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ideal processes. a. The minimum least work (Wieast.min) Or thermodynamic min-
imum energy requirement irrespective of the process, is plotted as a contour
variable on the psychometric chart (B.1). The intermediate white lines repre-
sent constant relative humidity ranging from 10% to saturation. The least work
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The majority of the error may be attributed to the compressibility fziycttolr corre-
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by Wexler (1977) [91] this error is reduced to less than 1% at temperatures below
273K 8, and therefore the range of this plot show the conditions of maximum
model error. . . . . ... L

Water harvesting from air and pure water vapor mixtures. This considers the
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a, Process schematic describing ambient air (1) flow being dehumidified (2)
through an ideal atmospheric water device. The definition of the thermody-
namic minimum represents a steady state, isothermal process. The thickness of
each arrow qualitatively represents the relative magnitude of the mass flow rate.
The color of each arrow represents the amount of water in the given stream,
with more saturated colors signifying more water. The graph qualitatively de-
scribes the temperature (vertical axis) along the ideal process (horizontal axis).
b, The thermodynamic state of the air stream is described on the psychometric
chart. Beginning at high humidity, and isothermally moving to low humidity.
The change in absolute humidity between states 1 and 2 corresponds to the mass
of water collected. . . . . . . . ..

The least work trends are similar to those shown in previous analyses in desalina-
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a, The process schematic describes an ideal dew water harvesting device. Am-
bient air enters at the ambient temperature (1), is cooled to the dew point for
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The figure shows the recovery associated with subcooling a humid air mixture to
the frost accumulation temperature. The lower bound of condenser temperature
is limited by frost accumulation, and here is set to 273.15K. Lower condenser
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text, when the COP is inversely proportional to the temperature difference, as
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facilitate desorption, the MOF must be heated to a pre-defined relative humidity.
The humidified air (3) is then sent to a condenser to extract water similar to
the dew harvesting process. The graph qualitatively describes the temperature
(vertical axis) along the desorption and condensation process (horizontal axis).
b, The humid air states of the MOF process are described on the psychometric
chart. The process begins at an arbitrary inlet ambient air temperature and
humidity. The collected mass of liquid water corresponds to the difference in
humidity between (4) and (5). . . . . . . .. .. L

a, The MOF process aims to concentrate water vapor within a structure in cycles,
to increase the humidity for more efficient condensation. The psychrometric chart
represents the humid air states in the process. Ambient air (1) is heated to a low
relative humidity (2) where it can desorb the water contained within the MOF'. To
facilitate desorption, the MOF must be heated to a pre-defined relative humidity.
The humidified air (3) is then sent to a condenser to extract water similar to
the dew harvesting process. The graph qualitatively describes the temperature
(vertical axis) along the desorption and condensation process (horizontal axis).
b, The humid air states of the MOF process are described on the psychometric
chart. The process begins at an arbitrary inlet ambient air temperature and
humidity. The collected mass of liquid water corresponds to the difference in
humidity between (4) and (5). . . . . . . . ...

The open system was chosen as it is the simpler option that is more robust
and flexible to adapt to different MOF’s and operating conditions. Additionally,
it is the most comparable system to the other AWH systems modeled in this
work (dew, membrane, and least work). So, while the two systems are different
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framework developed in this work is developed with a very similar approach. . .
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We further demonstrate this with the plots below. These plots show the specific
energy consumption of water harvesting at an ambient temperature of 300K. The
left plot employs the MOF assumptions exactly, whereas the right plot employs a
constant desorption relative humidity to each MOF'. It can be seen that when all
MOFs use the same desorption relative humidity, the energy consumption across
the range of humidity values is nearly identical. In the main text, we use all 4
MOFs while employing a constant desorption humidity across all MOFs.

A sensitivity analysis was conducted with assumed parameters in the MOF
model, to show the relative effects on the energy consumption. The default anal-
ysis conditions include the ambient relative humidity of 50%, the specific heat
capacity (1 kJ/kg K), and recovery ratio of 65%, and MOF-specific properties in
presented previously. As can be seen, the specific heat capacity, adsorption en-
ergy, and maximum water uptake of the MOF have very minimal impact on the
specific energy consumption. However, these variables may significantly impact
the non-normalized energy consumption, which may be important in practical
systems with size and form factor constraints. The most significant factor af-
fecting the specific energy consumption for water harvesting is the desorption
relative humidity. Due to the integral method used to determine the outlet hu-
midity ratio from the desorption process, even small increases in the desorption
relative humidity led to significant increases in the outlet humidity ratio. Thus,
for a constant recovery ratio, a significant increase in desorption outlet humidity
ratio leads to a higher condenser temperature and cooling COP, greatly improves
the specific energy consumption of the system. . . . . . . . .. ... ... .. ..

B.10 The membrane process employs a membrane to isothermally concentrate water

vapor before condensation. This is a depiction of the original Claridge-Culp-Liu
dehumidification process [69]. The psychrometric chart represents the humid
air states in the process. Ambient air (1) is concentrated (2) where now it has
a lower energy requirement for condensation. The water vapor is condensed
and then is pumped back to atmospheric pressure. Note: only the air states are
shown in the psychrometric chart. Since the membrane is assumed to be perfectly
selective, only water vapor enters the condenser. b, The humid air states of the
membrane process are described on the psychometric chart. The process begins
at an arbitrary inlet ambient air temperature and humidity. The collected mass
of liquid water corresponds to the difference in absolute humidity between 1 and
2 minus the amount of excess vapor that is rejected from the system. . . . . . .
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is set to 65% to create a fair comparison with the other processes. Optimizing
this process with recirculation could artificially increase the true recovery ratio,
thus enabling higher efficiencies. . . . . . . . . ... ... 0oL

B.12 The breakeven recovery represents the recovery ratio at which the membrane must
operate to be energy-equivalent to dew harvesting. In the membrane system,
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B.13 The breakeven efficiency refers to the isentropic efficiency of the vacuum pump in
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larger with lower compressor efficiency and lower recovery. The default recovery
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(vellow) is optimal in supersaturated conditions. Dew harvesting (red) is opti-
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B.18 The number of months in a year where the monthly average surface temperature
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ABSTRACT

Inclement challenges of a changing climate and humanity’s desire to explore extraterres-
trial environments both necessitate efficient methods to obtain freshwater. To accommodate
next generation water technology, there is a need for understanding and defining the en-
ergy efficiency for unconventional water sources over a broad range of environments. Exergy
analysis provides a common description for efficiency that may be used to evaluate technolo-
gies and water sources for energy feasibility. This work uses robust thermodynamic theory
coupled with atmospheric and planetary data to define water capture efficiency, explore its
variation across climate conditions, and identify technological niches and development needs.

We find that desalinating saline liquid brines, even when highly saline, could be the most
energetically favorable option for obtaining water outside of Earth. The energy required to
access water vapor may be four to ten times higher than accessing ice deposits, however it
offers the capacity for decentralized systems. Considering atmospheric water vapor harvest-
ing on Earth, we find that the thermodynamic minimum is anywhere from 0x (RH 100%)
to upwards of 250x (RH<10%) the minimum energy requirement of seawater desalination.
Sorbents, modelled as metal organic frameworks (MOFs), have a particular niche in arid and
semi-arid regions (20-30%). Membrane-systems are best at low relative humidity and the
region of applicability is strongly affected by the vacuum pumping efficiency. Dew harvesting
is best at higher humidity and fog harvesting is optimal when super-saturated conditions
exist. Component (e.g., pump, chiller, etc.) inefficiencies are the largest barrier in increasing
process-level efficiency and strongly impact the regions optimal technology deployment. The
analysis elucidates a fundamental basis for comparing water systems energy efficiency for
outer space applications and provides the first thermodynamics-based comparison of classes

of atmospheric water harvesting technologies on Earth.
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1. INTRODUCTION

1.1 Water scarcity

Obtaining water is a crucial challenge to sustaining life, as we know it. Particularly
in extreme environments, the ability to obtain fresh water can become a limiting factor
to habitability. A prime example of this predicament is in outer space. Astronauts must
either reuse every ounce of water that is taken from Earth or have the capacity to obtain
and purify water on another planetary body. Although water is found in some form (solid,
liquid, vapor) on every planet in the Solar system, it is not directly clear how we might
access these extraterrestrial water sources. This motivates a need for understanding how to
compare different approaches of obtaining water across a wide range of conditions.

Water scarcity is also becoming a limiting factor to habitability on Earth. As of 2020,
two-thirds of the global population lives in water stress at least one month out of the year ,
and the issue is particularly concentrated in arid regions (RH < 30%) [1], [2]. Furthermore,
climate change induced desertification [3] and widespread groundwater resource exhaustion
[4] motivate the need for new approaches for obtaining water.

The Earth holds approximately 1.4 x 10'® m3 of water. 96.5% is found in Oceans, Seas,
and Bays. 1.74% of Earth’s water is found in ice or snow. 0.76% of all water is easily
treatable groundwater. Finally, 0.001% is found in the atmosphere and 0.0002% is found
in rivers [5]. With global groundwater depletion and pollution, the effects of water scarcity
can be especially detrimental in remote, inland regions. Furthermore, the cost of water
transportation and distribution constrains the applicability of many current approaches to

centralized water production.

1.2 Common water technologies

Methods of treating water sources (e.g., freshwater, river water, groundwater, seawater)
are strongly coupled to the contaminants in the water source, as shown in Fig. 1.1. Disinfec-
tion and chemical treatment are cheap and effective methods for treating nearly pure water

sources that may have biological contamination. Low-pressure filtration like UF, NF can be
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Figure 1.1. Overview of separation technologies used for water, according to
the required pore size. This figure was used from [8] and was originally created

by [9]

used to separate micron-scale contaminants. For saline water, membrane-based processes
like reverse osmosis (RO) are the most efficient [6]. Current water purification technologies
are constrained by high potential for GHG emissions, slowly disappearing groundwater, brine
disposal requirements, and distribution costs [7]. The need for more sustainable methods for
obtaining water requires tailored technology development and a clear understanding of the
connection between process effectiveness and the environment.

Separation technologies are among the most efficient methods to obtain pure water.
However, fabricating smaller pore size and implementing novel separation mechanisms are
active areas of research. Novel vapor-selective separations, have even enabled membranes to
separate water vapor molecules from the ambient air.

Atmospheric water harvesting (AWH) technology seeks to efficiently access the highly
pure water that is available in the atmosphere. This water vapor is widely available and,

in most cases, free from salt and mineral contaminants. This creates an opportunity for
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Figure 1.2. Overview of AWH technologies (outer circle) and fundamental
process categories (inner circle). Images in the inner circle include: Dropwise
condensation on a tube (Dew, [12]); SEM Polysulfone-graphene oxide com-
posite membrane (Membrane, [13]); SEM graphene structured fog net (Fog,

[14]); Optical microscope MOF-303 (Sorbent, [15]).

decentralized water purification with relatively little need for pretreatment. Air- and water-
borne pathogens and worsening pollution will require some post-treatment for AWH to be
used for drinking water [10]. However, this treatment is likely less difficult than filtering
trace contaminants, such as Arsenic and Boron, that are found in oceans and rivers [11].
Current systems can be organized into categories based on the physical mechanisms and
driving forces that are employed, as shown by Fig. 1.2. Direct harvesting aims to capture
water vapor from the ambient air-water mixture. Vapor concentration uses novel materials

to separate the water from the ambient air before condensing to liquid. This categorization is
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described further in Ch. 3. Prior categorizations consider integrated systems and sub-classes
of adsorbent technologies [16]-[18].

The primary challenge for AWH is that energy needs, in most situations, are orders of
magnitude higher than even seawater desalination. Furthermore, these systems are devel-
oped for Earth-based environments and are strongly affected by the ambient temperature,
pressure, and humidity. This motivates the need to understand the fundamental energy
requirements and limiting factors of AWH to improve efficiencies and identify the best use

cases for current technologies.

1.3 In-situ resource utilization in Outer Space

Water technologies on Earth have been developed for thousands of years under the as-
sumption of Earth-standard conditions (near 300K and 100kPa). Obtaining water in space-
based environments encounters technological challenges due to the extreme environments.

