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Fresh water production from atmospheric air:
Technology and innovation outlook

Robin Peeters,’ Hannah Vanderschaeghe,” Jan Rongé,’ and Johan A. Martens'*

SUMMARY

Capturing water vapor from atmospheric air is a possible solution to local water
scarcity, but it is very energy demanding. Energy consumption estimates of wa-
ter-from-air technologies involving adsorption processes, thermo-responsive hy-
drophilicity switching polymers, air cooling processes, and reverse osmosis of
deliquescent salt solutions reveal that these technologies are not competitive
when compared with seawater desalination, and the use of fresh water and
wastewater sources. They only become a viable option in the absence of local
liquid water sources and when long-distance transport for socio-economic rea-
sons is not an option. Of interest, direct solar-driven technology for water-
from-air production is an attractive means to disentangle the local water-energy
nexus. It is expected that climate change will accelerate the introduction of water-
from-air technologies in local water supply schemes. The optimal water-from-air
technology depends on the climate, relative humidity, and temperature profiles.
A world map is presented, indicating the optimal geographic location for each
technology.

INTRODUCTION

Water can be considered one of the most valuable commodities on Earth. This becomes apparent by the
plethora of human activities competing for this scarce resource. The domestic sector requires water for
household chores and drinking purposes, industry uses water as solvent or chemical feedstock, thermo-
electric power plants need water as a coolant, and irrigation water is essential for agriculture, which is
responsible for most of the water demand (IEA, 2016; Mekonnen and Hoekstra, 2011; Chapagain and Hoek-
stra, 2004). The large variety of water uses makes local water scarcity a severe problem. Several billion peo-
ple are expected to live in water-stressed areas in the near future (IEA, 2016; Urban, 2017). A growing world
population combined with deteriorating water quality, falling groundwater levels, and the intensification of
the water-energy nexus make the water scarcity problem ever more prominent (IEA, 2016). Water on Earth
is abundant; however, most of this water is not directly useful either because it is saline, present in deep
aquifers and difficult to reach, or present in the solid state as snow or ice or vapor in the atmosphere (Shi-
klomanov, 1993). Water scarcity is largely a regional or seasonal phenomenon caused by the dynamic hy-
drological cycle. Increasing the local production of water is a logical solution to the water scarcity problem.

Water vapor present in the air is a water resource that is available everywhere on the planet and is currently
hardly exploited. Regions affected by drought and adverse climate change may consider capturing water
vapor from the air for fresh water production (Gad et al., 2001; Tu et al., 2018; Peeters et al., 2020; Akbar
Salehietal., 2020; Jarimietal., 2020; Raveesh et al., 2021). Dew harvesting, fog collection, active air cooling,
and desiccant-based water harvesting are the main water harvesting technologies. Especially the develop-
ment of superior desiccants for designing such decentralized water vapor capturing systems is receiving
lots of interest in the academic world (Tu et al., 2018; Peeters et al., 2020; Akbar Salehi et al., 2020; Jarimi
et al., 2020; Raveesh et al., 2021). Efficient desiccants have been proposed, like metal-organic framework
MIL-101 with LiCl, MOF-801, MOF-303, and alginate gel with CaCl, (Xu et al., 2020; Kallenberger and Froba, 1Centre for Surface Chemistry
2018; Kim et al., 2017; Hanikel et al., 2019). Some desiccants have a large water vapor adsorption capacity and Catalysis, KU Leuven,
even at very low relative humidity and high ambient temperatures typical of arid regions (Xu et al., 2020, Celestijnenlaan 200f - bus
B . . 2461, Leuven 3001, Belgium

Kallenberger and Fréba, 2018; Kim et al., 2017; Hanikel et al., 2019; Elashmawy, 2020). The recovery of water
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vapor desorbing from desiccants needs to be condensed again by cooling (Figure 1). The high energy https://doi.org/10.1016/].isci.
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Figure 1. The four main atmospheric water harvesting processes
Each individual process is covered in more detail throughout the text.

water-from-air production methods. Energy consumption is estimated to be responsible for 50% of the to-
tal cost of commercial water-from-air harvesting devices (Peeters et al., 2020; Akbar Salehi et al., 2020). Us-
ing electricity generated in thermoelectric power plants with water as coolant aggravates the water-energy
nexus. The specific water yield (L/kWh) of water-from-air technologies may be even less than the water
consumed in the electricity generation process (Urban, 2017; Peeters et al., 2020; Lee et al., 2016).

Alternative concepts for atmospheric water harvesting avoiding energy-intensive phase transitions have
been less investigated. Thermo-responsive hydrophilicity switching (TRHS) polymers have an attractive
feature in this respect. These materials change configuration upon heating and become hydrophobic
such that absorbed water is expulsed directly in liquid form (Figure 1) (Zhao et al., 2019, Matsumoto
etal., 2018; Coronado et al., 2011; Afroze et al., 2000; Takigawa et al., 2001; Karmakar et al., 2020). Another
concept that is energetically attractive that we propose is to produce a salt solution by wetting a deliques-
cent salt with water vapor from atmospheric air and to apply reverse osmosis (DESARO), on analogy with
seawater desalination (Figure 1). Both concepts will be compared with desiccant-based water harvesting
and the basic concept of directly cooling the air below the dew point in an active air cooling device (Fig-
ure 1). The list of fresh water production technologies currently being handled in water-energy nexus an-
alyses (IEA, 2016) is expanded with these technologies. Estimation of climate-dependent specific water
yields (liters of water produced per kWh) derived from energy balances according to different water vapor
capturing principles are provided in this work. A geographic map indicating the optimal water-from-air
technology is included.

