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Abstract

Subambient cooling is vital for promoting human health and well-being, driving sustainable economic
growth, and minimizing food waste. Providing these benefits however, comes with major energetic and
environmental costs. The over 1.6 billion air conditioning units currently in use around the world today
already consume over 2000 TWh/year of electricity, or the equivalent of half the United States yearly
electricity consumption, straining existing electrical systems and contributing to 3% of global CO;
emissions. With growing space cooling demand stemming from economic and population growth in hot
and developing parts of the world, more efficient air-conditioning and refrigeration systems are urgently

needed.

One promising solution to help address existing and future global cooling challenges is to use passive
cooling solutions such as passive radiative or evaporative cooling to provide electricity-free subambient
refrigeration for food produce or to improve the efficiency of existing air conditioners and refrigerators.
Passive radiative cooling relies on the rejection of naturally occurring infrared radiation emission of
terrestrial objects to the cold (3 K) outer space through earth’s transparent atmospheric spectral window
(8-13 pm) to achieve passive cooling to subambient temperatures. On the other hand, evaporative cooling
leverages the large enthalpy of vaporization of water, and the difference in water vapor concentration
between a liquid surface and the ambient to generate high cooling power and subambient cooling. While
promising, the cooling performance of these systems has traditionally suffered from important parasitic
solar absorption during the day and parasitic heat gain from the warmer ambient air when operating at
subambient temperatures. In this work, we propose to tackle these two longstanding challenges by
optimizing and using polyethylene aerogel, a solar reflecting, infrared transparent, and vapor permeable

thermal insulator, as a cover for radiative and evaporative coolers.

We first present the development, characterization, and optimization of polyethylene aerogels to achieve a

low thermal conductivity material with high solar reflectance and infrared transmittance. We then
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theoretically and experimentally investigate the benefits of using polyethylene aerogel covers in outdoor
radiative coolers exposed to direct sunlight. We demonstrate significant passive cooling below the
ambient temperature and high subambient cooling power over a continuous 24h period. Next, we show
how ZnS nanoparticles inside polyethylene aerogel covers can help increase the solar reflectance of the
cover, improving the daytime cooling performance of radiative coolers. Next, we propose a hybrid
cooling architecture combining passive evaporative and radiative cooling, leveraging heat rejection
mechanisms of both approaches to achieve lower subambient and higher cooling power passive cooling.
Finally, we explore the potential impact of our proposed hybrid evaporative-radiative cooler in
applications such as off-grid food produce storage and building air-conditioning and refrigeration
systems. We show that our passive hybrid cooler can meaningfully extend the lifetime of perishable fruit
and vegetables and provide important energy savings for cooling and refrigeration in commercial
buildings across the United States with low water consumption. Successful development and
commercialization of our hybrid cooling structure have the potential to reduce food-related wastes in

developing countries while reducing building cooling energy and water consumption, and CO; emissions.
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an altitude of 2476 m. The picture shows the location of the experiment along with solar (pyranometer
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and black emitters. (c) Stagnation temperature of the two emitters, both with 18-mm thick PEA over a 24-
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Chapter 1
1. Introduction

1.1. MOTIVATION

Subambient cooling is vital for minimizing food shortage, promoting human well-being, and driving
sustainable economic growth. Yet, air-conditioning and refrigeration adoption in developing countries,
where the need for cooling is often the highest, is still severely lacking compared to richer countries due
to the high costs of such systems and the lack of reliable access to electricity [1]. And where air-
conditioning is prevalent, the energy and environmental cost of using such systems is high, with no signs

of waning down.

1.1.1. Space Cooling in Buildings

Today, over 1.6 billion air-conditioning systems are currently in use, bringing benefits to users’ health,
well-being and economic productivity [1]. Unfortunately, most of these air conditioners are inefficient,
resulting in an annual worldwide electricity consumption of over 2000 TWh (half of current US total
electricity consumption) and CO, emissions of over 1000 MtCO/year (3% of global CO, emissions) (see
Figure 1a). With growing demand stemming from economic and population growth in hot and developing
parts of the world, space cooling energy consumption is on a path to increase over three-fold by 2050
under existing and announced policies and energy efficiency targets (Figure la; dark blue line), while
related CO, emissions are expected to double (Figure 1a; orange dotted line). Fortunately, more efficient
air conditioners and policies encouraging the use and development of such units have the potential to cut
the electricity consumption and global CO, emissions related to space cooling in half (Figure 1a; light
blue line). But total electricity consumption and CO; emissions are not the only problems related to space
cooling. The rising demand for space cooling also significantly impacts peak electricity loads. In the
United States, where air conditioners are ubiquitous, space cooling accounts for around 29% of the peak
load demand (Figure 1b). To meet this peak demand, power system operators must build and maintain
sufficient power generation, transmission, and distribution capacity, even if that peak load only happens
for a few hours every year. Diesel generators, gas-fired turbines or storage are typically used for this
peaking capacity, but they lead to significant increases in electricity costs due to their low usage. And

while solar photovoltaics (PV) can help match that peak cooling load, the intermittency of solar PV
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means that PV alone cannot meet the total space cooling energy unless it is coupled with additional

electrical energy generation from other sources (gas, wind, nuclear, hydro) or with storage.
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Figure 1 — Space cooling around the world. (a) Current and predicted space cooling energy demand and
related CO, emissions in the world [1]. The baseline scenario accounts for future predicted growth, as
well as existing and announced policies and energy efficiency targets. The efficient cooling scenario
assumes move efficient air-conditioning equipment and tighter regulations. For reference, the 2020 U.S.
total electricity consumption (3082 TWh [2]) is shown in a dashed line. The space cooling CO: related
emissions (dotted line) are also shown on the secondary vertical axis, currently accounting for 3% of
global CO; emissions and trending upward. (b) The share of space cooling on peak electricity load in
different regions. Based on IEA data from IEA (2018) The Future of Cooling, www.iea.org/statistics, All
rights reserved; as modified by Arny Leroy.
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Aside from global standards and more stringent policies on buildings energy efficiency, more efficient air
conditioners and refrigerators will be crucial in reducing future energy consumption, maximum peak

electricity load and CO; related emissions.

1.1.2. Food Produce Storage

Meeting the world’s growing food needs remains one of the greatest challenges of the twenty-first
century. While 690 million people were undernourished in 2019, around one third of the food produced
on earth was being wasted [3], [4]. This is particularly a problem in the developing world, where more
than 15% of the post-harvest food is lost because of improper storage conditions [5], accentuating food
insecurity, reducing farmer’s income and depleting natural resources while causing unnecessary

greenhouse gases emissions.

A major factor that controls the shelf-life of food produce is their storage temperature. For most fruit and
vegetables, the deterioration rate increases by a factor of 2-3x for every 10 °C in temperature increase
[6]-{9]. To reduce food spoilage, farmers typically harvest early in the morning, when the temperature is
the lowest. But without access to refrigerated storage units, farmers in hot developing regions of the world
are faced with significant post-harvest losses when the temperature rises during the daytime. Providing

even a few degrees of cooling for food produce could go a long way into reducing post-harvest losses.

Cooling technologies such as gas-driven and solar refrigeration exist, but they rely on a steady supply of
costly and polluting fuel or on expensive solar modules subject to theft and limited battery life.
Alternative cooling technologies such as evaporative cooling and clay pot coolers are promising due to
their low-cost and passive nature [10], but their efficacy is limited and they are limited to lower humidity
climates. Developing new or improving existing low-cost passive cooling technologies for the storage of
post-harvest food produce could significantly help reduce food losses in developing regions while

improving economic development and food security.

One promising solution to help address existing and future global cooling challenges is to use passive
cooling solutions such as passive radiative or evaporative cooling to provide electricity-free subambient
cooling for food produce or to improve the efficiency of existing air conditioners and refrigerators. In the
next sections, we will introduce and review the two passive cooling techniques and highlight the current

challenges that these technologies face.
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1.2. BACKGROUND ON EVAPORATIVE COOLING

In this section, we briefly introduce evaporative cooling and recent literature work on using hydrogels for

thermal management of electronics, food and pharmaceutical products and buildings.

Evaporative cooling relies on the net vaporization of a liquid water phase into a vapor phase. When going
through the liquid to vapor phase change, a large amount of energy (i.e., the enthalpy of vaporization of
water [hg ~ 2440 kJ/kg]) is removed from the liquid water layer, thus cooling it. The evaporation mass
flux is driven by the difference in vapor density at the liquid surface po and in the surrounding ambient air
pamb. Similar to a heat transfer process with conduction and convection, the evaporative flux needs to
overcome two transport resistances — the first being the mass diffusion resistance governed by Fick’s law
in any diffusion-limited layer of thickness L with diffusion coefficient D and the second being the mass
convection resistance (g,) at the layer/air interface. Accounting for both resistances, we obtain the

evaporative flux jevap [11]:

: _ (Pamb—Po)
Jevap = —"L_ 1 - (1)
_+_
D gm
An energy balance on the mass transfer process then requires that the evaporative cooling heat flux equals

qevap :jevaphfg-

One main advantage of evaporative cooling is that because it relies on the difference in vapor density, as
opposed to temperature difference for air cooling, it allows cooling down to the wet-bulb temperature,
which is always below or equal to the ambient dry-bulb temperature. In hot and dry climates, the wet-bulb
temperature can be as low as 20 °C below the ambient dry-bulb temperature while in colder and more

humid environment the wet-bulb temperature may be less than 5°C below the ambient dry-bulb.

While evaporative cooling is a ubiquitous process in nature and in mammals for temperature regulation,
more recent works have tried to leverage it using hydrogels in novel applications such as buildings [12],
[13], food and pharmaceutical supplies [11], [14], [15], and electronics thermal management [16]—[20].
Among the most common types of hydrogels, we find polyacrylamide [11], [12], [16], [20], polyvinyl
alcohol [17], sodium polyacrylate [19] and thermoresponsive poly(N-isopropylacrylamide) (PNIPAM)
[13], [14] hydrogels. The advantages of using hydrogels in passive cooling applications are numerous.
Hydrogels can hold a large amount of water per mass of polymer and can provide a solid yet flexible
support for water. Hydrogels can thus be fabricated and bent in any desired shape, whether it is a simple
sheet that can easily be handled and installed on an object to cool, or in more complicated shapes to wrap
around food or pharmaceutical products. Hydrogels can also be impregnated with salts such as CaCl, [16]

or LiBr [20] to allow self-recharging by absorption during lower temperature operation or to decrease the
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water effective vapor pressure to control the evaporation rate at a target operating temperature. Aside
from hydrogels, recent work by the MIT D-Lab has also been exploring the use of clay pot coolers in sub-
Saharan Africa [15], [21]. The clay pot coolers consist in a pot-in-pot design where one smaller clay pot is
inserted into a slightly larger clay pot and where the remaining gap is filled with sand and water. After
diffusing through the sand and the clay pot walls, water evaporates on the outside wall to the ambient,
cooling the whole storage unit and the food produce stored inside. Their results, using only locally
available materials, showed that they could provide an average subambient cooling around 8 °C below the

ambient, extending the lifetime of specific vegetables by 2-4x.

Recent work has shown impressive passive evaporative cooling performance, but technical challenges
still remain in specific applications. First, past work using hydrogel for passive cooling of buildings have
severely suffered from solar absorption. In fact, using the hydrogel on small-scale buildings enabled a
temperature reduction of 10 °C -25°C under solar irradiance compared to an uncovered reference
rooftop, but the hydrogel was still significantly above the ambient temperature. For large clay pot coolers,
a solar cover must also be built specifically to minimize solar heating of the cooler, increasing costs and
system size. Second, high water consumption leading to fast (few hours to few days) depletion of water in
the hydrogel layer or clay pot cooler remains another challenge that limits how long cooling can be
sustained. Current progress to address this challenge includes using a vapor permeable aerogel insulation
layer to minimize parasitic heat gain while decreasing water consumption [11], or to use salts inside the
hydrogel for self-recharging [16], [20]. The former solution however decreases the cooling performance
due to added mass transport resistance while the latter decreases the water vapor pressure (lower cooling
heat flux at a given temperature) while also causing a heating effect during the absorption process. Lastly,
evaporative coolers cannot cool below the wet-bulb temperature, which limits their use in food and
pharmaceutical products storage to lower humidity regions. New vapor permeable and insulating covers
with a lower ratio of thermal conductivity to water vapor diffusion coefficient than that of air could help

tackle this limitation [11].

1.3. BACKGROUND ON RADIATIVE COOLING

In this section, we first introduce the reader to radiative cooling, then review recent literature work, and

finally end with technical challenges in radiative cooling systems.

Passive radiative cooling relies on the rejection of infrared radiation of terrestrial objects to the cold (4 K)
outer space through earth’s transparent atmospheric spectral window (8-13 pm). More commonly,
radiative cooling by the earth’s surface, clouds and atmosphere regulates earth’s temperature by balancing

absorption of solar radiation (Figure 2). But while naturally occurring radiative cooling can significantly
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cool down the ambient temperature during the night (e.g., a cold summer night in the desert), solar
absorption during the day means that objects and the atmosphere tend to heat up rather than cool down

during the day.

Earth’s energy balance

Outer space (3 K)

% Reflected by clouds Infrared emission
Z

) and atmosphere by clouds and
© atmosphere
(

Surface reflection

Figure 2 — Earth’s energy balance. Earth is constantly exposed to the sun’s irradiance. Some of that light
gets absorbed by the ground and terrestrial objects causing a net heating effect, while the rest gets
reflected by clouds, the atmosphere, and the surface. This heating effect is compensated by a cooling
effect (radiative cooling). The ground, terrestrial objects, clouds, and the atmosphere naturally emit
infrared heat towards the cold outer space, provide a net cooling effect. The fine balance between solar
heating and radiative cooling on earth ensures a stable temperature, year over year.

We can estimate the net heat flow or cooling power P of a surface facing the sky (referred to as an
emitter or selective emitter) by performing an energy balance on it. The infrared heat rejected by the
emitter Prq is balanced by the downward atmospheric infrared radiation Pam, parasitic heat gain from the

ambient air Pparasitic and solar absorption Pgyn.

Pcool(T) = Prad (T)_ Patm(T)_ Pparasitic(T)_ Psum (2)

where

Praa(T) = A [ dQcos8 [, Ip5(T, Deemitrer (A, 6)dA, 3)

28



Patm (Tamp) = A [ dQc0s6 [” Lyt (Tamp, D, 0)€qrm (A, 0)dA, 4)

Pparasitic(T) = Aheff (Tamb - T): (5)
and

Pan =A [, Esun(De(A, Og)dA. (6)

In Egs. (2)-(6), T is the emitter temperature, 4 is the emitter surface area, Q is the solid angle, 0 is the
angle with the normal of the surface, 1 is the wavelength of radiation, ¢ is the emissivity, lum is the
temperature dependent spectral radiance of the atmosphere, Eqn is the spectral solar irradiance and the
subscripts atm, emitter, amb and sun refer to the atmosphere, the emitter, the ambient and the sun
respectively. When referring to the optical properties of the emitter in the solar spectrum, we will often
use interchangeably psoir = 1 - Eeminer. The atmosphere’s angular emissivity is estimated by gam(4, 0) = 1-

Tam "’ Where T is the zenith angle atmospheric transmittance [22].

By optimizing the optical properties of an emitter facing the sky, one can theoretically radiatively cool it
down to more than ~50 °C below the ambient or achieve cooling power Pcool = 120 W/m? at ambient
temperature. However, experimentally achieving such subambient cooling or cooling power under direct
sunlight (global horizontal irradiance [GHI] ~1000 W/m?) has proven challenging due to high solar

absorption and parasitic heat gain from the ambient air.

Work on passive radiative cooling started more 50 years ago by Félix Trombe [23]. Since then,
researchers have leveraged advances in photonics and materials science to develop optically selective
materials that can achieve very high solar reflectance (psoir = 94-99%) as well as high mid-infrared
emissivity (ez= 60-98%) that has enabled cooling up to 10.6 °C below ambient under direct sunlight
[24]. These performance enhancements were achieved primarily through the proposed use of 1-D [25]-
[27], 2-D [28], [29] and 3-D [30] photonic structures, metamaterials [24], [31]-[33], hierarchically porous
polymeric materials [34], [35], pigmented paints [36]-[38] and even gases such as C;Hs [39] and NH;
[40]. While new selective emitters are being proposed almost every day in the literature, the combination
of optical properties, cost and scalability have mostly reached a plateau over the last several years, with
several selective emitters showing all-day passive cooling and scalable fabrication process for

commercialization.

In addition, several approaches to reduce parasitic heat transfer Pparsiic between the cold emitter and its
warmer surrounding environment while still allowing for infrared heat rejection by the emitter have been
proposed. These include infrared transparent convection covers such as thin polyethylene films [24], [25],

[29], [36], [39], [41]-[43], solar reflecting thin [44], [45] and thick [46] porous polyethylene covers, thick

29



solar reflecting and thermally insulating BaF, or ZnS covers [47], corrugated structures [48] and meshes
[49], as well as ZnSe [50], CdS [51], Ge [52] or Si [52] windows placed over the emitter. Plain and
porous polyethylene films have generally been preferred in the literature as they are cheap, scalable, and
easily accessible. Their lack of robustness however makes them less adequate for practical applications.
As an alternative, a more robust spectrally selective convection shield combining a polyester fabric with
porous polyethylene has recently been proposed [53]. Practicality aside, a vacuum chamber was also
recently used to suppress almost all parasitic heat gain, achieving a record low /. = 0.2-0.3 W/m?K and
subambient cooling up to 42 °C below the ambient temperature [26]. While these results were impressive
and experimentally demonstrated the full potential of radiative cooling, the use of a vacuum chamber is
not scalable and very expensive. Overall, we find that while research on selective emitters is becoming
saturated, research on convection covers still has some way to go in terms of scalability, optical and

thermal performance, and robustness.

Recent developments in the field of radiative cooling have enabled all-day subambient cooling, even
under direct sunlight, which was not possible in the past. Yet, the best performing radiative coolers
presented in the literature still have a long way to go to reach the full potential of passive radiative
cooling. In Figure 3, we compare the theoretical limit of cooling power vs emitter temperature drop A7 in
standard weather conditions with experimental results from past literature work. We note that literature
works typically only report the maximum temperature drop (at Pcoot = 0 W/m?) and the ambient cooling
power (Peool at AT= 0 K). Despite the recent advances presented earlier with selective emitters and
covers, solar absorption (2-5%) at the emitter during the day and high parasitic heat gain (typical
her=3-10 W/m?K for non-vacuum systems) still limit the minimum achievable temperature to around

~10 °C below ambient in practical demonstrations.
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Figure 3 — Radiative cooling performance in the literature. We note a large gap between the theoretical
potential and experimental demonstrations, encouraging further innovations in radiative cooling. The
open dots refer to experiments with indirect sunlight, while the solid dots were done under direct sunlight.
The references for this figure are presented in the legend in this specified order: [23], [25], [43], [46],
[54]-[57], [26], [27], [34]-[37], [39], [41]. Theoretical limit is valid only for: Ideal selective emitter (¢ =
1 between 8-13 um and ¢ = 0 elsewhere), U.S. Standard Atmosphere 1976, Tawy = 20°C, Precipitable
Water Vapor (PWV) = 14 mm. Higher cooling power are possible for other emitters, higher Tum, and
lower PWYV.

To explain the large difference between experimental demonstrations and the ideal radiative cooler, we
quantitatively illustrate in Figure 4 the importance of solar absorption and parasitic heat gain for a
perfectly insulated emitter and an ideal selective emitter, respectively. We observe (Figure 4a) that as
little as 3% of solar absorption can reduce the cooling power by 30 W/m? and decrease the maximum
subambient cooling from AT =-50 K to AT'=-30 K. On the other hand, even a small 4 =2 W/m?K can

reduce the maximum temperature drop from AT =-50 K to AT=-21.8 K (Figure 4b). When non-ideal
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solar reflectance and parasitic heat gain both coexist such as is the case in real practical systems, we
quickly realize that passive cooling of 10 K or more below the ambient temperature becomes very
challenging. As we think about how we can bridge the gap between real and ideal radiative coolers,

finding solutions that address both solar absorption and parasitic heat gain will be critical.
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Figure 4 — Challenges in subambient radiative cooling. (a) Influence of solar reflectance psoiar on the
subambient cooling power of a perfectly insulated selective emitter under a GHI = 1000 W/m? (b)

Influence of parasitic heat gain heat transfer coefficient hey on the subambient cooling power of an ideal
selective emitter.

1.4. THESIS OBJECTIVES AND OUTLINE

The objective of this thesis is to propose and optimize new passive cooling architectures that can achieve
lower subambient temperatures and higher cooling power to enable new applications such as passive
refrigeration of food produce and passive cooling of buildings. Details about the content of this thesis are

outlined below:

In Chapter 1, we discussed the motivation for improving space cooling energy efficiency and the
importance of refrigeration in post-harvest food losses. We also reviewed the current work on passive
evaporative and radiative cooling, and identified important challenges associated with achieving low

subambient temperatures and high cooling powers.

In Chapter 2, we present polyethylene aerogel as potential material candidate for passive cooling
applications. We cover its fabrication, its optical, thermal and water vapor transport properties, its contact

angle with water, as well as modeling for radiative transfer inside the material.

In Chapter 3, we propose to combine polyethylene aerogel with existing radiative cooling systems to
minimize parasitic solar absorption and ambient heat gain, demonstrating improved subambient cooling

performance over traditional radiative coolers.
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In Chapter 4, we explore how ZnS nanoparticles in polyethylene aerogel covers can help increase the

cover optical selectivity and evaluate its impact on the performance of daytime radiative coolers.

In Chapter 5, we propose a hybrid cooling architecture combining passive evaporative cooling with
radiative cooling to achieve higher cooling power and lower stagnation temperature than previous

standalone evaporative or radiative coolers.

In Chapter 6, we evaluate the potential impact of the hybrid cooling architecture on the storage of food
produce and on the energy consumption of air conditioners and refrigerators in commercial buildings in

the United States.

33






Chapter 2

2. Polyethylene Aerogels

Polyethylene aerogels (PEAs) were first publicly introduced around 2014-2015 by two independent
research groups [58], [59]. More specifically, PEA is a low-density, high-porosity and open-cell porous
material made of polyethylene and characterized by micrometer-sized pores (Figure 5a). The porous
structure, composed of polyethylene lamellae, causes strong scattering of light in the solar spectrum
(~0.25-2.5 um wavelength range), giving rise to PEA’s characteristic high solar reflectance and white
appearance (Figure 5b; left). In the mid-infrared however, PEAs are semi-transparent due to low
absorption by the polyethylene backbone and weak scattering by features much smaller than the radiation
wavelength (Figure 5b; right). Furthermore, its low density (typically 10-50 kg/m?®) and microporous
structure allow its conductive-convective thermal conductivity to be comparable to that of air
(~0.03 W/(mK)) — making it an excellent thermal insulator. In previous works, it was suggested that
possible applications of PEAs could include oil spillage recovery, filtration, controlled release of
substances, electronics packaging, as well as thermal and sound insulation. In the next chapters of this
thesis, we will however propose and demonstrate how PEAs’ unique optical and thermal properties can be
used to improve the performance of passive radiative and evaporative cooling systems. But before we
jump into that, we will first dig deeper into the fabrication of PEA, its optical properties, how to model
radiative transfer in PEA to predict its optical properties and estimate the radiative heat flux, and finally,

characterize its thermal conductivity as well as the individual components composing it.
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Figure 5 — Polyethylene aerogel. (a) A picture of a 10-cm diameter and 6-mm thick PEA, as well as a
scanning electron microscope image of its porous structure are shown. (b) Picture of a 4-cm diameter
PEA sample in the visible spectrum (left; white opaque) and in the infrared (vight, transparent).

