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Extraction of water vapour from atmospheric air and condensing it to liquid water for human usage is an
imaginative solution to the water scarcity problem. Atmospheric water vapour is a large and readily accessi-
ble fresh water source able to fulfil human water needs. Many systems that draw water vapour from the air
with water collecting surfaces, desiccant materials such as zeolites, silica gels, MOFs, polymers and salts
and aids such as membranes have been proposed. Much progress has been made in increasing water
harvesting efficiency, reducing cost and improving applicability especially in the extreme atmospheric con-
ditions of arid regions. But all these systems are energy intensive and this energy demand for water pro-
duction is an important element of the water-energy nexus. In this paper the intrinsic energy requirements
of water vapour capturing processes in different atmospheric conditions are quantified as the specific water
yield (L kW™ h™). Distinction is made between passive systems that use natural phenomena like solar en-
ergy directly, and active systems with human transformation of the energy vector. The generation of ther-
moelectric energy involves water use and may even lead to overall water consumption instead of produc-
tion. Technologies involving air cooling to provoke condensation of the water vapour reach specific water
yields of 1-4 L kW™ h™® but their application is strongly dependent on atmospheric conditions. A specific
water yield of 0.1-1 L kW™ h™ is commonly achieved for an ad/absorption-desorption cycle with a desic-
cant material. Depending on climate conditions, either passive systems with desiccants or active cooling of
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DOI: 10.1039/d0ew00128g condensation surfaces is energy wise the optimum choice. The intrinsic energy requirements of atmo-

spheric water harvesting are more than hundred times larger than seawater desalination. Fundamentally

rsc.li/es-water new concepts are needed to make atmospheric water an affordable fresh water source.

Water impact

Water-from-air technologies have the potential to overcome water scarcity at any geographic location. Existing technologies relying on absorption,
adsorption or condensation of water vapour contained in the atmosphere are very energy demanding and complicate the water-energy nexus. New emerging
concepts in materials science pave the way to new less energy demanding sustainable water production technologies.

Introduction

Human society critically depends on the availability of fresh
water. Fresh water unfortunately represents only a small frac-
tion of the water available on earth. Most of the water is saline.
According to the global water distribution on Earth (Fig. 1), sa-
line water in seas and oceans accounts for ca. 97.5% of the 1.4
x 10"® ton of water on our planet. Only 2.5% of all water is fresh
water. Close to 70% of it is frozen in glaciers, ice caps, and per-
mafrost and is not readily available for humans. Another 30%
is located in underground lakes. The most useful part of the
fresh water on earth representing only 0.4% of the total is di-
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vided over lakes (67.4%), soils (12.2%), swamps (8.5%), rivers
(1.6%) and atmospheric water vapour (9.6%). A small amount
of ca. 0.8% is contained in living organisms." These figures
show that although our planet has plenty of water, fresh water
resources and especially the readily available ones such as
lakes, rivers and accessible ground water are only a tiny part of
the global water resources.

Water on Earth is subjected to a hydrological cycle in
which water continuously changes geographical location by
evaporation or sublimation, atmospheric transport, and de-
position elsewhere by condensation or freezing. This hydro-
logical cycle interconverts saline and fresh water. The hydro-
logical transportation cycle moves a quantity of 45500
billion metric ton (bmt) of water yearly.® The residence time
of water in the stages of this cycle varies from a short

This journal is © The Royal Society of Chemistry 2020
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average stay of 9 days in the atmosphere to thousands of
years in oceans, seas and underground lakes.>* The global
annual water withdrawal by human activity amounts to ca.
4000 bmt per year, much smaller than the mass of water
engaged in the hydrological cycle. Water withdrawn from
surface and underground fresh water sources is either con-
sumed or returned to the source short after usage. The con-
sumed part is evaporated or transported to elsewhere in the
world in goods and food in which it is contained.** Human
interventions for water production accelerate the hydrologi-
cal cycle as it reduces the water residence time in fresh wa-
ter states such as ground water. Human water use, even
with increasing demand in the future by a growing human
population will not disturb the global natural hydrological
cycle given its magnitude. Ultimately all water withdrawn by
human activity is rendered to the hydrological cycle. The
water supply problem arises from the uneven spreading of
the hydrological cycle on earth. In many places on a local
scale the natural water supply does not match the fresh wa-
ter demand at all times.>*”
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Surface water accounts for about two third of the fresh wa-
ter withdrawn by humans, and water from underground res-
ervoirs for the other third.”> The volume of water withdrawal
according to different types of human activities in 2014 and a
prediction for 2040 are presented in Fig. 2. The agriculture
sector currently is by far the main fresh water user, with a
volume of ca. 2800 bmt, representing a share of ca. 70%.°
The water intensity in this sector is evident considering e.g.
the water demand of the production of a kilogram of beef
cattle which requires about 15000 L water.””® In 2014, the wa-
ter volume for municipal usage, energy generation and indus-
try were about equal (Fig. 2). The energy sector requires water
for primary energy production and especially for cooling in
thermally driven electricity production. In the chemical in-
dustry, water serves as a solvent, and it is a source of H and
O atoms for chemicals and materials.”

