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Broader context statement:

Freshwater constitutes only 3% of the available water on Earth, and it is a critical resource for various
sectors of the economy ranging from energy production to agriculture. Rapid population growth and climate
change are depleting this finite resource, which is projected to result in severe water stress across the globe.
To combat this, methods of artificially producing freshwater must be implemented. One such well-
established technology is desalination, in which fresh water is extracted from saline water (typically
seawater) in large, centralized treatment facilities located at the coast. With over 60% of the global
population living in inland regions, this desalinated water must also be transported (using a combination of
pipes, canals, and tunnels), which increases the cost of the water and the energy consumed. In contrast,
atmospheric water harvesting (AWH) is an emerging technology that has garnered significant attention for
decentralized freshwater production by extracting moisture from air and condensing it into liquid water.
While AWH is often claimed to be low cost, there is no data to support this and a direct comparison to
desalination on the common basis of energy consumption and lifetime costs is missing. This work provides
a comprehensive thermo-economic analysis of these different technologies while taking into consideration
population density, weather, and water risk data to address global freshwater availability. This approach
reveals the significant advantage of desalination, but also pinpoints a niche and provides guidance for the
development of efficient and low cost AWH.
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Addressing Global Water Stress using Desalination and
Atmospheric Water Harvesting: A Thermodynamic and
Technoeconomic Perspective

Jordan D. Kocher 2 and Akanksha K. Menon*?

Freshwater is a critical resource but excessive withdrawal of natural reserves and inefficient water management, as well as
climate change and pollution have resulted in global water stress that is projected to impact 4 billion people by 2030.
Methods of artificially producing freshwater include desalination, which is a well-established process in which water is
extracted from a saline source (typically seawater). Atmospheric water harvesting (AWH) is an alternate emerging process
in which water vapor is extracted from ambient air and condensed into freshwater. Although AWH has attracted attention
for decentralized water production using different materials and technologies (e.g., sorbents, active, or passive cooling), the
energy consumption and costs associated with practical systems with meaningful water yields to address water stress has
not been reported. Herein we present a thermodynamic and technoeconomic framework to evaluate different AWH systems
on the basis of these performance metrics (kWh/m3 and $/m3), and we compare it to desalination at the coast with clean
water transport inland (distributed). These results are weighted by the population and water risk across all global locations
to identify regions where each process may be viable. We find that AWH is more energy intensive for 84% of the global
population even if it operates reversibly (impractical system) when compared to distributed seawater desalination.
Furthermore, a practical AWH system has a minimum levelized cost of water (LCOW) of $10/m?, which is significantly higher
than seawater desalination even after accounting for water transport costs. The analysis reveals a niche where AWH can be
the lowest cost option, i.e., water harvesting in arid locations far from the coast (e.g., Sahara Desert) using sorbents, although
this represents only a small fraction of the water-stressed population. Ultimately, this analysis framework informs material
and system design targets for AWH research and development to maximize global impact.

Introduction

The increasing demand for clean water has resulted in global
water crises?, with over 2 billion people living in water stressed
countries3. Climate change, population growth, and economic
activities (agriculture, power generation, etc.) have exacerbated
water scarcity by depleting natural freshwater reserves?*>, thus
necessitating the use of cost-effective methods for artificially
producing clean water. Seawater desalination®7 is a well-established
process for separating salts from water that has been deployed at
scale in many coastal locations. The current global desalination
capacity is approximately 95 million m3/day, with 40% of this
capacity located in the Middle East®. In fact, many Gulf countries
satisfy more than half of their potable water demand using large
desalination plants®12. This is because seawater desalination is
economically viable for coastal regions, due to the abundance of a
saline water source and discharge of brine into the ocean. However,
over 60% of the global population is located in inland regions?3,
which requires transporting the desalinated water!4. For example,
drought-prone and arid regions around the globe (e.g., Phoenix,
Arizona®'®> and South Australial®) are pursuing this distributed
desalination approach, with recent approvals to construct a coastal
desalination plant and a 200-mile water conveyance pipeline inland.
Desalination of inland saline sources (e.g., brackish groundwater,
industrial discharges, etc.17-2%) has emerged as another option for
distributed freshwater production?%22 but its applicability has thus
far been limited by the source (which can be geographically

o George W. Woodruff School of Mechanical Engineering, Georgia Institute of
Technology, Atlanta, GA, USA

* Corresponding author. Email: akanksha.menon@me.gatech.edu

Electronic Supplementary Information (ESI) available: [details of any supplementary

information available should be included here]. See DOI: 10.1039/x0xx00000x

widespread and of varying salinity), as well as challenges with brine
management?.,