2.1. FABRICATION OF POLYETHYLENE AEROGELS

The fabrication process for polyethylene aerogels in this work follows the method proposed by earlier
works [58], [59], which is based on the thermally induced phase separation (TIPS) of a polymer-solvent
solution followed by supercritical CO; solvent extraction. A summary of the fabrication steps is presented
in Figure 6. The process starts by mixing ultra-high molecular weight polyethylene (429015, Sigma-
Aldrich; polymer) with paraffin oil (76235, Sigma-Aldrich; solvent) and butylated hydroxytoluene
(W218405, Sigma-Aldrich; antioxidant) in a sealed beaker at room temperature. The solution is then
heated in a silicone oil bath at 160 °C and mixed using a magnetic stirrer. After complete dissolution of

the polymer in the solvent (~30 min), a homogeneous and transparent solution is formed and then poured
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in an aluminum mold (13.5 cm diameter and 10 mm depth). The mold is then inserted in a water bath
(5 °C), initiating the thermally induced phase separation and gelation of the polymer. Next, the paraffin
oil is removed using an anti-solvent (miscible with the solvent, but not with the polymer) in a three-step
solvent exchange with hexane. Another three-step solvent exchange in ethanol is then also performed to
remove the hexane, a necessary step to ensure chemical compatibility with the last step of our process, the
critical point drying. Finally, the gel is dried using a critical point dryer (Automegasamdri®-938,
Tousimis) which replaces the ethanol from the gel with CO, while preventing collapse of the porous
structure. In this work, the initial polymer concentration in the solvent was varied from 0.3 wt. % to
5 wt. % to maximize solar reflectivity and infrared transmittance while still achieving high sample
fabrication yield and structural integrity of the gel and final aerogel. A 3:10 mass ratio of antioxidant to
polymer was also used for all samples. The aerogel thickness was chosen as a compromise between
number of samples needed for the experiments to achieve the desired thicknesses and fabrication time
(i.e., solvent exchange and critical point drying are diffusion limited processes). We note that while the
mold was 10-mm thick, shrinking of the gel during the gelation, solvent exchange and critical point

drying led to a final aerogel thickness around 30-50% thinner.

Polymer @ Polymer Hexane/
- Gel
Solvent solution ethanol
T, Trecestrte [/ Polyethylene
amb& dissolution > Tamb ‘;“, ‘ — / / — aerogel
A A A 4 4
Step 1 Step 2 Step 3 Step 4 Step 5
Mix polymer and Heat mixture (160°C) Cool down solution in Solvent exchange Critical point
solvent until homogenous mold to induce phase (hexane then ethanol) drying
(not miscible at T,,;,) solution separation

Figure 6 — Fabrication process of polyethylene aerogels. Polyethylene powder is mixed in a solvent at
high temperature to form a homogeneous solution. A gel is then formed by thermally induced phase
separation (TIPS) of the polymer-solvent solution. After, the solvent is extracted by hexane and ethanol.
Finally, we remove the ethanol from the gel using CO; supercritical drying.

2.2. OPTICAL PROPERTIES OF POLYETHYLENE AEROGELS

Following the fabrication of the PEA samples, their optical transmittance and reflectance were measured
using an ultraviolet—visible—near-infrared spectrophotometer (Cary 4000, Agilent) and Fourier Transform
Infrared spectrometer (Nicolet 6700, Thermo Scientific). Integrating spheres (Internal DRA-2500, Agilent

and Mid-IR IntegratiR™, Pike Technologies, respectively) were also used to measure the hemispherical
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(direct + diffuse light) transmittance and reflectance of the samples. In Figure 7, we present the
hemispherical (a) transmittance and (b) reflectance of five 5-mm thick PEA samples prepared with an
initial polyethylene concentration of 0.3 wt. %, 0.5 wt. %, 1 wt. %, 2.5 wt. % and 5 wt. % with respect to
the solvent. The density of the samples was measured to be 13 kg/m?, 18 kg/m?, 26 kg/m?, 52 kg/m* and
80 kg/m?, respectively. We first observe that all samples show some optical selectivity, meaning that they
achieve high solar reflectance and high infrared transmittance. While all samples with 0.5 wt. % or more
of polyethylene achieve low solar transmittance (<10.3% vs 17.7% for the 0.3 wt. % sample), we
however observe a more significant drop in infrared transmittance — 60% and 44% hemispherical
transmittance between 8-13 um for the 2.5 wt. % and 5 wt. % samples respectively, due to strong
absorption and scattering. On the other hand, the 0.3 wt. % sample shows the highest infrared
transmittance (92%) but was much more difficult to fabricate due to a weaker gel that was prone to
breaking during solvent exchange and handling. As such, we used the recipe based on 0.5 wt. % of
polyethylene in our experimental demonstrations presented later in this work, unless specified, as it
provides good optical selectivity (10.3% solar transmittance and 88% infrared transmittance for a 5-mm
thick sample) and can be fabricated reliably. We also note strong absorption peaks around 3.5, 6.8 and
13.8 um, which are characteristic to polyethylene and are due to asymmetric stretching, bending and

wagging of CH, molecules [60].
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Figure 7 — Optical properties of polyethylene aerogels. Hemispherical (a) transmittance and (b)
reflectance of 5-mm thick polyethylene aerogel samples of various density.

2.3. MODELING RADIATIVE TRANSPORT IN POLYETHYLENE AEROGELS

Modeling how light interacts with the PEA is an important step in predicting the material’s performance

in devices wherein the material interacts with light, radiation, or temperature gradients. The modeling of
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radiative transfer in porous and aerogel materials has been realized at varying levels of complexity using
different assumptions. Simpler models represent the porous structure as a series of parallel opaque planes
[61] or assume an optically thick medium (Rosseland diffusion approximation [62], [63]), while more
robust models account for absorption and emission of radiation by solving the radiative transfer equation

(RTE) in scattering [64] or non-scattering media [65].

Due to the varying intensity of absorption and scattering of radiation across the solar and infrared
spectrum in PEA (semi-transparent medium), detailed accounting of emission, absorption and scattering
within the material, as is possible with the RTE, is necessary to appropriately model radiative transfer.
The need for detailed modeling of radiative transfer is further accentuated by the wide range of optical
depths — thin and low-density samples versus thick and high-density samples, and the different optical
boundary conditions — low emissivity versus high emissivity, investigated throughout our work. We thus
use the RTE to solve for the diffuse intensity of unpolarized light and consequently the radiative heat flux
within a stationary medium of constant refractive index that experiences absorption, emission and
scattering as a function of its temperature, optical properties (scattering albedo w, extinction coefficient
and scattering phase function p), and boundary conditions. An excellent book by Stamnes et al. introduces
the RTE and proposes methods to solve it while avoiding numerical errors [66]. The azimuthally

symmetric 1-D spectral RTE with thermal emission is given by:

aly(ty, 1)
M ——————————————

1
W) , ,
=Lty ,u) — —f du'py(u, u) Ty, 1) —
dt; 2 )4

(7
(1 — w)B[T(m)] - %Ffpa(ll' 1,

where 4 is the wavelength of light, /. is the diffuse spectral radiance along direction x = cos(8) at an

optical depth 7. = £, x where x is the sample depth, 8 is the polar angle (Figure 10) and By is the spectral

blackbody intensity at a temperature 7 and optical depth 7, and F; is the spectral direct beam source (i.e.,

unit beam source for calculating the transmittance or reflectance, or direct solar irradiation when

calculating the radiative cooling power of an emitter). In this model, the PEA sample is subject to the

following boundary conditions:
1
L0, —p) = €1,B2(Ty) + zf du' p' (1 —€1,2) 1,0, ), (8)
0

1 FS
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where ¢; is the boundary emissivity, 7; is the boundary temperature and i represents the boundary index as
per Figure 8. The first term of the right-hand side of the boundary equations represents the diffusion
emission from that boundary. The second term refers to the diffuse reflection of diffuse light at that
boundary while the third term accounts for the diffuse reflection of the beam source. Based on the system
to model, we note that some of these terms might be dropped or changed. For example, we will later
model radiative transfer within the aerogel when exposed to the ambient atmosphere. In that particular
case, the boundary diffusion emission will be replaced by the angular-dependent sky radiance as modeled
by MODTRAN®6.0 [67] using standard or experimental weather conditions (location, time, temperature

and humidity). More details on the atmospheric modeling are provided in Section 2.3.1.
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Figure 8 — Boundary conditions and coordinates system for solving the radiative transfer equation.

We solve the RTE in MATLAB using the discrete ordinate method [66] which transforms the RTE into a
linear set of differential equations by discretizing the angular domain in 2N streams. We divide the
medium into L layers to account for the spatially varying temperature and consequently blackbody
intensity (B,) within the PEA. To calculate the diffuse transmittance and reflectance, we assume a
unit beam source and integrate the diffuse intensity of light over the full hemisphere at both ends
of the medium (in a direction normal to the medium). The hemispherical transmittance is then
calculated by summing up the diffuse and direct (unattenuated) components. Finally, the radiative

heat flux is calculated by integrating the spectral diffuse intensity over all wavelengths and angles:

o] -1 o
qr(x) = an j L (1 (x), wWududA +f Fj e ™dA (10)
0o J1 0

The spectral optical properties (scattering albedo w, extinction coefficient f and scattering phase function
p) of PEA were determined experimentally based on a previously validated method [68]. The method

assumes that a unique set of optical properties exists (w, f and p) for a given set of transmittances
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(hemispherical and direct) and reflectance (hemispherical) of a sample of known thickness. By measuring
the transmittance (hemispherical and direct), reflectance (hemispherical) and thickness of a PEA sample,
it is therefore possible to evaluate the set of three primary optical properties which in turn can be used to
model the transmittance and reflectance of similar samples with different thicknesses. For this method to
work, we expressed the scattering phase function p as a function of a single parameter g, known as the

Henyey-Greenstein scattering phase function [66],

1-— 2
Puc(cos®) = ——F—— (11)

(1+g2-2gcos0)2

where @ is the scattering angle. In Figure 9, we show the measured transmittances and reflectance (Figure
9a) as well as the thickness dependent hemispherical transmittance and reflectance of PEA in the solar

and mid-infrared (8-13 um) spectrum calculated using the PEA optical properties (Figure 9b).
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Figure 9 — Modeling polyethylene optical properties at various thicknesses. (a) The measured optical
hemispherical (blue) and direct (black) transmittance (1) and hemispherical reflectance (p, red) of a 6-
mm thick PEA sample. (b) Predicted solar (solid lines) transmittance/reflectance and infrared (8-13 um,
dashed lines) transmittance/reflectance as a function of PEA thickness.

2.3.1. A Note on Atmospheric Transmittance Modeling

The atmospheric transmittance and irradiance for our modeling work was done using MODTRAN®6.0
[67]. Four approaches were used in this work, depending on the system to be modeled (e.g., comparing
with experimental results, modeling for a select city or modeling for standard conditions) and on the

availability of the atmospheric weather data for modeling the atmospheric optical properties.
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2.3.1.1. Standard Conditions
The U.S. Standard Atmosphere 1976 atmospheric model available in MODTRAN®6.0 represents a

standard model of atmosphere based on time-averaged altitude dependent temperature, pressure, density,
viscosity and gas constituents. As a standard model, it serves as a good representation of the atmosphere
although it might not offer an accurate representation of the atmospheric transmittance in specific

locations.

2.3.1.2. Modified Standard Conditions

To account for the effect of temperature (7amv) and precipitable water vapor on the atmospheric
transmittance, we use a modified version of the U.S. Standard Atmosphere 1976. More specifically, we
apply the altitude dependent temperature (7us. siandara) and atmospheric pressure (Pus. siandard) profiles from
the U.S. Standard Atmosphere 1976 but we change the relative humidity profile RHu:s. standard in a different
way based on the input precipitable water vapor. Our modified RHus. swndard Value is calculated using a

correlation between total precipitable water vapor in the atmosphere and the ground level dew point [69]:

PWV = 10exp (0.1133 — In(2.89 + 1) + 0.0393 (2 Tew poine + 32)), (12)

where PWV is the precipitable water vapor in mm, Tgew point 1S the dew point temperature in °C, and the
factor 2.89 corresponds to an average factor for the United States. RHus. standard is calculated from the dew
point temperature. We note that RHus, standara may differ from the ground level relative humidity. This
approach enables to capture the total amount of water vapor in the atmosphere, rather than considering
only the relative humidity at the ground level, which is not representative of the water vapor content at
higher altitudes. This approximation was used for the building level simulations in Chapter 6, using the

hourly local precipitable water vapor as the input.

2.3.1.3. City Based Modeling Based on Radiosonde Weather Data

Radiosonde weather data consists of altitude dependent temperature, pressure and RH values for a given
geographical location and time. Several organizations, such as the University of Wyoming, maintain post-
processed databases of radiosonde weather data for a few cities around the world. When available,
radiosonde weather data can thus be used to accurately model the atmospheric transmittance in
MODTRAN®6.0with real altitude and time-dependent weather data. These atmospheric models are more

accurate than other approaches but are not always available for the locations to model.

2.3.1.4. City Based Modeling Based on Long-Term Time-Average Global Data

When the radiosonde weather data is not available for a given city as is the case for Cambridge, MA

where our experiments were performed, another approach can be used. The National Oceanic and
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Atmospheric Administration (NOAA) maintains a publicly available long-term time-averaged altitude-
dependent weather database that covers the surface of the Earth in a 2.5 degrees longitude by 2.5 degrees
latitude grid. Weather data averaged over the past decades can then be used in MODTRAN®6.0with the
built-in atmospheric generator toolbox (AGT) to estimate a representative atmospheric transmittance at

given geographical coordinates and at a given time.

2.4. THERMAL CONDUCTIVITY OF POLYETHYLENE AEROGELS

The thermal conductivity of PEA can play an important role in applications requiring high thermal
resistance such as radiative cooling. Yet, aside from broad values of thermal conductivity, thermal
transport in PEA has not been studied much but could provide pathways for decreasing its thermal

conductivity without compromising its optical properties.

In this section, we characterize thermal transport in PEAs, elucidating contributions of different heat
transfer mechanisms and identifying pathways to further improve their thermal insulation performance.
We first develop a theoretical framework that couples solid, gaseous, and radiative thermal transport. We
then compare our modeling results with experimental characterization of thermal conductivity measured
using a custom-built guarded-hot-plate thermal conductivity setup. Experimental measurements were
performed using PEA samples with densities ranging from 12.0-82.2 kg/m*® in three different gas
environments (argon, nitrogen, and carbon dioxide) at a range of pressures below atmospheric pressure.
Our results demonstrate that the thermal transport within the PEA is dominated by gas conduction as well
as radiation when surrounded by high emissivity boundaries. In addition, we show that reducing the PEA
pore size, adding opacifiers or controlling the gas environment (by evacuating samples or replacing air
with low-thermal conductivity gases such as argon and carbon dioxide) could significantly improve the
thermal resistance of PEAs. We believe the insights into thermal transport within a highly porous
infrared-transparent medium from this work could help improve the performance of sub-ambient radiative

cooling and lead to the development of better thermal insulation materials in general.

2.4.1. Thermal Modeling

Thermal transport in PEA can be decomposed into three components: solid conduction along the
polyethylene backbone, gaseous conduction within the pores and radiative transfer through the PEA.
Convection within the PEA pores (1-10 um in size [46], [70]) is neglected due to the dominance of
viscous forces over gravitational forces (small Rayleigh number) — consistent with previous work that

demonstrated negligible convection in pores of diameter S1 mm [71], [72]. In this section, we present our
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modeling framework that elucidates heat transfer through the PEA by coupled radiative transfer and

conduction within the gas and solid phases (Figure 10).

24.1.1. Solid Conduction

Several different modeling approaches have been proposed in the literature to model solid conduction
within aerogel and porous materials. While some approaches comprise of empirical models that correlate
the material’s density to solid conductivity [63], several others rely on equivalent circuit models [73]-[76]
based on periodic arrays of intersecting spheres or rods with square or cylindrical cross-sections. In
addition, past work has explored the influence of particle size in interconnected particle networks using
finite element analysis and molecular dynamics simulations [77] as well as the influence of interfacial
resistance between nanoparticles forming the backbone of the aerogel by exploring phonon scattering
mechanisms [78]. A review of several of these approaches applied to aerogel and foam materials is
presented by He ef al. [79]. In this work, we use Glicksman’s model [74], which accurately predicts the
thermal conductivity of polymeric foams as shown in past studies [72], [80]-[82], to model heat transfer
through the solid backbone of PEA. The model assumes that the material is made of gas-filled cubic cells
formed by uniformly thick walls that are connected using struts. Heat flows only through the four wall
faces and struts (parallel to the temperature gradient) of the cubic cell, and the local gas temperature is the
same as the adjacent cell wall temperature. Based on this model, the solid conductivity can be expressed

as:

ke =kpp(1— P)C—D), (13)
where kpe is the thermal conductivity of the polyethylene backbone, ¢ is the porosity and £; is the mass
fraction of struts in the cubic cell. In this work, we use kpe =0.53 W/mK based on prior work that
reported polyethylene crystallinity in PEA [59] and thermal conductivity of polyethylene with different
crystallinities [83]. Furthermore, we use f; = 1 based on literature results for low-density polymeric
porous materials [81], [84]. The porosity is calculated from the PEA density (ppea), relative to
polyethylene density (ppg):

¢ =1—ppga/pre (14)

2.4.1.2. Gaseous Conduction

The thermal conductivity of a dilute gas is commonly evaluated using the kinetic theory of gases.
According to the kinetic theory, the thermal conductivity of a gas at a given temperature is independent of
gas number density since the increase (decrease) in heat transfer due to more (less) gas molecules is
cancelled by the corresponding decrease (increase) in the average collision distance (mean free path)

between gas molecules. However, when constrained to a volume with a characteristic length smaller than
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the mean free path, the gas molecules predominantly collide with the container walls — leading to gaseous
thermal conductivity being proportional to the number of gas molecules or gas pressure. In porous
materials such as PEA, gas conduction in the 1-10 um pores can thus be strongly suppressed by
decreasing the gas pressure. In this work, we used Kaganer’s model [85] which accounts for this pressure-
dependent gas conduction suppression in porous materials. Based on this model, the pressure dependent
gaseous component of thermal conductivity k, in a porous network with pores of diameter D can be

estimated by:

— _Pkgo_
9 7 1+420Kkn (15)

where kg is the free space gas thermal conductivity, { is a coefficient that depends on the gas
accommodation coefficient o and adiabatic coefficient y, Kn is the Knudsen number defined as the ratio of

the gas mean free path /; and PEA pore diameter D. The gas mean free path is given by:

kT
ly = iz (16)

where £y is the Boltzmann constant, 7' is the gas temperature, d; is the gas molecule diameter and P is the
gas pressure. In this work, three gases are investigated: nitrogen, argon and carbon dioxide. The
properties used for these gases are presented in Table 1. Coupling between the solid and gaseous
conductivities is neglected which, as shown later, is a reasonable assumption due to the high porosity of
the samples and the low thermal conductivity of the gases relative to the polyethylene backbone [86],
[87].

Table 3 — Properties of gases investigated in this work at T = 20 °C and P = 101.325 kPa. kg is the

thermal conductivity of the gas, d; is the gas molecule diameter, o. is the accommodation coefficient, y is
the adiabatic coefficient of the gas, and ( is the gas dependent factor [87], [88].

Gas koo (W/(mK))  dg(A) a() 7() {06)
Nitrogen (Na) 0.0255 3.2 1 140 155
Argon (Ar) 0.0175 3.6 1 167 184
Carbon dioxide (CO») 0.0162 4.6 1 129 142

2.4.1.3. Radiative Transfer

Radiative transfer was modeled according to Section 2.3 with diffusely emitting boundaries and

no direct beam source.

24.1.4. Total Thermal Conductivity

As radiative and conductive heat transfer are independent processes with different temperature

dependence, it is necessary to account for their interaction and solve for the combined radiative and
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conductive (solid + gas) heat transfer in semi-transparent media such as PEAs. We couple radiative and

conductive heat transfer across the PEA by solving the heat equation [89]:

d dr
dx( (ks + g)dx+qr {an
The heat equation is solved iteratively by varying the temperature profile in the PEA, similar to past work

[64], [70], until the divergence of the radiative and conductive (solid + gaseous) heat fluxes converge.

The total thermal conductivity ki of the sample can then be calculated by:

dT(x=
k _ (_(ks"'kg) TS; 0)+q1'(x20)) t (18)
tot — T —T, samples

and the radiative component of thermal conductivity &; is given by:

ky = keor — ks — kg (19)
Yy Xx=0,
=0
: ».-.-_X=tsample:
N T= Thot

Figure 10 — Modeling framework for thermal transport in polyethylene aerogels. Thermal transport in
PEA comprising simultaneous radiative transfer (modeled using RTE: radiative transfer equation), and
gas and solid conduction (modeled using Fourier’s law).

2.4.2. Material and Methods

We fabricated ~10-cm diameter PEA samples with densities ranging from 12.0 kg/m? to 82.2 kg/m®. The
samples were prepared according to the process presented in Section 2.1 by mixing 0.35 wt. %, 0.5 wt. %,
1 wt. %, 2.5 wt. % and 5 wt. % of polyethylene in paraffin oil to obtain samples of different densities.

Details of the fabricated PEA samples are summarized in Table 2.
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Table 4 — List of fabricated samples and corresponding boundary emissivity for experimental
characterization.

Sample Density Thickness Boundary
# (kg/m?) (mm) emissivity (-)

1 12.0 53 0.94
2 15.6 5.7 0.94
3 243 8.9 0.94
4 52.6 7.5 0.94
5 81.0 8.3 0.94
6 14.8 4.1 0.03
7 18.2 5.8 0.03
8 26.7 8.1 0.03
9 54.2 7.3 0.03
10 82.2 8.1 0.03

The thermal conductivity of the fabricated PEA samples was measured using a custom-built guarded-hot-
plate thermal conductivity setup (Figure 11) operated in the single-sided mode based on the ASTM
C1044 — 16 standard [90]. The setup was equipped with a 65 mm diameter metering thin-film heater
surrounded by a 140 mm diameter guard thin-film heater. The heaters were sandwiched between two
3.18-mm thick copper plates. A water-cooled aluminum cold plate was used for the cold-side boundary.
The surfaces of the cold plate and heaters were painted with commercially available black paint or
covered with aluminized mylar to provide high and low emissivity boundaries respectively (Figure 11C).
The copper plates encasing the heaters and the cold plate included embedded thermocouples (type K) that
were used to measure their temperature. The temperature difference between the hot and cold plates was
measured using a three-junction-pair thermopile, and between the metering and guard heaters was
measured using a single-junction-pair thermopile. All experiments were performed with a temperature
difference of 20°C with 77 = 12°C and 7> = 32°C. The metering heater was connected to a power supply
(2425, Keithley) in a four-wire configuration while the guard heaters were connected in a two-wire

configuration to another power supply (2230-30-1, Keithley).

The guarded-hot-plate thermal conductivity setup was installed inside a 0.3 x 0.3 x 0.3 m environmental
chamber to enable measurements at different pressures — from vacuum to ambient pressure, and in
different gas environments — nitrogen (NI UHP300; Airgas), argon (AR UHP300; Airgas) and carbon

dioxide (CD BD300S; Airgas). Gas pressure inside the chamber was measured using pressures sensors
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(925 MicroPirani Transducer, MKS and PX319-030A5V, Omega). All data acquisition and control of the
heaters was done using a custom LabVIEW program. The thermal conductivity uncertainty was
calculated based on the uncertainty of the main heater area, the main heat power supply, the PEA sample
thickness inside the setup, and the thermopile temperature difference. The PEA density uncertainty was

determined from the uncertainty of the sample thickness, diameter, and mass.