Although water is present on every planet and many moons in the Solar system, as shown
by Fig. 1.3 the temperature, pressure, and water source composition are much different
than the water sources encountered on Earth. This difference results in significant energy
considerations, but also implies that the water treatment mechanisms on Earth may not
necessarily function the same way. Atmospheres and oceans in outer space have much
different compositions (e.g., sulfuric acid vapor on Venus [19], perchlorate brines on Mars
[20], etc.) than traditional water sources on Earth [21]. High salinity brines and low vapor
pressures are fundamentally the most difficult separations and are an active area of research.
Furthermore, due to low pressures (< 10kPa) and temperatures (< 270K) on many planetary
bodies, water commonly exists in a vapor-solid phase regime which creates practical issues
with obtaining liquid water such as refreezing and vaporization. Current ISRU approaches
to extract water-ice on the Moon and Mars are constrained to polar ice deposits [22], [23].

There is a significant need to develop tailored ISRU technologies for a specific environment
(i.e., temperature, pressure, composition). Studying the thermodynamic limits of extra-
terrestrial water systems is motivated by the diversity of available options and may be useful

for guiding trajectories of technology development.
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Figure 1.3. The energy requirements and sources of water available on a
representative set of planetary bodies within the solar system. The phase
available refers to the thermodynamic state of the available water source (i.e.,
water-ice, saline liquid brines, and water vapor). The average conditions are
informed by literature of planetary spectroscopy measurements and planetary
formation models. The thermodynamic framework and detailed energy calcu-
lations are described further in Ch. 2.

1.4 Efficiency metrics in water

The relationship between consumption and yield is quantified by thermodynamic ef-
ficiency. There are many methods to describe the efficiency in water systems; the most
commonly used approaches are the gained output ratio (GOR), hydraulic law efficiency,
and exergy efficiency [CITE WARSINGER THERMO]. GOR is the ratio of the process
heat transfer to the enthalpy of vaporization. This measures how much better a process
is compared to directly evaporating or condensing water and is primarily used for thermal
processes. The hydraulic, or 1st law efficiency, compares the energy consumption of a real
process to the energy required for the process. The 1st law efficiency is commonly used to
quantify the impact of component-level inefficiencies on overall process energy consumption.

Exergy analysis, also known as least work analysis or 2" law analysis, considers the energy
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requirement and the quality of available energy with respect to the ambient environment. 274
law analysis is used to identify sources of inefficiency in a process and quantify the minimum
possible energy requirement [24]-[26]. The minimum energy requirement is calculated only
with information about the environment, and therefore is technology agnostic. This feature
makes 2°¢ law analysis particularly useful as a fundamental basis for comparing technologies
and use cases.

Examples of applying 2"¢ law analysis span various industries [cite] and have found
significant success in evaluating water technologies. Lienhard formalized the least work
framework for generalized chemical processes and non-ideal solutions. This framework was
then used to identify specific components and mechanisms of entropy generation in reverse
osmosis desalination processes. [6] used the least work framework to compare the efficiency
of open and closed reverse osmosis processes, which proved the energy benefit from transient
desalination systems. This approach was then used to design high-efficiency processes for
high recovery desalination [27] and high efficiency wave-powered desalination [28]. Qin et
al. (2019) compared different desalination processes to elucidate the trade-offs between
continuous reverse osmosis (RO) and electrodialysis (ED) [29]. Kim et al. (2020) brought 24
law analysis to the AWH field by analyzing impacts of MOF materials on process efficiency

and quantifying gains due to multiple staged processes [30].
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2. UNCOVERING THE ENERGY EFFICIENCY LIMITS OF
OBTAINING WATER IN THE SOLAR SYSTEM

A version of this chapter has been prepared for submission to Science Advances. Akshay K.

Rao, Abhimanyu Das, Owen R Li, David M. Warsinger

2.1 Chapter overview

Water systems are governed by thermodynamics and experience a fundamental trade-off
between efficiency, energy consumption, and yield. Here, we use thermodynamic theory to
outline the energy efficiency limits of harvesting water and apply it to a representative set of
water sources in the Solar System. Our method provides a perspective on the relative effects
that the water source has on the energy requirements and can potentially be used as a tool
for comparing the energy efficiency of different water harvesting approaches. Furthermore,
our study may help enrich the understanding of how to develop and deploy water processes

for extreme environments.

2.1.1 Extraterrestrial water sources

Stable sources of water in the Solar System generally exist as saline liquid water brines,
water vapor in the ambient air, or as water-ice [19], [20], [22], [31]-[43]. In many cases, lig-
uid water sources solely exist deep underground and are combined with a variety of complex
salts [20]. Water vapor can be found in many atmospheres, but generally occurs in sparse
quantities [34], [38], [39]. Water-ice, on the other hand, is the most common form. It can be
found in ice caps, craters, clouds, or small bodies in space. Space exploration and research
has derived estimates of water temperature, pressure, and mixture composition on various
bodies in the Solar System. Prior literature has examined the water vapor properties in-
cluding enthalpy [44], but this is limited in describing energy requirements in the context of
energy quality. On Earth, we have a robust understanding of the minimum energy require-
ments, but it is limited to air mixtures at Earth-standard temperatures and pressures [45].

Understanding the properties of water in extreme environments, where it exists as highly
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saline mixtures, in high pressure environments (>100 MPa), and at high (> 1000K) and
low (< 50K) temperatures, is still an ongoing research objective in astrophysics and physical
chemistry [46]. Overall, water in the Solar System is commonplace, yet thermodynamically

complex, and the analysis of pure water extraction consequently varies significantly.

2.1.2 Extended least work

The least work framework is derived from the combination of the first and second laws
of thermodynamics [21], [24]. It quantifies the exergy, or thermodynamic minimum energy,
required to do a process and is computed using the properties of the water source that is

used.

Wiese = (Gy + Gy = Gp) + Grnete = Go) F [ Gl (21)

Eq. 2.1 describes an extension to the least work framework that considers systems that
require separation, heating, and significant change in gravitational potential. Wi, repre-
sents the minimum energy requirement, or least work, needed to obtain water from a given
water source. GG is the Gibbs free energy, or embodied thermophysical energy, of water in a
given environment or mixture. The Gibbs free energy is a function of the temperature, pres-
sure, and chemical activity. The isothermal separation step is defined by the feed (input),
permeate (pure water), and brine (reject). Subscript f refers to the feed (f) — or naturally
occurring — water-mixture. p refers to the permeate, or pure water. b refers to the brine (b)
— or reject — water-mixture after pure water is removed. The subscript Earth denotes the
desired final state of liquid water at: Earth standard temperature (300K) and pressure (1
bar). r signifies the fractional recovery of pure water from the bulk, feed mixture. gpjanet and
z respectively signify the acceleration due to gravity and relative position between the source

and the surface of a given planetary body. The three grouped terms represent isothermal

separation, heating of homogenous composition, and a change in gravitational potential.

(2.2)
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Eq. 2.2 defines the 2" law efficiency, 177, as a function of the least work and a given
system or process. Here, W, represents the energy consumption of a real system. Wigg is
process agnostic and quantifies the energy change in the environment.. Therefore, n;; can
be used to compare the efficiency of a given process relative to the environment in which it

is deployed.

2.2 Results

In this work, we consider the least work of harvesting water from its existing state on a
planetary body to the desired state at the given surface with Earth-standard temperature
and pressure, as shown by Fig. 2.1. Extending this framework, we apply water mixture
property models for extreme conditions (low temperatures, high salinities, high pressures)
to understand energy viability for water harvesting in extraterrestrial environments.

The material phase of the source (solid, liquid, vapor) is the dominant factor for the
energy requirements of pure water extraction, as described by Fig. 2.1. The energy re-
quirement for extracting pure water from concentrated liquid mixtures is generally one to
two orders of magnitude lower than extracting from water-ice or water vapor. The energy
requirement for extracting water from water vapor vastly ranges from near 0 (humid) to over
600 kJ/kg (arid).

As the temperature of the ambient environment approaches the desired temperature (as-
sumed to be Earth standard 300K), the heating requirements decrease exponentially. Liquid
source energy requirements are not as sensitive to temperature as they are to composition.
This is due to the fact that water at Earth’s average temperature (300K) naturally exists as
a liquid, and therefore have lower heating requirements (< 10 kJ/kg).

The molar concentration of a liquid water mixture is the primary factor in determining
the energy requirement of extraction. The species of salt present has only a small impact,
by less than a factor of two, as shown by the difference between the plots in Fig. 2.1A. This
is explained by the variation in ion activity according to the Debye—Hiickel theory and the
Pitzer-Kim model [21], [47]. As a result, increasing the brine salinity, irrespective of which

salt, proportionally increases the least work, within the range of conditions investigated. The
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Figure 2.1. Least work of water harvesting. a, The two plots describe an
upper and lower bound for the least work of desalination for liquid water mix-
tures of relevant two-component electrolyte solutions in the solar system. The
lower and upper bounds are found by comparing the least work of ten binary
aqueous solutions that are relevant to existing liquid water sources in the solar
system [21]. The axis bounds were limited to provide a meaningful compar-
ison, since solubility varies for each species. b, The contour of least work is
shown for isothermal water extraction from water vapor in a planet body’s at-
mosphere. The relative humidity represents the vapor pressure as a fraction of
the saturation pressure at a given temperature. The axes maximize the range
of validity of the thermodynamic models. The blue-green-yellow color contour
(0-12 kJ/kg) numerically matches values in part A. ¢, Least work required to
obtain water from pure ice is shown as a function of the ambient temperature.
The desired temperature is assumed to be 300K (near the average tempera-
ture on Earth). Each sub-figure considers the case where the water source is
on the surface of the planet (in this, the change in gravitational potential is

negligible). 20



separation energy for solutions increases non-linearly at high molalities, as shown by the in-
creasing contour slope at high salinities. For most cases, the energy required to separate
salts from liquid water mixtures is a larger proportion of the total energy requirement, espe-
cially for near Earth-standard conditions. This analysis does not account for the influence
of organic materials which may be found in various bodies of water.

For water vapor, near-saturation conditions lead to the lowest separation energy require-
ments, with the least work approaching zero at saturation (RH = 100%). The separation
energy requirement increases significantly below a relative humidity of approximately 20%
and above 300K, as shown by Fig. 2.1.

The absolute pressure of the water source and its environment mostly influence the
phase-change regime (solid-liquid, solid-vapor, liquid-vapor). Changes in pressure within
each regime have negligible effects in liquids and solids due to incompressibility. However,
extreme pressures in liquid brines yield high solubility and ion activity, which may increase
the least work [47]. Ice is nearly incompressible, however extreme pressures (>100 MPa)
may slightly decrease the required work.

The depth, or elevation, was considered for specific cases where the water source is not
at the surface of the planetary body (Europa, Ganymede, Enceladus, etc.) or the elevation
of the surface is unclear (Jupiter, Uranus). Gravitational potential energy is a significant
factor in the energetics and is independent of the phase. As shown by Fig. 2.2, this energy
requirement is most significant for Ganymede, where the thickness of the ice shell layer may
be 800km thick [48]. The gravitational energy requirement varies significantly, up to two
orders of magnitude. The acceleration due to gravity on the moons with liquid water is
approximately 0.1 — 1.5 m/s?, while the gravitational acceleration on Uranus and Jupiter are
approximately 9 and 25 m/s?, respectively. The location of the water source, relative to the
surface, is unique to each planet. For example, the thickness of an ice layer (10-800km), depth
of a brine deposit, or altitude of a cloud layer are influenced by a number of factors including
the dynamics of planetary formation, internal heat fluxes, and weather [49]. We note that
in niche circumstances, a theoretically ideal system may be able to bypass gravitational
pumping requirements. This would include transporting liquid from the bottom of an ocean

or vapor through an atmosphere, assisted by a natural pressure gradient.
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Figure 2.2. Comparison of least work on planetary bodies with known con-
ditions. A. The least work energy consumption, modeled by Eq. 2.1 for each
considered source, is plotted on a logarithmic scale, with the expected value
shown. The averages for water-ice and water vapor sources are depicted in
light blue and orange, respectively. Each colored bar is separated into up to
three components (heating, separation, and gravitational energy), represent-
ing the energy contributions, to the total least work energy. When a source is
not available on a given planet or an energy component of least work is zero,
the respective color or bar is left out. The data points (black) represent the
minimum, maximum, and median, as given by the Latin hypercube sampling
approach. The error bars are overlaid to represent the population standard
deviation, accounting for the sample size. Variation in dynamic weather con-
ditions uses uniform distributions of parameters within observed ranges (Ma-
terials and Methods, Table B.1). B. The original sources of data are classified
into categories based on the type of vehicle that was used.
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Since the modeled desired state is set to average Earth conditions (300K, 1bar), the most
energetically viable source of water is liquid water on Earth, as shown by Fig. 2.2. Similarly,
on planetary bodies where liquid sources are available, liquid water is usually the most
viable. These bodies include Mars (as sparse subsurface brines) and the moons of Jupiter
and Saturn (as subsurface oceans). Ganymede is the exception due to its thick ice shell (800
km) posing a large contribution to the gravitational energy requirement. Other rocky bodies
— the Moon, and Mercury — are limited in what may be extracted, since water-ice is the
primary form that is available. Furthermore, Venus is fundamentally the least favorable, as
water vapor is the only water option. However, acquiring such water may still be desirable,
as the least work of such intensive vapor extraction is still significantly less than the energy
required for deep space transport by rockets.