Atmospheric water harvesting?3-31 (AWH) is another process for
producing freshwater that has recently received great interest. In
AWH, water vapor is extracted from ambient air and condensed into
liquid water. Active dew harvesting AWH devices (driven by
refrigeration) are commercially available for potable water
production but are energy intensive (~3 kWh/L), while sorbents and
radiative cooling surfaces that can passively harvest water from air
are being developed by researchers. Some of these sorbents can
harvest moisture from relative humidities as low as 12%3°, but device
demonstrations have primarily been at small scales. For example,
LaPotin et al. demonstrated a sorbent-based AWH device that
harvested ~0.8 L/m?/day3!, while Haechler et al. designed a radiative
cooling surface that achieved peak water harvesting of 1.2
L/m?/day32. These lab-scale prototypes suggest that large surface
areas ~1000 m2 would be required to produce even one m? of water
per day using AWH, and the energy costs are often not considered.

Thermodynamically, both desalination and AWH involve the
separation of water from a mixture (salt/water for desalination and
air/water for AWH) with some energy input, as shown in Fig. 1a. The
reversible energy consumption thus has the same functional form for
both processes, with the difference being in the water activity, a,, of
saline water versus ambient air. Given that a lower activity
corresponds to a larger energy requirement to extract water from
the mixture, we find that for ambient air a,, = 0.65 (equivalent to a
median global relative humidity of 65%) and for seawater a,, = 0.97
(salinity of 35 g/kg). This simple thermodynamic argument reveals
that AWH inherently requires more energy than seawater
desalination as water is extracted from a more dilute source.

The interest in AWH for clean water production thus raises
important questions about its competitiveness, both in terms of
performance and cost. First, what is the energy consumption of AWH
at a given location on a kWh/m?3 basis, and how does this compare
with distributed desalination (seawater desalination followed by
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water transport to the same inland location)? Literature reports on
AWH energy consumption are limited to thermodynamic analyses of
different AWH systems rather than real data under varying operating
conditions — for example, Rao et al.?* and Kwan et al.3? evaluated the
least work of separation for reversible AWH, and they found that
AWH systems operate at a fraction of the reversible limit. Li et al.3
developed models for irreversible (semi-idealized) sorbent AWH in
single and multi-stage configurations, and they found that its energy
consumption is 67% higher than the enthalpy of vaporization of
water. This is an important finding since other processes that rely on
evaporative phase change such as thermal desalination are known to
be prohibitively expensive and inefficient unless heat recovery is
implemented3536, Yet, most AWH prototypes are designed as single-
stage devices with low water yields. In the literature, only Kwan et al.
provided a comparison between reversible AWH and seawater
desalination, but their analysis did not consider any location-specific
data (weather, population density, water risk, etc.), or make
comparisons to distributed desalination to meet inland demand.

Beyond energy consumption, cost is a major driver for the
widespread adoption of any technology. AWH is often claimed to be
low cost owing to its simple design, minimal infrastructure needs
compared to desalination, and the use of low-grade or “free” energy
sources?®31—however, there is very limited cost data, and the energy
consumption of passive systems cannot be neglected as we discuss
later. Siegel and Conser?’ estimated the levelized cost of water
(LCOW) of a multi-stage liquid desiccant-based AWH system in
Southern California to be $6.5/m3, but similar analyses on solid
sorbents (which is the focus of much research) is lacking. This
prompts the second important question: what is the cost of different
AWH systems on a $/m?3 basis, and how does it compare with
distributed desalination for locations around the globe? There is thus
a significant knowledge gap on the realistic implementation of AWH
to address global water stress. Consistent with this, Wang et al.
recently highlighted the need for the scientific community to
critically evaluate the potential of and pathways to improve the
performance and cost of AWH32,

