019; Ono et al., 2019; Dong et al., 2019; Zhou et al.,
2019; Fan et al., 2020; Yin et al., 2020; Ishii et al., 2020; Fan and Li, 2022; Assawaworrarit et al., 2022). 1Edward L. Ginzton
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Figure 1. Nighttime energy harvesting using radiative cooling

(A) Schematic of the harvesting process with a heat engine that generates work using the temperature difference between
the ambient and the emitter.

(B) A thermal model showing various thermal exchange pathways and the corresponding thermal resistances, when a
thermoelectric generator (TEG) is used as a heat engine.

W/m? to 153.1 W/m?, at various thermodynamic limits (Byrnes et al., 2014; Buddhiraju et al., 2018). As
radiative access to the outer space is present both day and night, it is interesting to exploit the outer
space for nighttime power generation.

Experimentally, it has been known for many decades that a black thermal emitter facing the sky can reach
a temperature that is 10-15°C below the ambient air temperature (Granqvist and Hjortsberg, 1981; Eriks-
son and Granquvist, 1982; Eriksson et al., 1984). More recently, Chen et al. (2016) have demonstrated a
temperature reduction of 40°C below the ambient air temperature, using a selective emitter enclosed
by a vacuum chamber. Based on these nighttime radiative cooling effects, Raman et al. (2019) generated
electricity from the temperature difference between the ambient with a thermoelectric generator and
achieved a power density of 25 mW/m? Improving upon the setup design, Assawaworrarit et al.
(2022) demonstrated a power density of 50 mW/m?, using a solar cell as the radiative emitter. Radia-
tive-cooling-based nighttime power generation has also been explored by a number of other experi-
ments (Ono et al.,, 2019; Zhao et al., 2020; Zhao et al., 2021; Yu et al., 2022; Ishii et al., 2020; Deppe
and Munday, 2020; Khan et al., 2021; Liao et al., 2022).

In this article, we show in detail the thermal considerations necessary for a system generating electricity at
night using radiative cooling. We provide an optimization model for maximum power density harvesting
and propose methods to reduce parasitic heat transfers. We demonstrate >100 mW/m? power generation
atnighttime, which represents a significant advancement in the quest of using radiative cooling to generate
electricity.

Theoretical analysis

Radiative-cooling-based nighttime power generation has been analyzed in Raman et al., 2019; Assawawor-
rarit et al., 2022; Chen et al., 2016. In this work, we provide a simplified model that highlights the consid-
erations in thermal engineering of the energy harvesting system.

A conceptual description of the nighttime energy harvesting process is shown in Figure 1A. Here, an
emitter facing the night sky reaches a temperature below the ambient. And a heat engine is then used
to extract work from the temperature difference between the ambient and the emitter.

In this work, we use a thermoelectric generator (TEG) (Disalvo, 1999) as the heat engine (Figure 1B). To
extract heat efficiently from the Earth, the hot side of the TEG should be in good thermal contact with
the Earth, i.e., the ambient air. We denote the thermal resistance of this heat transfer process as Ry,. The
coldside of the TEG is in contact with an emitter performing radiative cooling. We denote the thermal resis-
tance of this heat transfer process as R.. Both R, and R. can include contact thermal resistance at the
respective interfaces. These contact thermal resistances can cause temperature drops at the interfaces,
thereby losing useful energy.
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The radiative cooling power density of the emitter is the balance between the outgoing radiation power
density of the emitter (at temperature Temit), Gemitl Temit), @nd the incoming radiation power density from
the Earth’s atmosphere (at temperature T,,) absorbed by the emitter, gaym(Tamb), resulting in net radiative
cooling power density grad(Temit) = Jemit( Temit) = Gatm(Tamb)- In the full model (Raman et al., 2019; Assawa-
worrarit et al., 2022; Chen et al., 2016), the outgoing and incoming radiative power densities are individually
described using a gray-body radiation model with their associated emissivity/absorptivity terms. As we will
see later in the article, in our experiments the emitter temperature is only a few degrees Celcius below the
ambient air temperature, thus, Temit = Tamb- In this case, we can simplify the expression for g,.q by perform-
ing Ta/ylor expansion around T, resulting in,

qrad(Temit) = qrad(Tamb)+hrad(Temit - Tamb)7 (Equation 1)

where Grad(Tamb) is the radiative cooling power density for the emitter at the ambient temperature and
hrag = 4eeaTa3m
the temperature coefficient of the net radiative cooling power. grad(Tamp) typically ranges from 50 to 100
W/m? depending on the ambient and sky conditions (Granquist and Hjortsberg, 1981), and hyaq = 5
W/m?/K for a near-black emitter at Tamp = 290 K. For an emitter with an area A, the total net radiative cool-
ing power is Grad(Temit)Ae, as indicated in Figure 1B. The emitter also experiences additional heat transfer
pathways with the ambient air. The heat transfer pathway, not through the TEG, is mainly convection, and

its power density can be described using the associated heat transfer coefficient, he, as,