A lower bound for the theoretical minimum energy to take an object into space is the
kinetic energy associated with escape velocity. On Earth, this is 11.19 km /s or approximately
62,600 kJ/kg payload. Modern chemical rockets require significant amounts of additional fuel
mass [50], which effectively increases the energy per payload mass. In contrast, the energy
required per mass of water carried by a deep space rocket may be anywhere from 10 to over
10,000 times greater than in-situ resource utilization from the water sources investigated in

this work.

2.3 Conclusions

The case studies of least work analysis uncover trends in the fundamental energetics
of water extraction. It describes the theoretically ideal physics, agnostic of any specific
technology. The framework considers the energy change of the sample of water itself. The
abundance of available thermodynamic work in the solar system, such as sunlight, may be
harnessed to satisfy the energy budget. Realizable engineering systems will include both
process and path specific requirements on top of the thermodynamic minimum. Examples of
such practical inefficiencies include frictional and heat losses and limitations of energy reuse
[51]. The implementation of such extraterrestrial systems may be faced with “astronomical”

infrastructure challenges [52], [53]. Accessing sources of water at great depths and filtering
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complex salts at high concentrations will pose continued issues [54]. Additional study is
needed to understand the infrastructure requirements to establish Earth-like conditions on
the surface of another planet. When current limitations are surpassed, the ability to access
water on other worlds will unlock a vast range of possibilities for the exploration of the Solar
System.

While the presented results discuss a widely applicable range of conditions observed
on Earth and other planets, more states of liquid water exist and are yet to be thoroughly
characterized. Specifically, at extremely high (>10,000 K) and low (<50K) temperatures and
high pressures (> 100 MPa), characterizing the free energy of water treads into unknown
territory. Supercooled liquid states and salt-glass are relevant to many cold planets and are
created by path-specific cooling that has further complexities [23].

The least work framework, for the minimum energy to obtain pure water, helps prioritize
water sources by their macro properties. The parametric study of energetics (Fig. 2.1) and
discrete case studies (Fig. 2) provide a new perspective for prioritizing the exploration of
known and theoretical worlds. This work serves as a basis for modeling resource harvesting in
harsh and unknown environments. Further investigation should help more clearly quantify
degrees of habitability for humans based on the energy requirement of obtaining water.
The input parameters for the models presented in this paper can be verified with a more
in-depth characterization of the given sources of water. The exploration of the engineering
constraints of systems can provide a means for quantifying tradeoffs between the accessibility
and energetics of water extraction. This understanding will help to drive the future decisions

concerning water harvesting and resource (oxygen and fuel) reformation.

2.4 Methods

To analyze the energetics of water extraction in the Solar System, we mapped the least
work with respect to input conditions are common to water sources in the Solar System. Us-
ing the macro properties of various water sources, we conducted a case study to compare the
energetics of water harvesting from each source. Data was obtained from various space explo-

ration initiatives (referenced in main text). Models referenced established thermochemistry
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databases with Engineering Equation Solver (EES) and PHREEQCi [55]. Property models
were additionally validated with CoolProp and EES, which are ASHRAE and NIST validated
thermal fluid property databases [56], [57]. To quantify uncertainty, we used a Latin hyper-
cube approach to sample evenly across the range of conditions. This method is commonly

used to quantify uncertainty in higher dimensions with a limited number of samples.

2.4.1 Least work derivation

For each existing body of water of known pressure, temperature and composition, a black
box is used to represent input (i.e. feed) and output streams, (i.e. brine and permeate) with
the corresponding energy input. By solving the first and second laws of thermodynamics for a
both internally and externally reversible system, the minimum energy for obtaining drinkable
water simplifies to a change in Gibbs free energy between the input and output states plus
any change in gravitational potential. This calculation assumes the final destination of the
water is at the world’s surface. For systems without a clearly defined surface or extremely
high surface pressures, such as the gas giants, ice giants, and Venus, the final destination
occurs at an elevation associated with 1bar of pressure. The initial elevation is taken to be

the approximated location of the water source, via measurement or models.

G(T,P,C) = H(T,P) — TyS(T, P) + Z Cips (2.3)

Where G, the Gibbs free energy is defined as a function of the thermodynamic state.
H represents the enthalpy of the defined state, the subscript o represents the dead state
temperature, or ambient temperature, S represents the entropy at the defined state,
represents the chemical potential, T is the solution temperature, P is the solution pressure,
and C is the fractional composition of each constituent. The least work is defined as a

balance of Gibbs free energy, shown in Eq. 2.1.

I/Vleast = Wsep + Wheat + Wgrav (24)

35



The least work is divided into three contributions: the separation, the heating, and the

gravitational potential.

. 1 r §
wsep = (11_{%) gp(T07 PO) O) - ;gf(T07 PO) CO) + gb(T07 P07 CO) (25)

r

The separation energy requirement on a mass of pure water basis, wsep, represents removal
of water from the bulk source mixture at the thermodynamic dead state. The intensive
property for Gibbs free energy is denoted by the lower case g. The subscripts: sep, heat, and
grav, represent thermodynamic work, heating, and gravitational potential energy. Where r
is the fraction of ambient water that is converted to pure water and Cj is calculated based
on Cy and r.

For liquid-salt mixtures, water sources that are chemically combined with salts, the
separation component of least work can be expanded further with the Pitzer formulation of

Gibbs free energy [21].

1—r RT, 1 1 RT, 1
= S bn(al) + —Inaf) — ———2 (3 bn(as) + —Inay,
Wsep = 1+Zb§Mi( ln(a1)+Mw nay,) r1+ZbiMi( n(O‘)JFMH, naw)

(2.6)

The activities of a species and its molality are represented by « and b. Solutes are
denoted by the subscript i, while water on a per mass basis is denoted by w. The solute
concentrations, solute activities and solvent activity of the brine depend on the recovery ratio
(r; ) of the separation process. R;,Tp,and M; denote the universal gas constant, temperature
of the source. The superscript * denotes that the property is calculated after recovery, thus
representing the brine stream. Separation work values are evaluated at small recovery ratios
(r = 0.075, 0.05, 0.025) and extrapolated to zero to obtain the minimum least work at

infinitesimal recovery [24].

Wheat = Grartn (300K, 100kPa, 0M) — G, (Ty, Py, 0) (2.7)

The heating step represents a temperature change from the dead-state (Ty, Fp) to the near-

Earth conditions (300K, 100kPa). This step assumes heating occurs after the separation
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mechanism, as to minimize the energy input. For generality, the desired state or Earth-
state, can be replaced by any desired conditions. For this analysis, we are concerned with

obtaining freshwater at conditions similar to Earth.

surface
Weray = / g'dz (2.8)

ource

In Eq. 2.8 ¢’ with no subscript, denotes the acceleration due to gravity. The variable z

represents the altitude along the path from the source location to the defined surface.

2.4.2 Property models

Property relationships for liquid water are extracted from PHREEQC with the FREZCHEM
database for electrolyte solutions [20], [23], [46]. Property relationships for ice and vapor
are derived analytically from Maxwell’s relations. The analytical equations of state are then
compared to experimental data for validation.

For water vapor, the standard form of a real gas with a compressibility factor (Z) is used.
Eq. 2.9 shows the two-term Virial equation-of-state.

Pv

Where Z is the compressibility factor, which represents deviation from ideal gas behav-
ior. v is the specific volume and R is the gas constant for water vapor. B’ is represents

temperature-dependent deviation from ideal behavior.

B [0.44T687 - 565;265 % 1038900172 | 1070 (2.10)
| ZR
vl _ 44 2.11
ar|, P (211)

The differential forms for changes in entropy and enthalpy for pure substances are sim-

plified with the compressibility factor.
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c v c ZR
ds = 2dT — —| dP = 2dT — ——dP 2.12
T aT |, T P (2.12)
dh =Tds — vdP = c,dT (2.13)

s and h are intensive descriptions of entropy (Eq. 2.12) and enthalpy (Eq. 2.13), respec-
tively. ¢, is the specific heat capacity at constant pressure.
Combining these equations yields a differential form of Gibbs free energy for pure water

vapor with respect to a dead state (Tg, Fp).

&TodT | ZRTydP
T P

dg = dh — Tyds = c,dT — (2.14)

For pure vapors, Raolt’s law is assumed to apply and the substance pressure is equivalent
to its vapor pressure. This assumption is reasonable, especially in low-temperature and low-
pressure regimes, since the interactions between water and other mixture components may
be negligible. The saturation vapor pressure is found via the Buck correlations over liquid
water or ice [58].

To model the free energy of water ice, the sample is assumed to be incompressible, which
simplifies the Gibbs equation to only a function of temperature. The associated specific heat
for ice is used.

TodT
dg = c,dT — -0

(2.15)

2.4.3 Validation and error

The variable conditions of each planet are considered with a sensitivity analysis. A Latin
hypercube sampling method was used to reduce the number of calculations needed to cap-
ture high dimensional uncertainty. The built-in MATLAB Latin hypercube tool, lhsdesign,
was used to choose the sample conditions based on a given range. Using the range, the
tool splits the high dimensional space into a n-by-n grid and samples a random point such

that each row and column is equally distributed. The model computes the least work as a
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function of the chosen input source conditions. Then, the expectation and sample standard
deviation are computed for each source. The ranges of model input conditions are listed in
Tables A.1, A.2, and A.3. A limitation in this analysis is that ranges of conditions for each
planet are considered to be static and uniform, rather than either spatially or temporally
weighted. Therefore, the described uncertainty analysis has uniform probability and error in
this case represents a range of possible values rather than a statistical interpretation. This
analysis is meant to represent statistically significant trends among planets. The equation of
state formulation for vapors is validated against the CoolProp property database. CoolProp
contains water vapor and air properties and is thoroughly validated against ASHRAE stan-
dards. The activity values from PHREEQC are compared across various database files and
the least work for saline brines are similarly compared with [24]. Error analysis is described

in Figs A.3, A4, A6, A.7.

2.4.4 Model limitations

Limitations in the models are largely associated with estimates in thermodynamic prop-
erties of water. To generalize to planets with unknown atmospheres, we assumed water is
inert in the vapor mixture and used partial properties to simplify property models. Vali-
dating this assumption, we find that water vapor generally exists in low temperature or low
humidity environments. At low vapor pressures and temperatures, such as those considered
in this work, water vapor behaves nearly like an ideal gas. For real mixtures with highly
volatile gases, the inter-species bonding energy will lead likely to a slightly higher least work
prediction in saturated and high temperature environments. Fig. 2.1 is most accurate at
lower temperature and humidity. The error may be near 5% at low concentrations (RH <
40%), as shown by a comparative study with real air mixtures (Fig. A.7). Additionally,
to generalize property models in liquid brine mixtures, we considered binary salt mixtures
at varying concentration. To understand extraction energy requirements for more complex,
tertiary, and quaternary salt mixtures, the specific composition of the mixture is required.
Further experimental study is needed for accurate predictions of the thermodynamic proper-

ties of such mixtures. Finally, the property models for water-ice consider ice in its pure form.
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This is a reasonable assumption in many cases, like the icy moons of Saturn and Jupiter.
The thermodynamic state is also limited in that it cannot capture the energetics of physi-
cally mixed substances like regolith-water-ice. For liquid and ice sources that naturally exist
in clathrates or other physically absorbent structures, such as regolith, zeolites, or metal
organic frameworks, the structure-specific adsorption energy barrier is an additional consid-
eration [CITE 39]. A framework for incorporating physical mixtures as an additive term in

the minimum energy calculation is shown in Fig. A.10 with a focus on Lunar regolith.
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3. THERMODYNAMIC LIMITS OF ATMOSPHERIC WATER
HARVESTING

A version of this chapter has been submitted to Energy Environmental Science for review.