In this work, we present a holistic framework to (i) evaluate the
energy consumption of AWH and seawater desalination with inland
transport (Fig. 1b) using global weather data3?, population density*°
and water risk®! data, thereby providing a global map where each
approach is best suited from an energy standpoint. The analysis
framework is also used to (ii) determine the LCOW of three AWH
technologies (Fig. 1c) — dewing from active cooling®?, dewing from
passive/radiative cooling3?, and heat-driven sorption systems?6:34 —
to pinpoint locations where each would be cost-effective. These
results (for practical/irreversible AWH as well as hypothetical
reversible AWH systems) are compared to the LCOW of seawater
desalination ($1/m3), with energy costs added for transporting clean
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water to different locations inland (using geography data*? and water
transport costs!#). This comparative analysis is then used to answer
two additional questions about AWH: which AWH system has the
potential to achieve cost parity with desalination, and what areas of
research (materials and system design) should be prioritized to
achieve this? Overall, this framework helps establishes cost and
performance targets to guide the development of AWH, particularly
sorbent technologies, to address global water stress at scale.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Desalination and AWH processes analyzed in this work. (a) Black-box separator, where water enters as a mixture (saline water or
ambient air) and clean water is extracted using some energy input. (b) The distributed desalination approach: seawater is desalinated at
the coast using reverse osmosis (RQO), and the clean water is transported inland using a network of pipes, canals, and tunnels. c. Three
different atmospheric water harvesting technologies are considered: active cooling (a vapor compression air conditioner cools the air
below the dew point to condense water), passive radiative cooling (surface rejects heat to outer space and cools the air below the dew
point to condense water), and sorbent systems that desorb moisture (when heat is applied); this humidified air is cooled to ambient

temperature to condense water.

Results

Thermodynamic framework for energy consumption

To establish the thermodynamic limits of AWH and desalination,
we first derive the least work of separation, Wi (the reversible
specific energy consumption or SEC), which is a function of the water
activity shown in Eq. (1):.

Wnin = — Ry Tampln (aw) (1)
where R,, is the specific gas constant of water, Tamp is the ambient
temperature (K), and Qy is the water activity. For ambient air, Gy is

equivalent to the relative humidity, while for saline water it is equal
to the product of mole fraction of water and activity coefficient.

This journal is © The Royal Society of Chemistry 20xx

When the mole fraction of water is high (~0.97 for seawater), the
activity coefficient is nearly unity, and the activity of saline water
approaches the water mole fraction.

Eq. (1) applies to any internally and/or externally reversible
work-driven separation system that produces pure water (Fig. 1a).
The energy required for reversible heat-driven separation is equal to

Tamp

-1
this reversible work multiplied by a factor of (1 —TS) , where Ts

is the heat source temperature. In Fig. 2a, we plot the least work of
separation as a function of water activity (solid black curve) and
indicate the ranges corresponding to ambient air (13 - 94% relative
humidity, the lowest and highest annual geometric mean relative
humidities across the world) and saline water (brackish water at a
salinity of 8.15 g/kg to saturated NaCl at 360 g/kg). The activity of
seawater, as well as the median average annual relative humidity
values experienced by the global population and the global water risk

Energy Environ. Sci., 2013, 00,1-3 | 3
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weighted (WRW) population are indicated in dashed lines (Methods).
Figure 2a shows that half the global population lives in regions where
the relative humidity is lower than 68%, which results in an AWH
energy consumption ~20 kWh/m3 even under reversible operation.
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The higher activity of seawater reduces the reversible energy
consumption by 25 X to ~0.8 kWh/m?3. This finding is consistent with
of Kwan et al3?® concluding that AWH cannot energetically
outperform desalination.

(b)

-
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Fig. 2 Thermodynamic limits of freshwater production (least work of separation). (a) The reversible specific energy consumption (SEC)
of AWH and desalination as a function of water activity for extracting freshwater from ambient air (red shaded region) and saline water
(blue shaded region). The global population weighted median relative humidity is approximately 68% and the global water risk weighted
median relative humidity is 63.5% (red dashed lines), while the activity of seawater is ~0.97 (blue dashed line). The water risk weighting
factor is the product of water risk and population within each grid cell (Methods). (b) Cumulative distribution showing the fraction of
the water risk weighted (WRW) global population that is in a location where the reversible energy consumption of AWH is below a
certain value (shown on the horizontal axis). Vertical dashed lines represent the reversible and practical SEC values for seawater

desalination at a salinity of 35 g/kg.

We now put these thermodynamic results in the context of
global water stress — Fig. 2b shows a cumulative distribution
representing the fraction of the water risk weighted (WRW)
population with access to reversible AWH at an energy consumption
below the value on the horizontal axis (Methods). This reveals that
reversible AWH is more energy intensive than even practical
desalination (operational plants have an SEC of 4 kWh/m3 using
reverse osmosis, see Table S1) for 100% of the WRW population. In
other words, if seawater (or a saline water source of lower salinity,
e.g., brackish water) is available, desalination is always more
energetically favorable compared to an AWH system even if it were
engineered to be reversible. We note that a comparison with
practical AWH is not made because these systems require a phase
change of water, resulting in a further increase in energy
consumption (latent heat of vaporization is 667 kWh,/m3).