Cold plate

Heater
Insulation

4 cm .
. Environmental chamber

heater

Black paint
£€=0.94
0.5

Emissivity (-) ©

Aluminized Mylar

€=0.03

o = -

4 6 8 10 12 14 16
Wavelength (um)

Figure 11 — Guard-hot-plate thermal conductivity setup. (a) Rendering of guarded-hot-plate thermal
conductivity setup. (b) Top view of the main and guard heaters painted with high emissivity black paint.
(c) Spectral emissivity of the boundaries used in thermal conductivity measurements measured using
Fourier-Transform Infrared spectroscopy.

2.4.3. Results and Discussion

We experimentally characterize thermal transport in PEA using our custom-built guarded-hot-plate
thermal conductivity setup. Experimental measurements were performed using the ten PEA samples
presented in Table 2, in three different gas environments (argon, nitrogen, and carbon dioxide) at a range
of pressures below atmospheric pressure and for two boundary emissivities (low and high emissivity).
Finally, we estimate the contribution of the three components of thermal conductivity (solid, gas and

radiative) in our PEA samples using a combination of our experimental and theoretical work.

2.4.3.1. Influence of Gas Type and Pressure

We measured the thermal conductivity of a low density (15.6 kg/m*®) PEA sample (sample #2) with
different gases and at a range of pressures using the guarded-hot-plate thermal conductivity setup with

high emissivity boundaries. The corresponding experimental and theoretical results, depicted in Figure
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12, show good agreement. The sample’s effective pore diameter, evaluated by fitting the experimental
gaseous thermal conductivity in nitrogen to the model [91], is estimated to be 5.6 pm — consistent with
SEM observations and prior work [46]. At low gas pressures, measurements in all three gases converge
towards the same value of 0.0253 W/(mK) representing heat flow via conduction through the solid
polyethylene backbone and by radiative transfer. As gas pressure increases, we observe an expected
increase in thermal conductivity as the mean free path of the gas molecules becomes smaller than the pore
diameter. This increase in thermal conductivity with pressure is however different for different gases due
to their distinct particle diameters d; and coefficient { which, as per Egs. 3 and 4, tend to shift the typical
S-shaped thermal conductivity-versus-pressure curve towards higher pressures for smaller d; or larger ¢
and vice versa. At ambient pressure, the sample’s thermal conductivity strongly depends on the type of
gas inside its porous structure; a reduction of around 0.010 W/mK (~20%) can be achieved by replacing
nitrogen with lower thermal conductivity gases such as argon and carbon dioxide. While significant
reduction in thermal conductivity is possible by decreasing the gas pressure, the results show that a
pressure <10° Pa is required to suppress most of the gaseous conduction. Overall, these results show that
significant reduction in thermal conductivity is possible by filling the PEA pores with a lower thermal

conductivity gas, by reducing the gas pressure or by reducing the pore size.
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Figure 12 — Influence of gas type and pressure on thermal conductivity of polyethylene aerogels.
Measured and modeled thermal conductivity of a 15.6 kg/m*® density PEA sample filled with three
different gases at pressures ranging from vacuum (107 Pa) to atmospheric pressure (10° Pa) with high
emissivity (¢ = 0.94) boundaries. The thermal conductivity at 107 Pa, not shown here, was measured
equal to 0.0253 W/(mK).
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2.4.3.2. Influence of Boundary Conditions

Since PEAs are mostly transparent in the mid-infrared (Figure 7a), we expect their thermal conductivity
to vary significantly with boundary emissivity which alters the radiative heat transfer contribution. In this
work, we seek to distinguish the solid and gaseous components of thermal conductivity from the radiative
component since several applications (such as atmospheric radiative cooling and indoor radiant cooling)
require materials with low solid and gaseous conductivity but high infrared transmittance (i.e., high
radiative thermal conductivity). Figure 13 shows the experimental and theoretical thermal conductivity of
low density (15.6 and 18.2 kg/m?; sample # 2 and 7) PEA samples in nitrogen sandwiched between high
(black paint; £=0.94) and low (aluminized Mylar; ¢ =0.03) emissivity boundaries. In vacuum, the
sample’s thermal conductivity with low emissivity boundaries — characterized by conduction through the
solid polyethylene backbone and negligible radiative transfer through the weakly absorbing/emitting
material — approaches 0.0031 W/(mK). On the other hand, with high emissivity boundaries, we see a
drastic increase in thermal conductivity in vacuum (0.0253 W/(mK)) stemming from the increased
radiative transfer between the boundaries through the semi-transparent material. We however note that, as
expected, the gas pressure dependence of thermal conductivity exhibits a similar behavior for both
boundary emissivities. These results show that for applications requiring low solid and gaseous thermal
conductivity alone, heat transfer through the material can be nearly completely suppressed by reducing
the gas pressure to below 10° Pa. For other applications requiring low radiative conductivity as well (i.e.,
typical thermal insulation), the results suggest that the addition of low emissivity boundaries or infrared
opacifiers could reduce the total thermal conductivity significantly. Overall, the semi-transparent nature
of PEA makes the material’s thermal conductivity highly dependent on the boundary conditions which
should be clearly specified and carefully considered for target applications (e.g., PEA cover for radiative

cooling with high emissivity boundary versus PEA for typical insulation with low emissivity boundary).
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Figure 13 — Influence of boundary emissivity on the thermal conductivity of polyethylene aerogels in
nitrogen. Sample #2 (5.7 mm thick and density 15.6 kg/m>) was tested with high emissivity boundaries
(¢ = 0.94) and sample #7 (5.8 mm thick and density 18.2 kg/m>) was tested with low emissivity boundaries
(e =0.03).

2.4.3.3. Influence of PEA Density

Next, we investigate the influence of density on the total thermal conductivity of PEA in nitrogen with
low (Figure 14a) and high (Figure 14b) emissivity boundaries. We notice that the inflection points of the
S-curves in Figure 14a and Figure 14b shift slightly towards higher gas pressures for denser samples,
suggesting smaller pore sizes. We also observe that, in general, higher density samples have higher
thermal conductivity due in part to an increase in solid conduction through the polyethylene backbone.
While the effect of density on thermal conductivity is clear for the low emissivity boundaries
measurements (Figure 14a), a more complex behavior is observed for the measurements with high
emissivity boundaries (Figure 14b). In the next section, we use our model to decouple different
components of the experimentally determined thermal conductivities and show that gaseous conduction as
well as radiative transfer between the high emissivity (€ =0.94) boundaries dominate the total heat

transfer in PEA.
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Figure 14 — Influence of density on the thermal conductivity of polyethylene aerogels. Measured
thermal conductivity of PEA samples with different densities in nitrogen as a function of gas pressure (10°
to 10° Pa) for (a) low emissivity (e = 0.03) and (b) high emissivity (¢ = 0.94) boundaries. The thermal
conductivity was also measured at 107 Pa but is not shown here for clarity and due to the negligible
difference with results at 10° Pa. Dashed lines are guides to the eye.

2.4.34. Decomposing Different Thermal Conductivity Contributions

Using our modeling framework, we delineate the three components of thermal conductivity from

experimentally measured thermal conductivity and optical properties of PEA samples.

Figure 15a shows the pressure dependent gaseous component of thermal conductivity k; for PEA samples
measured with high emissivity boundaries. k, is evaluated by subtracting the total thermal conductivity ki
from the total vacuum thermal conductivity (ki at 10 Pa). We estimate the effective pore diameter by
fitting the model to the data — as was done in Figure 12. As discussed in Section 2.4.3.3, higher density

samples have smaller pore sizes resulting in lower gas thermal conductivity at a given pressure.

Next, we use our radiative transfer model to estimate the radiative component of thermal conductivity &:
for each sample based on their thickness and optical properties, and the experimental boundary
conditions. Figure 15b shows the results plotted for the two boundary emissivities and for samples with
different thicknesses. Higher 4: is observed for high emissivity boundaries than for low emissivity
boundaries due to radiative transfer between boundaries through the semi-transparent PEA. Opposite
trends are however observed with respect to PEA density for the low and high emissivity boundaries. For
the high emissivity case, a decrease in k; with increasing density is observed due to a reduction in PEA
infrared transmittance, which inhibits radiative transfer between the two boundaries. For the low
emissivity case, the boundaries are almost perfect reflectors and therefore do not contribute much to ..
But as the PEA density increases, the sample absorption and emission increase in the infrared, therefore

increasing the radiative transfer (k). We note that k: also depends on the boundary temperatures and
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sample thickness (as represented by the shaded areas in Figure 15b), and that & would fall to zero if we
increased the optical depth of the sample to infinity.

Finally, we calculate the solid component of thermal conductivity ks by subtracting k: from the total
thermal conductivity in vacuum (ki at 103 Pa). Figure 15¢ shows the modeled and experimental ks values
for different PEA densities. As expected, the solid conductivity increases with density and is relatively

low (< 0.005 W/(mK)) for densities smaller than 30 kg/m?.

Overall, decomposing the total thermal conductivity into its three components reveals that at ambient
conditions, gaseous conduction and radiative transfer typically dominate heat transfer through PEA, while

solid conduction contribution is generally negligible at low densities.
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Figure 15 — Contribution of the three components of thermal conductivity. (a) gaseous (in nitrogen;
only high emissivity boundary measurements are shown for clarity), (b) radiative and (c) solid. The
shaded areas in (b) represent the modeled range of k. for different PEA thicknesses to account for the
variable thickness of the experimentally tested samples.

The experimental data and modeling results provide insights on ways to reducing PEA thermal
conductivity and improving insulating properties. First, we note from Figure 15a that pores inside PEA
are too large relative to the gas mean free path to provide any significant reduction in gas thermal
conductivity at ambient pressure. Reducing PEA pore size could help reduce the most important
contributor to the material’s thermal conductivity by shifting the thermal conductivity-versus-pressure S-
curve towards higher pressure, reducing PEA thermal conductivity at any given pressure — similar to past
observations with other types of aerogels [63]. Second, replacing nitrogen (or air) with a lower thermal
conductivity or smaller molecular diameter gas could also reduce the gaseous component of thermal
conductivity — by up to 36% for carbon dioxide at ambient pressure. Third, reducing the gas pressure
inside PEA by sealing it could completely eliminate gaseous conductivity. However, sealing the aerogel
for long periods of time, ensuring the mechanical stability of PEA under one atmosphere of pressure, or
using infrared transparent sealants (required for radiative cooling applications) will likely be challenging.

Fourth, for applications other than atmospheric radiative cooling or indoor radiant cooling, the radiative
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component of thermal conductivity 4 can be significantly reduced by using opacifiers. Finally, solid

conduction can be minimized (< 0.005 W/(mK)) by maintaining the PEA density below 30 kg/m3.

2.5. OTHER PROPERTIES OF POLYETHYLENE AEROGELS

2.5.1.Contact Angle

Polyethylene aerogels were observed to be hydrophobic when pouring water on top of it. We validated
this by performing a water contact angle measurement (Figure 16), measuring an advancing contact angle
of 141° and receding contact angle of 105°. A high contact angle is promising for repelling rainwater and

to clean the PEA surface from dirt during outdoor exposure.

Advancing Receding

Figure 16 — Dynamic contact angles. (a) Water advancing contact angle on PEA is 141+£2°. (b) Water
receding contact angle on PEA is 105+10°. Credit: Zhengmao Lu, Massachusetts Institute of Technology.

2.5.2.Water Vapor Diffusion Coefficient

The diffusion coefficient of water vapor in PEA was determined as Dpea = 0.18+0.02 cm?/s at 24 °C using
the wet cup method following ASTM E96 [92] (Credit: Zhengmao Lu, Massachusetts Institute of
Technology). For reference, at standard temperature and pressure, the diffusion coefficient of water vapor

in air is 0.28 cm?/s.

2.6. SUMMARY

In this chapter, we first introduced polyethylene aerogels (PEAs) as a low-density and highly porous

open-cell material with high solar reflectance, infrared transmittance, and low thermal conductivity. We
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described the fabrication process of the material and then characterized the optical properties of PEA at
various densities. We then presented a radiative transfer model that will be used throughout the rest of this
thesis that allows to model the transmittance (hemispherical and direct), reflectance (hemispherical) and
the radiative heat flux through the PEA based on a set of boundary conditions and a temperature profile
within the material. Finally, we presented a detailed study of the thermal conductivity of PEAs in which
we decomposed the total thermal conductivity into solid, gaseous, and radiative components. Our
modeling framework, supported by experimental results, was then used to provide pathways to increasing
the thermal resistance of PEAs, suggesting decreasing the pore size, using lower thermal conductivity
gases, operating at lower gas pressures, adding infrared opacifiers, and using lower density sample as
possible solutions. In the following sections, we will see how polyethylene acrogels and their unique set
of thermal and optical properties can enable higher cooling performance in applications such as passive

radiative and evaporative cooling.
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Chapter 3

3. All-Day Passive Subambient Radiative Cooling Using
Polyethylene Aerogels

3.1. INTRODUCTION

Most of the recent work in the field of radiative cooling has focused on either reducing solar absorption
(i.e., selective emitters) or reducing parasitic heat gain at the emitter. Yet, a solution that addresses both
these challenges could enable simpler and higher performance subambient radiative cooling. In this
chapter, we propose using optically selective and thermally insulating (OSTI) emitter covers to
simultaneously tackle these two challenges, as presented in Figure 17 [47], [93]. By taking advantage of
the cover’s added thermal resistance between the emitter and the ambient (i.e., reduced /er) as well as its
selective reflectance and transmittance (i.e., high solar reflectivity psolar and infrared transmittance zz.13um),
higher subambient cooling power and colder stagnation temperatures may be achieved. Inspired by this
approach, we theoretically and experimentally demonstrate deep subambient radiative cooling using
custom-fabricated polyethylene aerogel (PEA), a thermally insulating, solar reflecting and infrared
transmitting material. Using experimentally determined optical properties of the fabricated PEA and a
robust theoretical model that accounts for radiative and conductive transport within the PEA, we then
show that the approach has the potential to achieve sub-ambient cooling of up to 7 °C under 1000 W/m?
of direct sunlight and U.S. Standard Atmosphere 1976 [67], beating a selective emitter alone by more than
4 °C. We also demonstrate that using PEA enables the use of simpler emitters due to the optical
selectivity of the cover, while opening up a wide regime of subambient temperatures and cooling powers
that were not previously achievable. Finally, using a proof-of-concept experimental setup and the
fabricated PEA, we report a maximum ambient temperature daytime cooling power of 96 W/m? and a
sub-ambient cooling as high as 13 °C around solar noon (1123 W/m? GHI), a more than 22% increase in
emitter sub-cooling under direct sunlight over previously reported work [24] operating under similar
experimental conditions (around solar noon under direct sunlight or without a solar shade casting a shade
on the emitter and in air). These theoretical and experimental results demonstrate the potential of OSTI
covers for simple and high-performance radiative cooling, that could improve the performance of existing

radiative coolers as well as enable next-generation passive cooling systems.
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Figure 17 — Schematic of the proposed approach. (a) Traditional approach to radiative cooling. An
emitter facing the sky is exposed to solar irradiation and parasitic heat gain from the ambient air due to
convection. (b) Proposed approach where an optically selective and thermally insulating (OSTI) cover is
placed on top of the emitter. This insulation reduces parasitic heat gain as well as the solar irradiation
reaching the emitter, enabling lower emitter temperatures and higher sub-ambient cooling power.

3.2 POLYETHYLENE AEROGEL COVERS

In past work, thin (<100 um) polyethylene [60] and nanoporous polyethylene [45] films have been widely
used as convection covers due to their low cost and good infrared transmittance. However, their high
density has precluded the use of thicker films that could provide additional thermal insulation to the
emitter due to dominant infrared absorption. By combining the advantages of polyethylene with that of
acrogels, a class of materials with high porosity, ultra-low thermal conductivity and density, PEA could
thus offer the possibility of a highly insulating and infrared-transparent cover for radiative cooling. The
PEA samples used in this chapter were prepared as per Section 2.1. On average the samples were
measured to have a low density of 15 = 2 kg/m® and a low thermal conductivity (solid + gas components
only) of 28 £ 5 mW/mK, nearly equal to that of air (kir = 26 mW/mK) due to negligible solid heat
transfer through the polymer. At a thickness of 6 mm, the PEA showed high transmittance
(t3-13um = 0.799) in the atmospheric transparency spectral window (8-13 um), while still achieving high
solar reflectance (psolr = 0.922) due to strong scattering by its porous structure at shorter wavelengths
(0.3-2.5 pm). Due to its characteristic porous structure and ultra-low density, PEA possesses exceptional
optical and thermal properties ideal for high-performance sub-ambient radiative cooling, and even at large

thicknesses (~ cm) which was not possible with previous materials such as nanoporous polyethylene.
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3.3. MODELING THE COOLING POTENTIAL OF AN EMITTER COUPLED WITH PEA

To accurately evaluate the performance of an emitter coupled with PEA, both conductive and radiative
thermal transport must be simultaneously considered. In fact, the thicker the PEA, the more it absorbs,
emits and scatters light, which in turn affect the temperature profile within it and the corresponding
conductive heat flux (i.e., parasitic heat gain Ppausiic). The contribution of the conductive and radiative
heat fluxes as well as their interactions therefore affect the total heat flux at the emitter (i.e., emitter
cooling power Pcool). To account for both effects, we numerically solved the steady-state 1-D heat transfer

equation (HTE) within the PEA,

d dr
a(_kPEAE + Qr) =0, (20)

where kpea is the PEA thermal conductivity (solid and gaseous components only), x is the spatial
coordinate along the thickness of the PEA, T is the spatial PEA temperature profile and ¢ is the spatial
radiative heat flux. The simplified HTE (Eq. (20)) states that for energy to be conserved, the spatial rate
of change of the conductive and radiative heat flux are of equal magnitude (but of different sign).
Whereas the conductive term can easily be calculated from Fourier’s law, the evaluation of the radiative
term is more complex due to absorption, emission and multiple scattering, all occurring within the PEA
and impacting the radiative flux at the emitter. We thus evaluated the radiative heat flux ¢ within the
PEA by numerically solving the radiative transfer equation (RTE) using the discrete ordinate method (37)
as per Section 2.3. To solve Eq. (20), we start by splitting the PEA into L layers and then take an initial
guess on the temperature profile 7" within the PEA. Each of the L layers is assumed to have a linear
temperature profile within it. We then independently solve for the conductive and radiative terms at each
of these layers and then update 7 to minimize the difference between the divergence of the radiative and
conductive heat fluxes. Upon convergence of the temperature profile, the model allows calculation the
PEA steady state temperature profile as well as conductive and radiative heat flux at all positions within

the PEA. We summarize the modeling framework in Figure 18.
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Figure 18 — Iterative process for cooling power modeling. Iterative process for solving for the cooling
power Pe.o at the emitter for combined radiative and conductive heat transfer in the PEA.

Finally, the emitter cooling power Pcool is calculated by summing the contribution of the conductive and

radiative heat flux at the PEA/emitter boundary.

Peoor = Qr(x = tPEA) + Gcona (X = tpga) (21)

We note that the cooling power represented by Eq. (21) assumes no parasitic heat transfer to the bottom
of the emitter, and as such only accounts for heat transfer of the emitter with the ambient air and

atmosphere.

Convection with the ambient air, solar irradiation and atmospheric emission towards the emitter were
implemented as boundary conditions at the top of the PEA while a diffusely emitting and reflecting
emitter at Temiver Were set as boundary conditions at the bottom of the PEA. When modeling our
experimental systems, we estimated the convection heat transfer coefficient /qony based on the wind speed
at the time of our experiments using the empirical relation Acony = 5.7 + 3.8V as proposed by Ezekwe [94].
In the following sections, we use this model to predict the cooling performance of a radiative cooler with

various PEA thickness and in different weather conditions.

3.4. COOLING PERFORMANCE ENHANCEMENT USING PEA

Using the developed model and experimentally determined optical properties of the PEA, we predict the
cooling power of any given emitter (with known spectral optical properties and temperature), ambient
conditions (that include ambient temperature, spectral atmospheric transmittance, solar irradiation and
convection coefficient with ambient air) and PEA thickness. Figure 19 shows the theoretical daytime
(Figure 19) and nighttime (Figure 19b) cooling power of a typical stepwise selective emitter
(Psolar= 1-0sotar = 0.97; e = 0.9) facing a standard atmosphere (U.S. Standard Atmosphere 1976) at

different temperatures AT = Temitter - Tamb combined with PEA of varying thickness fppa. Results show that
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in the absence of PEA (¢fpra = 0 mm), significant subambient temperatures (A7 < 0 °C) are not achievable
(i.e., Peoot <0 W/m?) due to dominant solar heating and parasitic heat gain. However, increasing fpga
reduces solar absorption and parasitic heat gain at the emitter, enabling lower temperatures (up to
AT=-7°C and AT=-11°C for daytime and nighttime respectively) and higher cooling powers. A
maximum cooling power (indicated by the dot symbol) is also observed for each AT curves, highlighting
the compromise between the decreasing infrared transmittance and increasing solar reflectance and
thermal insulation associated with thicker PEA. Furthermore, an increasing tpg4 for AT > 0 °C decreases
P.ool as convection now positively contributes to the emitter cooling. In general, similar trends are
observed between daytime and nighttime operation, although the nighttime performance allows us to
decouple solar absorption in the PEA and emitter from the thermally insulating property of the PEA. It is
also important to recognize that results presented in Figure 19 can be strongly influenced by the
atmospheric conditions specific to a location and time such as the amount of precipitable water vapor,
solar irradiance, cloud cover, surrounding objects or buildings, and these conditions should therefore be
accounted for [55]. We thus show that lower subambient temperatures and higher subambient cooling

powers are possible for both daytime and nighttime operation when using an OSTI cover such as PEA.
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Figure 19 — Performance of radiative coolers with PEA. (a) Daytime cooling performance of a semi-
ideal selective emitter (psoiar = 1 - Osolar = 0.97 and e = 0.9) at different temperatures (AT = Temitier -
Tump). The maximum cooling power is shown by a solid point for each emitter temperature curve. An
optimal aerogel thickness exists to achieve the maximum cooling power at a given emitter temperature.
The results shown were calculated based on the U.S. Standard Atmosphere 1976. Atmospheric conditions
specific to a location and time such as humidity and cloud cover can significantly affect the results and
should be accounted for accordingly [55]. (b) Results for nighttime cooling performance. Higher cooling
power and lower emitter temperatures can be achieved due to the absence of solar irradiation.
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3.5. EXPERIMENTAL SETUP AND METHODS

We designed a proof-of-concept experimental setup (Figure 20[a-c]) to simultaneously compare the

performance of two radiative coolers — one with PEA and one without.