The share of withdrawn water returned to the source is de-
pendent on the application (Fig. 2). Irrigation in agriculture
is an application where an important share of the water is
not returned locally. In the municipal, industrial and power
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Fig. 1 Estimated global water distribution.

and energy applications, the share of returned water is larger.
Nevertheless, overall the consumed amounts are substantial,
and this volume is expected to increase by the year 2040
(Fig. 2). An increase by 10% of water withdrawal and a 20%
rise in water consumption is expected to occur in the period
from 2014 to 2040.> Municipal water use is primarily depen-
dent on the living standard. Developing countries are facing
a strong rise in water needs for the municipal sector.>®*’
With a growing human population water scarcity is a
growing global concern and it is an obstacle for sustainable
development. Water scarcity occurs when water resources are
below 1000 m® per capita per year.>® Currently, water short-
age affects about one billion people worldwide and more
than three billion people are expected to face this problem by
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Fig. 2 Water withdrawal in different sectors split into a consumed and
returned fraction in billion metric ton (bmt) in 2014 and a forecast for
2040. Data extracted from the IEA (2016).2
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2025.> A growing world population, more intensive water us-
age per capita, desertification and an increasing salt content
of fresh water aggravate the water scarcity problem.'®'" The
most severe and extreme conditions occur at the local scale,
and the ongoing climate change deepens the severity of these
local problems.®*?

Water management is complex because all users compete
for the same water resources.® Water is an atypical commodity
since scarcity of this good is not always reflected in its price. Ar-
tificial low pricing leads to unsustainable and inefficient water
usage.”'" Because of government subsidies water prices are of-
ten artificially low, like for energy. Countries with the lowest
water and energy prices rank the highest in terms of water con-
sumption and tend to have the least sustainable water produc-
tion. The strong correlation between water and energy demand
complicates the problem even more. The water to be returned
to the natural hydrological cycle is in most cases polluted and
needs wastewater treatment. Water purification is also energy
demanding. Increasing volumes entail enhanced energy con-
sumption and consequently, additional water usage in cooling
processes.” Mastering of this water-energy nexus is essential to
achieve sustainable resource management.

There are three ways to resolve local fresh water shortage.
First, when the supply from local fresh water sources is insuf-
ficient, water transportation over long distances from areas
with water abundance is an obvious solution. Second, seawa-
ter is an inexhaustible water source (Fig. 1). Desalination of
seawater and transportation with pipelines inland is an ex-
ample of this solution.>"***

Finally, an important observation is that atmospheric wa-
ter is largely sufficient to cover the human fresh water needs
(Fig. 1). Liquefaction of water vapour captured locally from

This journal is © The Royal Society of Chemistry 2020
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atmospheric air is a way to avoid the need of long distance
transportation, because it is ubiquitous. Water vapour in the
atmosphere is rather clean, and after condensation an attrac-
tive source of fresh water, similar to natural precipitation.
The atmosphere is an inexhaustible source of water because
of the hydrological cycle which replenishes the atmosphere
swiftly with water vapour.’* The idea of a decentralised water
supply system relying on water extraction from the air has
been appealing for decades. Some authors forecasted a bright
future for this technology.'>"” The main obstacle for wide-
spread implementation of water-from-air technology is the
high energy demand, although at locations with abundant so-
lar energy this is seen as a minor concern."®*®

In this review a thermodynamic analysis of the energy re-
quirement of water production from air is provided. The
boundary conditions depending on geographical location can
vary substantially and the variability of the water content of
atmospheric air and climatological conditions are part of the
analysis. Implementing water-from-air technology would have
a large impact on the water-energy nexus.

Parameters of water vapour in
atmospheric air

Relative humidity (@), absolute humidity (w) and dew-point
temperature (Ty) are the essential properties of atmospheric air
to be used as source of water. Air is a gas mixture, composed of
nitrogen, oxygen and argon gas as major components (in this
order), and water vapour in variable contents. The relative hu-
midity (@) is the ratio of the partial pressure of water vapour
(P,,) over the saturation pressure (Ps) (eqn (1)).">*°

Py,

?=p1)

@

The dew-point (Ty) is the temperature at the onset of condensa-
tion and at which the relative humidity reaches 100%. Relative
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Fig. 3 Absolute humidity (w) and relative humidity (@) of air depending
on temperature (7). Unsaturated air becomes saturated by lowering
the temperature or by increasing the absolute humidity.?°
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humidity and temperature determine the absolute amount of
water contained in the air, denoted absolute humidity (). The
absolute humidity represents the maximum extractable
amount of water. The absolute humidity at different relative
humidity levels is plotted against temperature in Fig. 3. The up-
per curve at 100% relative humidity is the saturation curve
where condensation occurs.'®?*® Unsaturated air can reach sat-
uration by cooling or by humidification.

The mathematical relation between relative humidity (&),
absolute humidity (o), total air pressure (P) and temperature
(7) is given in eqn (2). The dew-point Ty can be obtained
from this equation by solving for 7 and setting @ = 1 for a
given absolute humidity and air pressure.

wP

b= )

(0.622 + w)Py(T)

The water vapour saturation pressure Pg at temperature T
(°C) can be described mathematically with the empirical
AERK Magnus formulation, such as e.g. in the range of T =
[-40 °C, 50 °C] by eqn (3).>"

(3)

17.625T
Py(T) = 610.94 exp

243.04+T

The total air pressure P is simply the sum of the partial pres-
sure of dry air P, and P, the vapour pressure of water in the
air (eqn (4)).>° For simplicity, P, is taken as 100 000 Pa, i.e. at
1 bar.