Despite its higher energy footprint, AWH has the advantage of
being implemented at any location, while seawater desalination is
limited to freshwater production at the coast. However as noted in
the introduction, water-stressed regions are combining seawater
desalination with clean water transport to meet inland demand. For

4 | Energy Environ. Sci., 2023, 00, 1-10

this scenario, we analyze the energy required to desalinate water at
the nearest coast and transport (pump) it to different inland
locations, which has not been considered in prior thermodynamic
analyses. The energy required for pumping water depends on the
vertical and horizontal distance of each location from the nearest
coast, which is then added to the SEC of seawater desalination (see
Supplementary Note 3). We compare the energy consumption of
reversible AWH to that of practical seawater desalination with
transport in Fig. 3 to evaluate which approach is more efficient for
different locations. The SEC area maps are colored only in locations
where each process is more efficient, with AWH systems being more
efficient for approximately 40% of the global land area. However, this
area corresponds only to 15% of the global WRW population and
assumes reversible operation which cannot practically be achieved.
We note that Fig. 3 assumes that desalination, water transport, and
AWH are all work driven processes. However, sorbent-based AWH
(which has been the focus of much research) is typically heat-driven
— we find that the overall trends remain the same in this case, with
reversible sorbent AWH being more efficient than desalination with
transport for only 15-20% of the global WRW population
(Supplementary Note 4).

This journal is © The Royal Society of Chemistry 20xx
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(a) (b)

Coastal Desalination + Transportation

Reversible AWH SEC (kWhlm3)

Fig. 3 Maps of the specific energy consumption of practical distributed desalination vs. reversible atmospheric water harvesting for all
global locations. Contour plots show the SEC of (a) seawater desalination with transport (pumping) of that clean water to inland locations,
and (b) reversible AWH. The map in (a) is colored only in locations where coastal desalination with transport is more energy efficient than
AWH, while the map in (b) is colored where reversible AWH is more efficient.

This energy analysis conclusively shows that AWH for global
freshwater production is more energy intensive than desalinating
water and transporting it inland even under the most favorable
assumptions (i.e., reversible operation). However, such a
thermodynamic argument is not sufficient for technology selection
where cost is a major driver. In other words, AWH may be able to
achieve a lower cost than desalination as it is not infrastructure or
capital intensive. Developing cost benchmarks for different types of
AWH systems is the focus of the next section given the lack of data
in the literature.

Technoeconomic modeling framework for water cost

We first establish the baseline specific costs ($/m3) for practical
AWH systems, i.e., systems that condense water (irreversible
operation). Three different AWH technologies are analyzed: active
cooling (i.e., a vapor compression refrigeration system that cools air
below the dew point to condense water), a passive radiative cooling
surface (that radiates heat to space, reaching sub-ambient
temperatures to condense water), and a sorbent material (that
increases the humidity of the air through desorption) followed by
ambient cooling (to condense water). Each AWH technology requires
water storage to meet the demand, because freshwater production
fluctuates throughout the day with variations in ambient humidity
and temperature. A levelized cost of water (LCOW) framework?! is
used to incorporate the lifetime capital and operating expenditures
(including the cost of energy) for each technology and levelizing that
over the lifetime water production. To find the LCOW of AWH
systems in $/m3, Eq. (2) is used:

Lcow =

(CAPEX; + CAPEXys X Viys) X (CRF)  (3)
- +(
Yzeldi

where CAPEX is the capital expenditure of the AWH technology (in
$ per unit system size), CAPEXys is the capital expenditure of water
storage (in $/m3 of water storage), Vws, is the volume of water
storage needed for a given AWH technology (in m3 of water storage

This journal is © The Royal Society of Chemistry 20xx

per unit system size), CRF is the capital recovery factor or
amortization factor, OPEXfix accounts for fixed operations and
maintenance costs (in $ per unit system size per year), Yield; is the
annual water produced (in m3 of water per unit system size per year),
and OPEX, is the variable operating costs associated with energy
consumption (in $/m3 of water produced). The subscript i in Eq. (4)
corresponds to a particular AWH technology being analyzed (active
cooling, passive cooling, or sorbent), with the system size measured
in tons of refrigeration, m? of radiative cooling surface (assuming a
TPX polymethylpentene sheet), and kg of sorbent (assuming MOF-
3033034), respectively. All the input costs and other assumptions for
this model are provided in Supplementary Note 1 (Table S1).