WATER-FROM-AIR TECHNOLOGIES INVOLVING THREE WATER PHASE TRANSITIONS

Desiccants can be used to capture air moisture even at low relative humidity (Kim et al., 2017). Desiccants
function via adsorption of water vapor on a hydrophilic porous adsorbent, absorption in a hygroscopic me-
dium, or a combination of both (Xu et al., 2020; Kim et al., 2018). There is significant progress in desiccant
materials development for capturing water vapor, and remarkably high adsorption capacities at low rela-
tive humidity have been reported (Tu et al., 2018; Peeters et al., 2020; Akbar Salehi et al., 2020; Jarimi et al.,
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Figure 2. The desiccant-based water harvesting process

Water phase transitions of the desiccant-based water harvesting process: (1) water vapor ad- or absorption on a desiccant
material; (2) evaporative desorption upon heating of desiccant material; (3) condensation by cooling of hot water-
saturated air (Kim et al., 2017; Alayli et al., 1987).

2020; Raveesh et al., 2021; Xu et al., 2020; Kallenberger and Fréba, 2018; Kim et al., 2017; Hanikel et al.,
2019; Li et al., 2018; Sleiti et al., 2021; Asim et al., 2021; Entezari et al., 2020; Ejeian et al., 2020; Wang
et al., 2021). Recovery of the captured water is achieved by thermal evacuation of the water in vapor state
from the desiccant material. The passive desiccant approach using direct solar heating is most common.
The obtained hot water vapor subsequently needs cooling to cause condensation to obtain liquid water
(Tuetal., 2018; Peeters et al., 2020; Akbar Salehi et al., 2020; Jarimi et al., 2020). Overall, three water phase
transitions are involved in such processes with ad- and absorbents: (1) from airborne vapor to ad- or ab-
sorbed state, (2) from ad- or absorbed state to vapor, and (3) from vapor to liquid (Figure 2).

The energy requirements of the desiccant-based water harvesting process are conveniently expressed as
the maximum specific water yield (L/kWh) (Peeters et al., 2020). The ad(ab)sorption step is exothermic and
does not need any energy input unless convection is insufficient to move air to the desiccant using active
ventilation. In the estimation of energy needs, ventilation is neglected. The maximum specific water yield of
desiccant-based water harvesting SYmax pes is limited by three energy needs (Equation 1).

3,600,000
AHdes 4 Cp.w(Tdes — Tamb) + AHcond

SYomax. DES = (Equation 1)
Energy is required to heat the saturated desiccant and to provide the desorption heat to evacuate the
captured water from the desiccant material as a hot vapor. In a subsequent step, heat has to be dissipated
in order to condense the hot water vapor and to collect liquid water. The parameter values used in the spe-
cific water yield estimation are given in Table 1. The latent heat parameters AHYS and AH®" represent the
heat of desorption and condensation heat dissipation, respectively. The sensible heat contribution is ob-
tained from the liquid water heat capacity C,, and the difference between the desorption temperature
Tqes and the initial desiccant temperature at ambient conditions T,,,. The desiccant heat capacity, espe-
cially for porous materials, is significantly lower than the heat capacity of water and is, therefore, neglected
(Chakraborty et al., 2009; Incropera et al., 2013). The parameters AH® and Ty, are ad(ab)sorbent-depen-
dent properties (Kim et al., 2016; Fathieh et al., 2018).

The ambient temperature T, selected in the range 5°C-35°C defining sensible heat requirements ap-
pears to entail little differences in the total energy demand of this water harvesting process. Depending
on the desorption heat, the maximum specific water yield is estimated to be 0.34-0.73 L/kWh, calculated
over a wide range of water desorption enthalpies (Table 1). Neglecting condensation heat evacuation in-
creases the specific water yield to 0.43-1.34 L/kWh.

Experimental specific water yields of 0.12-0.75 L/kWh (neglecting condensation heat) have been reported
in the literature for desiccant-based water harvesting under different climate conditions. The lower range of
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Table 1. Parameter values used for estimating the maximum specific water yield of desiccant-based technology

Parameter Value Reference

AHdes 2,500,000-8,000,000 J/kg (Kim et al., 2016)

A Heend 2,257,000 J/kg (@100°C) (Incropera et al., 2013)
ks 80°C (Peeters et al., 2020)
Tamb 5°C-35°C

Cow 4,185 J/kg.K (Incropera et al., 2013)

values is attributed to low thermal efficiencies, usually between 30% and 40% (Peeters et al., 2020; Xu et al.,
2020; Elashmawy, 2020; Kim et al., 2018; Li et al., 2018, 2020). Implementation of photothermal materials or
materials with high thermal conductivity has led to considerable solar-to-thermal efficiency gains of up to
70% during water desorption (Peeters et al., 2020; Li et al., 2018, 2020; Mulchandani et al., 2020). A specific
water yield of 0.84 L/kWh was achieved by using an efficient heater in an active desiccant-based water har-
vesting cycle working more efficiently than solar heating (Wang et al., 2017). In addition, improvements in
device design to reduce heat losses, adoption of latent heat recovery measures, and thermally insulating
the condensation surfaces are beneficial for improving the overall efficiency (Tu et al., 2018; Peeters et al.,
2020; Raveesh et al,, 2021; Li et al., 2018, 2020; LaPotin et al., 2021; Hua et al., 2021). The desiccant choice
and system configuration play a key role in achieving high water output at high energy efficiency and low
cost. Next to adsorption capacity and the shape of the water adsorption isotherm, water adsorption ki-
netics are crucial to perform multiple sorption-desorption cycles per day to enhance the water production
rate (Fathieh et al., 2018; LaPotin et al., 2019, 2021; Zhou et al., 2020a).

WATER-FROM-AIR TECHNOLOGIES INVOLVING A SINGLE WATER PHASE TRANSITION
Thermo-responsive hydrophilicity switching

TRHS polymers are a class of materials that capture water via a combination of ad- and absorption. Remark-
able is that the captured water vapor can be recovered directly in a liquid state instead of vapor. Heating a
saturated TRHS material to the hydrophilicity switching temperature makes the material hydrophobic and
water repellent, and this causes the captured water to leak out (Figure 3) (Zhao et al., 2019).