P=P,+P, (4)

The total moist air enthalpy consists of a dry air term H, and
a water vapour term Hy, (eqn (5)). The heat capacity of air
Cp,a s taken as a constant of 1.005 kJ kg™ C, which is a rea-
sonable assumption in the temperature range [-10 °C, 50 °C].
The average heat capacity of water vapour Cy, . in the interval
[-10 °C, 50 °C] equals 1.82 kJ kg™ C and the water vapour en-
thalpy at 0 °C is 2500.9 kJ kg™".>°

H = H, + ©Hy, (5)
H, =Cp T (6)
Hypy = Hyn(0 °C) + Cp T (7)

The heat of condensation of water (AH"?P) at atmospheric
pressure and normal boiling temperature (100 °C) equals
2257 kJ kg™', which is a large amount of energy.”> This large
amount of energy has to be removed to enable the phase
change of water from vapour to liquid.

Principles of water extraction from air

Atmospheric water generators can be divided into categories
(Fig. 4). Water vapour can be extracted from the air either by

Environ. Sci.: Water Res. Technol., 2020, 6, 2016-2034 | 2019
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Fig. 4 Subdivision of water-from-air extraction systems.

cooling and condensing moisture out of the air, or else, by
using a desiccant material. Each category is subdivided into a
passive and active way to apply the water extraction method.
The term passive indicates water is captured with the help of
natural phenomena and without an energy delivery system.
In the active case, an external energy vector is implemented
to assist the water extraction process. The two most impor-
tant principles are active cooling and passive water extraction
by water vapour ad- or absorption on a desiccant.

In the next sections the energy requirements of the differ-
ent concepts are discussed. A theoretical performance evalua-
tion will be based on the specific water yield SYwater (L kw!
h™") which represents the volume of liquid water which can
be produced with an energy input of 1 kW h.

Technologies for water extraction
from the air
Passive cooling technologies

Dew and fog harvesting are examples of passive cooling. In
this section, the advantages and disadvantages of water col-
lection through artificial dew and fog formation and the way
to generate the required spontaneous cooling are discussed.
Principle of dew formation. Passive radiative cooling of a
condensation surface to a surface temperature below the

View Article Online
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dew-point leads to deposition of liquid water originating
from water vapour in the air (Fig. 5A). Insects adapted this
principle to harvest water from atmospheric air. The Namib
beetle is a popular example of an insect using passive dew
harvesting to provide water for itself and to survive in ex-
treme arid conditions.”>*

Any surface outdoor emits energy by radiation of electro-
magnetic waves in the infrared wavelength region to the
sky.>® The available cooling power lies between 25 and 100 W
m~ on cloudless nights. A theoretical maximum water pro-
duction of 0.8 L m™ per day under most optimal conditions
has been estimated.”**® Consequently, a large surface area
exposed to the sky is needed to collect artificial dew in signif-
icant amounts.>®

The dew harvesting process faces the problem of inconsis-
tent production caused by the critical condition of sufficient
radiative cooling to reach a surface temperature below the
dew-point. In addition, wind may interfere with the conden-
sation process. Air flow provides a larger flow of water vapour
toward the cold surface, but depending on the temperature
of the wind, it also can counteract the radiative cooling.
Wind can lift dew drops from the surface and reduce this
way the harvesting.”**” The inconsistency of water produc-
tion is the main reason why the technique is applied only in
specific regions with suitable climate for dew formation.*®
The energy efficiency is less relevant for this system since no
artificial energy input is needed.

Principle of fog collection. Fog consists of tiny water drop-
lets suspended in the atmosphere. These droplets nucleate
homogeneously in saturated air. Droplet nucleation is
favoured by the presence of fine suspended particles acting
as nucleation centre.”

Fog collection is the capturing of the already existing lig-
uid water droplets of air aerosol on a mesh material (Fig. 5B).
The droplets grow by coalescence on the mesh and are finally
detached from the mesh and collected by gravity.** The
amount of fog that can be harvested depends on relative hu-
midity, absolute humidity, wind velocity and the frequency of
fog occurrence.”® Fog harvesting, like dew collection, is a

Ll

[ ] [o

5171488

Fig. 5 A visual presentation of the process of A) dew harvesting by droplet formation and dripping off a surface cooled below the dew-point by
passive radiative cooling (red arrows) and B) fog harvesting where fog droplets (in blue) hit a mesh structure, coalesce and detach from the mesh

by gravity.23:242
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relatively inexpensive, easy and definitely helpful approach in
combatting water scarcity, but it is critically depending on
climatologic conditions.*® The water collection capacity is
depending on external factors rendering the water yield
unpredictable.