Each radiative cooler possessed an identical 10-cm diameter two-part selective emitter made from a 3M
Enhanced Specular Reflector (ESR) film on top of polished aluminum (psolar = 0.942; £3.13 um = 0.893; see
Figure 20d for optical properties). The two parts of the emitter consisted of a 5 cm diameter main emitter
in the center, surrounded by a 10 cm diameter guard emitter with a separation gap of 0.5 mm. The
separation of the emitter in two parts is a similar approach to the one used in the guarded-hot-plate
thermal conductivity measurement standard test method [90]. This approach limits any 2D heat transfer
effects to the guard emitter and ensures 1D heat transfer at the main emitter, thus replicating the
performance of a large-scale device not affected by side losses. Heaters (custom fabricated from Inconel
sheet cut on the water jet) as well as T-type thermocouples (TT-T-40-SLE-25, Omega) were attached to
the back of the (main and guard) emitters to enable control and measurement of their temperature. The
thermocouples were connected to a DAQ enclosed in a reflective aluminum box to minimize temperature
gradients between the thermocouple junctions and the DAQ cold junction sensors. The thermocouples
were also calibrated before the experiments in an ethylene glycol solution using a chiller (A25, Thermo
Scientific) and a resistance temperature detector (RTD) (P-M-A-1/4-3-1/2-PS-12, Omega) which resulted
in an uncertainty of + 0.3°C. Power supplies (2425, Keithley; 2440, Keithley and 2230-30-1, Keithley)
were used in a 4-wire and 2-wire configuration at the main and guard heaters respectively for accurate
control of their temperature and measurement of their power consumption. A 0.5-mm thick thermally
conductive copper plate was also placed between each heater and emitter to minimize temperature
gradients at the emitter. The emitter/heater assembly rested on top of a highly insulating vacuum
insulation panel (VIP; Thermal Vision THRESHHOLD™; 23 x 23 x 5 cm; kv = 2.9 mW/mK) which in
turn sat at the bottom of a polystyrene foam (FOAMULAR® 150) box (30 x 30 x 15 ¢cm), minimizing the
parasitic heat gains at the backside of the emitter. The horizontal surfaces of the setups were covered with
Tefzel™ coated aluminum to minimize parasitic solar heating of the box, and the inner vertical walls of
the polystyrene foam box were covered with polished aluminum sheets to maximize the view factor
between the emitter and the sky. Different thicknesses of PEA were achieved by stacking standard 6-mm

thick samples.

During our outdoor experiments, a Campbell Scientific CS215 probe was used to measure the ambient
temperature (accuracy of + 0.4°C between 5° to 40°C) and relative humidity (accuracy of + 4% between
0% to 100%). The wind speed was measured using an anemometer (034B, Met One) with an uncertainty

of 0.1 m/s within the wind speed range of our experiment. The GHI solar irradiance was measured using a
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pyranometer (CMP6, Kipp & Zonen) with an uncertainty of + 2.3%. A rotating shadowband radiometer
(RSR2, Campbell Scientific equipped with LI-200R, LI-COR photovoltaic pyranometer) was also used as
a backup irradiance measurement system and was in excellent agreement with the pyranometer. All
instruments were connected to a datalogger (CR1000, Campbell Scientific). All weather data was

sampled every three seconds and averaged every minute.

The data acquisition of all instruments and PID control of the heaters in the experiments was done using

LabVIEW.

The uncertainty of the emitter temperature was determined from the thermocouple and ambient
temperature sensor accuracy as well as their fluctuations during the averaging period (two-minute average
after stabilization of the emitter temperature for the cooling power experiments or the 30-minute
averaging period for stagnation temperature). The cooling power uncertainty was determined after
accounting for the accuracy of the main emitter area measurement and of the power supplies, the main
heater power fluctuations during the averaging period as well as the small parasitic lateral heat transfer
between the main and guard emitters. Specifically, we performed an indoor measurement to characterize
the lateral heat transfer coefficient between the main and guard emitters and found it to be 24.5 W/m?K,
meaning that for every degree in temperature difference, an effective change in cooling power of
24.5 W/m? was observed at the main emitter. This effect was however only found to be important near the
stagnation temperature of the devices. In fact, due to higher parasitic heat gain and low cooling power
close to the stagnation temperature, the guard temperature was higher than the main emitter, causing heat
transfer between the two emitters and giving rise to additional 2-D parasitic heat gains at the main emitter.
Since all other data points and the model assume 1-D heat transfer at the main emitter, the cooling power

data point at the stagnation temperature of both devices was removed.

With two identical devices in which the PEA thickness can be controlled, we can directly evaluate the

benefits of PEA for radiative cooling and validate our theoretical model.
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Figure 20 — Experimental setup. (a) Schematic of the radiative cooler. A PEA/emitter/heater assembly is
placed on top of a vacuum insulation panel (VIP) which sits inside a thermally insulating foam
(FOAMULAR® 150) box. The box is covered with Tefzel™ coated polished aluminum sheets to minimize
solar heating. The emitter/heater consists of two separate parts — the main emitter/heater and the guard
emitter/heater (see inset). (b) Picture of the setup consisting of two identical devices (left: device with
PEA, right: device with no PEA). A DAQ (enclosed in an aluminum box) is also visible. (c) Top view of a
radiative cooling device showing the main and guard emitters, the VIP, electrical wires for the heaters
and thermocouples as well as the location of the thermocouples beneath the emitters. (d) Emitter
emissivity. A 3M Enhanced Specular Reflector (ESR) film was attached to a polished 0.5 mm thick
aluminum sheet using an optically clear adhesive (Thorlabs OCA8146-2). The emitter was measured to
have a solar weighted reflectivity psoir = 0.942, and an emissivity of es.i3um = 0.878 within the
atmospheric spectral window (e) The experiments were done in early October 2018 in San Pedro de
Atacama, Chile at an altitude of 2476 m. The picture shows the location of the experiment along with
solar (pyranometer and rotating shadowband radiometer) and weather monitoring equipment, the data
acquisition system and the radiative coolers.
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3.6. EXPERIMENTAL RESULTS

Our first experiment focused on measuring the minimum stagnation temperature of the two devices — one
with 12-mm thick PEA and one without PEA — over a full 24-h cycle, demonstrating both the daytime
and nighttime benefits of PEA. Both devices were placed next to each other and exposed to direct sunlight
as shown in Figure 20b. Figure 21a shows the temperature of both devices (PEA and No PEA) as well as
the ambient (7amb») temperature during the 24-h cycle. Figure 21b also shows the corresponding wind
speed and solar global horizontal irradiance (GHI) measured during the experiment. During that 24-h
period, the temperature of both devices closely tracked the ambient temperature and solar irradiance.
However, the emitter with the PEA constantly maintained a much lower temperature than the uninsulated
emitter due to the solar reflecting and thermally insulating nature of the PEA. Around solar noon (30-
minute average around 13:22) at an average solar irradiance of 1123 W/m?, a temperature difference with
the ambient of AT =-13.0 °C was measured for the PEA device while the No PEA device only achieved
AT =-1.7 °C. Similarly, around midnight, the PEA device achieved AT =-18.3 °C while the No PEA
device reached AT = -8.4 °C. Moreover, the No PEA emitter temperature was more strongly influenced by
wind than the PEA emitter (see temperature fluctuations in Figure 21a and the corresponding wind speed
variations in Figure 21b), indicating the effectiveness of the PEA to reduce parasitic heat gain by adding
an extra thermal resistance between the emitter and the ambient air. The combined high solar reflectance
(modeled Rsolar = 0.944 for 12 mm thick PEA) and added conduction thermal resistance (~ tpe4/kpe4) of the
PEA enabled significantly lower emitter stagnation temperatures during both the day and night compared

to an uninsulated high-performance selective emitter.
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Figure 21 — Stagnation temperature of radiative cooler. (a) Stagnation temperature of two devices
(12-mm thick PEA and no PEA) over a 24-h period in early October in San Pedro de Atacama, Chile. The
device with the PEA achieves 13°C sub-ambient cooling around solar noon (30-minute average around
13:22; GHI = 1123 W/m?) compared to 1.7°C without the PEA. (b) Wind speed and solar irradiation
during the stagnation temperature experiment.
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We performed a second set of experiments to evaluate and compare the useful daytime cooling power at
different PEA thicknesses. In one of these experiments (Figure 22[a-b]), we compare two extreme cases,
an emitter covered with a thick (18 mm) layer of PEA (PEA) against an emitter without PEA (No PEA).
In another similar experiment (Figure 22c), we compare two intermediate thicknesses (6 mm PEA vs
12 mm PEA), demonstrating the variation in cooling performance with PEA thickness. We started the
experiments by allowing the emitters to cool down to near steady-state conditions (see the PEA and No
PEA emitter temperature in Figure 22a. We then increased the temperature of the (main and guard)
emitters in a stepwise manner using the PID controlled heaters at their back side. At the same time, we
measured the heater power at both main emitters as well as the ambient conditions (ambient temperature
and humidity, wind speed and solar irradiance). The experimental cooling power was then obtained by
normalizing the heater power, averaged over 2 minutes, by the main emitter area at every temperature

step.
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Figure 22 — Cooling performance of radiative cooler. (a) Measured emitter temperature of two devices
(18 mm thick PEA and no PEA) as well as the corresponding heater power and ambient temperature
during the cooling power experiment. (b) Cooling power of the two devices as a function of the emitter
sub-cooling in San Pedro de Atacama, Chile. The shaded area represents the range of cooling power and
sub-ambient temperatures made accessible by the PEA compared to an uninsulated emitter. (c)
Comparing the cooling power of two radiative coolers with different PEA thickness (6 mm vs 12 mm).
Thicker PEA enables lower sub-ambient temperature and higher cooling power at sub-ambient
temperatures. An intersection of the theoretical cooling power curves at AT = -4°C is observed,
highlighting the necessity to optimize the PEA thickness for a given operation temperature.

Figure 22b shows the theoretical (solid lines) and experimental (data points) emitter cooling power versus
the emitter sub-cooling for the two devices (PE4A and No PEA). The theoretical results were obtained
using the model presented earlier and the atmospheric transmittance modeled based on the geographical
location and the average weather conditions (see inset in Figure 22b) during the time of the experiments
[67]. Experimentally, the cooling power of the 18 mm thick PEA device was 96 + 9 W/m? near the
ambient temperature (AT =-0.6 = 0.8 °C) when the average solar irradiance was 936 W/m?, compared to a
cooling power of 46+ 10 W/m? (AT= 0.2+ 0.8 °C) for the No PEA device. Similar to the stagnation

temperature experiment, the device with PEA also enabled lower sub-ambient temperatures (maximum
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cooling up to AT =-15 °C compared to AT =-3.8 °C for the No PEA emitter according to the model) due
to the added solar reflectance and thermal insulation. More specifically, by adding 18 mm of PEA on top
of the emitter, we were able to reduce i from 12.9 W/m?K to 1.4 W/m?K while the cover provided an
additional solar reflectance Rsolar = 0.948 as per our model. Overall, the experimental and theoretical
results are in good agreement, demonstrating the potential of the model to predict the performance of a

radiative cooler with PEA.

Differences between the experimental and theoretical results can be explained by the uncertainty in the
measurements, the fluctuations in the ambient conditions, heat transfer from the emitter to the VIP and the
theoretical model approximations including assuming 1D heat transfer (infinitively large emitter and
PEA) and the azimuthally symmetric radiative heat transfer which requires the solar irradiation to be
normal to the emitter. The uncertainty of the emitter temperature was determined from the thermocouple
and ambient temperature sensor accuracy as well as their fluctuations during the averaging period (two-
minute average after stabilization of the emitter temperature for the cooling power experiments or the 30-
minute averaging period for stagnation temperature). The cooling power uncertainty was determined after
accounting for the accuracy of the main emitter area measurement and of the power supplies, the main
heater power fluctuations during the averaging period as well as the small parasitic lateral heat transfer
between the main and guard emitters. Specifically, we performed an indoor measurement to characterize
the lateral heat transfer coefficient between the main and guard emitters and found it to be 24.5 W/m?K,
meaning that for every degree in temperature difference, an effective change in cooling power of
24.5 W/m? was observed at the main emitter. This effect was however only found to be important near the
stagnation temperature of the devices. In fact, due to higher parasitic heat gain and low cooling power
close to the stagnation temperature, the guard temperature was higher than the main emitter, causing heat
transfer between the two emitters and giving rise to additional 2-D parasitic heat gains at the main emitter.
Since all other data points and the model assume 1-D heat transfer at the main emitter, the cooling power

data point at the stagnation temperature of both devices was removed.
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Figure 23 — Cooling performance of radiative cooler in Cambridge, Massachusetts. (a) Stagnation
temperature of two devices (12 mm thick PEA and no PEA) over a 24-h period in late October in
Cambridge, Massachusetts. The device with the PEA achieves 9.8 °C sub-ambient cooling around solar
noon (30-minute average around 12:43; GHI = 747 W/m?) compared to 1.1°C without the PEA. (b) Wind
speed and solar irradiation during the stagnation temperature experiment. (c) Cooling power of two
devices (18 mm thick PEA and no PEA) as a function of the emitter sub-cooling in Cambridge,
Massachusetts. (d) Cooling power of two devices (6 mm thick PEA and 12 mm thick PEA) as a function of
the emitter sub-cooling in Cambridge, Massachusetts.

By using PEA in a radiative cooling device, we demonstrated higher subambient cooling power and
operation at much lower temperatures than with an uninsulated selective emitter, opening up a wide
regime of operation (shaded area in Figure 22b) that enables access to cooling powers and subambient

temperatures that were previously not accessible.
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3.7. DECOUPLING COOLING PERFORMANCE FROM EMITTER SOLAR
REFLECTIVITY

A further advantage of using a PEA cover is that it relaxes the requirement to use a potentially complex
and costly near-ideal solar reflecting emitter to achieve daytime radiative cooling. In fact, adding a 20 mm
thick PEA to a black emitter reduces solar absorption by 98.9% (see Figure 24), which is better or
comparable to state-of-the-art selective emitters. Furthermore, when combined with that same thickness
of PEA, increasing the emitter solar reflectivity Rsolar from 0 to 0.97 (typical of existing selective emitters)
only reduces solar absorption at the emitter by a further 0.5%, meaning that the optical selectivity of the
emitter is no longer critical when combined with PEA. Using a PEA cover or other type of optically
selective cover could thus enable the use of simpler and lower cost emitters such as commercially

available paints without compromising performance.
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Figure 24 — Solar absorption at the emitter. Absorption of incident solar irradiance (Esm= 1000 W/m?)
at an emitter with solar weighted reflectivity psoiar and with a 20 mm thick PEA. For a black emitter (psoiar
= (), the PEA reduces solar absorption at the emitter by 98.9% as compared to an emitter having no
PEA. Higher psoiar further reduces solar absorption at the emitter from 11.2 W/m? at psoiar = 0, to 6.1 W/m?
at psoiar = 0.97 to 0 W/m? at pseiar = 1. In practice, selective emitters typically have Rsoiar < 0.97 (Psolar >

0.97 shown by red area), meaning that the emitter solar reflectivity is mostly irrelevant due to the optical
selectivity of the PEA.

The advantage of using the solar reflectance of PEA to decouple solar absorption at the emitter from its
optical properties is further demonstrated in outdoor experiments (see Figure 25). In these experiments,
we show the influence of the emitter solar reflectance (black vs selective emitter) on the radiative cooling

performance (temperature and cooling power) when covered with 18-mm thick PEA. Both devices
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achieved similar subambient cooling throughout the day and night (see Figure 25[c-d]), demonstrating a
difference of only 1.5 °C around solar noon (30-minute average around 12:43; GHI = 948 W/m?) and
0.6 °C around midnight (30-minute average around 0:00). Similarly, both devices showed similar cooling
power and good subambient cooling due to strong suppression of solar irradiation by the PEA on top of
the emitters (see Figure 25¢). Finally, when the PEA cover was removed from the black emitter (Figure
25f), we observed a rapid increase in temperature from slightly below the ambient to around 50°C, again

highlighting the solar reflecting properties of PEA.

These results further show good agreement with the model in two different regions of the world while
also suggesting that PEA significantly minimizes the importance of the emitter solar reflectivity, and that
an optimal PEA thickness (i.e., maximizing cooling power) exists for a given sub-ambient temperature.
By using PEA for radiative cooling, we enabled higher sub-ambient cooling power and operation at much
lower temperatures than with an uninsulated selective emitter, opening up a wide regime of operation that

enables access to cooling powers and sub-ambient temperatures that were previously not accessible.
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Figure 25 — Experimental comparison of selective and black emitters with PEA. (a) Image of devices
(selective emitter — left and black emitter — right) without the PEA. (b) Spectral emissivity of selective and
black emitters. (c) Stagnation temperature of the two emitters, both with 18-mm thick PEA over a 24-h
period in June in Cambridge, Massachusetts. (d) Wind speed and solar irradiation during the stagnation
temperature experiment. (e) Cooling power of the two emitters, both with 18-mm thick PEA as a function
of the emitter sub-cooling in Cambridge, Massachusetts. (f) Stagnation temperature of the two emitters
with no PEA close to solar noon. The black emitter quickly heated up to over 50 °C after the aerogel was

removed at 12:45.
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3.8. SUMMARY

We proposed and experimentally demonstrated the use of optically selective and thermally insulating
PEA covers for high-performance subambient radiative cooling. By adding PEA on top of a radiative
cooling emitter, we provided a simple approach to reducing parasitic heat gain and solar absorption at the
emitter, two limiting factors that have severely hindered the performance of previous experimental
demonstrations. Using PEA and a commercially available selective emitter, we experimentally
demonstrated a daytime cooling power of 96 W/m? at ambient temperature as well as cooling of up to
13 °C below ambient, surpassing by more than 22% the performance of previous stagnation temperature

experiments [55].

In parallel to our experiments, we also investigated the performance of PEA using a theoretical model
considering both conductive and radiative heat transfer. The model provided us with insights on the
compromise between system performance and PEA thickness which allowed us to determine an optimal
PEA thickness for any given system, weather conditions and operating temperature. We have also
demonstrated that due to its high solar reflectance, PEA allowed the use of non-selective emitters with no

significant degradation in performance, possibly enabling simpler design and lower cost radiative coolers.

We believe our work has proven the potential of PEA and other types of optically selective and thermally
insulating covers for subambient radiative cooling. Because the approach is modular and can readily be
implemented in existing systems, our work can help improve the performance of existing radiative
cooling systems such as radiative cooling water panels for air-conditioning units of buildings [55], [95],
sorption-based water harvesting devices [96] as well as passive refrigeration of food produce [94].
Finally, we hope new research opportunities that will further enhance the performance of radiative coolers
will stem from this work. Among such opportunities, alternative infrared transparent materials such as
BaF; and ZnS [47], [93] could be explored to achieve better optical and thermal performance, and further
development of the theoretical models to optimize the cover thickness and optical properties for varying
weather conditions (e.g., day to day variation over a year) as well as costs (e.g., incremental increase in
performance versus incremental cost with thicker PEA) are still required. In the next chapter, we propose
adding ZnS inside PEA to increase the optical selectivity of the cover and achieve better daytime cooling

performance.
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3.9. MODEL ASSUMPTIONS

In developing our radiative transfer and heat transfer models, several assumptions were made. Here, we
list some of our assumptions, which help understand the limitations of the model and explain some of the

differences between modeling and experimental results.

o The RTE model relies on an estimation of the atmospheric transmittance and irradiance which is
calculated using MODTRAN® 6.0 [67] (see Section 2.3.1). When comparing our experimental
results to our theoretical model, differences between the real and modeled atmospheric
transmittance and irradiance can affect the contribution of radiative cooling in our modeled
cooling power as well as the stagnation temperature.

e The RTE model assumes 1D radiative heat transfer and thus that the solar irradiance
(experimentally measured as GHI) hits the cooling architecture with a zenith angle of 0°. The
solar zenith angle during our experiments in Chile was around 28° which could affect the path
length and thus absorption of solar photons in the PEA during our experiments. Furthermore, this
1D assumption assumes that our PEA sample is infinitely large while the finite diameter of our
actual samples might cause 2-D radiative flux near the circumference of the PEA, especially in
the cooling power experiment where the side of the cooling stack was not insulated.

e The heat transfer model assumes a no flux condition at the bottom side of the emitter while in
reality a small heat flux through the bottom boundary could exist due to non-ideal thermal
insulation.

e Our heat transfer model assumes constant ambient conditions (solar GHI, ambient temperature,
wind speed and RH) throughout the duration of the cooling power experiment or for the
averaging period of the stagnation temperature experiments.

e  Our heat transfer model does not account for uncertainties in the input model parameters such as
solar GHI, ambient temperature, wind speed, RH, optical properties of PEA and the substrate, sky
transmittance, PEA and PAH thermal conductivity, and PEA thickness. Accounting for those

would lead to a band instead of a line for the modeling curves.
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Chapter 4
4. Improving the Optical Selectivity of Polyethylene Aerogels

4.1. INTRODUCTION

In the previous chapter, we demonstrated how optically selective and thermally insulating (OSTI) covers
such as polyethylene aerogel (PEA) could improve the performance of radiative cooling systems by
minimizing solar absorption and parasitic heat gain at the emitter. Yet, while the cooling performance was
certainly good, it was still far from that of an ideal radiative cooler with no solar absorption or parasitic
heat gain. In fact, we showed that even with a 20-mm thick PEA, around 1.1% (11 W/m?) of the solar
irradiance made it to the emitter, which might seem small, but is equivalent to around 10% of the ambient
cooling power of the emitter. At the same time, we also saw the compromise of PEA thickness and
subambient cooling power in Figure 19, where the thicker PEA helped decrease parasitic heat gain, but
also hindered radiative transfer. The development of OSTI covers therefore involves optimization of
competing optical — solar transmittance (7sonr) and reflectance (psolar), IR transmittance (tir), and thermal
properties — thermal conductivity of the cover material (kpea). Optically, an ideal cover should have
Tsotar = 0 (psolar = 1) (Figure 26a) to minimize solar absorption at the emitter and within the OSTI cover,
and tr=1 to maximize IR rejection from the emitter to outer space. Experimentally achieving such
optical selectivity is however challenging and limited by the porous structure and fabrication process such
as in the case of PEA. As the thickness (or density) of PEA samples is increased beyond a few
millimeters, both the solar and IR transmittance decrease (at different rates as we demonstrated in Figure
9) due to increasing scattering of light by the porous structure in the solar spectrum and non-zero
absorption of polyethylene in the IR respectively. PEA samples with relatively low density (~15 kg/m?)
were used in past work to achieve Tsolar = 0.06 (psolar = 0.92) and tr = 0.80 at a thickness of 6 mm [70].
Significantly better optical properties — approaching that of an ideal cover — are likely possible and could
yield significant gains in cooling performance while lowering cost by reducing the required OSTI cover

thickness and allowing the use of low-cost non-selective scalable emitters.

Past work have investigated varying the scattering size and geometry [44]-[46], [97], [98], adding
organic/inorganic micro/nano inclusions [93], [99], [100] or using hierarchically microstructures [34],
[45] to improve the optical selectivity of porous polymeric materials. However, these approaches have not

been demonstrated experimentally for OSTI covers.
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In this work, we propose using IR transparent and solar scattering ZnS nanoparticles to enhance the
optical selectivity of PEA covers for daytime radiative cooling (Figure 26¢). Our work builds on past
works [93], [101]-[105] that have demonstrated or proposed the use of BaF,, ZnS, ZnO, ZnSe and TiO»
nanoparticles to decrease solar transmittance (while maintaining high IR transmittance) of clear
polyethylene films or porous polyethylene. We chose semiconducting ZnS (bandgap = 3.54 e¢V) due to its
relatively high real refractive index [106] in the solar spectrum (n=2.29 at 1 um) and low imaginary
refractive index at IR wavelengths (k= 6x10° at 10 um), making it an ideal candidate for a solar
scattering and IR transparent material (see Figure 27a). We first theoretically investigate the effect of ZnS
concentration and particle size on the optical properties of PEA + ZnS covers by using the radiative
transfer equation (RTE) and Mie theory. We then compare and show good agreement between our model
and experimentally measured optical properties of PEA + ZnS samples at different ZnS volume fractions
using commercially available ZnS nanoparticles (SACHTOLITH HD-S). Next, we investigate the
influence of ZnS on the cooling performance of radiative coolers under direct sunlight — demonstrating up
to 58 W/m? higher cooling power with a ZnS pigmented PEA cover combined with a blackbody emitter
compared to an unpigmented PEA cover. Finally, we analyze the effect of ZnS spatial distribution within
the OSTI cover — indicating that a higher ZnS concentration near the ambient air interface can result in

higher cooling power while using less ZnS.

a 1 [ 1 ' . i i i b Tambient > Temitter
Ideal cover PEA (
08r . Emitter
Thermal
’7“0'6 [ radiation
" 04}t Cover OSTI cover
C Solar
PR radiation
021 Parasitic
, _______ heat gain
0 L A L A aal Solar
0.3 05 1 2 3 5 10 20 scatterer

Wavelength (um) Doped cover

Figure 26 — Improving the optical selectivity of OSTI covers. (a) Comparing the transmittance of an
ideal (Ideal cover) and recently demonstrated 5-mm thick polyethylene aerogel (PEA) cover[70]. For
reference, the solar spectrum (shaded red area) and the U.S. Standard 1976 [67] atmospheric
transmittance (shaded light blue area) are also shown for reference. (b) Optically selective and thermally
insulating (OSTI) covers enable subambient radiative cooling of the emitter by minimizing parasitic solar
absorption and heat gain from the ambient air. (c¢) Solar scattering dopants in OSTI covers enable
significant increase in solar reflectivity resulting in improved cooling performance.
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4.2. MODELING OPTICAL PROPERTIES OF ZNS DOPED OSTI COVER

Our modeling approach first uses the radiative transfer equation (RTE) (Eq. (7)) to solve for the spectral
transmittance and reflectance of the OSTI covers based on the material’s optical properties. Radiative
transport is then coupled with heat conduction within the cover using the heat equation to estimate the
cooling power of an emitter shielded with an OSTI cover. As this modeling framework is similar to the

one presented in Section 3.3, we will only highlight the main differences here.