In the estimation of the maximum specific water yield for thermo-responsive materials SYax 7RHs, two en-
ergy contributions need to be considered (Equation 2). Heating is needed to increase the temperature to
the hydrophilicity switching point (Tys), and additional energy is required to enable the configurational
change of the polymer AH"S. In the estimation of the maximum specific water yield, a linear sorption

Water vapor uptake by Liquid water expulsion

thermo-responsive from thermo-responsive

polymer in hydrophilic polymer in hydrophobic
state state upon heating
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Figure 3. Water harvesting cycle of a thermo-responsive material
Thermo-responsive hydrophilicity switching material ad(ab)sorbs water vapor at low temperature and releases liquid
water by hydrophilicity switching upon heating (Zhao et al., 2019).
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Table 2. Parameter values used for estimating the maximum specific water yield of thermo-responsive
hydrophilicity switching polymers

Parameter Value Reference

AHMS 3,000 J/kg (Coronado et al., 2011)
Ths 40°C (Zhao et al., 2019)

T 7 (Zhao et al., 2019)

1) 0.4 (Zhao et al., 2019)

isotherm was assumed (@) for simplification with constant 7 and relative humidity @. Parameter values are
provided in Table 2. The temperature for hydrophilicity switching Tysis considered to be 40°C (Zhao et al.,
2019). Afraction of the captured water is left behind and cannot be removed by the TRHS process, reducing
the overall efficiency of the water expulsion process. The remaining water corresponds to the water capac-
ity at relative humidity 6.

(Equation 2)

Y e 3,600,000 <q> - 5)

%;S"' Cp,w(THS - Tamb) ¢

The maximum specific water yield is plotted in Figure 4 for a realistic case (6 = 0.4) where the water below
the 40% relative humidity mark on the isotherm cannot be removed by the TRHS process. The main energy
input is the sensible heat needed to increase the temperature of the saturated TRHS material to the hydro-
philicity switching point. The ambient temperature is, therefore, the dominant parameter governing per-
formance. Sensible heat requirements are small for ambient temperatures close to the hydrophilicity
switching temperature. The phase change of poly(N-isopropylacrylamide) amounts to 3,000 J/kg (Coro-
nado et al., 2011). This term represents only a minor contribution to the maximum specific water yield
and becomes slightly more important only at low relative humidity with T, close to Tys, such as, e.g.,
35°C. The theoretical maximum specific water yield of the TRHS process varies considerably with relative
humidity. This is due to the diminishing water recovery potential close to the humidity threshold 6.

The specific water yields practically achieved by this relatively new method are 9.28 and 3.71 L/kWh at 90%
and 60% relative humidity, respectively (Peeters et al., 2020; Zhao et al., 2019). These values are small
compared with the possible maxima in the range of typical ambient temperatures of 15°C-25°C (Figure 4).
Water yields of 20-30 L/kWh and 10-20 L/kWh are achievable at 90% and 60% relative humidity, respec-
tively. The low experimentally achieved efficiencies are attributed to excessive heat losses to the environ-
ment by heating the material in the open air and to the occurrence of water evaporation in parallel to liquid
water expulsion. A simple experimental design comes at the cost of reduced energy efficiencies.

Deliquescent salt reverse osmosis

A new concept proposed here for avoiding energy-intensive water phase transitions in water-from-air
capturing processes is deliquescent salt reverse osmosis (DESAROQ). It makes use of the strong affinity of
salts for water vapor absorption and the reverse osmosis separation principle known from seawater desa-
lination. Salts such as LiCl are hygroscopic and above a critical water content they become a concentrated
salt solution. This happens at the deliquescent relative humidity (Mauer and Taylor, 2010; Tereshchenko,
2015). Increasing the relative humidity above this level results in additional water absorption, which dilutes
the salt solution (Figure 5). The absorption process continues until the water activity of the solution equals
that of water vapor at that relative humidity (Mauer and Taylor, 2010; Tereshchenko, 2015; Linnow et al.,
2014; Cantrell et al., 2002; Davila et al., 2010).

Instead of evaporating water from the salt solution and condensing it, in analogy with the desiccant-based
technology, in DESARO liquid water is recovered using the pressure-driven reverse osmosis (RO) technique
(Figure 6). The retentate of the separation step is reused in the next cycle to absorb water from the air again.
A major cost and environmental concern of commercial seawater desalination plants is the disposal of the
retentate (Davenport et al., 2018; Rautenbach and Linn, 1996). This aspect is absent in the DESARO process
because the retentate is reused cyclically.

Estimation of the intrinsic energy requirement of DESARO is based on the minimum pressure that has to be
exerted to overcome the osmotic pressure to separate water from the salt solution. The osmotic pressure is
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Figure 4. Maximum specific water yield of TRHS technology (SY max. TrHs) against relative humidity at different
ambient air temperatures
Parameters values of Table 2 are used.

estimated from the liquid-vapor equilibrium of a non-ideal ionic salt solution (Equation 3) in which v,, is the
activity coefficient of liquid water, x,, the mole fraction of water in the liquid phase, y,, the water mole frac-
tion in the gas phase, P the total air pressure, Ps the water vapor saturation pressure, and P,, the water vapor
pressure (Sandler, 2006).

XW'YWPS(T) = wa: Pw (Equation 3)
The term x,7,, equals the relative humidity @ (Equation 4).
X = i— ] (Equation 4)
T R(T) q

The osmotic pressure g (Pa) is given in Equation 5 with 1& , the molar volume of water (18*107¢ m%/mol)
(Sandler, 2006).