The OPEX, term can be calculated as the product of the energy
cost (levelized cost of electricity - LCOE in $/kWh for active cooling,
or heat - LCOH in $/kWhy, for the sorbent) and the specific energy
consumption (SEC in kWh/m3 of water for active cooling and
kWhy,/m3 of water for the sorbent). We note that sorbent AWH
systems in the literature often claim to utilize “free” or “passive”
energy sources, such as solar or waste heat?62%3!, However,
collecting and transferring this low-grade energy to the sorbent
material requires equipment (e.g., solar absorber and heat
exchangers), which incurs capital cost and must be accounted for as
a non-zero LCOH2%4445_ Since energy costs vary widely with location,
we also perform a sensitivity analysis to understand how different
LCOH and LCOE values impact the LCOW, including quantifying what
LCOH could be considered “free” as we discuss later (Supplementary
Note 5). The radiative cooling system has no energy cost as the
surface is incorporated into the capital expenditure term, and the
energy consumption of any fans required to blow air is neglected
(Supplementary Note 11). The SEC to produce water using each
practical AWH system with location specific considerations is derived
in Supplementary Notes 6-8. Using this framework and Eq. (5), the
LCOW was determined in three representative locations that span
the range of climates: Aruba (humid), Niger (dry), and Perth (variable
humidity). Even though these LCOW values were calculated for
practical AWH operation, some favorable assumptions were made
(Supplementary Notes 1, 6-8). The total LCOW and the cost
breakdown for each system is shown in Fig. 4.

Energy Environ. Sci., 2013, 00, 1-3 | 5
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Fig. 4 Cost comparison of three practical AWH technologies with seawater desalination and transport. The LCOW of different AWH
technologies in (a) Aruba, which has consistently high humidity; (b) Niger, which has consistently low humidity; (c) Perth, which has highly
variable humidity throughout the year. The cooling component is a vapor compression system for active cooling, an ideal radiative cooling
surface (TPX polymethylpentene sheet) for passive cooling, and a metal condensing surface for the sorbent (MOF-303) with ambient
cooling. The energy consumption is electricity (LCOE) for active cooling and heat (LCOH) for the sorbent. In all three plots, the LCOW of
seawater desalination (reverse osmosis) with transport is shown, with the error bars representing 10 X water transport costs (Methods

and Supplementary Note 1).

We find that active cooling AWH is hindered by the large energy
input required to condense water, resulting in very high LCOW values
(> $20/m3), even in a humid (favorable for dew harvesting) location
shown in Fig. 4a. The passive (radiative cooling) system is less
expensive than the active system in all three locations, but the large
surface area required to produce one m?3 of water drives up the cost.
The passive cooling system is the cheapest AWH option in very humid
locations (represented by Aruba) because it benefits from a high dew
point. In arid regions and locations with highly variable humidity, the
sorbent system has the lowest LCOW among AWH systems as shown
in Fig. 4b and Fig. 4c. This can be attributed to three factors - first,
the sorbent can absorb moisture from as low as 13% relative
humidity (while the active and passive cooling systems are not
always able to cool below the dew point without freezing water).
Second, the desorption process uses heat, which is cheaper than
electricity (making sorbents more suitable to active cooling AWH).
Third, the sorbent material (MOF-303) and metal plate required to
condense liquid water are assumed to be inexpensive (see
Supplementary Notes 1 and 8, respectively). Even though this heat is
inexpensive, it is required in large amounts (~1000 kWhy, to produce
one m3 of water in all three locations), resulting in the LCOW ranging
from 10 — 12 $/m3. This is an important finding that is in direct
contradiction to literature reports claiming that energy use for
sorbent regeneration is “free” or negligible. In most cases the water
storage cost is low, except when AWH is unable to produce water for
a significant portion of the year. This happens when the air is too dry,
preventing the cooling system from condensing water and the
sorbent system from absorbing water. To account for this, we
considered a range of cut-off relative humidities below which the
AWH system is not operated — this prevents the system from
operating inefficiently (thus, reducing energy costs), but it also
decreases the capacity factor (thus, increasing the cooling
component and water storage costs). For each location, the cut-off
relative humidity was calculated such that it minimizes the LCOW for

6 | Energy Environ. Sci., 2023, 00, 1-10

each technology by balancing the energy and water storage costs
(Supplementary Note 9).