Dew and fog collection devices and applications. In litera-
ture several reports on the performance of dew and fog col-
lection devices are available. A typical water yield of 0.3-0.6 L
m™> per day from passive dew harvesting has been achieved
in arid environments.*! Berkowicz et al. were able to produce
peak quantities of water amounting to 0.5 L m™> per day in
Jerusalem. At that location the probability of dew formation
on daily basis is around 50%.>° The effectiveness of dew
harvesting on islands with humid climate is also docu-
mented. In an investigation on French Polynesia Islands, on
yearly basis the water volume from dew harvesting repre-
sented ca. 3% of the total rainfall.’® In the dry seasons on
islands of Croatia, the contribution of dew water compared
to rainwater was in the range of 38-120%.>* A dew plant built
in Kothara (India) is able to collect 20 L of dew per square
meter per year. Besides the collection of dew, the surface also
serves a rain capturing function. A yearly average of 300 L
m™> of rain can be collected.’” This reveals the limited added
value of dew collection even in areas where rain falls only
during a few days in a year.

Special surfaces have been designed for dew harvesting.
Thickett et al illustrated condensation rate improvements
during dew harvesting by a micro patterned coating. Water
condenses on the hydrophilic coating part and flows consecu-
tively over the hydrophobic area when the droplet detaches
from the surface.*® Patterned polymers applied as a con-
denser coating were shown to promote water vapour conden-
sation rates by 57%.%* The principle is bio-inspired as the
same principle is used by the Stenocara beetle in the Namib
Desert.>® Beysens et al. reached a 20% increase in dew yield
by application of a condenser foil of TiO, and BaSO, micro-
spheres in polyethylene.?”

Fog serves as a water source for plants and animals such as
e.g. in the Atacama Desert in Chile. In these arid areas there is
almost no rainfall. On coastal locations at altitudes of 600-1200
m in Chile fog stays in the air for a long time. In those areas,
fog extraction can yield water at rates of 1 to 15 L m™> per day. A
maximum of 6.3 L m~ per day was captured by a polypropylene
coated mesh by Caceres et al.>* An average fog collection of 4.6
L m™* per day was reported in South Africa.*> Commonly used
mesh types are made of nylon or Teflon.*® Park et al. optimised
the mesh design to improve fog collection. Based on an extrapo-
lation of reported experimental data at a site in Chile, a produc-
tion of 12 L m™ per day is estimated.*

Capturing fog requires less space compared to dew. Fog
capture nets can be placed vertically which reduces the over-
all lateral space requirements.

When fog or dew is common at a specific location it can
be a convenient way of providing water to small communi-
ties, but for agriculture purposes, the collected quantities are
too low.*” Temporal water storage is needed to equilibrate

This journal is © The Royal Society of Chemistry 2020
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supply and demand when using a dew, fog or even rainwater
capturing approach.*

Conductive heat loss to the underground is an alternative
way of cooling a condensation surface. In a device operating
according to this principle, air is forced to enter an under-
ground metal coil connected to a reservoir for collecting the
condensate. The metal coil is in thermal contact to the un-
derground.*®*° The minimum required temperature differ-
ence between the underground and atmospheric air derived
from the temperature dependence of the relative humidity
(Fig. 3) is presented in Table 1.

Air at T = 15-25 °C needs to be cooled by ca. 14 °C at @ =
40%, 8 °C at @ = 60% and 3.5 °C at @ = 80% to initiate conden-
sation. This seems to be a small temperature difference, but it
is difficult to maintain. Underground heat conduction is slow,
and inefficient to dissipate the condensation heat. The temper-
ature of the metal coil will be increased by the water condensa-
tion process. The temperature difference between air and un-
derground condensation surface vanishes rapidly.

Consequently, the underground temperature needs to be
below that of the condensation coil to keep the condensation
coil below the critical temperature needed for water vapour
condensation. Literature data on temperature differences be-
tween atmospheric air at ground level and underground at 2
m deepness are available for a location in Lecce, Italy.*® Loca-
tions with different thermal conductivity of the underground
are compared. The temperature difference shows seasonal
fluctuations, as expected. The temperature difference between
air and underground reaches a maximum of about 8 °C in
July. Air at relative humidity below 60% will never reach satu-
ration under these conditions. At 80% relative humidity, tem-
perature differences of 3.5 °C will only be reached in certain
months.*® Active cooling of the condensation coils appears to
be needed to reach the desired temperature differences.

Active cooling technologies

In this section, active air cooling technologies for water ex-
traction from air are presented. The thermodynamics of these
processes and the impact of the climate on the specific water
yield and energy efficiency are analysed. Theoretical limita-
tions of the specific water yield depending on ambient tem-
perature and relative and absolute humidity are presented.
Energy efficiencies of practical devices based on the reverse
Carnot cycle, thermoelectric coolers, self-filling water bottles

Table 1 Required temperature difference to initiate condensation for dif-
ferent relative humidity and temperature conditions of ambient air

(pamb [0/0] Tamb [OC] Tamb - Td [OC]
80 25 3.7
80 15 3.4
60 25 8.3
60 15 7.7
40 25 14.5
40 15 13.5
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and membrane assisted water condensation technologies are
estimated.