—RT
Vi

™ = In(Xwy.w) (Equation 5)

iScience

Salt hydrate Deliquescence Salt solution
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Figure 5. The deliquescence process

v

Stages of water uptake from the air by hygroscopic salt. Water is adsorbed on the surface of solid salt crystals below the deliquescence relative humidity.
Above this humidity level, the salt starts to dissolve and a saturated solution is formed. Increasing the relative humidity causes dilution of the salt solution

(Mauer and Taylor, 2010).
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Figure 6. Deliquescent salt desalination by the reverse osmosis process
A salt solution absorbs water from the air and becomes more diluted (1). Fresh water is produced by pressure-driven
reverse osmosis (2) and concentrated salt retentate is reused for water capture.

From the liquid-vapor equilibrium (Equation 4) it follows that the osmotic pressure is a logarithmic function
of relative humidity (Equation 6) and this pressure is independent of the nature of the salt.

—RT
v,

m = In(®) (Equation 6)
The pressure mg denotes the minimum pressure that must be exerted on the salt solution to prevent water
transport from the fresh water to the saline waterside. To account for water production, this pressure is
related to the osmotic pressure mwy (Equation 7) by taking into account the permeate water recovery Y,
defined as the ratio of the permeate to the feed flow. It pertains to high salt rejection processes. The re-
tentate pressure at the exit should at least equal the minimum osmotic pressure my at the desired recovery
value (Zhu et al., 2009). In real applications, an overpressure must be applied to achieve a desired water flux
through the membrane and to counteract concentration polarization effects and fouling resistance (Zhu
et al., 2009; Shrivastava and Stevens, 2018).

wy = ‘IT—OY (Equation 7)
Figure 7 shows the evolution of the osmotic pressure my as a function of water recovery for salt mixtures at
different initial equilibria. A typical RO process is executed in a single-stage configuration operating at a
fixed outlet pressure (Zhu et al., 2009; Shrivastava and Stevens, 2018). This approach results in irreversible
losses that are indicated on the graph by the shaded area for achieving a 50% recovery (@,,,= 85%). In
seawater desalination, water recovery is typically 50% (Elimelech and Phillip, 2011; Patel et al., 2020). En-
ergy can be saved theoretically by tracking the osmotic pressure curve with an infinite cascade of RO units.
This is not feasible in practice, as even the implementation of a two-stage configuration entails significant
additional costs (Shrivastava and Stevens, 2018; Elimelech and Phillip, 2011). Nonetheless, the optimal
pressure profile can be achieved by applying a cyclic pressure profile in a semi-batch or batch configura-
tion. Research related to these systems has been gaining momentum. This concept looks particularly
attractive for discontinuous fresh water production with DESARO compared with continuous RO in
seawater desalination plants, which demand continuous high water throughput (Shrivastava and Stevens,
2018; Chougradi et al., 2027). The optimal pressure path and the average pressure over the desired
permeate recovery interval can be estimated using Equation 8.

1 Y 0 o .
Moy = ?/0 de_ 77In(1 -Y) (Equation 8)
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Figure 7. Osmotic pressure wy against the permeate water recovery Y for different initial conditions of salt
solution in equilibrium with air at a relative humidity @,

The green shaded area indicates the energy-saving potential by following the osmotic curve (®,,, = 85%) instead of
setting the outlet pressure at the desired recovery rate (Y = 50%). An ambient air temperature of 20°C is considered.

Currently, high-pressure applications of industrial reverse osmosis of seawater are operated at pressures
up to 7-15 MPa, which is largely sufficient for seawater desalination (Davenport et al., 2018). Pressures of
10 MPa can be reached with hollow-fiber and spiral-wound modules. Disc-tube modules should be able
to reach 20 MPa (Schantz et al., 2018). The pressures required to execute reverse osmosis of concentrated
salt solutions in DESARO are even higher (Figure 8). Simulation of the DESARO process reveals that, for a
process with a maximum pressure of 15 MPa, the relative humidity needs to be above 90% in the ideal case
with 0% recovery and above 94% for achieving a 50% recovery. Reverse osmosis at higher pressures is
needed, for instance, up to 30 MPa at 80% relative humidity or double this value at Y = 50%. Calls for higher
pressures are published in the reverse osmosis literature (Schantz et al., 2018; Patel et al., 2020). The field of
water-from-air extraction technologies may profit from such future technological developments in the area
of reverse osmosis desalination.

Pressurizing the salt solution to force water through a semi-permeable membrane to counteract the
osmotic pressure difference is the main energy input of DESARO. The specific water yield of the DE-
SARO process is specified in Equation 9 with p,, the liquid water density (Sandler, 2006; Zhu et al.,
2009).

500 T — :
60
400 ]
© 300 ]
o
=3
= 200 0a::(%) 92 94 9 98 10|

_HO
—HY (Y = 50%)

o 1 Il Il
20 30 40 50 60 70 80 90 100

@ b (%)

Figure 8. Minimum osmotic pressure my and osmotic pressure wyat 50% recovery of absorbed water in the
deliquescent salt reverse osmosis process plotted against relative humidity
An ambient air temperature of 20°C is considered. The inset is a zoom in the pressure range of practical interest.
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Figure 9. Specific water yield of deliquescent salt reverse osmosis SY pesaro against permeate water recovery Y
for a fixed outlet pressure and for variable pressure following the optimal pressure profile
An ambient air temperature of 20°C is assumed. The salt solution is in equilibrium with air at @,,,, =90% at Y = 0%.