,—Wwhere €. is the emitter's average emissivity, and ¢ is the Stefan-Boltzmann constant—is

Qeonv = he(-l—emit - Tamb)- (Equation 2)

The heat transfer pathway through the TEG is characterized by the TEG thermal resistance, Rreg. (We can
safely ignore the TEG parasitic heating from the Joule heating and Peltier effects, as these effects were
found to be negligible (Fan et al., 2020)) Together with the contact terms, the heat flow through the
TEG is,

Tem it — lamb
OTEG =

= Rec tR4R. (Equation 3)

where R. and R, are the contact resistances at the emitter-TEG interface and TEG-heat sink interface,
respectively. In Equations (1), (2), and (3), we use a positive sign to denote the emitter’'s outgoing heat
flow. Energy balance requires gragAe + GeonvAe + Qreg = 0. Substituting the individual expressions for

the heat transfer components allows us to solve for the temperature difference between the emitter and
the ambient,

Qrad(Tamb)Ae
hragAe + ho A + 1

Rreg + Re+ Ry

AT = Tamb - Temit =

(Equation 4)

The power generated by a TEG module can be modeled as,

w = cATZg, (Equation 5)

accurate for a small temperature difference ATreg across the TEG, with cbeing the proportionality constant
specific to each TEG module (Raman et al., 2019; Assawaworrarit et al., 2022).

For efficient energy harvesting, it is evident from examining Figure 1B that we need to minimize Ry and R..
By using a high-quality heat sink and applying thermal paste at all interfaces, we can reduce the R,, and R. to
become negligible compared to Rreg as reported in previous experiments (Raman et al., 2019; Assawawor-
raritetal., 2022). Setting Ry and R. to zero, we can express the temperature difference across the TEG mod-
ule as,

AT = Gred(Tamb)As = Gred (Teme) (Equation 6)

1 1
hragAe + heAe + = hrag + he + 77—

and the total generated power density as,

c qrad ( Tamb)

= e
Ae | hrag + he + 77— Rrec

w (Equation 7)

We note that the power density here is the power generated, divided by the area of the emitter.
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Figure 2. Experimental setup

We show a cross-section of the experimental setup in (A). We use a thermoelectric generator (TEG) as the heat engine in
our experiment. The hot side of the TEG is in contact with a heat sink consisting of multiple fins, which provide good
thermal contact with the ambient air. The cold side of the TEG is in contact with an emitter, which consists of an aluminum
sheet covered with black tape on the top. The emitter performs radiative cooling to reach a temperature below ambient.
The TEG and emitter are placed in an enclosure made of foam sheets. The top opening of the enclosure is covered with
low-density polyethylene (LDPE) film. We show a photo of the setup in (B), along with a temperature-and-humidity sensor
and sunshade. The sunshade prevents unwanted heating of the heat sink fins during the day, allowing continuous
operation of the setup for over a week.

There are several ways to optimize the power density in Equation (7). Typically, for a given emitter at a given
ambient and sky conditions, h,aq and Graa(Tamb) are fixed. he is fixed by the type of emitter enclosure used.
Rreg and c are properties of the TEG module. In one of the scenarios, once a module with sufficiently high
Rrec and cvalues is selected, we assume that these quantities can be treated as fixed. This leaves us with A
as the remaining design variable. Maximizing the power density expression of Equation (7) gives the
optimal value for A,

1
Acoptimal = 5
optimal (hrad + he)RTEG

In certain applications, for a given TEG module, the available emitter area A. might be too small than the
Ae, optimal as determined using Equation (8). This may occur, for example, when the total area available for
radiative cooling is limited. In such cases, we can stack a number (n) of identical TEG modules. The optimi-
zation is then carried out with respect to n, keeping both A, and Rygg fixed. We rewrite Equation (7) for the
total power density from all the TEGs in the stack as,

(Equation 8)

2
nC(ATT)Z < qrad(Tamb)

= ] R
Ae nAe hrad + he + TAsRies

(Equation 9)

Wiotal =

and the optimal number of TEGs in the stack is:

1
nopﬁma\ - (hrad + he)Ae RTEG.

Thus by stacking TEGs, we gain additional design freedom to realize the maximum power density even with
limited emitter area. In the experiment that follows, we demonstrate this stacking approach.