Process description and thermodynamic analysis. In most
cases, active air cooling is based on an evaporation-condensa-
tion cycle of a coolant to extract heat from a cold reservoir
(evaporator of the coolant) and transportation of the extracted
heat to a hot reservoir (condenser of the coolant), illustrated in
Fig. 6. The evaporation and condensation of the coolant are
driven by decompression and compression, respectively. The
air enters the refrigerant evaporator section, where it is cooled
below the dew-point. In this way water vapour contained in the
inlet air condenses and liquid water is harvested.*”

This water extraction concept is based on a reverse Carnot cy-
cle of a coolant. The coefficient of performance of the cooling
unit (COPyoing) is defined in eqn (8), with T;. the temperature of
the cold reservoir and T, the temperature of the hot reservoir.
The hot reservoir is typically at ambient temperature, Tymp.>"

COPcooling - %CTC (8)
Typical refrigerants are 1,1,1,2-tetrafluoroethane, isobutane and
ammonia.”"*? Advanced concepts for applying this principle
maximizing COPcyoing have been proposed.43

Thermoelectric coolers (TEC) are an alternative to the evapo-
ration-condensation cycle of a coolant. This electricity based
technology forces heat transport by application of a voltage dif-
ference between a semiconductor pn-junction. The electric cur-
rent causes cooling on one side of the semiconductor assembly,
and heating on the other side.** TEC based cooling processes
are generally less energy efficient, but the absence of a
recirculating fluid is a practical advantage.”” In-depth analysis
of cooling technologies is beyond the scope of this review.***¢8

The general process scheme of an active cooling device to
condense water vapour out of air is presented in Fig. 7. The
theoretical maximum amount of liquid water that can be re-
covered from air for a given power supply in a 100% efficient
process without heat recovery is given by SYyater, @ convenient
physical quantity to estimate the influence of the climate on
the operation of an air cooling system:

Compressor Refrigerant Turbine
.

Air ——| Evaporator Air

outlet inlet

LIRRRRRNNL

Water Condensate

Fig. 6 Process flow diagram of an air cooler and water condensation
unit using a refrigerant evaporation-condensation cycle.?°
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Air cooling and moisture
condensation unit

Ar (T, P ams) Air (T, ®,)

AR IRRE Y

Water (T,
LC

Fig. 7 Process diagram of a water from air unit with air cooling and
water condensation.

L
water PC ( )
In which L. is the rate of water production (L h™") and P, the
total power supply (kW). L. and P, values are obtained from
eqn (10) and (11), respectively.
Lc = paVa(wamb - wc) (10)
In eqn (10) p, represents the air density (kg m™) and V,, the
volumetric air flow rate (m®> h™). The power supply P. has
two contributions, viz. the energy needed for cooling and wa-
ter condensation, and the ventilator energy, P,:

. Q. .
Pe = COPcooling A ()
The theoretical energy needed for cooling and condensation Q.
(kw), expressed in eqn (12), is obtained from the heat balance
over the air cooling and moisture condensation device (Fig. 7).
Cpw (K] kg™" K'') stands for the heat capacity of liquid water
and V, the volumetric air flow expressed in (m® s™).

Qc= paVa(Hamb -~ H.- (wamb - a)c)cp,wTC) (12)
Dividing Q. by the performance of the Carnot refrigeration
cycle, COPqoling (eqn (8)) gives a value for the energy need for
cooling and condensation (eqn (11)).

The condensation temperature 7. has a strong impact on
the specific water yield. This is illustrated by comparing two
cases in Fig. 8. The first case deals with a humid hot climate
characterized by high relative humidity of 80% at a tempera-
ture of 25 °C. The second case refers to a desert climate with
low relative humidity of 30% at a temperature of 30 °C. Tem-
peratures below 0 °C in the air cooling and moisture conden-
sation unit were not considered because these would involve
the complication of ice formation. Practically, it would com-
plicate the water production. Ventilator power values P, and
air flow rates V, were taken from axial ventilator
specifications.*’

In the hot humid climate case the dew-point Ty is ca. 21
°C (Fig. 8A). The optimal condensation temperature for

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Specific water yield of active cooling technologies against the
condensation temperature in A) a humid climate (& = 80%, T = 25 °C)
and B) a dry climate (@ = 30%, T = 30 °C).

energy efficient water capturing from air is lower than the
dew-point. The specific water yield under these conditions
shows a clear maximum at 17 °C (Fig. 8A). In the situation of
Fig. 8A the maximum specific water yield (SYmaxwater)s
amounts to 21 L kW™ h™, When the ventilator power P, (eqn
(11)) is omitted the optimum specific water yield is 32.6 L
kW™ h™'. The situation in a dry climate is different (Fig. 8B).
There is a shallow optimum energy efficiency around 3 °C.
The yield of liquid water per kW h is small and does not sur-
pass 3.3 L kW' h™ (Fig. 8B). This is mainly a result of the
high sensible heat removal requirements.*® The contribution
of P, is negligible in this case.

In both climates (Fig. 8), water production L. can be raised
by reducing the condensation temperature T, at the cost of
increasing the power supply and operating at lower energy
efficiency.

The impact of ambient temperature, absolute humidity
and relative humidity on the energy efficiency of water pro-
duction from air by cooling and condensation was analysed
in more detail. The maximum specific water yield for a given
climate condition was estimated at the corresponding opti-
mal condensation temperature T o, (€qn (13)).