3,600,000
SYpesaro = ———— (Equation 9)

Ypw

For the cases w=my and w = m,,, the specific water yield according to this formula is plotted in Figure 9
against the water recovery Y for a salt solution in equilibrium with air at @,,, = 90%. At Y = 50%, which cor-
responds to the water recovery percentage typically adopted in commercial RO desalination, the maximum
specific water yield is reached when the retentate outlet pressure is fixed. This means that achieving higher
pressures in seawater desalination applications is not beneficial in terms of energy intensity but is merely a
means to reach zero liquid discharge. The introduction of DESARO may incentivize research for high-pres-
sure RO technology. Application of the optimal pressure profile results in a significant improvement in spe-
cific water yield and shifts the maximum to higher water recovery values (Figure 9). The possibility of recov-
ering the pressure energy of the retentate stream with an energy recovery device was not considered in this
work. Its inclusion would result in a shift of the maximum water yield to lower recovery rates (Zhu et al., 2009;
Shrivastava and Stevens, 2018).

The maximum specific water yield (Equation 10) is obtained by using Equation 9 at optimal recovery Yqp.

SYmax pEsaro = SYpesaro (Yopt) (Equation 10)

The theoretical maximum specific water yield of the DESARQO process is plotted for three cases in Figure 10.
This variable is largely independent of ambient temperature but increases exponentially with relative hu-
midity. The reason is that the water uptake of salt solutions at equilibrium increases exponentially with rela-
tive humidity. The minimum energy requirements (blue curve) are obtained by evaluating SYax.pesaro at
the minimum pressure my and by omitting Y from Equation 9 (Cengel and Boles, 2006). Deviation from
this unrealistic situation leads to a significant lowering of the maximum specific water yield. The difference
between the DESARO performance following the optimal pressure curve and working with a fixed pressure
at Y = 50% is substantial.

Current desalination plants are operated with an efficiency of ca. 50%. Research into the energy losses has
led to the conclusion that the current highly efficient pumps and energy recovery devices leave little room
for further optimization. The main prospects are the development of fouling-resistant membranes to pro-
vide higher water fluxes and to reduce pre-treatment costs and total energy demand. Enhancing the mem-
brane lifetime and the suppression of manufacturing costs are important research objectives (Shrivastava
and Stevens, 2018). Mechanical stability of membranes becomes essential when operating at higher pres-
sures to avoid membrane rupture and compaction. In addition, the corrosion resistance of equipment and
the chemical stability of the membrane when using deliquescent salts are critical. Some of this salt may
permeate through the membrane. The chemical nature of the salt matters since the permeation through
the membrane will entail additional purification steps of the produced water.
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Figure 10. Maximum specific water yield of deliquescent salt reverse osmosis SY max pesaro against relative
humidity for three cases: absolute minimum energy requirements, optimal pressure profile tracking, and fixed
outlet pressure

An ambient air temperature of 20°C is assumed.

Active air cooling

The proposed TRHS and DESARO processes of previous sections need to be evaluated against the simple
concept for collecting airborne water by cooling air below the dew point to provoke water condensation
(Figure 11). Besides the cooling, energy is also needed to force air convection by ventilation to feed the
cold surface with a sufficient amount of air. In this approach, ventilation is more likely to be needed because
the transported water vapor is directly condensed on the cold surfaces, whereas in the other techniques,
water is captured in a separate phase of the process. The analysis of an active air cooling device is based on
a reversed Carnot cycle of a coolant, known to be the most efficient refrigeration cycle (Cengel and Boles,
2006). In this device air enters the cooling unit at ambient relative humidity @,,,, and temperature T, .
Saturated air (@, =1) and condensate leave at cooling temperature T, (Figure 11). The derivation of the
maximum specific water yield of active air cooling is moved to method details for its excessive length, which
reduces readability. In this work, the passive air cooling strategies of dew and fog harvesting that occur
naturally at 100% relative humidity are not considered. Locations where climate conditions are suitable
for using these concepts are rare.

Estimates of the maximum specific water yield to be achieved with active cooling depending on air temperature
and relative humidity, including the energy for forced convection are shown in Figure 12A. The strong increase in
maximum specific water yield with relative humidity is amplified at higher temperatures (higher absolute water
vapor concentrations). Sensible cooling requirements decrease at ambient relative humidity closer to 100%, and
the theoretical maximum coefficient of performance increases at smaller temperature differences between the
cold and hot reservoir. This relatively simple system has a major drawback, which is that at low relative humidity
the dew-point temperature often will be below the freezing point causing captured water to freeze instead of
condensing. It narrows substantially the operation window (Figure 12A).

Air (T,00: P amb) Air (T, P.)

Active air cooling 2
technology

nuuiuug

Water (T,)

Figure 11. Active air cooling process
Inlet and outlet conditions of the active air cooling and water vapor condensation unit (Peeters et al., 2020).
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Figure 12. Specific water yield analysis of the active air cooling technology

(A) Maximum specific water yield of active air cooling SYpmax, aac against relative humidity at four different temperatures
(reversed Carnot cycle). The system is considered not to be applicable (zero specific water yield) when the condensation surface
is below the water freezing point. Process parameter values of Table 3 are used. (B) Specific water yield of the reversed Carnot
cycle and the ideal vapor-compression refrigeration cycle against the cooling temperature at @4, =60% and T, = 27°C.

Real devices make use of a vapor-compression refrigeration cycle instead of the reversed Carnot cycle. The
costly turbine of a reversed Carnot cycle is replaced by a throttling valve and the refrigerant is superheated
before entering the compressor, but with the inconvenience of process irreversibilities (Cengel and Boles,
2006; Danfoss, 2010). Commercial active air cooling devices and high-efficiency dehumidifiers typically
achieve specific water yields of 2-4.2 L/kWh. Such performance is generally achieved for standard condi-
tions of 60% relative humidity at 27°C (Tu et al., 2018; Peeters et al., 2020; Talisa Water, n.d.; Watergen,
n.d.; “Quest Dry 105, 155, and 205,” n.d.). The specific water yield under standard conditions is plotted
for the ideal reversed Carnot cycle and for the theoretical vapor-compression refrigeration cycle against
the cooling temperature in Figure 12B. Abandoning the reversed Carnot cycle leads to a 10%-20% drop
in maximum performance. The decrease is relatively small for cooling temperatures of interest (Danfoss,
2010). The efficiency of real processes will be lower according to the theoretical vapor-compression cycle
due to non-adiabatic conditions, fluid friction, the necessary temperature differences to enable heat trans-
fer, operation at sub-optimal cooling temperature, and the isentropic compression efficiencies, which only
reach 50%-70% (Cengel and Boles, 2006; Danfoss, 2010). The most efficient dehumidifiers achieve effi-
ciencies of at least 43% evaluated at the optimal cooling temperature in the vapor-compression cycle.
Further improvements of this mature technology will probably be merely incremental.