Solving the RTE requires knowledge of the optical properties (w, f and p) of all components of the
medium (PEA and ZnS). By assuming independent scattering from the ZnS nanoparticles and PEA, we
may sum up the contributions of both constituents to evaluate the medium’s total optical properties [89].
Similar to previous work [68], [70], and based on the Henyey-Greenstein [66] approximation (which uses
a single asymmetry factor g to represent the angular dependent scattering phase function p), we evaluated
the PEA’s w, § and p using experimental measurements of hemispherical transmittance and reflectance,
and direct transmittance of an unpigmented PEA sample. To evaluate the ZnS nanoparticle optical
properties (w, S and p), we used the Mie theory [89], [107] assuming independent scattering by spherical
particles of known size, refractive index and volume fraction. We assume that the ZnS nanoparticles have
a uniform size distribution, are located on the surface of the polyethylene backbone (i.e., they are not
embedded inside the polyethylene lamellae) such that they are surrounded by air only and that scattering
of light by individual ZnS nanoparticles is not affected by the polyethylene backbone as well as by other
surrounding ZnS nanoparticles. Since we have assumed independent scattering, we can then estimate the
total optical properties of the OSTI cover by adding [89] the individual contributions of the PEA and ZnS

nanoparticles:

Osca,r = Csca,A,PEANt,PEA + Csca,/'l,ZnSNt,ZnS' (22)
Oabsp = CabsapEaNtpea + CabspznsNe zns) (23)
By = Osca,r + Oabs 2 (24)

_92,pEACscarpEaNtPEA + 92,205Cscan,zns Nt zns
91 = ) (25)

Osca,A

where 0gca and g,y are the spectral scattering and absorption coefficients (m™), Cscan and Cypgy are

the spectral scattering and absorption cross-sections (m?), N zns is the number of particles per unit volume
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(m?) and g is the asymmetry factor of the Henyey-Greenstein phase function approximation [66]. For
reference, we show in Figure 27b the spectral absorption and scattering cross-sections of ZnS particles at
different diameters, where we observe that larger ZnS particles scatter, as expected, more at longer
wavelengths. Aside from the different optical properties, we solve for the RTE and the heat equation in a

similar way as previous chapters.
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Figure 27 — ZnS optical properties. (a) Real (top) and imaginary (bottom) part of the refractive index of
ZnS [106]. (b) Scattering (Csea; top) and absorption (Cus; bottom) cross section of ZnS particles of
different diameters.

4.3. IMPROVING THE OPTICAL SELECTIVITY OF PEA COVERS USING ZNS

Figure 28a shows the theoretical hemispherical transmittance (z, top) and reflectance (p, bottom) of 5-mm
thick PEA with ZnS nanoparticles as well as the normalized solar spectrum (red area) and sky
transmittance (blue area). Results are shown for PEA pigmented with different ZnS diameters (0.1 to
1.5 um) at a fixed ZnS volume fraction (f, =0.007), along with an unpigmented PEA sample (black
dashed line in Figure 28a). Larger ZnS particles increase scattering at longer wavelengths, resulting in
lower transmittance and higher reflectance across all wavelengths considered. We note that at the chosen
ZnS volume fraction, solar transmittance is mostly suppressed for particle diameters >0.3 um, while IR
(8-13 wm) transmittance remains relatively constant for particle diameters <1 um, suggesting an ideal
particle diameter within that range to maximize optical selectivity of the cover. Figure 28b shows the
weighted solar (zsolar, top) and IR (zir, bottom) transmittance for the different ZnS particle diameters as a
function of ZnS volume fraction. We observe that for particle diameters > 0.3 um, even relatively low
ZnS volume fractions (f, < 0.01) can significantly reduce 7l from 0.07 to less than 0.01. On the other
hand, very little change in IR transmittance 7r (zir > 0.80) is observed as we increase ZnS volume

fraction, except for larger ZnS particles (= 1 pm) which tend to scatter more in that spectral range.
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Overall, the theoretical results show that improved optical selectivity can be achieved by pigmenting

existing PEA covers with appropriate ZnS concentration and particle diameter.
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Figure 28 — Modeled optical properties of ZnS pigmented PEA. (a) Modeled hemispherical
transmittance (t; top) and reflectance (p; bottom) of PEA pigmented with ZnS particles of different
diameters. All curves assume a sample thickness of 5 mm and a ZnS volume fraction f, = 0.007. (b)
Modeled solar- (tsoir, top) and infrared- (tir; bottom) weighted transmittance of the ZnS doped PEA as a
function of ZnS volume fraction and particle diameter.

To experimentally demonstrate the improved optical selectivity, we fabricated 2-mm thick PEA samples
(PEA-only density of 15 kg/m3) pigmented with various volume fractions (f, =0 to 0.044) of
commercially available ZnS powder (SACHTOLITH HD-S; >97% pure ZnS with particle diameter
around 0.3 um). We fabricated the samples using the same thermally induced phase separation fabrication
process presented in Section 2.1. Different ZnS volume fractions in the PEA were achieved by mixing
ZnS nanoparticles with polyethylene powder prior to sample preparation. We measured the samples’
optical properties (hemispherical transmittance and reflectance) using an ultraviolet—visible—near-infrared
spectrophotometer (Cary 4000, Agilent) and Fourier Transform Infrared spectrometer (Nicolet 6700,
Thermo Scientific), each equipped with an integrating sphere. Results plotted in Figure 29a show similar
trends to theoretical results — improved optical selectivity with large reduction in .- achieved via
addition of ZnS nanoparticles to PEA for a range of volume fractions. Additional absorption peaks
between 8-9.5 um, and stronger scattering in the IR are however observed in our experimental spectra
compared to the theoretical spectra for pure ZnS (Figure 28a). We believe that the presence of
contaminants [ 108] such as BaSO4 (<3 wt. %) or ZnO (0.2 wt. %) within the commercial ZnS powder can
incur additional absorption within the material. In fact, BaSO4 has a strong absorption peak [37], [109]
between 8-10 um, which matches well with the additional absorption peak observed experimentally
within that same spectral range. Furthermore, we note stronger scattering at IR wavelengths, suggesting
possible agglomeration of ZnS particles in the fabricated samples. To further investigate these possible

sources of discrepancy, we measured the optical properties of the SACHTOLITH HD-S ZnS powder
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(Figure 30) and imaged the agglomeration of ZnS nanoparticles at different ZnS volume fractions (Figure
31) using a scanning helium ion microscope (Orion NanoFab, Zeiss). Our results confirm the presence of
additional absorption in the 8-10 um range as well as significant agglomeration of ZnS nanoparticles into
agglomerates of sizes ranging from ~1 pm to several micrometers, with larger agglomerates observed at

higher ZnS volume fractions.
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Figure 29 — Experimental optical properties of ZnS pigmented PEA. (a) Experimental hemispherical
transmittance (t) and reflectance (p) of a 2-mm thick PEA doped with ZnS particles at different volume
fractions. The PEA-only density was measured to be 15 kg/m>. (b) Experimental solar- (tsoinr, top) and
infrared- (tir;, bottom) weighted transmittance and reflectance. Modeling results are represented by a
solid line for the pure ZnS powder and by dashed lines for the SACHTOLITH HD-S ZnS powder to
account for BaSOy content and ZnS agglomeration observed experimentally.

The solar (zwir) and IR (zr) weighted transmittance are also plotted in Figure 29b along with our
theoretical model. Again, we observe that even a low ZnS volume fraction (f; = 0.006) can drastically
decrease 7y from 0.15 to less than 0.05, while only reducing 7z by ~0.1 for the 2-mm thick samples.
Due to the differences between the pure ZnS considered in our earlier model and the commercially
available ZnS powder used in our experiments, two sets of theoretical curves (solid line: pure ZnS and
dashed lines: ZnS + BaSO4) accounting for the optical properties and agglomeration of each powders are
plotted in Figure 29b. The optical properties of both the pure ZnS and the SACHTOLITH HD-S used in
Figure 29b were modeled using Mie theory with the latter accounting for both BaSO4 and the effective
ZnS agglomerates diameter. The three dashed lines represent our theoretical prediction using the
SACHTOLITH HD-S with agglomerate diameters of 1 um, 2 pm and 5 um. In general, good agreement
is observed between the experimental and theoretical transmittance, while some discrepancies, especially
at larger ZnS concentrations, are observed for the IR transmittance compared to the pure ZnS. A
comparison of experiments with our modeling of the commercially available ZnS powder, accounting for
the presence of IR absorbing BaSO4 and agglomeration of ZnS nanoparticles at larger volume fractions

further supports our theory explaining the discrepancies. Overall, our theoretical and experimental results
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show that the optical selectivity of PEA covers can be improved by adding small quantities of
commercially available ZnS powder, and that even greater optical selectivity could be achieved by using

100% pure ZnS powder, paving the way for better sub-ambient radiative cooling under direct sunlight.
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Figure 30 —- SACHTOLITH HD-S ZnS infrared transmittance. Infrared transmittance of a ~10-um thick
SACHTOLITH HD-S ZnS powder film. The powder was coated on top of a ZnSe window by evaporating
an ethanol/ZnS mixture. The spectrum was corrected using the measured transmittance of an uncoated
ZnSe window which was used as the reference. A strong absorption peak is observed between 8-10 um,
similar to our experimental results with ZnS pigmented PEA in Figure 29a. We note that this absorption
peak was not found in our modeling of pure ZnS powder. We attribute this absorption peak to the
presence of BaSOy in the SACHTOLITH HD-S powder, in accordance with the absorption spectrum of
BaS0O,[37], [109].
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Figure 31 — ZnS particles agglomeration. Agglomeration of ZnS particles in ZnS pigmented PEA
observed under a helium-ion beam microscopy. ZnS agglomeration in ZnS volume fraction a) f, = 0.0022;
b) £, = 0.0079; ¢) f, = 0.0157; d) f, = 0.0315. Close up view on an ZnS agglomerate in sample with
fv=0.0315. Image credits: Geoffrey Vaartstra, Massachusetts Institute of Technology.

4.4. IMPROVED COOLING PERFORMANCE USING PEA +ZNS COVERS

We have demonstrated that the optical selectivity of PEA covers could be improved by adding solar
scattering and IR transparent ZnS nanoparticles. Next, we show how these covers can improve the

subambient cooling power of radiative coolers.
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Figure 32a shows the cooling power of a blackbody emitter (7emiter — Tambient = -5 K) under direct sunlight
(Qsun = 1000 W/m?) and the U.S. Standard 1976 sky shielded by a 5-mm thick PEA + ZnS cover. Similar
to Figure 28, various ZnS particle diameters (dz.s = 0.1-1.5 pm) and volume fractions are considered. As
illustrated in Figure 32a, no cooling (Pcool = -29.5 W/m?) is achieved with a conventional PEA cover (f, =
0; No ZnS dashed line) due to significant solar absorption at the emitter. Increasing ZnS volume fraction
reduces solar absorption at the emitter, resulting in higher cooling power until a reduction in IR
transmittance causes it to plateau and then decrease. The influence of ZnS particle size again shows that
an optimum particle size around 0.3-0.7 um (depending on f;) maximizes cooling power. A maximum
cooling power of Peool = 24.3 W/m? (dzns = 0.5 um; £, = 0.015) is achieved within the range of parameters
considered, representing a 53.8 W/m? increase in cooling power over the pure PEA cover case and
demonstrating the potential of the approach to increase the cooling performance of daytime radiative
coolers. A similar analysis is also performed for similar conditions but with an ideal selective emitter
having an emissivity of ¢ = 1 between 8-13 um and a reflectivity p = 1 at all other wavelengths. In this
case, the cooling performance is not affected by solar absorption at the emitter because of its intrinsic
ideal optical selectivity. Thus, the addition of ZnS to the cover will only reduce the cooling power due to
reduced IR transmittance and additional solar absorption within the cover by the ZnS nanoparticles which
in turn increases its temperature and parasitic heat gain. These results indicate that the improved optical
selectivity of the cover is, as expected, more important for non-selective emitters. However, the ability to
achieve similar cooling power with a blackbody emitter and an ideal selective emitter when combined
with a PEA + ZnS cover suggests that the optical properties of the emitter in the solar spectrum are no
longer the dominant parameter determining the cooling performance of the radiative cooler. As such, the
optimized OSTI cover could be applied to any IR emissive surface to provide subambient cooling
irrespective of its optical properties in the solar spectrum, which could be attractive as a retrofit solution
or could help reduce the emitter complexity and cost. Finally, the increased optical selectivity of the cover

can help decrease the required thickness to achieve net cooling, which could reduce the cover’s cost.
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Figure 32 — Cooling performance using ZnS pigmented PEA covers. Cooling power as a function of
ZnS volume fraction (f,) and particle diameter (dz.s) of (a) a blackbody emitter and (b) an ideal selective
emitter (emissivity € = 1 between 8-13 um and reflectivity p = 1 at all other wavelengths) — both with
S-mm thick covers. An incident solar irradiance of 1000 W/m? normal to the emitter and an emitter
temperature 5 K below the ambient (Tumpien = 298.15 K) are assumed.

4.5. OPTIMIZING ZNS DISTRIBUTION WITHIN PEA

We have until now assumed a uniform ZnS distribution within PEA for simplicity of modeling and
fabrication. Further analysis of modeling results however suggests that the addition of ZnS within PEA
raises the cover’s internal temperature due to an increased parasitic solar absorption by the ZnS
nanoparticles. This increased cover temperature in turn increases the parasitic heat conduction to the
colder emitter through the cover which decreases cooling power, as was shown in Figure 32b. Ideally, we
would like to suppress all parasitic solar absorption by the cover or spatially confine it as far as possible
from the emitter (i.e., closer to the ambient air) to minimize this parasitic conductive heat gain. We thus
evaluate the impact of non-uniform ZnS distributions within the cover to see if it can enable higher

cooling power for a subambient emitter.

Figure 33a depicts six different ZnS distribution profiles: No ZnS, Constant, Linear +, Linear -, Top only,
Emitter only. The ZnS distribution profiles assume 50 evenly distributed 100-um thick layers, a ZnS
particle diameter of 0.5 um and a fixed ZnS volume fraction (fzns = 0.015) — corresponding to the volume
fraction at maximum cooling power at the chosen particle diameter (see Figure 32a). Under similar
conditions to those in Figure 32a, the daytime emitter cooling power is calculated for the different ZnS
distribution profiles. The resulting temperature profiles and cooling powers are shown in Figure 33[b-c]
respectively. We observe that all ZnS distributions increase the cover temperature as well as the

temperature gradient near the emitter (see inset in Figure 33b) compared to the No ZnS case. While the
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Bottom only distribution achieves the lowest temperature rise at the air-cover interface, it has the highest
emitter-side temperature gradient (i.e., larger conductive heat gain at the emitter) of all ZnS distribution
profiles. On the other hand, lower temperature gradients near the emitter (i.e., smaller conductive heat
gains at the emitter) are achieved by covers with ZnS concentrated farther away from the emitter, such as
the Top only cover. The effect of ZnS distribution within the OSTI cover is further illustrated in Figure
33c where the cooling power of each cover is compared. While all ZnS covers greatly surpass the No ZnS
cover in terms of cooling power, differences are observed amongst the different ZnS distribution profiles.
As suggested by the temperature profile in Figure 33b, covers localizing ZnS farther away from the
emitter achieve higher cooling power, with the Top only case providing the highest cooling power
(24.9 W/m? at AT = -5 K), representing a 0.6 W/m? (2.5%) improvement over the Constant profile case
(24.3 W/m? at AT = -5 K). Although the improvement in cooling power over the Constant profile is rather
small, the results however show that the Bottom only distribution should be avoided owing to its much
lower cooling power (12.1 W/m? at AT = -5 K). Practically, we also realize that the Linear + and Linear —
covers would be more difficult to fabricate as opposed to the other ZnS profiles. For example, in the case
of the Top only cover, two covers could be installed on top of one another, one with ZnS and the other
with no ZnS, to mimic a continuous cover with a step change in ZnS concentration. As such, we focus on
the Top only ZnS distribution in Figure 33d to show that the volume fraction of ZnS (averaged over the
whole cover thickness) can also be reduced using a non-constant ZnS distribution profile. The results
show that the Top only profile can reduce ZnS volume fraction by 59% over the Constant profile at equal
cooling power or can provide the best performance (25.3 W/m? vs 24.3 W/m? for the Constant profile)
even at 30% lower ZnS volume fraction. Overall, our results indicate that while ZnS pigmentation of PEA
can improve the subambient cooling performance, ZnS pigmentation at the top of the cover, close to the
cover/ambient air interface, can provide the best performance while also minimizing the total amount of

nS.
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Figure 33 — ZnS distribution profile optimization. (a) ZnS distribution profiles within PEA. (b)
Temperature distribution within the cover for different ZnS distributions with the air side represented by
sample depth = 0 mm and the emitter-side by sample depth = 5 mm. (c) Cooling power of a blackbody
emitter + 5 mm thick PEA having different distributions of ZnS within it as a function of AT = Temiter -
Tumpient. (d) Cooling power of the Top only and Constant ZnS distribution profiles as a function of average
ZnS volume fraction. The Top only profile enables the highest cooling power at AT = -5 K, achieving
25.3 W/m? of cooling as opposed to 24.3 W/m? with Constant ZnS profile, while also using 30% less ZnS.

4.6. INFLUENCE OF ZNS VOLUME FRACTION ON COVER THERMAL
CONDUCTIVITY

As we increase the volume fraction of ZnS, it is reasonable to expect an increase in the thermal
conductivity of the PEA + ZnS cover due to the high thermal conductivity of ZnS (kz,s = 27 W/mK
[110]). To evaluate this hypothesis, we fabricated 10-cm diameter PEA samples with various ZnS volume
fractions and measured their thermal conductivity in vacuum and in ambient pressure N, using our
guarded-hot-plate thermal conductivity setup. The results are presented in Figure 34 and are compared to

simple thermal models assuming a ZnS thermal conductivity of 27 W/mK and a PEA solid backbone
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thermal conductivity of 0.0025 W/mK as measured in vacuum. The solid, gaseous, and radiative
components of thermal conductivity were decomposed using modeling similar to Section 2.4.3.4 to
decouple the impact of conduction through the ZnS from the added radiative resistance brought by the
ZnS. We note that the uncertainty in the measurements only account for instrumental error of the thermal

conductivity measurement and does not capture the modeling error on the radiative component of thermal

conductivity.
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Figure 34 — Influence of ZnS volume fraction on PEA thermal conductivity. (a) Influence of ZnS on the
solid (and gaseous) component of thermal conductivity as measured (a) in vacuum and (b) in N> at
ambient pressure.

We first explain the impact of ZnS volume fraction on the cover's thermal conductivity by calculating
upper and lower bounds. The lower bound or series model assumes that the ZnS nanoparticles are in
series with the PEA, while the upper bound or rule of mixture model assumes that the ZnS conducts heat
in parallel with the PEA. We observe that in the lower bound case (Rzns -- Rpea), the ZnS contribution to
thermal conductivity is negligible within the volume fraction range considered while for the upper bound
case (Rzns || Reea), the thermal conductivity quickly increases above 0.005 W/mK at £, > 0. In reality, we
should however expect an effective thermal conductivity closer to the lower bound due to the random
dispersion of the filler inside the matrix, as well as an additional interfacial thermal resistance between
ZnS nanoparticles and the PEA matrix. In fact, spherical particles will not form a continuous network
(necessary condition for upper bound estimate) below the percolation volume fraction threshold (fv =
0.2895 [111]), and will be randomly dispersed, which is what was observed in our work (Figure 31) due
to the low ZnS volume fraction (f, = 0 to 0.044). Furthermore, we should also expect an interfacial
thermal resistance between ZnS nanoparticles and the polyethylene backbone due to phonon scattering

and imperfect physical contact, an additional resistance not captured in the simple upper and lower bound
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models [112], [113]. Together, these factors have been used in prior work to explain why experimental
thermal conductivity of composite materials are often orders of magnitude smaller than predicted by the
rule of mixture upper bound estimate [113], and can also be used in this work to explain the little

difference in the cover thermal conductivity with increasing ZnS volume fraction.

Given the low volume fraction of ZnS in our work, we may also consider another simple model,
developed by James Clerk Maxwell [114] as an analogy to electrical conductivity of a material filled with
suspended spheres. In our case, the suspended spheres refer to the ZnS nanoparticles while the material
refers to the PEA (solid and gaseous components of thermal conductivity only). This model typically
holds for low volume fraction (<0.25) with widely separated spheres, making it a good approximation for
our medium. We observe that this model predicts a slightly higher thermal conductivity than the lower
bound model, but still suggests a very small increase (<10%) in the ZnS volume fraction range studied in

previous sections.

Overall, we conclude that ZnS has a negligible influence on thermal conductivity in the range of volume
fractions considered, which we explain by the low volume fraction of ZnS, the random dispersion of the
nanoparticles within the PEA and the interfacial thermal resistance between the ZnS nanoparticles and the

polyethylene and gas.

4.7. SUMMARY

We proposed to improve the optical selectivity of existing PEA OSTI covers by adding solar scattering
and infrared transparent ZnS nanoparticles. Using Mie theory to predict the optical properties of ZnS
nanoparticles and solving the RTE, we theoretically demonstrated that ZnS addition in PEA could reduce
the cover’s solar transmittance to well below 0.01 while maintaining high IR transmittance (>0.8). This
increased optical selectivity was further demonstrated experimentally using PEA samples pigmented with
commercially available ZnS nanoparticles (SACHTOLITH HD-S). We then showed that this increased
optical selectivity did not induce an increase in the cover thermal conductivity and that it could drastically
improve the subambient cooling performance of radiative coolers, achieving 24.3 W/m? cooling with a
blackbody emitter at 5 K below the ambient temperature or more than 53.8 W/m? higher than an
unpigmented PEA cover. Furthermore, the added optical selectivity of the cover can reduce the required
OSTI cover thickness to achieve subambient cooling using non-selective surfaces. Finally, we
demonstrated that using non-uniform ZnS distributions within the PEA cover could reduce the total mass
of ZnS required by over 30% while still yielding superior cooling. Overall, our results show the promise
of improving the subambient cooling performance of radiative coolers by making it independent from the

emitter solar optical properties. We believe this work could improve the performance of existing radiative
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coolers and enable new applications such as passive cooling of buildings and passive refrigeration of food

produce.