SYmax,Water = SYwater(Tc,opt) (13)
For relative humidity values of 20, 40, 60, 80 and 100%, the spe-
cific water yield at optimum condensation temperature is plot-
ted against ambient temperature in Fig. 9. The higher the rela-
tive humidity, the higher the maximum specific water yield,
and the more water can be condensed from air at a given ambi-
ent temperature. Evidently, at 100% relative humidity, it takes
little energy to produce dew on the collector surface.

At the lowest possible ambient temperatures for each case
the maximum specific water yields are very low. One of the
reasons is that the absolute water content of cold air is low.
In addition, the most optimal condensation temperature in

This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Plot of maximum specific water yield as a function of ambient
temperature at different relative humidity levels for water extraction
from the air by active cooling.

this instance lies below 0 °C which is impractical. The mini-
mal ambient air temperature necessary for avoiding water
freezing in the cooling section of the device at optimal ener-
getic performance was estimated at 3, 7, 13 and 24 °C for rel-
ative humidity of 80, 60, 40 and 20%, respectively (Fig. 9).

Above these critical temperatures, the specific water yield
increases significantly with increasing ambient temperature.
The higher the relative humidity, the more significant the in-
crease (Fig. 9).

Comprehensive plots showing the influence of absolute
humidity at different relative humidity values and relative hu-
midity at different ambient temperatures on maximum spe-
cific water yield are presented in Fig. 10 and 11, respectively.
The specific water yield is little influenced by absolute hu-
midity (Fig. 10). Relative humidity governs the energy inten-
sity to extract water from the air with active cooling

70

o
=3

(L/kWh)
w » 13
o o o

max,water

sY
S

10+

L

0.015 0.02 0.025 0.03

w, .y (9/0)

0 T L
0 0.005 0.01 0.035

Fig. 10 Plot of maximum specific water yield against absolute
humidity at different relative humidity levels for water extraction from
the air by active cooling.
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Fig. 11 Plot of maximum specific water yield against ambient relative
humidity at different ambient temperature levels for water extraction
from the air by active cooling.

technology. The maximum specific water yield increases with
relative humidity in an exponential way (Fig. 11).

Active cooling devices. Water extraction from air is very
common in air conditioning. Dehumidifiers based on the
process of active air cooling to force condensation of water
vapour contained in the air are established technology. Air
dehumidifiers have however been designed for energy effi-
cient air conditioning, and not for maximizing the water
yield. Adaptation according to the purpose of the device is
needed. Dehumidifiers are rated according to the energy
needed for water removal.”® The specific water yields of de-
vices designed for air conditioning are in the range of 1.7-4.2
L kW™ h™.***® Devices designed for air dehumidification
when applied for water production likely are operated at
suboptimal conditions and fixed 7. values, and produce wa-
ter at the expense of increasing the energy consumption.

Some performances of devices are given in Table 2. Pro-
vided the relevant data were available, the efficiency (eqn
(14)) of reported devices was estimated based on reported
specific water yield and an estimated theoretical maximum,
defined in eqn (13):

SYwater

e = (14)

SYmax,Water
The efficiency of commercial dehumidifiers is ca. 40%
(Table 2). This relatively high efficiency can be explained by
the maturity of the technology. For devices dedicated to water

Table 2 Specifications of commercial dehumidifiers (D) and active con-
densation technologies (C) to extract water from the air

P, Le SYwater e Measuring
Type/ref. (W) (Ld™") (Lkw'h™) (%) conditions (&, T)
(D) 530 50 4.2 402 60%/27 °C
(c)*® 450 32 2.96 — —
() — 800 4 — —
(9 61 1.58 1.1 4.3 80%/33 °C
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production insufficient data are available for making the
estimation.

Portable self-filling water bottles are miniaturised versions of
the air cooling and moisture condensation technique. Air driven
by a fan is sent inside the bottle where the moisture condenses
onto thermoelectric cooling surfaces. The device is powered by a
small photovoltaic (PV) panel to minimize size and weight
which is essential for a portable bottle.* A power input of 313
W is required to produce 0.5 L h™ when only condensation heat
needs to be removed and when taking a maximum COP,ugling
value of 1 for a TEC device.”>*>> At full irradiation, a PV panel
typically delivers 180 W m™, therefore around 1.7 m* of solar
panel is required to supply enough power.

The specific water yield of TEC based air cooling is esti-
mated to be in the range of 0.14-1.1 L kW™ h™.%>™8

Membrane assisted water condensation. Membranes are
capable of selectively separating water molecules from the
air. The membrane separation concept in combination with
active cooling is shown in Fig. 12. Air moisture permeates
from the feed side to the permeate side by a pressure differ-
ence generated by a vacuum pump. The performance criti-
cally depends on the water permeability of the membrane,
which needs to favour water permeation over the other gas
components of air. The permeate is transferred to the con-
denser to produce liquid water. This setup reduces the total
cooling requirement by increasing the relative humidity of
the inlet air of the condenser."’