WATER-FROM-AIR TECHNOLOGY SELECTION DEPENDING ON CLIMATE

The analysis of energy requirements of water-from-air technologies in previous sections leads to a chart
indicating the energetically most favorable option depending on climate conditions (Figure 13). The
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Figure 13. Preferred atmospheric water harvesting technology depending on climate conditions based on
theoretical maximum specific water yields, practical considerations, and projections

Current limitations of TRHS (min. @,,,, = 60%), practical considerations, and minimum energy requirements of active air
cooling modeled by an ideal vapor-compression cycle (min. @,,,, = 30%), and projected potential of DESARO following
the optimal pressure curve (max. pressure 40 MPa) are taken into account; for desiccants, a desorption enthalpy of
3,300,000 J/kg is considered.

DESARO process is the best choice at high relative humidity. This process was modeled using the optimal
pressure profile for a permeate water recovery that maximizes the specific water yield without exceeding a
maximum pressure of 40 MPa, which represents a realistic maximum pressure that the membrane could
withstand (Killian Mcgovern et al., 2015).

Thermo-responsive polymers (TRHS) are the best candidates at high-mid relative humidity conditions.
Currently, the concept has been demonstrated at relative humidities above 60% (Figure 13) (Zhao et al.,
2019). The imposed lower boundary can be lowered in the future when the operability at lower relative hu-
midity is enhanced by improvements in the polymer design and reduction of evaporation losses.

Low relative humidity typically coincides with high temperatures, like in deserts. In these conditions, active
air cooling seems to be the best choice (Figure 13). This method was modeled by the vapor-compression
refrigeration cycle. A minimum operational relative humidity of 30% is imposed, which acts as a compro-
mise between a minimum of 20% calculated by the model when operating at the optimal cooling temper-
ature and a minimum of 40% given as practical advice for choosing between an active cooling and desic-
cant-based dehumidifier (Condair, 2016). At lower temperatures or at extremely low relative humidity,
desiccant-based technology becomes the favored option.

The active air cooling approach for capturing water vapor is similar to commercially well-established de-
humidifiers and air conditioners. At low relative humidity, most energy goes to the cooling of gases
composing the air next to water vapor (Gido et al., 2016a). Cold air from the process outlet can be utilized
to pre-cool the ambient air stream to increase the inlet relative humidity (Gido et al., 2016b). Another alter-
native is the implementation of a water-selective membrane prior to the cooling step to increase the inlet
relative humidity of the cooling device (Bergmair et al., 2014). DESARO could also be combined with active
air cooling. The water vapor from the cold saturated outlet air (@ = 100%) could be liquefied by deliques-
cent salts and subsequently separated by reverse osmosis at a low energy cost.
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Figure made with Mapchart.net (“MapChart,” n.d.). The world map is constructed by using climate data from Figure S1. The world map of water-from-air

technologies is based on the highest theoretical maximum specific water yields according to the local climate and additional technological constraints (see

Figure 13).

The optimal technology depending on climate conditions (Figure 13) is implemented on the world map in Fig-
ure 14. Details of the world map construction based on yearly average relative humidity during the night and
annual average ambient temperature (Figure S1) can be found in supplemental information (Hersbach et al.,
2019a, 2019b). Relative humidities of 20%-40% are common in North Africa, the Middle East, and Australia.
These low values coincide with high temperatures between 20°C and 30°C. In those locations where desic-
cant-based technology or active air cooling is advised, the best choice depends on more accurate local climate
data. Relative humidities between 40% and 60% (0°C-20°C) are prevailing in parts of Asia and warm locations
close to coastlines. Active air cooling is preferred in these areas for the higher relative humidity and temperature
cases and desiccant-based technology for the drier and colder parts of these regions. Large parts of Europe,
North and South America, and India have mild climates with relative humidities of 60%-80%, which is ideal
for the TRHS polymer approach (Figure 13). Locations around the Equator, islands like New Zealand and the
Caribbean, and cold regions far North are characterized by very high relative humidities above 80%. The DE-
SARO technology is advised in these areas when technological maturity is reached.

ATMOSPHERIC WATER HARVESTING AND THE LOCAL WATER-ENERGY NEXUS

In the analyses of the maximum specific water yields abstraction was made regarding the origin of the en-
ergy source. In practice, this choice affects the water-energy nexus. The desiccant-based technology does
not affect the water-energy nexus when using solar heating, but the modest specific water yield translates
into large surface area requirements (Zhou et al., 2020a; LaPotin et al., 2019). An active desiccant approach
using electrical heating solves the spatial requirements, but the resulting water consumption of the energy
technology may overshadow the specific water yield of the desiccant device. Execution of the final cooling
step of the desiccant-based water harvesting cycle may not be effective at high ambient temperatures,
resulting in the implementation of an external electrically powered cooling device. Similar to the refriger-
ation-based cooling principle of the active air cooling process, the electricity demand can result in a sig-
nificant reduction of the net specific water yield and thereby negatively impact the water-energy nexus
(Peeters et al., 2020).