(Equation 10)

Experiment

Using the insights from the analysis above, we develop our experimental setup. In Figure 2A, we show the
cross-section of our setup for nighttime power harvesting from radiative cooling. We select commercially
available thermoelectric generators (Marlow TG12-4 with c=0.16 mW/°C? and Ryeg = 2.5 K/W (Digikey)) in
our experiment. We use a heat sink from a Hewlett-Packard computer for the hot side of the TEG, resulting
in Ry ~ 0.5 K/W. We minimize various contact thermal resistances by applying silicone thermal paste at the
emitter-TEG interface and the TEG-heat sink interface. We also construct an insulation enclosure for the
emitter out of household foam sheets to surround the sides and bottom of the emitter while leaving space
for the TEG-heat sink contact. We cover the top opening of the enclosure with low-density polyethylene
(LDPE) film to provide thermal isolation and minimize the wind-induced convective transfer of the emitter
from the ambient. With these arrangements, we have h, = 5-8 W/m?/K depending on wind and humidity,
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Figure 3. Nighttime electricity generation using radiative cooling

We show the generated power density and powers from individual TEGs in (A). The individual TEG power curves are color-
coded according to the colors in the setup figure in the inset. The temperatures of the air, above the heat sink, and under
the emitter are shown in (B), along with the dew point. As the dew point increases and air temperature decreases, the total
power generated decreases as we progress through the night, reaching a peak right after the sunset. In (C), We show the
reduction of atmospheric transparency at night. As the night progress, the atmospheric transparency decreases, reducing
the nighttime generated power from radiative cooling. In (D), we show the multi-day power measurement data.

consistent with ref. (Raman et al., 2019; Chen et al., 2016). To achieve the maximum generated power den-
sity of Equation (10), we need nA, = 363 cm?. The emitter consists of an aluminum plate covered on the
radiating side with black tape. The average emissivity of such emitter in the infrared wavelength range
of 2-15 um is 94%. We opt for an emitter area of 11 x 11 sq. cm and use a number of TEGs n = 3. This choice
allows us to effectively increase the thermal resistance across the TEG of Figure 1B to a value that makes Ry,
negligible. Figure 2B shows the setup on a rooftop of Stanford University’s Electrical Engineering Depart-
ment building with unobstructed access to the sky.

We performed measurements for multiple-day periods from January to March 2022. We took separate po-
wer measurements from each individual TEG module. We used a source meter (Keithley 2635B) running
maximum power point tracking to measure the power from the middle TEG. For the top and bottom
TEGs, we measured the open-circuit voltages using multimeters (HP34401A and BK 2831E) and estimated
the generated power from the correlation between the TEG open-circuit voltage and generated power
similar to the practice in Li et al. (2018a, 2018b). We used a temperature-and-humidity sensor (Easylog
EL-USB-2-LCD) to measure the ambient temperature and dew point. The sensor is placed outside the
chamber, right near the heat sink as shown in Figure 2B. We used type-K thermocouples and a datalogger
(Reed SD-947) to measure the temperatures at various locations in the setup.

Figure 3A shows the electrical power measurements for March 10, 2022. The individual electrical power
measurements from the three TEGs, along with the total generated power, are shown on the plot. Figure 3B
shows the air temperature, dew point, and temperatures across the TEG stack. The power measurements of
individual TEGs are well-balanced, indicating that the TEG stack effectively captures the heat flow from the
heat sink to the emitter with minimal leakage. The total generated power from the three TEGs increases as
the Sun goes over the horizon, reaching 108 mW/m? before decreasing overnight. After the sunset, the
increasing dewpoint indicates increasing water vapor density in the atmosphere. This in turn increases
the relative humidity of the atmosphere, reducing the atmospheric transparency (Figure 3C). As a result,
we have less thermal radiation from the emitter to outer space. The emitter temperature increases, leading
to reduced power generation. Over multiple days of the experiment, we measured similar power values
and trends (Figure 3D).
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In summary, compared with previous studies (Raman et al., 2019), we have achieved significant improve-
ment in the power density by adjusting the device configuration in the following aspects. First, we optimize
the emitter area taking into account the tradeoff between the parasitic convection between the ambient
and the emitter, and outgoing thermal radiation for radiative cooling. Second, we stack multiple TEGs
to improve the thermal insulation between the heat sink and the emitter while increasing the output
electrical power density. Third, we used silicone thermal paste to reduce the contact resistances (R, Ry).
These adjustments allow us to reduce parasitic heat transfers and achieve power density exceeding 100
mW/m?.

Conclusion

Nighttime energy harvesting using radiative cooling is a promising, simple approach to provide cheap po-
wer to resource-scarce, remote geographic places. We provide an optimization analysis of the thermal heat
transfer mechanisms between different system components to maximize the generated power density and
result in significant power generation at night. We demonstrate a setup with >100 m\W/m? power genera-
tion at nighttime. Further improvement can be achieved by using a selective emitter together with an
enclosure that further reduces the parasitic thermal transfer.

Limitations of the study

The high-power density at nighttime, reported in this article, is possible with a clear sky at low humidity.
Furthermore, we have explored thermoelectric modules available commercially and chosen an option
with a high c value (Equation 5) and high Rrgg. Non-commercial thermoelectric modules can potentially
have both higher c and Rreg, leading to a higher power at nighttime from radiative cooling.

STARXMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
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