The addition of a membrane module (Fig. 12) has been
reported to double the specific water yield. The specific water
yield of the modelled membrane dehumidifier setup reached
6.18 L kW h™" with a 5000 m®> membrane surface area.'® A
liquid membrane with hygroscopic salts on a carbon black
nanoparticle support has been reported effective in this ap-
plication.®* Polymer electrolyte membranes are used for
electrochemical based air dehumidification, an alternative to
the pressure driven membrane dehumidification process. In
this process a net water flux over the membrane is created by
splitting water electrochemically into oxygen gas and protons
at the anode side of the membrane and combining these pro-
tons again with the oxygen gas at the cathode side to make
water. In addition, water moves through the membrane by
the effect of electro-osmosis. Back diffusion lowers the per-
formance of this set-up.®?

Moist Air
Selective moist
permeation
Dried Air
Air cooling and
condensation
Membrane
embr umnn

Water

Fig. 12 Membrane assisted water condensation setup for water
extraction from air.'°
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Conclusions. Active air cooling technologies to cause water
vapour contained in air to condense is an established tech-
nology in air conditioning and it can be adapted to serve wa-
ter production. The optimum settings for water production
and air conditioning are different, and dedicated devices
according to the application are needed. Specific water yields
are in the range 2-4 L kW' h™". Miniaturised portable sys-
tems exist, but are less energy efficient.

Hot humid climates like in tropical regions offer the best
use cases for this way of producing water. Water scarcity
rarely occurs in such climates and the need of water-from-air
technology is limited. Close to 100% relative humidity, active
cooling may not be needed as dew and fog formation fre-
quently occur under these conditions, and these are easier to
collect than water vapour. At the other extreme, in dry cli-
mates the dew-point of humid air is below 0 °C which makes
the cooling concept impractical because of the need of
defrosting the condenser for collecting the harvested water.
The condensation temperature could be enhanced above
freezing temperature by implementation of a membrane
module to increase the relative humidity prior to condensa-
tion. The membrane/condenser combination significantly im-
proves the specific water yield. The reduction of energy con-
sumption in the cooling unit can balance the additional
investment in a membrane module.

Passive desiccant technologies

Trapping water in solid and liquid desiccants is an alterna-
tive to condensation by cooling. Liquid desiccants take up
water by absorption. Solid desiccants adsorb water molecules
in their porous matrix. Especially in dry and arid regions
where the water condensation temperature is too low for
practical application, the use of desiccants is an attractive al-
ternative. In this section, the thermodynamics of water-from-
air technologies with desiccants are reviewed. The use of the
day-night cycle for reversing the water sorption process is

Dry Air

View Article Online
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Process description and thermodynamic analysis. The
temperature difference between day and night can be used to
conceive an adsorption-desorption cycle, illustrated in
Fig. 13.%° The desiccant adsorbs water vapour from the air at
night. During the day, the temperature of the reservoir with
saturated adsorbent rises by solar heating causing desorption
of water. The desorbing water vapour is collected by conden-
sation on a colder surface in a separate cold reservoir.*’ In
passive systems, the condenser temperature is critical.**®
Shielding the water condensing surface from sunlight is
needed to produce water.®® Alayli et al. in 1987 were among
the first to describe such passive water extraction system
from air using a desiccant.®®

The determination of the water extraction capacity from
adsorption and desorption branches of the adsorption iso-
therm are explained in Fig. 14. During the night the desic-
cant is saturated with water vapour according to the isotherm
pertaining to the cold temperature, T,qs. During the day, the
volume holding the saturated desiccant is heated by sunlight
to Tqes, Which also lowers the relative humidity. This causes
desorption according to the adsorption isotherm at the de-
sorption temperature. The difference between both states
(Gads at Tags) and (qqes at Tqges) defines the extractable amount
of water in a night and day cycle.®® The adsorption isotherm
of a desiccant at T,qs and Tyes defines the suitability of an ad-
sorbent to serve atmospheric water harvesting.

The shifting of the adsorption isotherm on the relative hu-
midity axis with temperature is dependent on the isosteric
heat of adsorption.®” A large isosteric heat of adsorption re-
sults in a large shift and a large amount of water that can be
produced in the cycle.

The theoretical maximum specific water yield of passive
desiccant based systems was estimated for the process
and its parameters depicted in Fig. 13. If included, a ven-
tilator with the same specifications as for the previously
discussed active air cooling systems was considered (see
legend of Fig. 8). The fan delivers air to the desiccant
during the night and transports the hot humid air to the

Tdes

H,0

discussed.
H,0
Air (T, ¢) /‘\

Fig. 13 Night and day cycle of passive water extraction from air with a desiccant (grey spheres). Water adsorbs at night from cold air on desiccant
material and desorbs by solar heating during the day. Water vapour desorbing from the adsorbent is condensed in a separate container.®®

This journal is © The Royal Society of Chemistry 2020
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q(g/g)

Fig. 14 Hypothetical adsorption and desorption isotherm of water
vapour on a solid desiccant. The extractable amount of water Aq
corresponds to the difference in adsorbed amount at the relative
humidity during night at cold temperature T,4s and during the day at
high temperature Tqes.S8

condenser during the day. All water of the inlet air is con-
sidered to be adsorbed. The adsorption heat is assumed
to be dissipated and no energy input is considered to be
needed for this step. During the day, the temperature is
raised by solar heating. The condenser at the end of the
process (Fig. 13) is operated at constant ambient tempera-
ture and its energy need is neglected in the thermody-
namic analysis.