The TRHS approach can take advantage of the availability of abundant solar energy as well. The
captured water can be instantly released at the desired location during the day by solar heating, which
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removes the condensation step. It avoids the need for a water distribution network and a specific deliv-
ery device, making it ideal for direct irrigation (Zhou et al., 2020b). The high specific water yield reduces
the impact of water consumption in the energy sector if use is made of a man-made energy source for
heating.

The operation of DESARO will likely be executed in large plants. The mechanical pressure-driven process
needs electricity to function. The source of electricity production is therefore of importance. A comparable
effect on the water-energy nexus as seawater desalination is expected when operating at high relative
humidity.

Water can be provided to various industries and sectors with water-from-air technologies, provided that
the specific water yield is higher than the water consumption for the production of the energy needed
for the water capturing process. In addition to the direct implementation of these technologies for
capturing atmospheric water, fresh water can be produced as a side product of, e.g., heating, ventilation,
and air conditioning (HVAC) systems (Raveesh et al., 2021; Magrini et al., 2017). Approximately 40% of the
evaporated water from cooling towers can easily be captured with fog collection mesh structures (Raveesh
etal., 2021; Ghosh et al., 2015). The technology behind high-pressure RO enables water recovery from hy-
persaline waste from, e.g., the textile industry or landfill leachate streams with reduced energy (Davenport
et al., 2018). Water losses by evaporation can also be recovered efficiently by TRHS polymers in industrial
plants when sufficient waste heat is available.

WATER FROM AIR VERSUS FRESH WATER PRODUCTION FROM LIQUID WATER SOURCES

Water production from the air and from traditional liquid water sources involve different unit operations
and have largely different energy needs (Figure 15). For the water-from-air technologies in Figure 15,
the theoretical maximum specific water yield is represented with the black boxes and evaluated at various
conditions highlighted in the figure caption. Actual performances extracted from literature data (blue
boxes) evidently do not reach the theoretical maxima. DESARO presently is only a concept and not yet
applied. It is most promising since in principle at high relative humidity it could reach the energy perfor-
mance of seawater desalination. A detailed explanation of the performances and achieved efficiencies
can be found in the corresponding technology sections already presented.

Among the technologies for the production of fresh water starting from liquid water sources (right side of
Figure 15), reverse osmosis has the highest energy efficiency among seawater desalination technologies
(Deshmukh et al., 2018). This pressure-driven fresh water production process achieves a specific water yield
of around 250-500 L/kWh depending on initial and final salt concentrations (IEA, 2016; Shrivastava and Ste-
vens, 2018; Elimelech and Phillip, 2011; Memon and Ward, 2014). Avoiding phase transition by mechanical-
based separation takes less energy compared with thermal processes, greatly reducing energy costs (Shriv-
astava and Stevens, 2018; Schantz et al., 2018; Wu et al., 2021). Wastewater purification with biological and
physicochemical means is a very energy-efficient way of fresh water production. The energy consumption
of wastewater treatment depends on the inlet quality of the water and the desired end quality. In general,
the specific water yield is higher than for desalination. A decentralized rainwater harvesting system essen-
tially needs energy for pumping water in and out of reservoirs. A buffer system has to be foreseen to cope
with the intermittency of rainfall (Memon and Ward, 2014). Large-scale water production from surface and
underground reservoirs are the least energy-intensive water production technologies (IEA, 2016). Fresh wa-
ter production from groundwater and surface water sources are the basic supply options, but gradually
more wastewater treatment facilities have been constructed to deal with the deterioration of water quality.
The next step in this intensification process was the increase in seawater desalination capacity, especially
observed inregions like the Middle East (IEA, 2016). A large gap is observed between actual water-from-air
technologies and fresh water production from liquid water sources (Figure 15). The theoretical limits are
much closer, especially for DESARO. Atmospheric water capturing technologies involving only one phase
transition of water (TRHS, DESAROQ, and active cooling) energy-wise pose the logical next step in water sup-
ply technologies.

Purely on an energy basis, water-from-air technologies are not competitive with conventional water pro-
duction from liquid sources. However, harvesting omnipresent atmospheric water vapor becomes a viable
option in the absence of natural fresh water sources. In such cases, decentralized water production from the
air has to be compared on a total cost basis with centralized fresh water production in combination with
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Figure 15. Specific water yield of fresh water production technologies

Specific water yield SYyater of water-from-air technologies (left) and fresh water supply technologies from natural liquid
water sources (right). Black boxes: theoretical maximum values of desiccant technology (SYmaxwater = 1 L/kWh), active air
cooling with ideal vapor-compression cycle evaluated at @,,,, =60% and T, = 27°C, TRHS evaluated at @, = 90% and
Tamb = 25°C, and DESARO with pressure curve tracking evaluated at optimal water recovery at @,,, =95% and T, =
20°C; blue boxes: literature values (IEA, 2016; Peeters et al., 2020; Zhao et al., 2019; Li et al., 2018; "Quest Dry 105, 155,
and 205,” n.d.; Memon and Ward, 2014).

long-distance transport. Constructing pipeline networks connected to water production facilities like
seawater desalination plants may not be an option for small communities by the high upfront capital expen-
ditures. Political and societal aspects may also complicate the option of long-distance transportation build-
ing a case for water-from-air technologies.

Water production will become increasingly expensive, especially when the traditional liquid water re-
serves become exhausted. Seawater desalination is more energy demanding by at least one order of
magnitude compared with water production from wastewater, natural precipitation, and surface and un-
derground fresh water reserves. Water-from-air technologies will again be at least ten times more energy
demanding.