Akshay K. Rao, Andrew J. Fix, Yun Chi Yang, David M. Warsinger

3.1 Chapter overview

Intensifying global water scarcity calls for a diverse set of water technologies, including
atmospheric water harvesting (AWH) — a process that uses energy to extract water from the
air. These technologies provide exceptionally pure water from the surrounding environment
with simple systems. While there are many different technologies for AWH, it is difficult
to compare them on a fair basis. In this chapter, we critically evaluate each mechanism
type — dew, fog, membrane, and sorbent, using the 2" law of thermodynamics. We show
the minimum energy requirements of each type of process over a range of temperature and
humidity conditions. Additionally, we map the minimum energy requirement of water har-
vesting across the globe using atmospheric data. From this understanding, we show how
specific improvements in the design of systems and processes can reduce the energy required
per amount of water of current methods by over an order of magnitude. This AWH study
is the broadest analysis by technology, environmental conditions, and geography. This com-
prehensive approach reveals technology niches and guidance for the industrial development

and deployment of AWH.

3.1.1 Atmospheric water harvesting

Atmospheric water harvesting (AWH) technology seeks to efficiently access the highly
pure water that is available in the ambient air. Water in the atmosphere is widely available
and may be free from salt and mineral contaminants. This creates an opportunity for
decentralized water purification with relatively little need for pre-treatment. Air- and water-
borne pathogens and worsening pollution will require some post-treatment for AWH to be

used for drinking water [10]. However, this treatment is likely less difficult than filtering
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trace contaminants, such as Arsenic and Boron, that are found in oceans and rivers [11].
The primary disadvantage is that energy needs for AWH in most situations are orders of
magnitude higher than even seawater desalination. This motivates the need for a robust
understanding of the fundamental energy requirements to determine limiting factors and
identify the best use cases.

There are several performance metrics that are used to evaluate AWH technologies in
terms of energy requirements and yields. The most common metrics include the specific
water production (SWP) and the specific energy consumption (SEC) [24]. SWP quantifies
yield on an area or mass of water basis. SEC describes the energy input of a process, per
mass of water collected. In a similar vein, the moisture harvesting index quantifies the energy
needs as a fraction of the liquid-vapor phase change energy (%@) [59].

While these metrics consider thermodynamic principles, they do not provide a funda-
mental understanding of the absolute limitations, agnostic of process and energy source, and
lack a rigorous connection to thermodynamic laws. In contrast, the least work framework

quantifies the thermodynamic minimum energy requirement to obtain liquid water from a

given water source. This is described by Eq. 3.1 in Methods.

3.1.2 Current water harvesting technologies

AWH technology can be partitioned into direct harvesting and vapor concentration meth-
ods, as described by the graphical abstract. Direct harvesting aims to capture liquid water
by physically trapping droplets or cooling the ambient air-water mixture. Vapor concen-
tration uses novel materials to separate water molecules from other air components before
condensing to liquid.

Dew harvesting processes are the primary method of direct harvesting. Dew water sys-
tems cool air until the saturation pressure meets the vapor pressure of water (dew point
temperature) and water condenses [59]. This can be accomplished using active or passive
(radiative) heat transfer and various grades of thermal energy. Active technologies are not
constrained by the energy supply, but common cooling technologies, such as heat pumps or

chillers, are anywhere from 3-30% efficient [60], [61]. Passive methods, such as solar powered
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devices or radiative cooling, are largely limited by ambient forces like convective losses and
cloud cover and may only produce water in higher humidity regions [62]. Dew harvesting in
lower humidity regions or for high recovery must employ an active technology to meet high
energy requirements.

Fog harvesting, the alternative direct harvesting approach, requires environments in
which liquid droplets exist in the ambient air. These systems collect small droplets us-
ing a fine mesh or use alternative methods to induce super-saturated conditions [63]. It can
harvest large volumes of water at a time, but it is largely limited to a specific climate regions
and high humidity seasons [64]. Recent advances in materials and nanoscale manufacturing
have created new opportunities for higher yields [65].

Sorbent systems concentrate water vapor by trapping water molecules in low surface-
energy structures. Commonly used technologies include silica gels, zeolites, hygroscopic
materials, and more recently, metal organic frameworks (MOF) [16]. In this paper we focus
on MOFs since they have been shown to be the most thermodynamically efficient sorbet
method [66]. Since diffusion is the driving force, these systems are limited to a MOF-
dependent humidity range [67]. Key limitations include total water capacity (yield), energy
barrier for water release, water release and capture speed, and the material stability over
time [17], [65]. Membrane separation processes use a partial vacuum to pull water vapor
across a vapor-selective membrane. Implementing membranes in conventional dew processes
has shown dramatic (nearly 50%) reductions in energy consumption [68]. Similarly, many
studies have staged such membranes in HVAC systems and other processes to reduce the

energy requirement for cooling and dehumidification of air-water mixtures [69]—[71].
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3.1.3 Energy comparisons

Method Fog Dew Membrane Sorption
Driving Force Ambient air flow Cooling Vacuum Pressure Diffusion and heat transfer
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Figure 3.1.

A comparison of experimental atmospheric water harvesting

technologies including fog [63], [72], [73], dew [16], [62], [74], membrane [16],
[75], [76], and sorption [16], [26], [77], [78]. *Cloud seeders and chillers do not
have a unified metric for area, SEC, or SWP. P Passive systems are denoted
as SEC = 0. In reality, the energy is supplied by natural energy harvesting,
bypassing electrical energy conversion.

As described by 3.1, the environmental requirements of each approach refer to operating

humidity ranges of each process. Scalability requirements are derived from current techno-

44



logical and operational limitations. Ideal inefficiencies represent process level considerations
that cause entropy generation, such as heat transfer or mixing fluids of different composition.
Practical inefficiencies also induce entropy generation but can be mitigated by improvements
at the component level (e.g. pump efficiencies, pipe friction, etc.). None of the water harvest-
ing methods are mature technologies, however improvements in process design may address
significant practical issues.

Each technology employs a different method to drive the process, shown by Fig. 3.1, thus
resulting in trade-offs in scalability, ideal process efficiencies, and key practical limitations.
Active technologies generally have higher yields but come with the trade-off of high electricity
consumption. Fog, and dew harvesting are generally used in higher humidity regions, while
sorption systems can generally be operated at lower humidity regions. Passive MOF systems
may use day-night temperature variation to efficiently produce water but suffer from low
yields [67]. The analysis of processes in this paper considers the thermodynamic energy

requirements that can be generalized to active or passive systems.

3.2 Methods

3.2.1 Numerical model

The least work framework is a process agnostic approach to analyze fundamental limits of
any water acquiring process, according to the 2" law of thermodynamics. This framework
is commonly used in desalination to compare the performance of processes with different
driving forces, that accomplish the same task. Models are computed using the humid air
properties in EES [79] and the CoolProp library in Python [57]. The properties from both
databases are thoroughly validated against ASHRAE thermodynamic property standards.
Material properties for adsorbent materials, such as water uptake and heat capacities, are
taken directly from experimental results [30], [80]. The complete set of equations can be
found in the supplemental methods section. Code for each process model can be found on

GitHub upon publication: https://github.com/Warsingerlab /published-models/
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3.2.2 Modelling framework

The primary equations for each process are listed as a function of the ambient temperature
and humidity.

The thermodynamic minimum, or least work, is found as a function of the ambient tem-
perature and humidity [24]. The limit represents an infinitesimal change to the environment,
or the recovery ratio approaching zero. For isothermal systems, this mimics the separation
portion of Eq. 2.1, found in Ch.2

— eHA(T7 M)E

L Aw ! ) (3.1)

Wieast, min = }}g(l) (éwater(T> +epa(T,w”)

Wieast, min 15 the minimum energy requirement per mass of water collected (%) w is the
ambient humidity ratio, dw is the change in humidity ratio through the process, and w* is the
dehumidified humidity ratio. € is the flow exergy of a given fluid stream. T is the ambient
temperature. Subscripts water and HA, represent pure water and humid air, respectively.

All ideal process models assume a Carnot device for heating and cooling, as well as
isentropic pumps and compressors. Realistic component-level assumptions include COP =
3 and 1., = 20%, Neomp = 65% [61], [81].

As an extension of the least work, the dew energy requirement uses the species exergy
formulation but accounts for the change in temperature below the dew point.

1—Aw 1

Wdew = éwater(po) + éHA(poa W*)Tw - éHA(Ta W)Fw (32)

Waew signifies the energy requirement for dew water collection. Ty, represents the dew
point temperature of the ambient air. The limit is dropped, as the minimum energy for
dew processes does not occur at infinitesimal recovery. The equivalence of the species-exergy
formulation and the macroscopic Carnot-device formulation is only valid for the ideal system
with no explicit entropy generation.

The sorbent energy requirement, modeled as a MOF, conducts a similar exergy analysis

on a basis of a cycle [30].
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(3.3)

wyior represents the energy requirement for water collection via the MOF system. It is
comprised of a desorption term (gges), @ condensation term (geona), and a regeneration term
(Gregen)- Each of these heat transfer components are described on a per mass of water basis.
Each heat transfer term is divided by a coefficient of performance, or COP, for heating (h)
or cooling (c¢).This framework is adapted from prior work on a closed-cycle MOF process
[30].

The membrane process energy consumption, like the MOF, is calculated by the sum of

the work input and heat transfer divided by their respective efficiencies [69].

Gcond

COP,

Wmembrane = Wvac + wcomp + (34)

Wmembrane Tepresents the energy requirement for water collection via an open system
membrane process. In this analysis, we consider a Claridge-Culp-Liu process that features
a membrane configuration in an open system [CITE 29]. Subscripts vac and comp represent
the vacuum pump and compressor used by the system.

T Aw

= = — 3.5
" meA w ( )

For all processes, the recovery ratio (r) is defined as the amount of water removed from the
air, as a fraction of the humidity ratio of the ambient air. One exception is for the membrane
process. Since the membrane process condenser is exposed to a pure water vapor stream,
without air, the recovery ratio relates to the condensed water to the total water vapor flow

entering the condenser.

3.2.3 Mapping and computing

The modelling framework was applied global weather data from the NASA MERRA2
project [82]. The database provided temperature, pressure, and humidity of surface air in

1hr increments from January 01, 2021, to December 31, 2021. The spatial resolution of data
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was 0.5° in latitude and 0.625° in longitude. The mapping approach computed the least
work at each coordinate for every time step, resulting in over 1.8 billion model evaluations.
The calculation was conducted using AMD Epyc 7662 “Rome” CPUs at 3.1GHz for a total

of 432 hours of compute time.

3.2.4 Model validation

A previously published MOF cycle model was replicated and compared against the pub-
lished results to ensure the foundation of the present model was based on an accepted frame-
work [30], [80]. The assumptions and sensitivity analyses regarding the MOF properties
are presented in B.6, B.7, B.8, and B.9,. The membrane model is based on prior published
models [68], [69]. The ideal dew model is an extension of the least work framework that is

novel to this work.

3.2.5 Assumptions and limitations

The limitations of this model are primarily derived from the process-agnostic description
of least work, the range of the thermodynamic property database, the high sensitivity of
the MOF model to the desorption relative humidity, and the focus on open system analysis.
Additionally, the nucleation dynamics of fouling, icing and fog are not captured in this model.

The least work framework allows for precise description of a system’s maximum efficiency,
but the minimum energy requirement is not practically achievable. A reversible (100%
efficient) process is reliant on asymptotic requirements such as isothermal separation and
infinitesimal recovery. Real processes must operate at a finite recovery to meet practical
yield or capacity constraints.

Exergy analysis shows characteristics of ideal systems, but practical considerations may
limit the feasibility of achieving such conditions and alter the optimality conditions. For
example, entropy generation due to heat transfer in dew plates may significantly impact the
overall system efficiency and optimal recovery ratio. However, such impacts may only be
predicted by understanding the locations and dynamics of device-specific entropy generation.

Furthermore, it is important to note that technology deployment is only in-part driven
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by energy. Techno-economic and social considerations may conflict with thermodynamic
optimality.
The CoolProp, thermodynamic property database for humid air mixture is limited in

its range of validity. Data is exclusively for conditions where the humidity is greater than

4 kg:ir’ or the dewpoint is greater than the freezing point. Further, the study was done
assuming sea-level atmospheric pressure as a standard. While assumption hold well on most
of the Earth, a better understanding of water properties in sub-freezing conditions and low
pressures, will allow us to understand water harvesting in more extreme environments, like
the arctic or outer space.

The MOF process model assumed ideal MOF isotherm behaviour based on four repre-
sentative MOF materials, focusing on the adsorption energy, desorption relative humidity,
and maximum water uptake. The properties were chosen from an exhaustive review on ex-
isting MOFs to provide a range of humidity operating conditions [80]. Path specific uptake
and the uptake dynamics of specific MOFs were not considered to maintain generalizability
for comparison. However, an integral method is used to determine the desorption outlet
humidity, as has been done in literature [30].