In the next chapter, we investigate an alternative approach to improving the cooling performance of

passive coolers, combining our PEA with an evaporating water layer to provide additional cooling power.
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Chapter 5

S. Hybrid  Cooling  Architecture for Simultaneous

Evaporative and Radiative Cooling

5.1. INTRODUCTION

The cooling power one can extract from a pure radiative cooler is rather small — around 120 W/m? at
ambient temperature. For passive cooling of buildings or of food produce, it implies that a large surface
area exposed to the sky is needed to achieve the necessary cooling or that the emitting surface should be
at a higher temperature. As a result, existing systems using radiative cooling to improve the efficiency of
air conditioners [115] typically rely on the emitting surface to operate above the ambient temperature to
meet the air conditioner load. On the other hand, evaporative cooling can provide much higher cooling
power per unit area due to the large enthalpy of vaporization of water but suffers from high water

consumption and is typically not optimized to minimize solar absorption.

Combining evaporative cooling with radiative cooling could potentially bring major benefits [116], [117].
However, the net cooling power which can be extracted from such a passive cooling architecture has not
been experimentally or theoretically characterized, which is critical to evaluate its potential building and
food storage applications. In this chapter, we present a unique hybrid evaporative-radiative cooling
architecture and then theoretically and experimentally characterize its cooling performance in Cambridge,
MA, US (elevation ~ 22 m). With existing scalable materials, we reached 9.3 °C below the ambient under
direct sunlight (solar radiation Qun = 836 W/m?) and net ambient cooling power of 143 W/m? at RH =
44.0% around solar noon (Qsuw = 772 W/m?) as well as 202 W/m? at RH = 70.2% during the nighttime.
Finally, we compare the passive cooling performance of our hybrid architecture with that of radiative

coolers in all 16 climates regions of the United States, showing large benefits in cooling power.

5.2. HYBRID COOLING ARCHITECTURE

Our hybrid cooling structure consists of a solar reflector, a water-rich and IR-emitting evaporative layer,
and a vapor-permeable, IR-transparent, and solar-reflecting insulation layer (Figure 35). The solar
reflector minimizes solar absorption by the structure while the water-rich layer achieves passive cooling
by both IR emission and evaporation of water. The vapor permeable insulation on top of the water-rich

layer can provide additional solar reflectance to minimize parasitic solar heat gain, while also minimizing
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parasitic heat gain for the ambient air when operating below the ambient temperature. To simplify
notation, we will from now on refer to the cooling designs with and without the top insulation layer as

Hybrid 1 and Hybrid 0 respectively.
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Figure 35 — A hybrid evaporative-radiative cooling architecture. (a) Cooling structure consisting of a
solar reflector, a water-rich and IR-emitting evaporative layer, and a vapor-permeable, IR-transparent,
and solar-reflecting insulation layer. Figure credit: Lenan Zhang, Massachusetts Institute of Technology.

5.3. MODELING COOLING PERFORMANCE

We model the cooling performance of our hybrid cooling design using a 1D steady state combined heat
and mass transfer energy balance to account for solar/thermal radiation, heat conduction, water vapor
diffusion as well as heat and water vapor convection. We define our control volume as the evaporation
and insulation layers, of which the bottom boundary is defined by the substrate underneath and the top
boundary is defined by the ambient air, the atmosphere and the solar input. Our model solves for the

energy balance of the system given by

d
E(qevap + Graqa T qcond) =0, (26)
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where x is the distance from the top surface of the insulation layer, gevap, grad, and gcona are the energy flux
associated with evaporation, radiation, and conduction, respectively, and the energy flowing from the

ambient to the substrate takes the positive sign.

Similar to previous modeling work for radiative cooling with a PEA cover, we solve for Eq. (26) by first
discretizing the control volume into L layers and then taking a linear temperature profile 7(x) within the
system as an initial guess based on the boundary conditions. We then use the temperature profile within
each layer to calculate the divergence of gevap, grad, and gcond at the interfaces of each of the L layers, and
iteratively update 7(x) using a nonlinear solver in MATLAB until we satisfy the heat equation. Details of
the evaporative, radiative, and conductive energy fluxes are given below. Because of the similarity in the

modeling framework, modeling assumptions presented in Section 3.9 also apply here.

5.3.1. Evaporative Energy Flux

The evaporative energy flux geap iS driven by the vapor density difference between po at the
evaporation/insulation interface and pamb in the ambient air. Here, po corresponds to the saturation vapor
density at the evaporation/insulation interface temperature 7o and pamb is characterized by the ambient
temperature Tamp and RH. The evaporative flow needs to overcome two transport resistances: the first
being the mass diffusion resistance in the insulation layer governed by Fick’s law and the second being
the mass convection resistance at the air/insulation layer interface. Accounting for both resistances, we

obtain the evaporative flux jevap:

j — _ _Po~Pamb
vap = " Tne o @7)

ns

where Lins is the insulation thickness, Diys is the diffusion coefficient of water vapor in the insulation layer,
hm 1s the mass transfer coefficient at the air/insulation layer interface. For PEA, Dins was experimentally
determined equal to Dpga = 1.8e-5 m/s? as per the wet cup method following ASTM E96 [92]. A negative
sign for jewap implies that the net evaporative flow is from the evaporation/insulation interface to the

ambient air. The evaporative energy flux can then be calculated from the evaporative flux:

Jevap = Jevap hfga (28)

where /5, is the enthalpy of vaporization of water at temperature 7o. In our multilayer model, we assume
that the evaporative energy flux is constant across the whole insulation layer and that within the

insulation, there is no temperature dependent effect, condensation, or re-evaporation.
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5.3.2. Radiative Heat Flux

The radiative heat flux gr.q is governed by the emission, absorption and scattering that originate from the
atmosphere, the insulation layer, the water-rich layer, and the substrate underneath. We solved for g4 at

each layer of the same control volume using the radiative transfer equation (RTE).

The optical properties (scattering albedo w, extinction coefficient £ and scattering phase function p) of the
water-rich (polyacrylamide hydrogel, introduced in the next section) and the insulation layer (PEA) were
estimated from experimental measurements of hemispherical transmittance and reflectance, and direct

transmittance. In the current model, the spatial variation of optical properties with changing medium is
also accounted for, such that the optical depth 7; = |, Ox Bads, the scattering albedo w;, the scattering phase

function p; and the spectral blackbody intensity B; are all functions of the spatial coordinate x.

The boundary condition at x = 0 (air/insulation layer interface) was set by the downward irradiance from
the atmosphere modeled in MODTRAN® 6.0 [67] (see Section 2.3.1 on atmospheric modeling) using

time and geographical specific weather conditions:

[0, — ) = Iy (—1), (29)

where I, is the spectral diffuse radiance at the top of the medium (i.e., the atmospheric radiance). At the
bottom side of the water-rich layer, we assumed reflection and emission from the reflector/emitter at

temperature 7sub.

1, ., , Fy _
L (Tator 1) = €283 (Towp) + 2 [y dp' ' (1 — ) (Ta o0 — 1) + Ze (1 —¢),  (30)

where €, is the emitter spectral emissivity and 7, is the optical depth at the bottom of the water-rich
layer. We note that the IR emission from the water-rich layer is captured as volumetric emission by the
RTE and therefore does not appear in the boundary conditions. Because water is strongly absorbing in the

IR, we can also expect that the IR properties of the substrate will not be important.

The total radiative heat flux is then calculated by adding the total diffuse and direct fluxes of radiation:

Graa () = =27 [ [ 1 (2a(0), w)pdudd + [ Ffe"da | (31)

where the negative sign implies that the net radiation energy flow goes out of the control volume towards

the ambient.
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5.3.3. Conductive Heat Flux

The conductive heat flux gconq is driven by the local temperature gradient and thermal conductivity in the
system and is evaluated at each interface of the L layers of our medium. We solve for gcond using Fourier’s

law:

dcond = —kVT, (32)

where the thermal conductivity k& is equal to &y = 0.6 W/mK for PAH and /kpea = 0.028 W/mK for PEA.
We note that kpea refers only to the solid and gas components of thermal conductivity as the radiative
component is captured by our radiative model. As part of our boundary conditions, we set a fixed emitter
temperature T at the bottom of the water-rich layer. At the air/insulation layer interface, we assume
thermal convection with the ambient air with a heat transfer coefficient /conv. When modeling our
experimental systems, we estimated /cony based on the wind speed in our experiments using the empirical

relation /iconv = 5.7 + 3.8V as proposed by Ezekwe [94].

5.3.4. Cooling Power and Stagnation Temperature

Once we find the temperature profile 7(x) within our system that satisfies Eq. (26) , we can calculate the
evaporative, radiative, and conductive energy flux at any location x such as x = 0 to evaluate the total

cooling power:

Gcool = _(qevap(x = 0) + qraa(x = 0) + gcona(x = O)) (33)

By changing the substrate temperature (one of the boundary conditions), we can evaluate the cooling
power as a function of the temperature difference between the substrate and the ambient. From there, we
may evaluate the stagnation temperature difference AT defined as Toup — Tamb When geoot = 0 W/m? and the

net ambient cooling power go defined as gcoo at Tsub = Tamb.

In Figure 36, we use our model to plot -AT and ¢ as a function of the insulation thickness for pure
radiative cooling (orange solid line) and hybrid cooling (blue solid line). More specifically, both cooling
structures use the same 3M ESR selective emitter and PEA as in Chapter 4, while the hybrid design also
uses a 1-mm thick water film as the evaporator. As reference ambient conditions, we used Tamp, = 30 °C,
RH = 50%, O« = 1000 W/m?, a heat transfer coefficient to the ambient air heony = 10 W/m?K, and the
U.S. Standard 1976 atmosphere. First, we observe that the hybrid design exhibits both colder stagnation
temperature (Figure 36a) and higher cooling power (Figure 36b) than pure radiative cooling for all

insulation thickness considered, demonstrating the potential of the hybrid cooling architecture to provide
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better passive cooling under these weather conditions. More significantly, we also show that both systems
can reach a temperature below the wet bulb temperature, a limiting temperature for traditional
evaporative-only cooling systems. In Figure 36¢, we also consider the water mass flux leaving the system
m" for the two cooling methods. While pure radiative cooling achieves 71" = 0, the hybrid cooling without
insulation (Hybrid () consumes a large amount of water (blue point at fpga = 0 mm; up to 540 g/m>h of
water), corresponding to around 0.54 mm of water per hour for a stagnant water layer. Nevertheless,
adding insulation on top of the water-rich layer (Hybrid 1) can significantly decrease " for hybrid
cooling. By minimizing solar absorption and resisting parasitic heat gain (which becomes even more
useful for materials with non-ideal optical properties and for operation at subambient temperature
operation [11], [118]), the insulation layer can help decrease water consumption by ~90% at a cover
thickness 17 mm. At the same time, the insulation layer also reduces water evaporation by adding a
resistance to vapor diffusion, which comes at the expense of a lower total cooling power (76% lower
cooling power at a cover thickness of 17 mm). Overall, we therefore observe that the increased water
savings are attained by a decrease in the cooling power. Depending on the cooling performance required
(high cooling power vs low stagnation temperature) and on the water consumption requirements (low vs

high water consumption), the insulation layer can thus be tuned to achieve the desired performance.
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Figure 36 — Cooling performance of the hybrid evaporative-radiative architecture. Model of (a)
stagnation temperature, (b) cooling power and (c) evaporation mass flux at the ambient temperature for
radiative cooling and hybrid cooling with varying insulation thickness. A 3M Enhanced Specular
Reflector (ESR) selective emitter, a 1-mm thick water layer and PEA were used. We used Tym, = 30 °C,
RH = 46%, Qsun = 1000 W/n, heony = 10 W/m’K and the U.S. Standard 1976 atmosphere as the ambient
condition. Hybrid cooling at zero insulation thickness is denoted as Hybrid 0 (light blue point).

5.4. EXPERIMENTAL DEMONSTRATION

5.4.1. Proof-of-Concept Hybrid Architecture

Experimentally, we realized the hybrid cooling concept with existing scalable materials: a 3M Enhanced
Specular Reflector (ESR) film, a polyacrylamide hydrogel (PAH), and a polyethylene acrogel (PEA),
used as the three layers in Figure 35, from bottom to top respectively. The images of PAH and PEA are
shown in Figure 37: PAH is transparent in the visible spectrum and opaque in the IR while the opposite

holds for PEA, making them ideal materials for our hybrid cooling concept.
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Figure 37 — Experimental hybrid cooling architecture. (a) Optical and IR images of polyacrylamide
hydrogel (PAH) and polyethylene aerogel (PEA). The height of the MIT logo is 40 mm. Figure credit:
Zhengmao Lu, Massachusetts Institute of Technology.

Detailed optical properties of PAH can be found in Figure 38 where we observe high transmittance and
low absorption in the solar spectrum (aslr = 0.15) , with very high emission in the infrared
(&8-13 um = 0.98) for a 7-mm thick PAH sample. To fabricate the PAH samples, we mixed 4.3 g acrylamide
(A8887, Sigma Aldrich) and 20 mL deionized (DI) water to form the monomer solution for PAH
synthesis. 320 pL 0.4 wt.% solution of N,N'-Methylenebisacrylamide (146072, Sigma Aldrich) in DI
water was used as the crosslinker. 320 pL 5 wt.% solution of ammonium persulfate (A3678, Sigma
Aldrich) was used as the reaction initiator. 40 uL. N,N,N’,N'-Tetramethylethylenediamine (T9281, Sigma
Aldrich) was used as the reaction accelerator. We added the crosslinker solution, the initiator solution,
and the accelerator solution to the monomer solution and quickly put the mixture into a mold. We placed
the mold in an UV oven (Spectrolinker™ UV Crosslinker, Spectronics) for an hour to obtain PAH which
was then put into excess DI water to reach the fully hydrated state. The PAH fabrication was done by

Zhengmao Lu.
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Figure 38 — PAH optical properties. Hemispherical spectral transmittance (red line) and reflectance
(purple line) of a 7 mm thick PAH sample. For reference, the normalized solar irradiance spectrum (red
area) and the atmospheric transmittance (blue area) are also plotted.

5.4.2. Stagnation Temperature Test

For our experimental demonstration of the hybrid cooling concept, we first focus on the stagnation
temperature test for the two cases of hybrid cooling with and without insulation (Hybrid 1 and Hybrid 0),
where significant temperature drop is demonstrated under direct sunlight. In Figure 39, two identical
experimental setups were placed next to each other on the roof of a building in Cambridge,
Massachusetts, USA: one contained a 3M ESR film, a PAH layer, and a PEA layer (Hybrid 1) while the
other had a 3M ESR film and a PAH layer without the PEA insulation (Hybrid 0). The diameter of the
samples is 10 cm. To simulate 1-D heat and mass transfer in our experiments, the samples were insulated
using a 5 cm thick vacuum insulation panel (VIP) (THRESHOLD, Thermal Vision) with 2.88 mW/m-K
thermal conductivity on the bottom as well as a 10-mm thick aerogel insulation blanket (08-052gel,
HiwowSport) with 12-18 mW/m-K thermal conductivity surrounding the perimeter. The aerogel blanket
was covered by an aluminum sheet to reduce solar heating of the setup. Between the PAH and the
vacuum insulation is a 3M ESR reflective film which serves as a reflector. A T-type thermocouple was
embedded between the VIP and the reflector to measure the temperature with a data acquisition card (NI-
9212, National Instruments) and a mass balance was used to record the mass change. The weather
conditions including the ambient temperature, dew point, solar radiation, and wind speed were recorded

by a weather station (HOBO U30 Station).
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Figure 39 — Stagnation temperature setup. Image (top) and schematic (bottom) of experimental setup:
two identical setups were placed next to each other, where left one contains a 3M ESR film, a PAH layer,
and a PEA layer (Hybrid 1) and the right one also has the ESR and PAH layers but without the PEA layer
(Hybrid 0). The diameter of the samples is 10 cm. Experiments were performed on the roof of an MIT
building (Cambridge, MA, USA). Photo credit: Arny Leroy, Massachusetts Institute of Technology.
Figure credit: Zhengmao Lu, Massachusetts Institute of Technology.

We report the temperature of the Hybrid 0 sample (light blue solid line) and the Hybrid 1 sample (dark
blue solid line), as well as the ambient (black solid line), the dew point (light pink solid line) and the wet
bulb temperature (light gray solid line) recorded between 10:00 and 22:00 on August 26, 2020 (Figure
40a). The other weather conditions including the solar radiation and the wind speed during this period can

are also shown in Figure 40c. The thickness of the PAH and PEA layers are summarized in Table 3.

Table 5 — PAH and PEA thickness for the stagnation temperature tests in Figure 40.

Thickness (mm)

System PAH PEA
Hybrid 1: ESR+PAH+PEA 7.4 7.6
Hybrid 0: ESR+PAH 7.1 -

Leveraging simultaneous net radiation and vapor outflow, we achieved temperatures significantly below
the ambient for both samples and even below the wet bulb temperature. In the daytime, the temperature of
the Hybrid 1 sample was 2-3 °C lower than the Hybrid () sample as the PAH still absorbs a non-negligible
amount of solar energy without protection from the solar-reflecting PEA layer. At night when Qun = 0,

this temperature difference becomes minimal. We also plot the evaporated water mass as a function of
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time for the two samples (Figure 40b). Adding the PEA caused evaporation of the Hybrid 1 sample to be
significantly slower, which is typically associated with higher sample temperatures [11]. However, since
PEA resists parasitic and solar heating, the Hybrid 1 sample reached lower stagnation temperatures even
with much less water consumption. With the Hybrid I sample, we demonstrated a stagnation temperature
drop of 9.3 °C for Tamy = 22.2 °C and RH = 39.5% under solar radiation Qs = 836 W/m?. Overall, the
stagnation temperature measured demonstrated the ability of the hybrid concept to achieve all-day

subambient temperatures while also showing the benefits of the insulation cover to reduce water

consumption.
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Figure 40 — Stagnation temperature experimental results. (a) Stagnation temperature profile and (b)
evaporated water mass for the Hybrid 0 sample (dark blue line) and the Hybrid 1 sample (light blue line)
recorded between 10:00 and 22:00 on August 26, 2020. The ambient dry bulb temperature (dark gray),
the wet bulb temperature (light gray) and the dew point (light pink) are also shown in (a). (c) The solar
irradiance and wind speed during the experiment.
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To compare the experimental results with model predictions, we averaged the data for both setups during
the daytime (11:30-13:00) and the nighttime (20:00-21:00), separately, generating four different cases
(Figure 41). Good agreement is shown between the model and experiments for all cases in terms of both -
AT and m". The uncertainty on the substrate temperature and temperature difference between the substrate
and ambient was determined from the calibrated thermocouple uncertainty (+0.2 °C), the weather station
uncertainty (£0.2 °C), as well as from the standard deviation of their fluctuation during the measuring
period. The uncertainty on the water mass loss rate was calculated from the standard deviation of the
slope of water mass vs time in our stagnation temperature experiments as well as from the scale
uncertainty (+ 0.1 g). While the error that results directly from temperature and mass measurement is low,
the error bars in Figure 41 are mainly due to the standard deviation of the fluctuation during the averaging
period. Error bar on the modeling were not included but would include the uncertainty on the input
weather conditions, the layer thicknesses and the optical properties of each layer. We also note that two-
dimensional heat and mass transfer near the circumference of the PAH and PEA samples can alter the

cooling performance of the devices.
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Figure 41 — Model comparison. Comparison of -AT (top) and evaporation mass flux m” (bottom) for
four different cases between experimental (dark green) and modeling (light green) results.

5.4.3. Cooling Power Test

Next, we show that hybrid cooling enables large subambient cooling power even under unfavorable
climate conditions. At a low altitude test location (Cambridge, MA; elevation = 22 m), we characterized

the net cooling power of Hybrid 0, Hybrid 1, and a reference pure radiative cooler (ESR + PEA) while
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varying 67 = Tswp — Tamb by embedding heaters and temperature controllers underneath the cooling layers.
To achieve this experimental demonstration, we used the same experimental setup and methods described
earlier in Section 3.5. A schematic and pictures of the outdoor experimental setup with the PAH and PEA

are shown in Figure 42. We used similar materials for each cooling design to allow for fair comparison.
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Figure 42 — Cooling power experimental setup. (a) Schematic of experimental setup. A PAH+PEA
cooling stack is placed on top of the 3M ESR. The ESR and heater are split into two parts: 1) the main
ESR and the main heater which are located in the center of the disc and used for 1D heat transfer
temperature and power measurements; 2) the guard ESR and the guard heater which are used to
minimize the lateral heat transfer for the main heater and the main emitter. (b) Photo of outdoor
experimental setup with two identical setups — the Hybrid 0 sample with ESR + PAH only (left) and the
Hybrid 1 sample with the ESR+PAH+PEA (right). The diameter of the samples is 10 mm. (c) Picture of
the outdoor experimental setup (cooler power setup) next to the weather station (HOBO U30 Station).
The weather station measures temperature, dew point, relative humidity, solar global horizontal
irradiance, average wind speed, gust wind speed and wind direction at intervals of 5 min. Photo Credit:
Arny Leroy, Massachusetts Institute of Technology.

The first set of experiments compared the performance of Hybrid I (ESR + PAH + PEA) against pure
radiative cooling (ESR + PEA)[118] (Figure 43a-b) while the second set compared Hybrid 1 (ESR + PAH
+ PEA) and Hybrid 0 (ESR + PAH) (Figure 43c-d). Each set of tests contains both a daytime and a
nighttime comparison to evaluate the influence of solar absorption on the cooling power. The PAH and

PEA thickness used in each experiment are detailed in Table 4 below.
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Table 6 — PAH and PEA thicknesses for the cooling power experiments in Figure 43.

Thickness (mm)

System
PAH PEA
ESR+PAH+PEA 5.0 6.0
Daytime
ESR+PEA - 54
ESR+PAH+PEA 5.0 6.0
Nighttime
ESR+PEA - 54
ESR+PAH+PEA 5.0 7.5
Daytime
ESR+PAH 5.0 -
ESR+PAH+PEA 5.0 7.5
Nighttime
ESR+PAH 3.0 -

In Figure 43a, we show significantly higher cooling power of Hybrid 1 (dark blue circles for experimental
data and dark blue solid line for model prediction) compared to pure radiative cooling (ESR + PEA;
orange circles for experimental data and orange solid line for model prediction). Specifically, around
0T =0 K, we obtained geool = 22 W/m? for pure radiative cooling and geoo = 86 W/m? for Hybrid 1 with
RH = 50.9%, which represents an almost 300% increase. The Hybrid I device also enables much higher
cooling power at subambient temperatures and a lower stagnation temperature. In Figure 43b, the cooling
power difference between Hybrid I and pure radiative cooling becomes less at night as evaporation was
much slower with the lower Tump and higher RH. In Figure 43c-d, we compare the performance of two
hybrid devices to study the influence of PEA insulation on the cooling performance. In Figure 43¢ around
the ambient temperature with RH = 44.0%, Hybrid I reached geoo = 96 W/m? which is lower than the 143
W/m? from the Hybrid 0 (dark blue circles for experimental data and dark blue solid line for model
prediction) device. This is due to the minimal parasitic heat gain when Tq is close to Tamp. At night
(Figure 43d), the high solar reflectance of PEA also becomes irrelevant, leading to even better relative
performance of Hybrid 0 which reached a cooling power of 202 W/m? versus 105 W/m? for the Hybrid 1
device at an RH = 70.2%. On the other hand, Figure 43[c-d] also shows that the low thermal conductivity
of PEA can still help the system maintain a higher geoot When Ty is sufficiently below the ambient. As
such, we observe a crossover point in the cooler power vs temperature drop curve, which locates the point
at which the Hybrid 1 devices enables higher cooling power than the Hybrid 0 (or vice versa). Overall, the
results show that the hybrid architecture can provide larger cooling power than traditional radiative

cooling systems, and that PEA insulation can help achieve higher cooling power at lower temperatures.
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Figure 43 — Cooling power test. High cooling powers were demonstrated with our hybrid evaporative-
radiative architecture with high RH and at low altitude. We compare model and experiments of cooling
power as a function of the temperature difference between the substrate and the ambient (0T = Top —
Tump) for (a) Hybrid 1 sample (with insulation) vs the pure radiative sample in the daytime and (b) at
night and (c) Hybrid 1 sample vs Hybrid 0 sample (without insulation) in the daytime and (d) at night.
The weather conditions are also provided for each set of experiments. The PAH and PEA thickness for
each experiment and system are given in Table 4.