Having established these baseline system costs for practical
AWH in representative global locations, we now compare their
LCOW to that of seawater desalination at $1/m?3; this value is based
on operational coastal reverse osmosis plants and considers both
capital and operating expenditures (including LCOE), as well as the
cost of brine disposal (via ocean discharge)*®4’. To this LCOW for
desalinating seawater at the nearest coast (located using MATLAB’s
built-in  Global Self-Consistent Hierarchical High-Resolution
Geography data*3), the cost associated with transporting water
inland is added to directly compare AWH and desalination at a given
location. We note that the water transport cost is also levelized over
the lifetime of the infrastructure, which includes capital and
operating expenditures for a combination of pipes, canals, and
tunnels!* (Methods). We find that coastal desalination plus transport
is still 4-10 X cheaper than any AWH system in all representative
locations, as shown in Fig. 4. Given the variability in water
conveyance costs, we analyze an additional scenario where transport
costs (both horizontal and vertical) are an order of magnitude higher
(represented by error bars in Fig. 4). This reveals a niche that sorbent
based AWH can fill cost-effectively: freshwater production in remote
and dry locations (Sahara Desert as the representative arid location -
Fig. 4b) where no saline water source is available, and where clean
water transport costs from the nearest coast are at least 5 X higher
than assumed here (see Methods and Supplementary Note 3).

To illustrate global locations where either desalination with
transport or sorbent-based AWH is the cost optimal solution, we
construct Fig. 5 as a contour plot of the LCOW (colored only in
locations where a given method is cheaper, with water transport
costs being 5 X the baseline value). We find that the LCOW of AWH
is relatively insensitive to location (owing to the low sorbent cost
assumed in Table S1), ranging from 10.8 — 12.8 $/m3 as shown in Fig.
5b. We note that these values for freshwater production are far too
high to be affordable, especially in regions that need it the most.

This journal is © The Royal Society of Chemistry 20xx
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Furthermore, the land area where sorbent AWH is cheaper
corresponds to only 6% of the WRW population as these are remote
and arid regions like the Sahara Desert. Even when the desalinated
water transport cost is 10x the base value, AWH becomes the more
cost-effective option for only 32% of the WRW population
(Supplementary Note 10).

(a) Coastal Desalination + Transportation (b}
(5x Transport Cost)

Practical Sorbent AWH LCOVﬂ$Im3)

112

110

Fig. 5 Maps of LCOW for practical desalination and sorbent-based AWH systems. {(a) Contour plot showing the LCOW of coastal

desalination with water transport, and (b) LCOW of practical sorbent AWH. For this figure, a water transport cost 5 X the base value
was used (see Methods and Table S1 for base value). The map in (a) is colored only in locations where desalination with transport is
cheaper, while the map in (b) is colored in locations where sorbent AWH is cheaper.

Given that energy consumption is a major contributor to the
AWH cost, we consider a hypothetical scenario in which the system
operates reversibly to establish the minimum possible LCOW. This
means that the AWH system can produce significantly more water
for the same size (refrigeration tonnage for active AWH, radiative
cooling surface area, or sorbent mass) and energy input without
incurring any increase in capital expenditure. Again, the cut-off
relative humidity and maximum hourly water yield were optimized
to find the lowest LCOW at each location. The results are presented
in Fig. 6 as a cumulative distribution representing the fraction of the
WRW population with an LCOW ratio (reversible AWH to practical
distributed desalination) shown on the horizontal axis. When this
ratio is less than unity (green shaded region), reversible AWH is more
cost effective; when the ratio is greater than unity (red shaded
region), practical seawater desalination with transport (assuming
baseline water transport costs) is preferred from a cost standpoint.
This distribution reveals a promising outcome for AWH — reversible
sorbent systems can be cheaper than distributed desalination for
~95% of the global population, while reversible active and passive
cooling AWH systems would be cheaper for only ~33% and 5% of the
WRW population, respectively. Although these AWH system costs
are unrealistic given the reversible assumption, they provide the
best-case scenario that can be achieved by reducing energy
consumption. In the following section, we outline the research
opportunities that can help reduce the energy footprint and cost of
AWH systems.

This journal is © The Royal Society of Chemistry 20xx
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Opportunities for AWH cost reduction