This work considers the open system version of these technologies for fair comparison.
In most cases, closed systems, hybrid systems, and systems with multi-staging may be more
efficient. However, these processes widely vary by configuration and are under-explored in
the water harvesting literature. Future work should look to unifying the thermodynamics of
closed systems to bridge the gap between current technology and the minimum least work.
Efficient process design is discussed further in the Field-wide challenges section.

The exergy-based models that are used in this study are not able to account for nucle-
ation phenomena such as fouling and icing. System dynamics are process specific but may
significantly alter energy consumption when ambient air is not homogenous, or weather con-
ditions are rapidly fluctuating. Surface phenomena such as fouling and icing are also highly
specific to individual devices or processes. Along with model limits, this study assumed
that any sub-freezing temperature has the potential for frost accumulation and therefore is
not viable for water harvesting. Dynamic surfaces [83] and superhydrophobic surfaces [84]

have been shown to allow for condensers to avoid icing with low energy consumption. In
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desalination, hydrophobic surfaces also have been shown to mitigate the fouling propensity
of membranes [85].

In this study, we consider only radiative or advective fog. This assumes the droplet
composition is pure water or only contains aerosols that are not chemically combined with
water, such as dust. Fog that is induced by reactive particles, for example salt in sea fog or
aerosols in valley fog, may require small additional considerations associated with chemical
bonding energy. Further, water harvesting from more impure fog events may not uphold the

same assumptions of minimal post-treatment, as other AWH methods imply.

3.3 Results

3.3.1 Energy requirements and process efficiencies

The 2™ law efficiency of any process can be defined by the ratio between the least work
(environment dependent) and the process energy requirement (process dependent) since the
least work is thermodynamically ideal. For any process (dew, sorbent, fog, etc.), the second
law efficiency represents the maximum efficiency limit or the thermodynamic losses that are
built into the process. The least work, shown by Figure la may be used to evaluate the

efficiency of any water harvesting process.
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Figure 3.2. Energy requirements for water harvesting vary based on the
driving force and ideal processes. a. The minimum least work (Wieast.min) OI
thermodynamic minimum energy requirement irrespective of the process, is
plotted as a contour variable on the psychometric chart (B.1). The intermedi-
ate white lines represent constant relative humidity ranging from 10% to satu-
ration. The least work assumes an infinitesimal recovery ratio (the amount of
water removed from the available water in the air), which represents the mini-
mum thermodynamic change to the environment. Near the top left corner (RH
= 100%), the least work approaches 0 kJ/kg. b. The second law efficiency
(n11), of an ideal dew collection device (B.3) is found as the minimum energy
consumption of dew divided by the least work. The energy consumption of
dew harvesting is evaluated at the optimal recovery ratio, described in Fig.
3.3. The intermediate white lines represent constant relative humidity ranging
from 10% to saturation. c. The efficiency of an ideal open-system membrane
water harvesting device with the Claridge-Culp-Liu configuration (B.10). The
recovery is set at 65% to maintain consistency with the sorbent process. d.
The efficiency of an ideal MOF process (B.5) consisting of four MOF materials
is found as the minimum energy consumption for the MOF process divided by
the least work.The dotted line denotes the shift between two sets of desorption
conditions (B.8). All cooling and heating are provided using Carnot devices
and pumping is shown as isentropic.
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The least work (minimum energy requirement) is strongly controlled by the ambient
relative humidity. At saturation (RH = 100%), the least work for isothermal water harvesting
approaches zero. Below this humidity, the least work exponentially increases, reaching nearly
500 kJ/kg at extremely arid conditions (RH <10%). It is important to note that the least
work is defined as a theoretical process that enacts minimal change to the environment
by recovering an infinitesimal fraction of water from the ambient air. The recovery ratio
is defined as the fraction of water vapor that is removed from the available water in the
ambient air.

Dew harvesting processes are strongly impacted by the ambient humidity, shown by Fig.
3.2. Both the least work and the dew energy requirement improve near saturation (RH =
100%) and drastically suffer in arid conditions. Since dew processes aim to cool a mixture
to the dew point (saturation temperature), a lower relative humidity results in more cooling
of air that is required. In practice, passive and active technologies have trade-offs in meeting
the energy requirements.

Membrane processes are most effective in hot and arid regions. The value proposition of
this system, like other separation mechanisms, is the ability to avoid cooling ambient air. The
ideal membrane system efficiency is nearly constant (40-55%) over a wide range of ambient
conditions (RH< 60%). At higher humidity, the least work trends to zero while the membrane
energy requirement remains stable, thus resulting in low overall efficiency. It should be
noted that the process recovery and vacuum pump efficiency strongly affects the system
efficiency, as described in B.11, B.12, B.13. To obtain maximum efficiency in membrane-
based processes, operation should aim to minimize the membrane-flux and condense all water
that passes the membrane. A closed system design may further improve the 2" law efficiency
of membrane processes [68].

Sorbent processes, modelled in this work as open MOF-systems, are mostly influenced
by the ambient temperature and the desorption humidity. At low temperatures, the system
requires high temperature differences for desorption, thus decreasing the Carnot efficiency.
Further, the energy barriers of the enthalpy of adsorption and enthalpy of vaporization make
the process fundamentally inefficient. Minimizing the MOF-specific adsorption enthalpy may

improve the performance limits. Prior work analyzing such MOF systems showed that a
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closed-cycle process with MOF-801 may exhibit a maximum second law efficiency near 20%
[30]. While the maximum efficiency limits shown in Fig. 3.2D suggest that sorbent processes
are not promising, it should be noted that this process is the only one that is tailored to be
driven by heat. The sorbent process may be more cost-competitive if high-grade heat (e.g.
solar thermal energy) is cheap to acquire and material costs are low.

The sorbent process complexity and multiple heat transfer interactions make the effi-
ciency trends, relatively unintuitive. The characteristic isotherm, which relates the water
uptake to the temperature and humidity, and material-specific adsorption kinetics determine
the operating conditions. The maximum uptake capacity increases the theoretical water col-
lection rate but does not significantly impact the specific energy consumption, as shown by
B.9. Of the MOF’s selected in this work, the two MOFs used for relative humidity values
greater than 18% have a desorption relative humidity of 16%. B.8 shows that the desorption
humidity is by far the most sensitive parameter in the model, explaining the sudden increase
in efficiency at RH=18% in Fig. 3.2. MOFs with higher desorption relative humidity values
would extend the region of high efficiency for the MOF to higher ambient humidity condi-
tions. Additionally, while each MOF will require different amounts of desorption heat and
experience different uptake dynamics, we show in the supplemental material that these pa-
rameters have minimal effect on the system level specific energy consumption. It should be
noted that these parameters would strongly impact net energy consumption and real system

sizing (B.14).

3.3.2 Fog and saturated humid air mixtures

Fog is liquid water droplets suspended in air and refers to the supersaturated humid
air state. Both saturated air (RH = 100%) and fog (RH > 100%) theoretically require no
energy to harvest. An ideal fog system requires zero energy because the water is already in
the liquid state. On the other hand, an ideal system that condenses 100% humid air has
water in the vapor state, but the free energy change of condensation is zero. Such an ideal

system can be modeled as a Carnot-driven process operating between reservoirs of saturated
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vapor and liquid. This theoretical device is able to supply the latent heat of vaporization at
infinite efficiency due to isothermal heat transfer.

The concept can be mathematically supported with Maxwell’s relations, where %|p =ds
or dh = T'ds at constant pressure. Here, h is the specific enthalpy, s is the specific entropy,
T is the temperature, and p is the pressure. Since dg = dh — T'ds (g is Gibb’s Free Energy)
and phase change occurs at constant pressure (dh = T'ds), then dg = 0 and the minimum
energy requirements for condensation are thus zero.

Due to these facts, the minimum energy requirements for harvesting water from fog or
harvesting water from a water-air mixture at 100% are theoretically equivalent. However,
practical technologies for harvesting water from 100% humid air are not equivalent to the
thermodynamic minimum. In reality, dew plates, membrane-based systems, and sorbents,
must overcome the latent heat of phase change. Fog nets must overcome the free energy
barrier associated with forming a new surface. This surface energy is controlled by the
surface hydrophobicity and geometry and is orders of magnitude lower than the enthalpy of
vaporization.

Where fog is widely available (e.g., Hamilton, NZ; San Francisco, CA; Atacama, Chile;
etc.) it may be highly effective to implement fog nets, due to near zero energy require-
ments. However, the dynamics of fog are complex and therefore unreliable until fog events
can be predicted with high accuracy [64]. The optimization of fog collection may enhance
surface hydrophilicity to minimize the energy barrier for collection [80], [86]. Additionally,
hydrophobic materials can accelerate droplet shedding off the surface for easier collection

and distribution [14], [87].

3.3.3 Energy-optimal water recovery

The fractional recovery of water significantly impacts both the cooling load and cooling
efficiency (Carnot). When varying recovery ratio, the energy consumption for dew harvesting
has a non-zero minimum value, unlike minimum least work. At infinitesimal recovery, the
constant energy input to cool air causes the energy per mass of water to asymptotically

increase. Therefore, decreasing the temperature of condensation below the dewpoint requires
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exponentially lower energy input per unit of water collected until a certain point, as shown
by Fig. 3.3. The energy-recovery function for dew harvesting is bounded (0 < R < 1) and

convex.
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Figure 3.3. Optimal recovery for ideal dew harvesting systems. a. The
recovery ratio shows the amount of water that is collected in the liquid phase,
as a fraction of the total amount of water in the ambient air. The energy
requirement of dew harvesting is shown as a function of the recovery from the
ambient air for various ambient conditions, where the optimal recovery occurs
at the minimum of each frontier. The horizontal axis is stopped at 0.5 to avoid
frost-inducing conditions (Teong < 273.15K). b, The optimal recovery ratio to
minimize energy consumption for dew harvesting is shown on the contour axis
of the psychometric chart. Each point aims to minimize the function shown
in a, subject to constraints: O<R<1 and T.,,q > 273.15K. R is the recovery
ratio and Teonq is the condensation temperature (Shown as T3 in S3). The
labelled white lines represent constant relative humidity.

At low absolute humidity, low recovery ratios are required to avoid sub-freezing dew
point temperatures (B.4). Conversely, at high humidity, low recovery is ideal to minimize
energy requirements. This is shown by Fig 3.3. The optimal recovery, may be used to ap-
proximate operational set point conditions for practical water harvesting process. However,
specific processes may have inefficiencies that create different economically optimal operating
conditions.

Low recovery in MOF systems create large energy requirements, like dew processes.
The energy requirements of desorption and regeneration are largely controlled by material
properties like heat capacity. A sensitivity analysis on the recovery ratio for the open sorbent

cycle showed that the optimal recovery ratio was approximately 65% (B.6). A recovery ratio
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in this range provides sufficiently high-water collection, while also using relatively warm
condensing temperatures and thus a high Carnot COP for causing the condensation. This
optimal recovery ratio in the sorbent process is notably higher than that for the least work.

In general, recovery ratio optimization is highly specific to the driving force and technol-
ogy. Recovery ratios in ideal fog systems is less straightforward since the energy input is not
controlled (passive systems). For the MOF-sorbent open process, the amount of water that
enters the system is dependent on the uptake and condenser dynamics, as well the ambient
temperature and humidity. For membrane processes, the operating system pressure and
energy requirement of the vacuum pump are set by the ambient humidity and selectivity of
the membranes. Since the condenser in the membrane process contains pure water vapor,
the optimal recovery is 100%. To maintain fair comparison, the water recovery of the mem-
brane process was constrained to be equal to sorbent process. In practical applications, the
exergy losses due to friction and pumping will incentivize higher recovery while inefficiencies

associated with cooling will push the optimum towards a lower recovery.

3.3.4 Realistic energy comparison

The minimum energy requirement, or least work, decreases with higher humidity and
trends towards zero at the saturation point, as shown by Fig. 3.4. Critically, the energy
requirements of open system membrane, dew, and sorbent processes with realistic component
efficiencies (non-ideal) are over an order of magnitude above the thermodynamic minimum.
In this work, realistic efficiencies are modeled by a coefficient of performance (COP) of 3.
This has been studied as a reasonable assumption in prior literature [61], [70]. In practice,

COPs may be lower at higher temperature differences.
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under realistic assumptions.

Dew harvesting is best deployed in high humidity regions; however, it can be competitive

with sorbent processes near room-humidity conditions. The dew process efficiency is low
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relative to its maximum efficiency in high humidity regions. At high humidity, the tempera-
ture is close to the dewpoint, which results in the Carnot COP for cooling being significantly
higher than the realistic assumption, 3.