CONCLUSIONS AND OUTLOOK

Analysis of the theoretical maximum specific water yield reveals the potential for established and new wa-
ter-from-air extraction processes and provides a basis for making choices depending on climate condi-
tions. Two relatively new concepts, the temperature-responsive hydrophilicity switching polymers
(TRHS) and DESARO involving only one phase transition of water, energetically score very well and
approach the energy performances of water production from liquid water sources. For the DESARO pro-
cess being theoretically most energy-efficient among the water-from-air technologies, the practical imple-
mentation will be largely dependent on future developments of high-pressure reverse osmosis technol-
ogy, which will expand the relative humidity range where high specific water yields can be realized.
Especially the development of a mechanical and chemical stable water permeable membrane with-
standing high pressure is a grand challenge. Successful implementation of the DESARO process critically
depends on the selection of a deliquescent salt with limited corrosivity and that remains liquid throughout
the process. TRHS polymers dedicated to this field of water-from-air extraction technologies are needed.
Improving the water uptake and achieving a large water capacity at low relative humidity are required to
produce large quantities of water at a low energy cost. Efficient use of TRHS polymers will critically
depend on the design of processes maximizing the intrinsic advantages of this technology. The optimum
climate conditions for DESARO and TRHS technologies are limited to mid-high relative humidity. For arid
regions of the world, desiccant-based technologies and active cooling to provoke condensation are
advised, but these techniques are very energy intensive. Research on adsorbents for desiccant technolo-
gies has already been very successful, and actual performances are close to the thermodynamic limits. The
successful development of adsorption processes may incentivize research on the alternative concepts
needed for water harvesting regions with milder climates.
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METHOD DETAILS

The derivation of the maximum specific water yield of active air cooling is given in this section.

Active air cooling

A graphical representation of the active air cooling approach is provided in Figure 11. The difference in
absolute humidity of inlet and outlet air (wamp —wc) and the air volume defines the amount of extracted wa-
ter. The relation between relative humidity (@), absolute humidity (w), total air pressure (P), and tempera-
ture (T) is used to determine the absolute humidity at the inlet and outlet states of air (Equation 11) (Peeters
et al., 2020; Cengel and Boles, 2006).
wP
b=—— Equation 11

(0.622+ w)P,(T) Eq )
The total pressure P equals the sum of dry air pressure (P,) and water vapor pressure (Py). The dry air pres-
sure is set at 100,000 Pa. The water vapor pressure P,, is obtained from an alternative representation of rela-
tive humidity (Equation 12) (Peeters et al., 2020; Cengel and Boles, 2006).

D =—— (Equation 12)

The water vapor saturation pressure Ps is obtained from Equation 13 with the temperature T in °C (Aldu-
chov and Eskridge, 1996).

243.04+T (Equation 13)

17.625T
Py(T) = 610.94exp( )
Two main energy contributions are included in the denominator of the maximum specific water yield equa-
tion of active air cooling SYmax. aac (Equation 14). Cooling requirements are estimated from the difference
in air enthalpy at ambient conditions (H,p) and the enthalpies of the two outlet streams: air evaluated at

cooling temperature (H.) and the enthalpy of extracted liquid water (H,).

3,600,000
Hamp=(He+H) Py
COPcooling(Wamb=wc) * paVa(wamp—wc)

SYmax, aac = (Equation 14)

The enthalpy of water-bearing air is given in Equation 15, and the enthalpy of liquid water in Equation 16.
Cp.a and Cyy represent the heat capacity of dry air and the heat capacity of water vapor, respectively (Pee-
ters et al., 2020; Cengel and Boles, 2006).

Hi= CoaTi + 0(Hw(0°C) + Cpun i) (Equation 15)
Hy = (wamb - wc)prTc (Equation 16)

The coefficient of performance of a cooling device COPoging that follows a reversed Carnot cycle is shown
in Equation 17 (Peeters et al., 2020; Cengel and Boles, 2006).

Tc
Tamb - Tc

The maximum specific water yield of active air cooling SYmax, aac (Equation 14) includes ventilation power
consumption, which is incorporated in the second term of the denominator with the air density p,, the volu-
metric airflow rate V,, and the fan power consumption P,. The cooling temperature T. is chosen as the
optimal temperature which maximizes the specific water yield and ranges from 0°C to the dew-point tem-
perature. Temperatures below the freezing point of water are omitted from the analysis (Peeters et al.,
2020). Parameter values used in the analysis are included in Table 3.

COPcooling = (Equation 17)

The efficiency of a theoretical vapor-compression refrigeration cycle is obtained by multiplying COPcsjing
by the Carnot efficiency .. A realistic and approximated value that is valid for a variety of refrigerants can
be calculated by using Equation 18 for a single-stage cycle (Danfoss, 2010). This correlation was con-
structed for a hot reservoir temperature of 30°C which is close to the standardized temperature of 27°C
used to calculate the performance of commercial active cooling devices.

1. = 0.0035T. +0.85 (Equation 18)
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Table 3. Parameter values used for estimating the maximum specific water yield of active air cooling

Parameter Value Reference

Cow 4,185 J/kg.K (Incropera et al., 2013)

Cpa 1,005 J/kg.°C (Cengel and Boles, 2006)
Comv 1,820 J/kg.°C (Cengel and Boles, 2006)

Hyn (0°C) 2,500,900 J/kg (Cengel and Boles, 2006)

P, 140 W (Blauberg Ventilatoren, 2017)
Va 0.7 m%s (Blauberg Ventilatoren, 2017)
Pa 1.25 kg/m3 (Incropera et al., 2013)

The mathematic code to calculate the specific water yields of water-from-air technologies is made publicly
available at Harvard Dataverse (https://doi.org/10.7910/DVN/GVOHIJ).

Limitations of the study

The world map showing the preferred local water-from-air technology is based on averages concerning
ambient relative humidity and temperature. Taking into account daily fluctuations and seasonal shifts in
climate conditions would result in a time-dependent optimal technology choice. The provided world
map only serves as a general indication of the potential of each technology.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/].isci.2021.103266.
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