The thermodynamic and technoeconomic analysis has shown
that among the AWH technologies, sorption-based systems are most
promising. However, these systems must significantly reduce their
energy footprint to drive down their LCOW. Practical approaches to
reduce energy consumption include a system design that
recuperates latent heat (i.e., multi-stage operation3!). This would
however incur a significant increase in capital cost due to the heat
exchangers required for multi-stage operation. Furthermore,
increasing the number of stages beyond a certain point has
diminishing returns, vyielding only a small increase in energy
efficiency for a sizeable increase in cost. Another approach to reduce
the LCOW is by using a low-cost heat source (i.e., lower LCOH). In our
analysis of the practical sorbent AWH system, a regeneration
temperature of 135 °C was assumed as it yields the lowest specific
energy consumption for single-stage sorbent AWH3*. However, at a
regeneration temperature of 80 °C, the SEC is only 37% higher,
indicating that there is an optimal regeneration temperature which
balances the cost of heat (increases with temperature#*8) and
energy consumption for desorption (decreases with temperature till
the optimal regeneration value). To evaluate the impact of LCOH and
regeneration temperature on LCOW, a sensitivity analysis is
performed (Supplementary Note 5). We find that even a significant
decrease in LCOH to 0.1 ¢/kWh, would lower LCOW to $2.93/m?3 and
$2.53/m3 at regeneration temperatures of 80 °C and 135 °C,
respectively; this would approach cost parity with desalination plus
transport to a remote location. While it may seem that lower
regeneration temperatures can reduce the LCOW further, we note
that SEC increases rapidly at temperatures below 80 °C34, suggesting
that the integration of low-grade heat sources is not worthwhile. We
also show that the energy can only be considered "free” or negligible
(i.e., energy cost contributes less than $0.1/m?3 to the total LCOW) if
the LCOH is below 0.01 ¢/kWhy, (Supplementary Note 5) This is
unrealistically low and reveals that energy will be the bottleneck for
any practical implementation of sorbent-based AWH.

Beyond these system-level targets, the framework also reveals
what material properties can lower the LCOW. Specifically, a low
specific heat for the sorbent is desirable, as a high specific heat
increases energy consumption beyond the reversible limit. The
sorption isotherm inflection point should also be selected based on
the ambient conditions of the location where the AWH system will
be used — specifically, this inflection point should correspond to a
value near the lowest relative humidity experienced during the year
to maximize the number of hours that the sorbent can absorb
moisture from air. However, the inflection relative humidity should
not be too low, as this increases SEC. For example, in Aruba, (the
representative humid location), the relative humidity never dips
below 43%, so the isotherm inflection point should be close to this
value. Overall, a careful balance of the capacity factor (fraction of the
year during which the sorbent can absorb moisture), energy
consumption, and sorption kinetics should be considered for
optimizing the sorption isotherm for a particular location. The
desorption enthalpy will also likely play an important role in
minimizing LCOW as it affects the energy consumption — Li et al.34
showed that the energy consumption in a dual-stage sorbent system
decreased by nearly 40% when the desorption enthalpy changed
from that of MOF-303 at 2900 kl/kg, to an optimal value of 3500
kJ/kg. 1t is worth noting, however, that even with the optimal
desorption enthalpy, our framework predicts that the system
considered by Li et al. would still have an LCOW greater than $6/m3.
The final parameter of interest is the cost of the sorbent (in $ per kg
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sorbent) divided by the water uptake of the sorbent (in kg water per
kg sorbent). We find that if this value is less than $8.70 per kg water,
the sorbent capital cost contributes less than $0.1/m3 to the LCOW
(Supplementary Note 2) — this is the cost target that we establish for
MOFs and other sorbent materials (at scale synthesis costs have not
been reported in the literature). While the optimization of these
material properties is important for sorbent AWH, reaching cost
parity with desalination or becoming a viable option to address water
stress requires commensurate reductions in the energy consumption
and/or lower costs of heat as discussed.

Finally, we note that desalination of inland saline sources such as
brackish water can be another distributed treatment approach
instead of transporting desalinated seawater from the nearest coast.
For inland desalination, the cost of brine management must be
considered since ocean discharge is not an option, and zero liquid
discharge (ZLD) is often the optimal choice?'. Thus, inland
desalination could be a favorable alternative to coastal desalination,
provided a saline water source is present and the cost of ZLD is less
than the cost of water transport from the coast. Given the nascency
of such systems and lack of cost data, they are not considered in the
present technoeconomic analysis.