The sorbent process is energy competitive in practical situations near room temperature
and low relative humidity. As shown by Fig. 3.4, the sorbent process has a niche operating
regime where it is near the desorption humidity. Decreasing the adsorption energy barrier
and tailoring the relative humidity of desorption to the environment can significantly increase
the system-level efficiency. Furthermore, sorbent systems benefit the least (relative to dew
and membrane) from increasing heat transfer efficiency. Here, the Carnot efficiency for
cooling is fundamentally low due to large temperature gradients. Sorbent processes may be
the most effective when heat is available to drive the process.

Membrane processes could theoretically be always energy-optimal (below saturation)
with Carnot cooling, isentropic pumps, and 100% recovery. However, in practice the process
is significantly hampered by low vacuum pump efficiency (9yqe = 20%, Neomp = 65% [81]) and
finite recovery. Other practical considerations such as the pump and condenser inefficiencies,
membrane selectivity, and scaling will further decrease the process efficiency.

Fog harvesting is usually constrained to super-saturated conditions, where water is al-
ready in the liquid phase. In these conditions, the energy requirement is minimal and
therefore energy-superior to dew, membrane, or sorbent AWH systems.

The COP for cooling devices and vacuum pump efficiency pose large barriers in achieving
the maximum process efficiency limits. More efficient cooling increases viability for dew
harvesting, while more efficient vacuum pumping makes membrane processes better. S15
shows a comparison of ideal technologies with isentropic pumps, Carnot COPs, but finite
recoveries. This results in membranes outperforming other methods in low humidity cases,

while dew is best in high humidity conditions.

3.3.5 Geospatial analysis

On Earth, the least work for water harvesting may range from 50-500 11:—‘], shown by Fig.
g

3.5. The lowest energy regions tend to be near the equator and over the oceans, due to high
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humidity. The energy requirements tend to increase significantly over landmass, especially
inland, and vary significantly over small distances. The overarching trends in least work and
humidity may be influenced by patterns resembling Hadley cells [88]. For example, certain
regions in Central Africa are highly conducive to water harvesting, whereas the Northern
and Southern regions of the continent are averse to atmospheric water harvesting (high
least work). Water harvesting on ships, over the Ocean, could be energetically optimal and
annually stable, from this cursory analysis. Airborne salt particles near the ocean surface
may create additional energy requirements that are not accounted for here.

At high and low latitudes (outside £60°), the temperatures are often below the freezing
point of water (273.15 K), which may induce icing rather than liquid water collection. The
effects of climate change may limit the applicability of the extrapolation of these results [89].
Further analysis should use this framework to evaluate the efficiency of specific technologies

and consider long-term climate trends.

3.3.6 Field-wide challenges

AWH technology faces significant process and device-level barriers to being a reliable
solution to water production. Current research and development trends in tangential fields
such as interfacial physics, membrane science, and thermal hydraulics are crucial to bridge
the gap between current processes and the thermodynamic minimum.

Sorbents, particularly MOFs, for water harvesting may benefit from highly tuneable ma-
terials, as the efficiency of this technology is the most sensitive to the ambient environment.
MOF design is an ongoing research challenge, which aims to increase total water capacity
(yield) and capture speed, and decrease the energy barrier for water release, while maintain-
ing material stability over time. Engineering MOFs to desorb in energy-optimal conditions
will drastically improve process efficiency.

Membrane-based water harvesting relies on highly vapor-selective membranes and high
efficiency water vapor pumps. Ongoing challenges with membranes include defect-free fab-
rication at scale and achieving highly selective to Ny and Oy with highly permeable to H5O.

Vacuum pumps and water vapor compressors that are able to work reliably with nearly sat-
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urated water vapor at high efficiencies (>50%) are largely limiting the applicability of this
technology.

Dew harvesting technology may best benefit from both process design and material mod-
ification. From a process design perspective, closed-loop systems that recirculate air and
optimize the condenser temperature and recovery can yield significant efficiency benefits.
Further, material and surface modifications — making a surface more hydrophobic or hy-
drophilic — can be valuable in improving water collection and frost avoidance. However
coatings risk quick degradation and often use toxic materials, such as polytetrafluoroethy-
lene (PTFE) [16], [90].

For all technologies, components such as efficient heat pumps and compressors are im-
perative to reaching the maximum thermodynamic potential. For condensing water, most
cooling processes have low efficiencies (3-30% [61]), which then propagate into reducing the
system 2"¢ law efficiency. High efficiency cooling cycles that can operate at a low temperature
differences are particularly impactful for dew and membrane processes.

Novel process design that incorporates recirculation, energy reuse, multi-staging, and
closed systems may increase the 2°¢ law efficiency further. Recirculation and energy reuse
can allow a system to greatly reduce the energy input requirements for a condenser or
pump, by recovering energy from a previous step. Multi-staging allows a process to reduce

the driving force within each stage without reducing the total yield [26].

3.4 Chapter conclusions

The thermodynamic efficiency limits of AWH technology creates fundamental under-
standing for optimizing and tailoring future technology for specific use cases. Idealized
analysis shows the efficiency limit for dew harvesting processes ( 60%), sorbent processes
( 20%), and membrane processes ( 50%), and reveals that efficiencies highly vary based on
the ambient conditions. Additionally, the recovery ratio most strongly controls the energy
requirements of dew and membrane systems. The energy-optimal decision boundary be-
tween all processes is tightly linked with the environment (temperature and humidity), and

strongly controlled by component-level efficiencies and recovery ratios.

61



The understanding of process efficiency and the variation of the minimum energy re-
quirements of AWH may be used to imagine novel processes and hybridizations. This work
provides a simple computational basis for evaluating the feasibility of AWH against other
water technologies like water reuse or desalination. The energy-viability for operating any
water harvesting process is largely controlled by the ambient humidity. Regions that consis-
tently experience high humidity (near saturation) may be best for water harvesting, as the
least work of water harvesting approaches zero at saturation.

Operationally, systems should aim to tailor the water recovery based on the ambient
environment and the efficiency of available components. Below an absolute humidity of

approximately 10 % the optimal recovery ratio must be reduced to avoid frost accumula-

L)
ir

tion. Below approximately 4 -2»— the dew point temperature is comparable to the freezing

L)
air

T
point of water. In dew processes, recovery should be maximized when low efficiency cool-
ing is used but low recovery at high humidity may be optimal for near-Carnot systems.
Energy-optimal membrane processes will minimize vapor flux while maximizing the con-
denser recovery. Achieving high condenser recovery may require recirculation similar to the
design from Bergmair et al. (2014) [68]. Single-stage sorbent-MOF systems consistently
have an optimal recovery that lies between 65 to 85%. Additional entropy generation from
adverse temperature gradients and frictional effects will increase the energy-optimal recovery
of each system.

When comparing ideal processes, dew processes are overwhelmingly more effective in high
humidity (RH>50%), while the membrane systems are best in arid regions. When account-
ing for component inefficiencies, sorbents may have a particular niche in semi-arid regions,
while membrane systems are best at low and high temperatures. Dew harvesting is always
optimal in high humidity scenarios and fog harvesting is always best when super-saturated
conditions are available. Future work may consider hybrid systems (e.g., dew-sorbent, dew-
membrane). This approach may take advantage of the high overlap in components and allow
for adaptation to regular diurnal and seasonal fluctuations in ambient conditions [4], [89].

Maximimum efficiency studies of open systems suggest that sorbent and MOF-based
systems suffer thermodynamically but may be effective when high-grade thermal energy is

cheaply available. This analysis suggests that reducing energy barriers (adsorption) and large
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temperature gradients for desorption can be primary factors for improving the viability of
these systems.

Through thermodynamic analysis, we see that current water harvesting processes have
room to improve efficiency by over an order of magnitude. This leads us to conclude that
future water harvesting technology can improve by selecting optimal operating environments,
improving component-level efficiency, and tuning the system-level water recovery. Solutions
to field-wide challenges in advanced surface materials, heat pumps, and energy reuse devices
will significantly improve the energy efficiency and yield of atmospheric water harvesting

technology.
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4. CONCLUSIONS

4.1 Contributions

Through this work, we provide a general framework for analyzing the thermodynamic
limits of water harvesting, with provisions for encapsulating environments where water ex-
ists in extreme temperatures and pressures (outside room conditions). This framework was
applied to planetary data to obtain the first energy calculation for harvesting water on ex-
traterrestrial environments. Further, it was also for water capture from humid air mixtures
at Earth-standard conditions, which resulted in an approach to quickly compute efficiency
for atmospheric water harvesting (AWH) technology. This efficiency metric was then applied
to compare the performance of AWH approaches on Earth and resulted in identifying tech-
nology niches, suggesting mechanisms for energy-optimization, and informing a geographic

understanding of the minimum energy requirements.

4.2 Overarching takeaways

The primary, and perhaps obvious, conclusion from studying water harvesting in outer
space is that obtaining water from space environments is significantly more energy intense,
as opposed to what we are used to on Earth. However, the energy requirements for in-situ
approaches are orders of magnitude less than currently feasible methods for transporting
water from Earth into Space. When considering extraterrestrial sources, liquid water brines
are energy-optimal even when encountering extremely high concentrations. Water vapor
sources on many planetary bodies may require more than 4-10x the energy requirement of
accessing ice depots. However, the trade-off between using water vapor versus water-ice
or liquid water may come down to accessibility, as water vapor may be accessible through
decentralized methods.

For water harvesting on Earth, dew harvesting is optimal dew harvesting is optimal in
high humidity and membrane systems are better at low humidity. MOFs may be best near
room-temperature environments, but only are only competitive with membrane and dew

harvesting when the efficiency of heat transfer devices is far below the Carnot efficiency.
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Membrane systems that operate with high water recovery and low membrane flux may be
significantly better than other approaches to water harvesting in all environments. Current
systems for water harvesting are on the order of 5-10% efficient, compared to the ther-
modynamic minimum. The best way to improve these processes is the implementation of
high efficiency pumping and cooling. Additionally, current technologies for accessing water
are built for Earth environments and may encounter difficulties in working in sub-freezing

temperatures, with complex salt solutions, and at low water vapor pressures (mbar).

4.3 Future work

Future work should consider using the energy efficiency framework to study the perfor-
mance requirements and viability of new technology trends like liquid sorbents and radiative
cooling materials. Additionally, this work highlights the need for understanding the deploy-
ment of such gas separation systems in the context of their environment. The approach can
be extended to understanding the thermodynamic minimum energy requirements for cap-
turing green house gases like carbon dioxide and methane. Technoeconomic analysis using
least work should elucidate decision frontiers associated with the performance-cost trade-off

in these low technology readiness level fields.
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A. APPENDIX: OBTAINING WATER IN THE SOLAR