We further consider the case where the solar reflectance of the reflector is not high enough to provide
passive cooling such that a PEA layer also becomes essential for mitigating solar heating. For example, in
Figure 44, we replaced the ESR substrate with a white paint (ColorMaster™ Paint + Primer White)
surface with 0.77 solar reflectance (Figure 44a). In Figure 44b, we show that the Hybrid 1 (white paint +
PAH + PEA) design shows consistently better cooling performance for subambient-to-ambient
temperatures than the Hybrid 0 design due to the additional solar reflectance provided by PEA. With the

PEA layer, the performance of the hybrid cooling layers is much less sensitive to the optical properties of
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the substrate and can thus achieve larger temperature drop. In Figure 43[a-d] and Figure 44b, we again

show good agreement between the experimental data and the model prediction.
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Figure 44 — Cooling power test with low performance reflector substrate underneath the cooling stack.
(a) Spectral emittance of a low performance white paint (ColorMaster™ Paint + Primer White) coated
substrate (black line) along with the normalized solar irradiance spectrum (red area) and the
atmospheric transmittance (blue area). While the white paint emitter shows a high IR emittance of 0.93,
its solar reflectance of 0.77 is too low to allow any daytime subambient radiative cooling when placed
under direct sunlight by itself. (b) Comparison between the modeled and experimental cooling power as a
function of the temperature difference between the substrate and the ambient (0T = Tgp — Tum) for a
White Paint + PAH + PEA vs a White Paint + PAH sample in the daytime. The PEA sample was 7.6 mm
thick while the PAH layers were 6 mm thick. The test was performed around solar noon in Cambridge,
MA on August 26, 2020.

5.5. PREDICTING COOLING PERFORMANCE ACROSS THE UNITED STATES

Using our experimentally validated model, we can further evaluate the cooling performance of the hybrid
cooling architecture across the United States to guide future passive cooling systems design. To do so, we
consider a list of cities that represents all 16 different climate zones in the US (see Table 5). In each city,
we evaluate the stagnation temperature A7, the ambient cooling power gy and the water consumption 71"
of the Hybrid 0 cooler (ESR + PAH), the Hybrid 1 cooler (ESR + PAH + PEA), the reference radiative
cooler (ESR + PEA), and an ideal radiative cooler. For the stagnation temperature, the ideal radiative
cooler consists in an ideal selective emitter (perfect reflectivity except in the 8-13 um range where it has
an emissivity of 1) covered with a 5-mm thick PEA to minimize parasitic heat gain. For the ambient
cooling power, the ideal radiative cooler is chosen as an ideal stepwise emitter (perfect reflectivity below
2.5 pum and an emissivity of 1 above 2.5 pm) with no PEA to maximize heat rejection. The local weather
data at noon on August 1 was used in our model and was obtained from the Typical Meteorological Year

3 (TMY3) hourly weather data, which represent the typical weather conditions derived from
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measurements between 1991 and 2005 [119]. A summary of the weather conditions is presented in Figure

45. Finally, we assume 1-mm thick PAH, 5-mm thick PEA for the hybrid coolers and the non-ideal

radiative cooler.

Table 7 — Building America (BA) and International Energy Conservation (IECC) climate zones for a list

of US cities.

City BA Climate Zone IECC Climate Zone

Miami Hot-Humid 1A
Houston Hot-Humid 2A
Phoenix Hot-Dry 2B
Atlanta Mixed-Humid 3A
Las Vegas Hot-Dry 3B

Los Angeles Hot-Dry 3B-Coast
San Francisco Marine 3C
Baltimore Mixed-Humid 4A
Albuquerque Mixed-Dry 4B
Seattle Marine 4C
Chicago Cold SA
Boulder Cold 5B
Minneapolis Cold 6A
Helena Cold 6B
Duluth Very Cold 7A

Fairbanks Subarctic 8
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Figure 45 — TMY3 weather conditions. (a) Ambient dry bulb and wet bulb temperatures, (b) precipitable
water vapor and relative humidity, and (c) solar irradiance and wind speed in all 16 climates zones at
noon on August 1, as given by the TMY3 weather conditions.

A comparison of the cooling performance of each system is depicted in Figure 46. Starting with the
stagnation temperature (Figure 46a), we observe that the Hybrid 0 (light blue bars) and the Hybrid 1 (dark
blue bars) exhibit the largest temperature drop in hot and dry climates such as 2B, 3A and 3B, often
reaching a lower temperature than the wet bulb temperature. In colder climate conditions such as 3B-
Coast, 3C, 4C, 6B, 7 and 8, we however observe that the Ideal radiative cooler (yellow bars) can provide
lower stagnation temperature than the hybrid devices, demonstrating the importance of weather
conditions on the efficacy of the evaporative cooling. Yet, when compared to a more realistic Radiative
cooler (orange bars), the hybrid devices achieve in general, equal, or colder stagnation temperatures. In
terms of cooling power (Figure 46b), the Hybrid 0 exhibits by far the highest cooling power while also

consuming the largest amount of water in all cases (Figure 46¢). Hybrid I significantly cuts the water
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usage while still offering cooling powers higher than even the Ideal radiative cooler for almost all climate
zones, again highlighting the compromise between water consumption and cooling performance. The
radiative-only cooling devices have no water consumption, which represents an advantage for these
systems over the hybrid designs. Overall, we have demonstrated that the hybrid cooling architecture could
provide colder stagnation temperature and higher cooling power than the pure radiative systems. We
however saw that the benefits in cooling performance were more important in hot and dry climates, and

that better performance was possible with an ideal radiative cooler in colder climates.
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Figure 46 — Cooling performance in different cities/climate zones. (a) Stagnation temperature, (b)
ambient cooling power, and (c) water consumption at different locations calculated for the Hybrid 1
cooler (dark blue bar), and the Hybrid 0 cooler (light blue bar), and the reference pure radiative cooler
(orange bar), as well as an ideal broad-band radiative cooler [120] (yellow bar) based on the typical
weather data TMY3 at noon on August 1.
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5.6. SUMMARY

In this chapter, we proposed to address the low cooling performance of standalone radiative and
evaporative coolers by combining the two approaches in a single hybrid architecture. With the help of
modeling, we first showed the potential of this hybrid architecture using existing materials and standard
weather conditions. Motivated by these results, we then fabricated the hybrid cooling stack using a 3M
ESR reflector, a water-rich and IR emitting polyacrylamide hydrogel layer and a PEA insulation layer and
tested the hybrid structures in outdoor experiments in Cambridge, MA. We demonstrated significantly
higher cooling power compared to previous radiative cooling works even under much less favorable
ambient conditions, while also achieving significant subambient cooling. Unlike previous evaporative
coolers which are often heated to above-ambient temperatures by the sun, our hybrid coolers were also
able to reach significant subambient temperatures under direct sunlight. Finally, we compared the
performance of the hybrid cooling architecture to that of ideal and existing radiative cooler in all 16
climates zones in the United States on a typical summer day. Our results again showed the superior
cooling performance of the hybrid cooling structure, but also found that ideal radiative coolers could
achieve lower stagnation temperatures in colder climate. The results also highlighted the compromise
between the two hybrid cooling approaches, Hybrid 1 and Hybrid 0, where the PEA insulation thickness
can be used to decrease water consumption but at the cost of lower cooling power. The high cooling
performance of the hybrid structures, combined with low water consumption, could have important
implications in building energy savings and food produce storage. In the next chapter, we will propose
and evaluate the potential of integrating hybrid cooling with passive food coolers and with air-

conditioning and refrigeration systems in buildings across the United States.

110



Chapter 6

6. Applications for Passive Evaporative and Radiative

Cooling

6.1. INTRODUCTION

In the previous chapter, we proposed a new passive hybrid cooling architecture that could achieve higher
cooling power and lower stagnation temperatures in hot and dry climates compared to existing standalone
radiative or evaporative cooling systems. The results were promising, especially compared to existing

radiative cooling systems, but the real-life impact of the improved cooling was not clear.

In this chapter, we study the potential impact of our passive hybrid cooling structure on the storage of
food produce, and on the air-conditioning and refrigeration energy use in buildings across the United
States. For the storage of food produce, we propose a passive cold storage unit for post-harvest food
produce that incorporates our hybrid cooling structure and then briefly evaluate to potential increase in
the green life of bananas. For building air-conditioning and refrigeration, we propose a passive cooling
panel that can be installed on the rooftop of buildings that can help reduce the vapor-compression cycle
condenser-side temperature. Using building level simulations to simulate the cooling demand and using
hourly weather data, we then predict the potential energy savings enabled by our passive hybrid cooling
panels. Overall, we show that our hybrid cooling architecture can help prolong the lifetime of bananas by
over 50% in most cities across the United States and provide cooling energy savings on par with existing

evaporative condensers but with significantly less water consumption.

6.2. STORAGE OF FOOD PRODUCE

Around one third of the food produced on earth is being wasted [5]. In developing countries, over 15% of
post-harvest food is being lost because of inadequate handling and storage, accentuating food insecurity,
reducing farmer’s income and depleting natural resources while causing unnecessary greenhouse gases
emissions. With earth’s increasing population and related consumption, demand on agriculture, energy
and natural resources is hitting record highs and must urgently be addressed. Solving this complex
problem will require many different types of solutions, ranging from improved food production,
environmental performance and resilience, to better data and decision support tools that guide

management decisions, to simple solutions improving the food supply chains and customer behavior [4].

111



One approach to improving the food chain is to improve the cold chain starting right at the post-harvest.
Several works in the literature propose ideal storage temperatures and humidity conditions for various
food produce as well as their temperature dependent lifetime [6]-[9]. In fact, the storage temperature for
sensitive products such as perishable foods can have a drastic effect on produce lifetime. Labuza and
Breene [8] summarized the effect of temperature on the shelf life of many vegetables and fruits, where
they noted that the rate of quality decay can increase by 2-3x for every 10 °C in temperature increase.
Their results suggest that even a small decrease in average or maximum temperature can have significant
effects on post-harvest losses. With that in mind, the MIT D-Lab has recently been exploring the use of
clay pot passive evaporative coolers to reduce post-harvest food waste in sub-Saharan Africa [15], [121].
By storing post-harvest fruit and vegetables inside clay pots coolers, the authors have demonstrated a
decrease in the average daily temperature by 1-3 °C, with a 7-15 °C lower peak daily temperature and a
reduction in temperature fluctuations by 10-20 °C. As a result, the controlled environment enabled shelf-
life improvements of specific vegetables ranging from 2-4x compared to other vegetables stored at
ambient temperature. While the evaporative cooler provides significant benefits to the users, the system
still suffers from critical challenges. First, the evaporative cooler suffers from environmental heat gain as
its temperature drop below the ambient dry bulb temperature. Second, the evaporative cooler requires
frequent watering due to the large evaporation rate of water. Last, the evaporative coolers have poor solar
reflectivity, leading to undesired solar heating or requiring the construction of a large shade cover [21].
To tackle these limitations, we propose to use our hybrid cooling architecture to provide passive cooling

of food produce at low subambient temperatures, with lower water consumption and without shade cover.

A very simple concept of a hybrid passive cooler for food produce is presented in Figure 47a. A clay
container is used to store fruit and vegetables. A lid made of a solar reflector, a water layer and a
polyethylene cover provide both radiative and evaporative cooling. The water also wicks into the clay
container to evaporate on the side walls. This concept is very similar to evaporative coolers presented in
past work [15], [121]. Using our model of the hybrid cooling structure and the same set of materials used
in Chapter 5, we estimate the green life (GL) of bananas following Jedermann et al. [9] based on the
stagnation temperature that can be achieved by each passive cooling technology. The green life of
bananas is compared in Figure 47b for the different cooling devices under the same weather conditions as
presented in Figure 45. On average the hybrid cooling devices can extend the green life of bananas by
around 50% and even more than 100% in a few cities such as Chicago, Boulder and Phoenix. While the
results are only presented for bananas, other perishable produces typical exhibit a similar behavior,
experiencing a 2-3x decrease in lifetime for every 10 °C increase in temperature [8]. The fabrication and

implementation of a hybrid cooler for food produce could have a significant impact in developing
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countries which currently lack proper refrigerated storage facilities. We hope that future work will further
investigate this promising avenue, use cheap and locally available materials as well as innovate the design

to maximize food storage time.
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Figure 47 — Improving food storage. (a) Concept of a hybrid evaporative-radiative cooler for storage of
food produce. (b) Impact of cooling on the green life of bananas under the weather conditions
summarized in Figure 45.

6.3. REDUCING AIR CONDITIONING AND REFRIGERATION ENERGY IN BUILDINGS

Space cooling was responsible for over 1 Gt CO, emissions and 8.5% of the world’s electricity
consumption in 2019 and represents the fastest-growing end-use of energy in the building sector. Cooling
efficiency improvement is urgently needed to reduce this growing electricity demand and the peak load

on power supply systems.
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Recently, research groups [24], [95] have proposed to use rooftop radiative cooling panels at the
condenser side of vapor-compression air conditioning and refrigeration systems to improve the energy
efficiency of such systems. Following their initial publications, SkyCool Systems [115] and Radi-Cool
[122] have emerged to explore commercialization of radiative cooling panels in commercial buildings.
Their initial building level demonstration in grocery stores have led to annual energy savings up to 15%
[123]. Yet, because of the relatively low cooling power of radiative cooling, the panels must be operated
above the ambient temperature to maximize the total cooling power and the energy savings per cooling

panel area, which limits the potential energy savings of the system.

In this section, we propose to use rooftop hybrid cooling panels to improve the energy efficiency of
vapor-compression air conditioners and refrigerators. By combining evaporative and radiative cooling,
the hybrid cooling panels have the potential to provide higher energy savings with a lower footprint than
existing pure radiative cooling panels, while also consuming less water than existing evaporative
condensers. A concept of the rooftop hybrid cooling panels is presented in Figure 48. In Figure 48a, we
show details of the hybrid cooling structure (from top to bottom: an insulation layer, a water-rich layer, a
solar reflector, and a heat transfer fluid), as well as a sketch of a cooling panel and the integration of an
array of cooling panels on the rooftop of a commercial building. In Figure 48b, we also depict how the
hybrid cooling panel would be connected to existing air-cooled condensers — a heat transfer fluid flows at
the backside of the hybrid cooling panels to then enter a heat exchanger where it serves as a cold heat sink

to the refrigerant exiting the existing air-cooled condenser.
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Figure 48 — Hybrid cooling panels for air conditioners. (a) Hybrid evaporative-radiative cooling panels
are located on the rooftop of buildings and connected in series with existing air-cooled condensers. A
heat transfer fluid flows at the back of the panel, cooling down as it rejects its heat to the panel.
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The advantage of using the hybrid cooling panels at the condenser side can be better understood by
looking at the pressure-enthalpy diagram of a refrigeration cycle (Figure 49). In one case, the hybrid
cooling panels can lower the condensation temperature of the refrigerant (from 2-3 to 2°-3’), thus
reducing the maximum refrigerant pressure and the compressor work. In another case, the hybrid cooling
panels can provide refrigerant subcooling (3’ to 3”), delivering additional cooling (4’-4) at the evaporator
side for a constant compressor work. In the first approach, the air-cooled condenser is only used to
provide desuperheating of the refrigerant, while in the second approach the air-cooled condenser is used
for the whole condensation heat rejection. Depending on the heat rejection capacity of the panels at a
given temperature relative to the ambient, one approach will provide higher energy savings than an
another. More specifically, refrigerant subcooling will be more appropriate for lower cooling panel heat
rejection capacity while the reduced condensation temperature will provide higher energy savings for

higher cooling panel heat rejection capacity.
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Figure 49 — Refrigeration cycle. Pressure-enthalpy diagram of a refrigeration cycle, characterized by the
compression (1-2), the heat rejection to the ambient or condensation (2-3), the expansion (3-4) and the
cooling or evaporation (4-1) of a refrigerant.

Next, we study the potential energy savings in supermarket refrigeration systems using hybrid
evaporative-evaporative cooling panels. Supermarkets have a very stable and high refrigeration load (and
energy bill) throughout the year, which makes them ideal buildings to improve refrigeration efficiency. In
fact, refrigeration energy costs in supermarkets across the United States account for ~$7.7 billion/year,
which is just slightly below their total margins of $10.5 billion/year [124]. Even small savings in

refrigeration energy use could significantly help increase supermarkets margins and competitiveness.
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6.3.1. Modeling Building Cooling Energy Savings

To estimate the potential energy savings of the passive hybrid evaporative-radiative cooling approach
proposed here, we start by modeling the hourly cooling load of a typical new supermarket building using
EnergyPlus (version 9.4). Reference buildings such as the modeled supermarket are provided by the
Department of Energy Commercial Reference Buildings [125]. The hourly cooling loads were calculated
for 16 representative climates cities (Miami, Florida; Houston, Texas; Phoenix, Arizona; Atlanta,
Georgia; Los Angeles, California; Las Vegas, Nevada; San Francisco, California; Baltimore, Maryland;
Albuquerque, New Mexico; Seattle, Washington; Chicago, Illinois; Boulder, Colorado; Minneapolis,
Minnesota; Helena, Montana; Duluth, Minnesota; Fairbanks, Alaska) representing the 16 climate zones
(1, 2A, 2B, 3A, 3B-Coast, 3B, 3C, 4A, 4B, 5A, 5B, 6A, 6B, 7, and 8 respectively) in the United States as
defined by the Department of Energy Building America Program [126].
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Figure 50 — U.S. climate zones. The geographical location of the 16 U.S. climate zones based on the
Department of Energy Building America Program [126].

The Typical Meteorological Year 3 (TMY3) hourly weather data, which represents the typical weather
conditions derived from measurements between 1991 and 2005, were used for each city [119]. The

calculated hourly building cooling loads were then exported to MATLAB to estimate the potential energy
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savings of the hybrid cooling architecture. An example of a supermarket hourly refrigeration cooling load

calculated in EnergyPlus is presented in Figure 51.
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Figure 51 — Hourly supermarket refrigeration cooling load. Hourly supermarket refrigeration cooling
load as modeled in EnergyPlus for a 4181 m? supermarket in Las Vegas.

In MATLAB, we first calculate the baseline system (no evaporative-radiative cooling) hourly electricity
consumption. We assume that the refrigeration cycle uses R-407A refrigerant [127] with a fixed
evaporator temperature of -2 °C, a compressor isentropic efficiency of 70%, a pressure drop of 1% across
the condenser and evaporator, and an air-cooled condenser operating at a temperature of 10 K above the
ambient temperature [128] with a power consumption of 20 Weieeric per 1000 Winerma rejected to the
ambient [129], [130]. The thermodynamic properties of the refrigerant are obtained from CoolProp [131].
The total energy consumption for the baseline system, calculated on an hourly basis, accounts for the
compressor work and the air-cooled condenser fan power. For our hybrid evaporative-radiative cooling
approach, we use the same solar reflector, hydrogel, and PEA as in Figure 46 and varied the proportion of
the rooftop area covered by our panels depending on the simulation. We also assume that a 15% ethylene
glycol-water solution flows at the backside of the cooling panels in a parallel flow configuration. The
hybrid cooling panels’ fluid loop is also connected to a heat exchanger with the R-407A refrigerant in
series (after) with the air-cooled condenser. Depending on the operating mode, the air-cooled condenser
either desuperheats (fully or partly down to a temperature of 10 K above the ambient) the refrigerant after
compression (while the hybrid cooling panels perform the rest of the refrigerant cooling) or cool the
refrigerant down to a saturated liquid state (before subcooling the refrigerant with the hybrid cooling
panel). For simplicity, it is assumed that the heat exchanger between the cooling panel heat transfer fluid

and the refrigerant operates in a counterflow configuration with an effectiveness of unity.

117



Using the hybrid cooling panels minimizes the air-cooled condenser fan power while enabling lower
condenser temperatures than the baseline system and thus lower compressor work. These energy savings
are however counterbalanced by the pumping energy required to flow the ethylene glycol-water fluid at
the backside of the hybrid cooling panels such that an optimal mass flow rate must be solved for at each
hour. More specifically, a higher fluid mass flow rate will maximize the average temperature of the
hybrid cooling panels and thus their total heat rejection rate but will also require a higher pumping power,
and vice versa. In our model, we therefore optimize the total energy consumption (sum of compressor
work, air-cooled condenser fan work and fluid loop pumping work) by varying the condenser temperature
and the fluid loop mass flow rate at each hour. The average hourly cooling power of the hybrid cooling
panels is calculated from the hourly TMY3 weather data (ambient temperature, solar irradiance, relative
humidity, precipitable water vapor, polyethylene aerogel insulation thickness, wind speed and cloud
coverage) and using the average ethylene glycol-water fluid temperature. The yearly energy consumption
is summed from the hourly results and energy savings are derived using the baseline system as the

reference.

We also use this modeling framework to evaluate the yearly energy and water consumption of traditional
evaporative condensers. More specifically, we assume that the evaporative condensers can provide a
condensation temperature between 5 °F - 15 °F [132], [133] above the wet-bulb temperature and that they
operate with a bleed rate of one-quarter the evaporation rate [128] (we assume an equivalent bleed rate for

our hybrid cooling panels).

6.3.2. Results

In Figure 52, we compare the yearly energy savings enabled by the hybrid cooling panels (Hybrid 0 and
Hybrid 1) over traditional air-cooled condensers for a standard 4181 m? supermarket across all 16
climates zones in the United States. In Figure 52a, we find that yearly electricity savings of up to 155-
160 MWh/building or 27-33% are possible with the Hybrid 0 system in hot and dry regions such as
Phoenix (2B) and Las Vegas (3B) respectively. In Las Vegas, the hybrid cooling panels help increase the
COP = 4.2 of the reference system using air-cooled condensers to a COP = 6.3. When we compare the
yearly electricity savings enabled by the hybrid cooling panels in these regions to the electricity that
photovoltaic panels could generate over the same surface area, we find that the former are 10-14% higher.
In other climate zones, this trend however reverses (30-62% lower energy savings vs photovoltaics

depending on the region) and make hybrid cooling less competitive on an energy standpoint.
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Figure 52 — Building-level energy savings. Yearly refrigeration electricity savings for a standard
4181 m? supermarket by applying the hybrid cooling architecture across the United States calculated
based on local climate zones. A 10% rooftop coverage is assumed for the hybrid cooling panels.
Traditional air-cooled condensers are taken as a reference.