Conclusions

This study presents a holistic evaluation of the energy
consumption (thermodynamics) and cost (technoeconomics) of
atmospheric water harvesting and desalination as two methods of
freshwater production. With the goal of addressing water stress, we
use population and water risk data for all global locations to evaluate
where each technology (seawater desalination with water transport
vs. AWH — active cooling, passive/radiative cooling, sorbent-based) is
practically viable. The key findings are:

e The median global water activity of atmospheric air (i.e., relative
humidity) is 0.65, whereas the activity of seawater is 0.97 owing
to which reversible AWH requires approximately 25 X higher
energy consumption than reversible desalination.

e Even practical (irreversible) seawater desalination at the coast
with transport of this clean water to inland locations is more
energy-efficient than reversible AWH for almost 90% of the
global water risk-weighted population. Practical AWH systems
would require significantly more energy owing to the enthalpy
of condensation to produce liquid water, which is significantly
higher than the reversible energy requirement (667 kWh,/m3
for condensation vs. 14 kWh/m3 for reversible separation at a
relative humidity of 70%).

e Evaluation of the AWH costs on a levelized basis shows that
passive radiative cooling systems achieve the lowest LCOW
among the AWH systems in humid locations, but this cost is still
approximately 6 X higher than the cost of seawater
desalination (reverse osmosis) with transport.

e In locations that are dry or have highly variable humidity,
sorbent-based AWH systems achieve lower LCOWSs than the
active and passive cooling systems, but this cost of ~$11/m3is
still prohibitively high for realistic implementation.

e The niche that sorbent-based AWH can fulfill is when water
conveyance costs are high and the location is far from the coast
(e.g., Sahara Desert). Furthermore, reversible operation is
unrealistic as the reduction in energy consumption would
require large and thus expensive surfaces for heat and mass
transfer.
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e Material and system-level design modifications are required for
sorbent-based AWH to approach cost parity with desalination.
Specifically, the cost of heat (LCOH) would have to decrease by
at least an order of magnitude to 0.1¢/kWhy, and the sorbent
material itself should cost less than $8.70 per kg water.

Methods

Average Annual Relative Humidity

For the thermodynamic analysis, the average annual relative
humidity for each location across the globe was calculated to
estimate the average energy input accurately. For this, we used
relative humidity data from NASA’s MERRA 2 dataset®® (which
contains relative humidity data for each hour of the year in grid cells
that span the globe). Because the least work of separation expression
contains the natural logarithm of relative humidity, it is important to
calculate the geometric mean of relative humidity, not the arithmetic
mean. Then, the yearly geometric mean relative humidity and
arithmetic mean temperature can be used to find the average annual
least work of separation for a given location. It should be noted that
using the geometric mean relative humidity and arithmetic mean
temperature is an approximation, but it produces results with
minimal error while significantly reducing computational time.

Weather, Population, and Water Risk Data

For weather (temperature and humidity) data, we used NASA’s
MERRA 2 dataset3?, which provides hourly temperature and humidity
data within a 722 X 362 grid of the Earth’s surface. This dataset was
used for the thermodynamic analyses (Fig. 2 and Fig. 3) and cost
analyses (Fig. 4, Fig. 5, and Fig. 6). We weighted our results by two
factors: population density and the product of population with water
risk. For this, gridded datasets for population®® and water risk*! were
obtained to find the population and water risk within each cell of the
722 X 362 grid. For the specific locations analyzed in Fig. 4, TMYx
data*® was used.

Cumulative Distribution of the Specific Energy Consumption for
Reversible AWH

To calculate the cumulative distribution in Fig. 2b, we calculated
the reversible SEC of AWH using Eq. (1) for each grid cell of the
Earth’s surface, with the abovementioned NASA MERRA 2 dataset.
We then used this data, along with data of the global WRW
population within each grid cell, to calculate the fraction of the global
WRW population that resides in a location where the reversible AWH
SEC was below a particular value shown on the horizontal axis. The
same general approach was used to obtain the cumulative
distribution plot in Fig. 6 (but with the horizontal axis showing
relative reversible LCOW instead of reversible SEC).

Water Transportation Costs

For water transportation costs, we reference the work by Zhou
and Tol'4, who performed a review of vertical and horizontal water
transportation costs from various literature sources. They show a
cost of $5 X 10* per m3 water per m of vertical distance
transported, and we use this vertical transport cost in our analysis.
They also provide a cost of $6 X 10 per m3 water per km of
horizontal distance transported, which they state corresponds to
canals, tunnels (108% more expensive than canals), and pipes (which
are 271% more expensive than canals). Using this information, we
assume an equal mix of canals, tunnels, and pipes, which results in a
cost of $13.58 X 10* per m3 water per km of horizontal distance

This journal is © The Royal Society of Chemistry 20xx
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transported. It should be noted that using a mix of canals, tunnels,
and pipes is common as evidenced by the Colorado River Aqueduct®°.
These horizontal and vertical costs were also increased by an order
of magnitude to understand its impact on LCOW ($5 X 103 per m3
water per m of vertical distance and $13.58 X 103 per m3 water per
km of horizontal distance for the high-cost scenario).
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