SYSTEM

——————— Reject Stream . N
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Figure A.1. Extended least work model visualization: The least work can
be modeled as a staged, fully reversible process. The input and reject streams
represent the feed and brine. These are evaluated the natural temperature of
the source. The pure water from the input mixture is separated, isothermally
using the minimum separation work. It is then brought to the Earth standard
conditions, via the work due to heating. A third stage can be similarly added
when gravitational potential is applicable.
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Figure A.2. PHREEQC model validation: A comparison of activity coef-
ficient values to validate the thermochemical property models in PHREEQC
is shown [CITE 1,2]. The activity of water, Na+, and Cl- are compared to
prior literature for the thermochemical databases used in this study. The com-
parison was done at 300K and 0.596M (seawater salinity). The PHREEQC
(default) and Livermore National Lab (LLNL) databases are publicly available
at USGS. The Frezchem database is provided by Professor David Catling and
Dr. Jon Toner [20], [23], [46]. Experimental values are provided at M = 0.6
from Chirife and Resnik (1984).
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Figure A.3. Equation of state specific Gibbs free energy validation. The
analytical EOS represents the property calculations based on the compress-
ibility factor correlations, presented in methods. The CoolProp database of
properties is validated against ASHRAE property standards [57].
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Figure A.4. Equation of state least work of separation validation. The
calculation assumes an isothermal process at the thermodynamic dead state
temperature (300K) to isolate the separation energy. The analytical equation
of state (blue) and CoolProp property database (orange) are used for pure
water vapor. The CoolProp database for humid air properties (green) is addi-
tionally used for comparison [57].
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Figure A.5. Equation of state least work of heating validation. The calcula-
tion assumes an isobaric process at saturation (RH = 100%). The analytical
equation of state (blue) and CoolProp database (orange) are used for pure
water vapor. Regardless of the equation of state, the least work approaches
zero at the thermodynamic dead state.
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Figure A.6. Equation of state least work of heating validation. The cal-
culation considers the total least work at ambient conditions that are well
defined by the CoolProp database [57]. The relative error is calculated by

err = 100 (W‘m‘”y“m’_wc""lp “’”). The majority of the error may be attributed

Wanalytical

to the compressibility factor correlations since a 1st order Taylor series expan-
sion in pressure was used. As shown by Wexler (1977) [91] this error is reduced
to less than 1% at temperatures below 273K 8, and therefore the range of this
plot show the conditions of maximum model error.
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Figure A.7. Water harvesting from air and pure water vapor mixtures.
This considers the full parametric sweep for water harvesting. The single-
component version (left) assumes Dalton’s law and ignores other components
in the mixture. The air version (right) assumes water is in a standard air
mixture and accounts for energy interactions between mixture components.
Nearly inert water vapor mixtures, like air, can behave as an ideal gas at low
humidity. Water vapor on other planets is often found at low vapor pressures
and concentrations. This suggests that the least work at low temperatures
and humidity behaves similarly when computed with full mixture properties
and water vapor partial properties.
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Figure A.8. Extended model of NaCl brine separation. Axes bounds repre-
sent the range of model validity. NaCl properties resemble water solutions on
Earth and fall in between the upper and lower bounds shown in the manuscript
Fig 2.1. For reference, most conventional waters on Earth are less than 1m.
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Figure A.9. Extended model for magnesium sulfate brine separation. Axes
bounds represent the range of model validity. White space signifies super-
saturation. Magnesium sulfate solutions fall in between the upper and lower
bounds shown in the manuscript.
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Figure A.10. Irreversibility of transient heating in physical mixtures like
regolith. The heat capacity contribution of water encompasses the relative
mass and specific heat capacity of water and the other species in the physical
mixture.

The irreversible energy input is computed via the following equation:
. 300K T
Wonys = /T 0 (1 - °> ClegdT (A1)

Here, Tj is the dead state temperature and C\.g is the constant pressure heat capacity of

the non-water portion of the sample, on a per mass of water basis.

Oratio = Oice — OTeg = Cice (C’L N 1) (A2)

C'ice + C17’(—39 Mice ratio
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The specific heat ratio, Ciayio, is shown on the y axis of the contour plot in S11 and represents
the extensive heat capacity contribution of water-ice. Rearranging the equation for the heat
capacity of regolith, Cles, on a per mass of ice basis, mjc, allows for a simple estimate in
terms of just the specific heat capacity of ice, ¢i.. This equation assumes the ratio of specific
heats is constant through the heating process, with ¢;.e= 2.108 kJ/kg-K. This is a reasonable

assumption due to the incompressibility of solids within the shown temperature range.
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Table A.1. Water-Ice ranges of conditions

Planetary Body Temperature [K] Depth [km]
Mercury 90 — 155 0
Earth 184 — 273 0
Moon 95 - 110 0
Mars 184 — 237 0
Europa 116 — 122 0
Ganymede 130 — 138 0
Enceladus 65 — 125 0
Tethys 75 — 85 0
Uranus 100 — 250 200-300
Jupiter 230 — 250 20-50




Table A.2. Liquid water ranges of conditions

Planetary Tempera- | Depth Concentration Species Present

Body ture [km] | [km]

Earth 273 -310 |0 0.5 - 0.65 Na, Cl

Mars 271 -285 | 0-0.75 04-1.2 Na, Mg, SO,

Europa 272 -325 | 10 - 30 09 -1 Mg, SO,

Ganymede 0— 278 800 0.1 -0.8 Na, Cl, HCOs,
CO,, K

Enceladus 273 —-300 | 35 2.5 —-12 Na, Cl, Mg, K,
Ca, ClO4
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Table A.3. Water vapor ranges of conditions.Vapor pressure is used to repre-
sent mixing fraction and ambient pressure due to the ideal gas relationship.The
depth is considered for both accessing water at the mean planetary solid sur-
face and the 1bar pressure level. Due to the extreme low pressure on Mars,
water is able to stay in the vapor state below 273.15K.

Temperature | Depth Vapor Pressure*
Planetary Body
(K] [km] [kPa]
Venus 430 — 740 0 — 50 ** | 0.006 - 0.5
Earth 273 — 325 0 02-13
Marg*** 250 — 337 0 0.00005 — 0.0002
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Table A.4. All simulations, except for ZnSQOy, use the FREZCHEM thermo-
chemistry database provided by Professor David Catling. Zinc solutions are
simulated using the LLNL database. Each trial is simulated at 0.5 molality
and 300 K. Trends are validated with prior literature on NaCl and ZnSO,
studies of least work and compared to the least work trends of five other rel-
evant binary electrolyte solutions: KCl,MgCl,, CaCly, NasSO,4, MgSO,. This
comparison can be found in Figure 11 of Mistry, Hunter, Lienhard (2013) [21].

Binary electrolyte solution | Least work [kJ/kg]
NaCl 2.42
NaClO4 2.35
MgClO4 4.02
Ca(C104)2 3.97
ZnS0O4 1.55
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Table A.5. Compressibility factor validation. The calculation of the com-
pressibility factor for sub-freezing temperatures is compared to the compress-
ibility factor presented in Wexler (1997) [91]. The maximum percent difference
between the two is 0.01%

Temperature [K| | This work | Wexler, 1977
273.16 0.999624 0.999624
273.15 0.999624 0.999624
263.15 0.999807 0.999907
253.15 0.999907 0.999958
243.15 0.999959 0.999982
232.15 0.999982 0.999993
213.15 0.999999 0.99999
193.15 0.999999 1
173.15 0.999999 1

91



B. APPENDIX: ATMOSPHERIC WATER HARVESTING

The least work formulation begins with a steady-state balance of exergy for an irreversible

open system.

imé—offmé—w+@(1—?)=o (B.1)

Where & is the flow exergy, 7 is the mass flow rate, W is the thermodynamic work
and , @ is the heat transfer. T, represents the temperature of the thermodynamic dead
state and T is the system boundary temperature. By considering a system without entropy
generation that is driven by work, we find that the least work is only a function of the

ambient environmental conditions.

in out

Wieast = 3106 — >_ e (B.2)
0 0

€= (h — ho) — To (8 — So) (B3)

Where hy and sq are the enthalpy and entropy evaluated at the thermodynamic dead state.
Expanding this form to include a conservation of mass, the least work is equivalent to the
mass flow weighted sum of flow exergy. The equation is written on a basis of mass of water
collected, which is equivalent to the change in absolute humidity of the ambient air. The
infinitesimal change in bulk properties yields the theoretical minimum least work [24], [30],
as shown by Eq. 3.1.

We define the maximum 2" law efficiency as a function of the theoretical minimum least

work and the work input from any given system, normalized by time or mass.

Wmin, least
I, max = (B4>
Wreal

Where 71 max signifies the maximum second law efficiency of a given system and wyey is the

specific energy consumption of a process (e.g., dew, membrane, or MOF) on a basis of the
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mass of permeate produced. This definition of efficiency can be used as a generalized form
to analyze all water harvesting systems on a consistent basis.

Extending this derivation, we model the energy consumption of an ideal dew collection
process by assuming that a finite amount of water is separated from the bulk mixture and
collected at the dewpoint temperature. This is shown by Eq. 3.2

The MOF system depends on the adsorption characteristics of the material. In order to
provide a robust analysis of the potential for MOFs, four MOFs with varying properties were

considered. These MOFs, and their key properties are shown in Table B.1.
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Table B.1. RHgesor is the relative humidity needed to induce desorption,
Whax 18 the maximum water uptake for the MOF, and Ahaqsort, is the en-
thalpy of adsorption for a given MOF. RHiugection is the relative humidity
“inflection point” at which the water uptake is 50% of the maximum water
uptake (Wiayx).Given the added complexity of considering numerous MOFs,
our modeling framework assumes a step-wise increase in water uptake from
near-zero to Wiax at RHinfection- Lhis enables easy modification of the model
for new MOF materials so other researchers can make use of the model. It also
presents an idealized scenario for the MOFs. All information and assumptions
are used from prior work [30], [80].

Material Desorption RH | Inflection RH | Wiax | Ahadsorb
[—] 7] 7] keg/kg] | [kJ/kg]
MOF-801 5.5 9 0.41 58.8
MOF-303 5.5 13 0.45 49
MIP-200(Zr) 16 18 0.45 55
Al-Fumarate 16 27 0.45 50
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There are several mass terms needed to evaluate the thermodynamics of the system,
however, we would like to generalize the analysis by having everything in terms of the mass
of water ultimately collected, m,,. Thus, the MOF, adsorbed water, desorbed water, and

desorption air masses are all defined per kilogram of collected water.

Maq o Wad ( Wes — Wair ) (B 5)
My Wad — Wdes \Wes — Weond
Mdes o Wes — Wair (B 6)
My Wes — Weond
mair _ 1 (B 7)
My Wes — Weond
mmyior o 1 ( Wes — Wair ) (B 8)
My Wad — Wdes \Wes — Weond

Mmaq and mges represent the mass of water that is adsorbed and desorbed in a cycle. w,q
and wges are the water uptake values for the adsorption and desorption conditions, respec-
tively. The subscript cs signifies the air after water is desorbed into it. The subscript cond
represents the state of the condenser. To evaluate the outlet humidity from the desorption,

the integral average method was employed, as has been done in other modeling work [30].

17w (RHges, T) dT
Tdes - Ta,i

(B.9)

Wes = Wdes,outlet =

Here, T,; is an “intermediate temperature” at which the relative humidity of the heated
air is equal to the desorption relative humidity condition for the MOF. T, is the high
temperature used for desorption. To determine the humidity at the outlet of the desorption
process, the humidity ratio is integrated along the line of constant relative humidity and
then divided by the total temperature difference, giving somewhat of an “average” outlet

humidity condition.

95



The recovery ratio is the ratio of mass of humidity collected to the total mass of the
humidity in the desorption air stream. Essentially, this gives the relative amount of water

collected compared to the total amount of water vapor in the air entering the condenser.

Wes — Weond
— ¢ Teond B.10
r o (B.10)

Here, everything is fixed except weonq. Thus, the recovery ratio controls the setpoint for the
humidity of the air leaving the condenser. This implicitly controls the temperature of the
condenser, as well as the condenser efficiency in the Carnot case.

The heat transfer terms for desorption, condensation, and regeneration were originally

described in Kim, et al (2020) [30] and repeated below.

Mdes

Ahpg (B.11)

mmor Mad Majr
Qdes = ( m Cp,MOF + —0c + Cp,air (Tdes - Tair) +

w My pw My My

Mair
Gcond = hfg + Cp (Tdes - Tsat (W = wcs)) + (Cp,air + Wcondcp) (Tdes - Tcond <B12)

w

mmyor

Qregen =

o MOF (Ldes — Tair) (B.13)

A ¢, of 1 kJ/kg-K was used as the baseline (being very similar to that of MOF-801, Cp
=1.14). The sensitivity to this assumption is covered in this material.

The open membrane system is modeled as a Claridge-Culp-Liu process and was assumed
to have constant membrane parameters: 5000GPU permeability to water vapor and 0GPU
permeability to Ny and Oq [68], [69]. For consistency, the membrane area was taken to be

1 m?

since the water flux scales linearly with area when concentration polarization is not
considered. The flux through the membrane is defined by a force balance of water vapor at

the membrane surface.
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mvapor = BAm (pv - psys) (B14)

Where 7iv,4p0r is the vapor flowrate into the system, B is the membrane permeability to
water vapor, and A,, is the membrane area. p is the partial pressure of water vapor and
subscripts v and sys signify the ambient vapor and the internal system. The membrane
system model in this work was based off of the process proposed by Claridge et al. (2019)
whereby the water vapor pulled across the membrane is compressed close to the saturation
pressure at the ambient temperature by a separate water vapor compressor. A vacuum pump
is also included to keep the whole system near-vacuum and to expel non-condensed gases
back to the environment. Including this intermediate compression stage requires less sub-
cooling to induce condensation. The pressure of this intermediate condensation stage (prcs)
was chosen as 95% of the saturation pressure of water for the given ambient temperature.

This models the aspect of minimizing the driving force.

pres = 0.95pgas (water, Tomp) (B.15)

The heat required for the condenser is equivalent to the change in enthalpy between the

ICS state and a pre-set quality at the saturation temperature.