In Figure 53, we compare the yearly water consumption of the hybrid panels to that of evaporative
condensers. A 76% to 95% reduction in water consumption is observed across the different climate zones
for the hybrid cooling panels, a promising number for reducing space cooling related water usage,
especially in water-scarce regions. We attribute this reduction in water consumption to a few factors.
First, the hybrid nature of the cooling architecture means that a large portion of the cooling is done by
radiative cooling, which does not consume water. Second, the cooling panels are in series with an air-
cooled condenser which contributes to a portion of the heat rejection. Last, the hybrid cooling panels
sometimes operate above the ambient temperature (although at a lower temperature than the air-cooled
condenser) and can thus benefit from natural or forced convective cooling. In Figure 52b, we optimized
the polyethylene aerogel insulation thickness to reduce water consumption by >90% over traditional
evaporative condensers and evaluated the yearly electricity savings at these conditions. This constraint on
water consumption lowers the total electricity savings, yet still provides a maximum of 97-
84 MWh/building or 17-17.4% in Phoenix (2B) and Las Vegas (3B) respectively and highlights the
compromise between water consumption and energy savings. Overall, we have shown that important
refrigeration-related electricity savings are possible in supermarkets across the United States using

rooftop hybrid cooling panels, while also using much less water than evaporative condensers.
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Figure 53 — Water savings potential of hybrid cooling panels. Relative water savings hybrid cooling
panels (Hybrid 0: solar reflector + hydrogel) versus evaporative condensers for a standard 4181 m?
supermarket across the United States based on local climates zones in. A 10% rooftop coverage is
assumed for the hybrid cooling panels.

In Figure 52 and Figure 53, we fixed the hybrid cooling panels coverage to 10% of the total rooftop
surface area (418 m?) for the sake of simplicity. Changing the rooftop panel coverage can however help

optimize energy savings, water consumption and the payback period (see Figure 54).
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Figure 54 — Optimizing rooftop coverage. (a) Annual energy savings, (b) water consumption per cooling
load, and (c) estimated payback period for different condenser technologies and photovoltaics (PV) as a
function of rooftop coverage. A standard supermarket in Las Vegas (3B) was used for modeling.
Evaporative condensers do not occupy a significant portion of the rooftop, but are shown as a line here
for the sake of comparison.

In Figure 54a, we report total annual energy savings as a function of the rooftop coverage. We compare
the hybrid cooling to an evaporative condenser, an ideal radiative cooler and PV. The evaporative
condenser area represents the performance of evaporative condensers with an approach temperature of
5°F - 15 °F [132], [133] to the wet-bulb temperature. For the ideal radiative cooler, we assume an ideal
step emitter with no polyethylene aerogel insulation. For PV, we assume that there is no electricity
storage, and that the electricity is only used to meet the cooling energy demand. Because of the large
mismatch between the building cooling load and the PV power generation (see Figure 55), PV cannot
provide 100% energy savings under these assumptions. We note that addition of electricity storage could
help achieve that but would increase costs. The results show that at high rooftop coverage, hybrid cooling

can be competitive with evaporative condensers and PV, while significantly beating the ideal radiative
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cooler due to the larger cooling power of the hybrid structure. In Figure 54a, we compare the water
consumption of the different approaches, assuming a bleed rate of 30% of the total evaporation for the
hybrid cooling and evaporative condenser. At a rooftop coverage of 20%, the hybrid cooling panels can
provide similar energy savings as evaporative condensers yet reduce water consumption by 62%. At

lower rooftop coverage, water consumption drops even further.
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Figure 55 — Intermittency of photovoltaic power generation. Photovoltaics (PV) modules can only
generate electricity when the sun is shining. This creates a mismatch between the building cooling load
and the PV power generation. To alleviate this problem, PV power generation must be matched with
electricity storage or other sources of power generation (e.g., hydro, wind, gas or nuclear).

Finally, in Figure 54c we estimate the payback period of the different technologies as a function of
rooftop coverage. We assume a total PV cost of $344/m? based on publicly available cost data for
commercial PV installations [134] and a sunlight-to-electricity conversion efficiency of 20%. The
electricity rate was taken as constant and equal to $0.084/kWh [135]. Because of the similarity (structural
components, installations, permits, etc.) between rooftop PV modules and hybrid and radiative cooling
panels, we used the cost breakdown presented in ref. [134] to estimate the cost of our hybrid ($291/m?)
and radiative cooling panels ($280/m?). For evaporative condensers, we assumed a fixed payback period
of three years. The results show that the hybrid cooling panel can beat PV and an ideal radiative cooler in
terms of payback period (8.5 years or less below 10% rooftop coverage) yet fall short to evaporative
condensers. We note that the effects of PV power generation and building cooling load mismatch are not
important below 10% rooftop coverage, which explains the constant payback period. Overall, the results
presented here show that hybrid cooling panels can provide high energy savings with relatively low water
consumption compared to evaporative condensers in hot and dry climates such as in Las Vegas. Finally,

we note that different buildings with different cooling load profiles, baseline cooling system efficiency, or
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climate regions will have different results and conclusions. An example of the influence of the baseline
refrigeration system efficiency on the hybrid panel energy savings is presented in Figure 56. Results show
that hybrid cooling panels achieve higher annual energy savings per panel area for lower efficiency
cooling systems (COPpasciine = 2.0) than for higher efficiency cooling systems (COPpasciine = 3.8). These
results reflect the way the hybrid cooling panels are integrated into the cooling cycle (see Figure 49) — the
panels provide refrigerant subcooling which provides additional cooling at the evaporator for a constant
compressor work. As such, the larger the compressor work for a same baseline cooling capacity at the

evaporator (lower COPpasciine), the larger the total energy savings brought by the hybrid cooling panel

refrigerant subcooling.
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Figure 56 — Influence of baseline COP on energy savings. Comparison of the hybrid cooling panels
annual energy savings per panel area as a function of rooftop coverage for a low performance
(COPrusciine = 2.0) and high performance (COPpasciine = 3.8) refrigeration system. Here, PV annual energy
savings are represented by a rooftop-coverage-independent band to account for the efficiency of different

types of PV (thin film, standard PV, and premium PV as per the NREL PVWatts calculator) with
electrical storage.

6.4. SUMMARY

In summary, we have studied the potential impact of our passive hybrid cooling structure on the storage
of food produce and on the refrigeration energy use in supermarkets across the United States. For the
storage of food produce, we proposed a simple passive hybrid evaporative-radiative cooler for post-
harvest food storage. With the help of modeling, we showed that the hybrid cooler could extend the green
life of bananas by 50% on average across the United States. For building cooling, we proposed a passive

cooling panel that can be installed on the rooftop of buildings and that can help reduce the vapor-
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compression cycle condenser-side temperature or provide refrigerant subcooling. Using a comprehensive
model accounting for refrigeration cooling load in different climates across the United States, we
predicted the potential energy and water savings from the hybrid cooling panels over traditional air-
cooled condensers in supermarkets. Our results show promising energy and water savings over existing

technologies and short payback period in hot and dry regions.
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Chapter 7
7. Summary, Future Work and Perspective

7.1. SUMMARY

Subambient cooling is vital in our everyday life. Yet existing technologies consume too much energy, are
responsible for significant CO, emissions or are not adequate for developing regions with lower income
and a lack of reliable electricity. Subambient passive cooling technologies have the potential to address
these problems while minimizing food shortages, promoting human well-being, and driving sustainable
economic growth around the world. In this work, we have developed a porous, vapor permeable, optically
selective, and thermally insulating polyethylene aerogel (PEA) that helps passive radiative and
evaporative coolers achieve colder subambient temperatures and higher cooling powers throughout the
day compared to previous demonstrations. By combining our passive cooling technology with buildings
or passive refrigeration units, we have demonstrated a possible path to reducing space cooling energy use
in buildings and increasing the lifetime of food produce in remote locations, which are promising steps

towards addressing the looming cold crunch.

In Chapter 1, we covered the current challenges in space cooling and food produce storage around the
world. We also provided a technical background on passive evaporative and radiative cooling as well as a

review of previous literature work in these areas.

In Chapter 2, we introduced PEA as a potential thermal insulation material candidate for passive cooling
applications. We described the fabrication process, characterized its optical, thermal and water vapor
transport properties, its contact angle with water, and then presented a model capturing radiative transfer

inside the material.

In Chapters 3-4, we theoretically and experimentally explored the benefits of combining PEA with
existing radiative cooling emitters. We demonstrated that PEA can help a radiative cooling emitter
achieve colder stagnation temperatures during the day and night compared to an uncovered emitter due to
its thermally and optically insulating effect. We also showed that PEA pigmented with ZnS could achieve
even better solar reflectance and optically selectivity than unpigmented covers, decoupling solar

absorption at the emitter from its optical properties in the solar spectrum.

In Chapters 5-6, we proposed to combine both evaporative and radiative cooling into a single cooling

architecture and demonstrated both experimentally and theoretically the ability of this structure to achieve

125



colder temperatures, higher cooling powers and lower water consumption than the individual cooling
methods. We finally showed how this cooling architecture could be used in buildings to reduce space
cooling energy consumption and in passive refrigeration systems in remote locations to improve the

lifetime of food produce.

7.2. FUTURE WORK

We have demonstrated the cooling performance and the potential benefits of pure radiative or hybrid
evaporative and radiative cooling architectures. Yet, our experimental demonstrations remained at the lab-
scale and did not study long term performance. At the same time, we only just started exploring how to
integrate cooling panels with HVAC systems, and what type of buildings, HVAC systems and regions
would benefit the most from this technology. Finally, future innovations at the material, panel and system

level could provide additional energy or water savings in a broader set of climates and buildings.

7.2.1. Scaling Up

Our experiments were limited to lab-scale 10-cm diameter samples to demonstrate the cooling potential
and performance of the proposed passive radiative and hybrid cooling approaches with PEA. For at-scale
deployment of cooling panels for space cooling in commercial and residential buildings or of passive
refrigeration units, more work will be needed to scale up our current experimental design to larger cooling

structures.

Scaling up our lab-scale design to large-scale cooling areas will require cheap materials for the selective
emitter (or solar reflector), the evaporating (for hybrid systems) and the insulation layers that can easily
be manufactured at scale. While selective emitters, solar reflectors and hydrogels are already being
manufactured at scale and can be relatively low cost, aerogels manufacturing is still costly due to the
critical point drying (or freeze-drying step) which requires significant capital investment. In this thesis,
we used PEAs to demonstrate the potential of optically selective, vapor-permeable, and thermally
insulating covers for passive radiative and hybrid evaporative and radiative cooling systems. However,
throughout our work, we found that low-density PEAs can be quite soft and prone to damage, and
expensive and time-consuming to fabricate due to the solvent exchanges and the critical point drying
steps. Future material development, advances in aerogel manufacturing or alternative recipes that can
address cost, robustness and scalability will thus have to be found if this type of insulation is to be used at
scale in harsh environments over long periods of time. Methods to attach PEA to the emitter and to the

frame will also have to be devised. In any case, it will also be interesting to explore other materials. In
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fact, I believe one should not be solely focused on PEA, but rather on the motivation behind and the
potential of this class of optically selective, vapor-permeable, and thermally insulating materials. Moving
forward, I hope that the results obtained in this thesis will encourage not only future development of
better performing, cheaper, and more scalable and robust covers, but also open up new applications that

can help improve people’s live and the environment.

7.2.2. Continuous Long-Term Operation

In our experiments, we did not need to worry about dirt accumulation on the PEA, damage of the
materials from the environment (rain, hail, strong winds, etc.), UV degradation of the PEA, hydrogel, or
selective emitter, recharging the hydrogel, or scaling, fouling or biological growth in the hydrogel and
other surfaces exposed to water due to the short (~day) experiments. Continuous and long-term operation
of a cooling structure using PEA, hydrogels and selective emitters will however be crucial for real

products.

At the material level, we will need to first characterize over time the behavior of the PEA (or other
insulation), hydrogel and selective emitter layers when exposed to these external stresses, and then find

solutions to any issues that arise.

To ensure continuous operation, the hydrogel or the water-rich layer will have to be continuously
replenished. In Figure 57, we briefly propose two hybrid cooling panels concepts to address water
replenishment. For simplicity, the PEA insulation layer is not shown. In Figure 57a, we use a hydrogel
layer on top of a solar reflector to wick water from a lower reservoir. In Figure 57b, water flows from the
top of the panel to the bottom where water is collected and then recirculated. That water layer can be
either plain water or can be a hydrogel with embedded water channels. Recent work [17] has
demonstrated internal water channels in polyvinyl alcohol hydrogels for thermal management

applications, which could provide an attractive solution here if wicking alone is not enough.
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Figure 57 — Concepts for hybrid cooling panels. (a) A hydrogel on top of the solar reflector wicks water
from a reservoir at the bottom of the panel. (b) Water flows from top to bottom on top of a solar reflector,
or inside a hydrogel layer.

7.2.3. Addressing Water Treatment and Management in Hybrid Cooling Panels

Proper panel design and water treatment and management will be crucial in preventing deposition,
corrosion, and biological growth which all tend to reduce the system’s lifetime and performance while
increasing costs. Adequate management and prevention of these phenomena have presented major
challenges in existing and past cooling towers and boilers and are expected to be even more difficult to
tackle with hybrid cooling panels due to the importance of both the optical and thermal properties of the
evaporating surface. As such, appropriate water treatment and management strategies will be critical to
reduce water-related issues. For reference, a good summary of water treatment practices is presented in

the ASHRAE Handbook on Heating, Ventilating, and Air-Conditioning Applications [136].

Depending on its source, water can have varying levels of impurities which can affect its propensity to
cause deposition, corrosion or favor biological growth. Typical impurities include calcium and
magnesium (defined by the water hardness), carbonate, bicarbonate, borate, hydroxide, and phosphate
(defined by the water alkalinity), chloride and sulfate salts, iron, silica as well as other organic solids and
biological matter. To quantify the amount of each of these impurities, water is typically characterized by
its hardness (linked to its potential to form calcium and magnesium scale), alkalinity (capacity of water to
neutralize acids or base which leads to calcium/magnesium carbonate scale formation), pH (low pH can
lead to corrosion), turbidity (water haziness which can cause plugging, foaming or sedimentation), levels
of chlorides (lead to corrosion) and sulfates (contribute to scale), its total dissolved solids (TDS) or
conductivity, and its biological matter. All these parameters must typically be tightly controlled within a
defined range depending on the materials in the systems all throughout the evaporation process to
minimize the effects of deposition, corrosion, and biological growth. On the one side, potable municipal
water sources in the United States are typically of higher quality with relatively constant properties which

minimizes water treatment requirements. On the other side, alternative sources of water such as the ocean,
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rivers, lakes, groundwater, wastewater and reclaim water will however present more variation in their
properties with higher TDS and biological activity, posing additional challenges to cooling towers and
water treatment systems. Depending on the location, existing water infrastructure, water availability, and
the amount of water needed for cooling purposes, evaporative cooling might not be economically viable

or may require lower quality water sources.

To mitigate deposition, corrosion, and biological growth in large scale hybrid cooling panels, several
strategies that have been used in cooling towers could similarly be used. Firstly, the makeup water can be
treated by reverse osmosis, ion exchange or deionization to reduce its content of dissolved solids and limit
the concentration of scale-forming dissolved solids. Other treatments such as acid treatments can also
help reduce alkalinity to prevent scale formation from carbonates. Additionally, water can be treated with
scale inhibitors that extend the time for nucleation of scale deposit or scale conditioners that control the
scale crystal structure to decrease its tendency to stick to surfaces. Secondly, the system design (hybrid
cooling panel, evaporating layer, piping, and heat exchanger) should be made of non-corroding material
such as PVC or polypropylene which have been used extensively in the industry due to their low cost,
ease of manufacture and ability to resist corrosion. Thirdly, adequate biological control should be
adopted. Wetted surfaces should be shielded from sunlight as much as possible to reduce algae growth.
The use of solar reflecting, infrared transparent and vapor permeable covers such as PEA, proper
orientation of the hybrid cooling panels towards the north and reducing low flow areas in the water loops
should all be explored to minimize algae growth. Biocides such as oxidizing chemical biocides (chlorine,
bromine, ozone, hydrogen peroxide), nonoxidizing biocides, biocidal paint, or water exposure to
ultraviolet light may also be required to prevent biological growth within the hybrid cooling panels or in
the piping. Aside from the undesired growth of biological life, we further note that biofilm growth on top
of surfaces can lead to increase corrosion due to low pH conditions within the biofilm and additional scale
formation due to trapping of particles within the biofilm. As such, control of biological growth in hybrid
cooling panels will be even more important to prevent water-related issues. Lastly, adequate monitoring
of cooling water quality and scheduled water blowdown will be crucial. As water evaporates and makeup
water is added to the system, the total amount of dissolved solids increases in the water. Over time, the
concentration of some dissolved solids will increase beyond their solubility limit, causing precipitation or
deposition on surfaces. To avoid this, water is typically periodically discharged from the system to carry
out the highly concentrated dissolved minerals along with it. In practice, the frequency at which this
blowdown occurs is characterized by the cycles of concentration (typically between 2 to 4) and is defined
by the ratio of the makeup water volume to the blowdown water volume. Adequate water blowdown and
choice of cycles of concentration will also be primordial in minimizing water consumption and water-

related issues in hybrid cooling panels.
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Overall, water treatment and management are complex problems that will present significant challenges
in the development of large scale, long term, and continuously operating hybrid cooling panels.
Nonetheless, we hope future work will be able to leverage past work and existing expertise in this field
(e.g., water treatment experts and companies, literature, and HVAC manufacturers) to design hybrid
cooling panels and water treatment strategies that can resist deposition, corrosion, and biological growth

with minimal environmental and financial costs.

7.2.4. Integration of Cooling Panels with Buildings

In the previous chapter, we proposed to combine the hybrid cooling panel in series with existing vapor
compression cooling systems to provide refrigerant subcooling or lower condensation temperatures. Yet,
little details were given about how to integrate the hybrid cooling panels (or pure radiative cooling panels)
to existing HVAC systems in buildings. Moving forward, questions such as how to connect the cooling
panel fluid loop to the HVAC refrigerant loop or condenser, what kind of water treatment is needed, are
the panels constrained by buildings codes, are there regulations preventing the use of water evaporation in
specific locations, or which buildings would benefit the most from hybrid or pure radiative cooling panels

will need to be answered.

Another interesting research opportunity will be to explore how different refrigerants in HVAC systems
affect the performance or the optimal configuration of the hybrid cooling panels. For example, some new
vapor compression systems are now relying on transcritical CO; cycles due to the lower global warming
potential of CO, compared to other traditional refrigerants. Because transcritical CO, cycles do not go
through a constant temperature condensation process but rather a high to moderate temperature constant-
pressure supercritical gas cooling process, this could affect the operating temperature and performance of
the cooling panels. Yet, it is not clear how this would affect the performance and potential water and
energy savings of cooling panels compared to HVAC systems using more traditional refrigerants such as
was the case in this thesis. More work is thus required in that area and could provide interesting insights

and research directions.

Finally, while we have assumed the cooling panels to be connected in series with vapor compression
systems, the panels are not limited to this configuration. In some industries like data center cooling, vapor
compression systems are not always required and free cooling with the ambient air can often be sufficient
to maintain the server at their target operating temperature. But while free cooling can help achieve
significant energy savings in data centers compared to vapor-compression-only cooling, free cooling is

only possible when the ambient dry-bulb or wet-bulb temperatures are low enough, limiting its use to
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only a limited number of hours annually or to colder regions. By using hybrid or pure radiative cooling
panels, it would be possible to extend the range of operating ambient temperatures to further extend the
operating hours of free cooling, thus cutting down on energy consumption while also enabling free

cooling in warmer climates and lower water consumption compared to evaporating coolers [137].

7.2.5. Passive Refrigeration

In Chapter 6, we proposed a passive food produce cooler using a hybrid cooling architecture. Aside from
addressing scalability, robustness, durability, and cost issues, a more complete design of a passive food
produce cooler using passive cooling will also need to be developed and tested. I believe there are many
opportunities to innovate at the design level using fundamental principles of mechanical engineering such
as thermodynamics, heat and mass transfer, and fluid dynamics, to deliver a final product that is simple to

use and achieves high performance with cheap and locally available materials.

7.2.6. Innovations

Many opportunities for innovation still remain in hybrid evaporative and radiative cooling systems that

can help achieve higher energy and water savings.

One particularly interesting research opportunity is to study the use of sorbents inside the evaporating
layer to provide water regeneration capabilities and reduce water consumption. Prior work [18], [116] has
shown this approach to be promising by replenishing the water-rich evaporating layer at night when the
cooling load is low using adsorption from the sorbent material. Yet, existing work remained at the lab-
scale and has not demonstrated a thorough understanding of the optimal sorbent material and isotherm in

different climates, as well as the influence of the adsorption heat on the efficiency of cooling systems.

Another promising field of research are switchable optical properties [138]. The ability to switch optical
properties from a solar reflecting and IR emitting material to a solar absorbing and IR reflecting material
could make the panels much more attractive in colder climates where space cooling is only required
during the hottest months of the year and space heating is required the rest of the year. A panel with such
tunable optical properties could thus provide cold water to the condenser side of vapor compression
cooling systems in the summer and hot water to the evaporator side of vapor compression heating systems
in the winter. By doing so, we could maximize the utilization factor of the panels, provide shorter
payback period through increased annual energy savings, and enable wider adoption of the panels in

colder climates and in residential and commercial buildings.
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In Chapter 2 of this thesis, we suggested that decreasing the pore size in PEA, reducing the gas pressure,
or replacing the gas within PEA with a lower thermal conductivity gas could all help decrease the thermal
conductivity of the material. Previous attempts at reducing PEA mean pore size (rapid cooling by doing
the thermally induced phase separation in liquid nitrogen, using other solvents with varying viscosities or
affinity for polyethylene, and using additive to promote nucleation) have so far failed to provide the
necessary change in pore size. Finding a way to create a low-density, porous polyethylene network with a
mean pore size below 100 nm could help significantly cut the thermal conductivity of the material which
would allow for even lower temperatures and thinner PEA and could even help the material find a use in
other applications requiring low thermal conductivity. Similarly, additional work is still needed to make a
PEA with lower inner gas pressure or with a different internal gas. Such a PEA cover would need a
physical barrier that prevents diffusion of gases across it to maintain the pressure or gas species difference

while still being infrared transparent.

Finally, it would also be interesting to explore thermal energy storage combined with our hybrid cooling
panels in future work. Thermal energy storage has the potential to leverage colder temperatures and lower
cooling demand at night to produce cold water that can then be used at peak load during the day. This
could help decrease the hybrid cooling panel surface area or improve the cooling energy savings. Overall,

future opportunities are still numerous and exciting.

7.3. PERSPECTIVE

Passive cooling solutions such as radiative and evaporative cooling have the potential to bring the much-
needed energy savings in buildings and to broaden access to subambient cooling in developing countries.
Motivated with this potential, several startups have already emerged from that field and have been
developing and selling radiative cooling panels for commercial buildings. Future developments in this
field will no longer focus on optical and thermal properties of the emitting or evaporating materials but
will rather focus more on practical challenges such as durability, scalability, reliability, and most
importantly, cost. With the field moving forward, the overall performance of passive radiative and
evaporative cooling systems will now be compared to that of alternative technologies such as air-cooled
and evaporative cooling units and photovoltaics, which are all competing for the same rooftop area on
buildings. Aside from space cooling and food produce storage, many other applications such as personal
thermal management, urban cooling, power generation and power systems will benefit from advances in

the field.

Moving ahead, I think it is also important to consider the limitations of these technologies. It would be

optimistic to believe that pure radiative cooling or even hybrid evaporative and radiative cooling could
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one day completely replace vapor compression cooling systems in buildings or refrigerators for food or
vaccine storage. The inherently low cooling power and dependence on the ambient weather conditions of
these technologies mean that they will most likely play a support role in these applications, helping
reduce the cooling energy consumption in buildings or provide subambient cooling to food produce.
Nevertheless, I believe these passive cooling technologies still have a promising future in which they will
help our generation address climate change and the looming cold crunch. I am excited about this future
and look forward to seeing all the different and creative implementations of these technologies in our

everyday life.
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