QCond — hin (Tamb7 pICS) - hout(Tsat7 I) <B16)

Where h is the enthalpy of water vapor and subscripts in and out represent the inlet and
outlet of the condenser. T is the temperature. Subscript amb represents ambient air and sat
represents the saturation temperature at the system pressure. x is the desired quality exiting
the condenser. Conversely this is related to the fractional recovery where x=1 signifies no
condensation and x=0 means that all incoming vapor is converted to liquid. The power
consumption of the vacuum pump and compressor can be similarly calculated with enthalpy
balances.

Q
COP,

Wmembrane - ( + anc + Wcomp) <B17)
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Figure B.1. a, Process schematic describing ambient air (1) flow being dehu-
midified (2) through an ideal atmospheric water device. The definition of the
thermodynamic minimum represents a steady state, isothermal process. The
thickness of each arrow qualitatively represents the relative magnitude of the
mass flow rate. The color of each arrow represents the amount of water in the
given stream, with more saturated colors signifying more water. The graph
qualitatively describes the temperature (vertical axis) along the ideal process
(horizontal axis). b, The thermodynamic state of the air stream is described
on the psychometric chart. Beginning at high humidity, and isothermally mov-
ing to low humidity. The change in absolute humidity between states 1 and 2
corresponds to the mass of water collected.

98



T=300K

300 A1

RH=10%

250 A1

K
kg

[

o

o
1

150 1

Least Work [

RH=30%

100

50 1

01 02 03 04 05 06 07 08 09
Recovery Ratio [ |

Figure B.2. The least work trends are similar to those shown in previous
analyses in desalination and with thermal-MOF systems [21], [24], [30]. The
minimum least work is evaluated with the limit as recovery goes to zero. This
trend varies significantly by the relative humidity.
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Figure B.3. a, The process schematic describes an ideal dew water harvesting
device. Ambient air enters at the ambient temperature (1), is cooled to the
dew point for condensation (2) (by a Carnot-like device), and then exits at
a saturated state at the condenser temperature (3). The graph qualitatively
describes the temperature of the air (vertical axis) along the dew harvesting
process (horizontal axis). b, The dew process for the humid air stream is
visualized on the psychometric chart. The difference in humidity between (1)
and (3) represents the mass of water collected.
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Maximum dew harvesting recovery to avoid frost
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Figure B.4. The figure shows the recovery associated with subcooling a hu-
mid air mixture to the frost accumulation temperature. The lower bound of
condenser temperature is limited by frost accumulation, and here is set to
273.15K. Lower condenser temperatures, or larger subcooling, induces higher
recoveries and yields. In the case of a constant COP with respect to tempera-
ture, maximizing the recovery also maximizes the process efficiency. However,
as shown by Fig 3.3 in the main text, when the COP is inversely proportional
to the temperature difference, as is the case with a Carnot-device and many

practical cooling systems, there is a trade-off between maximizing yield and
efficiency.
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Figure B.5. a, The MOF process aims to concentrate water vapor within a
structure in cycles, to increase the humidity for more efficient condensation.
The psychrometric chart represents the humid air states in the process. Am-
bient air (1) is heated to a low relative humidity (2) where it can desorb the
water contained within the MOF. To facilitate desorption, the MOF must be
heated to a pre-defined relative humidity. The humidified air (3) is then sent
to a condenser to extract water similar to the dew harvesting process. The
graph qualitatively describes the temperature (vertical axis) along the desorp-
tion and condensation process (horizontal axis). b, The humid air states of the
MOF process are described on the psychometric chart. The process begins at
an arbitrary inlet ambient air temperature and humidity. The collected mass
of liquid water corresponds to the difference in humidity between (4) and (5).
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Table B.2. Comparison of assumptions to prior literature

Assumption

Kim et al. (2020)

This work

System type
Condensation

temperature

Desorption pro-
cess

Closed system with recircu-
lation

Occurs at ambient temper-
ature and not accounted for
in efficiency calculation

Determines a minimum
temperature, exceeds the
minimum temperature,

uses integral method to
determine desorption outlet
humidity ratio.

Open system

Occurs at a recovery-
specified condenser tem-
perature and modeled as a
Carnot-device

Uses integral method to de-
termine outlet humidity RH
of desorption is set by mate-
rial properties.
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Figure B.6. a, The MOF process aims to concentrate water vapor within a
structure in cycles, to increase the humidity for more efficient condensation.
The psychrometric chart represents the humid air states in the process. Am-
bient air (1) is heated to a low relative humidity (2) where it can desorb the
water contained within the MOF. To facilitate desorption, the MOF must be
heated to a pre-defined relative humidity. The humidified air (3) is then sent
to a condenser to extract water similar to the dew harvesting process. The
graph qualitatively describes the temperature (vertical axis) along the desorp-
tion and condensation process (horizontal axis). b, The humid air states of the
MOF process are described on the psychometric chart. The process begins at
an arbitrary inlet ambient air temperature and humidity. The collected mass
of liquid water corresponds to the difference in humidity between (4) and (5).
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In this work, four MOF materials with ranging adsorption properties were implemented.
In order to simplify the analysis, given the broad scope of this work, each MOF was assumed
to experience a stepwise increase in water vapor uptake at the inflection humidity. In other
words, for any ambient relative humidity greater than the inflection humidity, the MOF
experiences the tabulated maximum uptake. This assumption has represents the behavior
of an idealized MOF isotherm. By implementing four different MOFSs, the model can decide
which MOF properties to use based on the ambient relative humidity. The breakdown of

when each MOF is used is summarized as follows.
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Table B.3. One calculation that is carried out in the same manner between
both models is the minimum desorption temperature. Both models can take a
known /assumed absolute humidity of the incoming air stream and determine
the temperature for which that absolute humidity is 10% relative humidity.
This work heats ambient air to attain the desorption relative humidity, whereas
Kim et al. (2020) uses a saturated air stream at 25°C from the recirculation
process. By setting the ambient condition to 25°C and 100% RH in our model,
we confirmed that our model would calculate a desorption temperature of
71°C, which is the minimum temperature determined by Kim et al. (2020).
While this is only a small portion of the models, it is nonetheless a shared
calculation between the two models which were matched. Furthermore, the
cycle model for the single-cycle recirculation system presented by Kim et al.
(2020) was replicated for MOF-801 B.7. The foundational assumptions about
operating conditions for both models match and can reproduce results of the
prior published work.

Condition Tailored MOF

RH < 13% MOF-801
13% < RH < 18% MOF-303
18% < RH < 27% | MIP-200(Zr)

27% < RH Al-fumarate
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Figure B.7. The open system was chosen as it is the simpler option that is
more robust and flexible to adapt to different MOF’s and operating conditions.
Additionally, it is the most comparable system to the other AWH systems
modeled in this work (dew, membrane, and least work). So, while the two
systems are different in several aspects, they also share many similarities as
discussed above. The framework developed in this work is developed with a

very similar approach.
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Figure B.8. We further demonstrate this with the plots below. These plots
show the specific energy consumption of water harvesting at an ambient tem-
perature of 300K. The left plot employs the MOF assumptions exactly, whereas
the right plot employs a constant desorption relative humidity to each MOF.
It can be seen that when all MOFs use the same desorption relative humidity,
the energy consumption across the range of humidity values is nearly identical.
In the main text, we use all 4 MOFs while employing a constant desorption
humidity across all MOFs.
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Figure B.9. A sensitivity analysis was conducted with assumed parameters
in the MOF model, to show the relative effects on the energy consumption.
The default analysis conditions include the ambient relative humidity of 50%,
the specific heat capacity (1 kJ/kg K), and recovery ratio of 65%, and MOF-
specific properties in presented previously. As can be seen, the specific heat
capacity, adsorption energy, and maximum water uptake of the MOF have
very minimal impact on the specific energy consumption. However, these vari-
ables may significantly impact the non-normalized energy consumption, which
may be important in practical systems with size and form factor constraints.
The most significant factor affecting the specific energy consumption for water
harvesting is the desorption relative humidity. Due to the integral method
used to determine the outlet humidity ratio from the desorption process, even
small increases in the desorption relative humidity led to significant increases
in the outlet humidity ratio. Thus, for a constant recovery ratio, a significant
increase in desorption outlet humidity ratio leads to a higher condenser tem-
perature and cooling COP, greatly improves the specific energy consumption
of the system.
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Figure B.10. The membrane process employs a membrane to isothermally
concentrate water vapor before condensation. This is a depiction of the origi-
nal Claridge-Culp-Liu dehumidification process [69]. The psychrometric chart
represents the humid air states in the process. Ambient air (1) is concentrated
(2) where now it has a lower energy requirement for condensation. The water
vapor is condensed and then is pumped back to atmospheric pressure. Note:
only the air states are shown in the psychrometric chart. Since the membrane
is assumed to be perfectly selective, only water vapor enters the condenser. b,
The humid air states of the membrane process are described on the psychome-
tric chart. The process begins at an arbitrary inlet ambient air temperature
and humidity. The collected mass of liquid water corresponds to the difference
in absolute humidity between 1 and 2 minus the amount of excess vapor that
is rejected from the system.
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Figure B.11. The fraction of water condensed represents the recovery ratio
at the condenser of the membrane.The system pressure ratio represents the
ratio between the system operating pressure and the ambient vapor pressure
of water. This calculation is done for 30°C and RH = 70%. A perfectly ideal
membrane system will have a system pressure approaching 1 (infinitesimal
flux) and a recovery ratio nearing 100%. For the analysis in this work, the
recovery ratio, or fraction of water condensed, is set to 65% to create a fair
comparison with the other processes. Optimizing this process with recircu-
lation could artificially increase the true recovery ratio, thus enabling higher
efficiencies.
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Figure B.12. The breakeven recovery represents the recovery ratio at which
the membrane must operate to be energy-equivalent to dew harvesting. In the
membrane system, it is always optimal to condense all the water vapor that
passes through the membrane. In the case that this happens, the membrane
system will require less energy than dew. However, achieving high recovery
through heat exchangers may have practical limitations such as scaling and

frost.
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Membrane-dew breakeven based on vacuum pump efficiency
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Figure B.13. The breakeven efficiency refers to the isentropic efficiency of
the vacuum pump in the membrane system that allows the membrane to be
energy-equivalent to the dew harvesting process. The figure on the left as-
sumes a compressor efficiency of 50%, while the figure on the right sets the
compressor efficiency to 90%. The sub-saturated region in white represents
the area where dew is better than the membrane even with isentropic vacuum
pumping. This white region becomes larger with lower compressor efficiency
and lower recovery. The default recovery for the membrane system is 65%,
which was chosen to create a fair comparison on the basis of yield with the
MOF-sorbent process.
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Figure B.14. Dew harvesting, membrane, and sorbent processes are modeled
with cooling and heating coefficient of performances of 3 and pump isentropic
efficiencies of 65% (compressor) and 20% (vacuum pump) [61], [70], [81]. This
represents a first order estimate of current heating and cooling technologies,
although in practice larger temperature differences will yield lower efficiency
components and technologies for near-saturation pumping may encounter ad-
ditional issues. The contour axis is represented on a log scale in units of kJ /kg.
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Ideal technology comparison
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Figure B.15. Ideal processes are compared on the basis of energy efficiency.
All heating and cooling are assumed to be conducted by a Carnot-like device.
Fog harvesting (yellow) is optimal in supersaturated conditions. Dew harvest-
ing (red) is optimal in high-humidity conditions. Membrane processes (blue)
are optimal in low relative humidity conditions. Ideal sorbent systems are al-
ways sub-optimal when compared to membrane systems, however the dashed
region shows where sorbent processes are better than dew harvesting. Further-
more, as the COP decreases (real systems may be 3 or less), the membrane
processes become optimal at higher relative humidity. Additionally, the region
where sorbent systems outperform dew harvesting also increases in area on
the temperature-humidity plane. This analysis is conducted for open system
processes and only consider thermodynamic optimality. Other factors may
influence deployment such as technology cost and accessibility.
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Figure B.16. The air temperature at 2m above the surface is mapped, based
on the monthly NASA MERRA2 database [82]. The median and standard de-
viation are taken from monthly mean temperatures (January 2019 to January
2021).
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Figure B.17. The specific humidity at 2m above the surface is mapped, based
on the monthly NASA MERRA2 database [82]. The median and standard de-
viation are taken from monthly mean temperatures (January 2019 to January
2021).
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Figure B.18. The number of months in a year where the monthly average
surface temperature is above 274K is mapped, based on the monthly NASA
MERRAZ2 database [82]. This is averaged over 2019 and 2020. The evidence
of global temperature rise should be noted [89].
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