The heat of desorption is dependent on the desiccant
material, temperature and uptake at which the process is
operated, reflected in the adsorption isotherm. A water de-
sorption enthalpy of 3.3 kJ g' is assumed here, which cor-
responds to an average value for zeolites and MOF materials
at high relative humidity. The desorption heat can be signif-
icantly higher at extremely low relative humidities.®®®° The
day and night temperatures are considered to be constant
for simplicity. The desorption temperature is selected in the
range of 40-80 °C.”%7?

The specific water yield of a desiccant based process (eqn
(15)) is defined as

SYmax,water = ﬂ (15)
Pq
The water production L4 (L h™), equals the water volume cap-
tured during the night.
Ld = pavawamb (16)
In the estimation of the total power supply 24 (kW), the con-
tribution of the sensible heat losses of heating the air itself
and the desiccant mass are not included. This is a reasonable
simplification since the sensible heat requirements are much
lower than the water desorption enthalpy.

Pd = (AHdes + Cp,w(Tdes - Tatm))Ld + Pv (17)
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The estimated maximum specific water yield is plotted in
Fig. 15 against ambient temperature at desorption temperatures
of 40, 60 and 80 °C, and neglecting ventilator energy input. The
desorption temperature shows a limited effect on performance.

The heat of water desorption from the adsorbent has the
strongest impact on the specific water yield (Fig. 16). Using
adsorbents with a lower heat of desorption enhances the spe-
cific water yield. Ventilator power requirements are negligible
relative to the heat of desorption.

Passive atmospheric water capturing devices with desic-
cants. Reports on water yields with passive devices using des-
iccants at different locations and climates are summarised in
Table 3. Literature typically reports water yields per surface
area, or per weight of desiccant. Specific water yields on en-
ergy basis are seldom reported. Estimates of specific water
yields and efficiencies (eqn (18)) were derived from the avail-
able literature data, and assuming the following parameter
values for SYaxwater: AH® = 3300 kJ L™, P, = 0 W, and no
sensible heating.

SYwater

(18)

Ma

SY max water

The maximum specific water yield (SYmaxwater) amounts to
1.09 L kW' h™". Note that this maximum and the actual en-
ergy efficiency will deviate because the desorption energy of
the materials may be different from the assumed value.
Calcium chloride solutions either unsupported or
supported on solids like the ordered mesoporous silica mate-
rial MCM-41 and sawdust have been investigated.'®**7%7*
MOF-801 is a porous crystalline metal organic framework
consisting of zirconium fumarate.® A tubular solar still filled
with CaCl, was reported to produce water at a yield of 0.47 L
m™ in extreme climate conditions at 25-35% relative humid-
ity.”> Metal-organic framework MIL-101(Cr) encapsulating
LiCl has been successfully demonstrated in a water
harvesting device.”® A large specific water yield was reached
with LiCl encapsulated in hollow carbon spheres. The carbon

11
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-
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Fig. 15 Maximum specific water yield of a passive solid desiccant
based water-from-air extraction device against ambient temperature.
The curves pertain to different desorption temperatures.
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Fig. 16 Specific water yield of a passive solid desiccant based water
from air extraction device against ambient temperature (@ = 40%) at
different heat of desorption values at Tgyes = 60 °C.

collects solar heat efficiently and conducts it directly to the
desiccant.”” Carbon nanotubes (CNT) behaved similarly in
polyacrylamide-CNT-CaCl, composite material.”® The addi-
tion of gravel to a desiccant material to help store thermal
energy has also shown to improve the specific water yield.”®
The water harvesting with these systems is in the range of
0.1-0.6 L kg™', and 0.3-2 L. m > (Table 3). The thermodynamic
efficiencies of these passive solar heating devices are in the
range of 10-70%. Direct comparison of the performances of
the different desicants is not possible since the experimental
conditions were different.'**>**7*7* Heating of the con-
denser surface by sunlight, heat losses to the surroundings
and an excess of available solar energy relative to adsorbed
water quantity can lead to drops in energy efficiency.”>””"%°
Thermo-responsive polymers. Thermo-responsive poly-
mers are a particular category of desiccants. They undergo a
drastic change due to a conformational
reorganisation of the polymer chains in response to a tem-
perature change. This conformational change makes the ma-
terial more hydrophobic and this alteration causes water ex-
pulsion. In this instance liquid water is collected, which is

volume

Table 3 Harvesting potential of different hygroscopic materials
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energetically a big advantage over desiccants from which the
collected water can only be recovered as a vapour.®"*> Poly(N-
isopropylacrylamide) (poly-NIPAM) is such a thermo-
responsive polymer. The water capacity can be enhanced by
adding a second hydrophilic compound. Matsumoto et al.
reported an interpenetrating polymer network comprising
poly-NIPAM and sodium alginate with water adsorption ca-
pacity of 0.6 g g”* at 27 °C and 80% relative humidity. When
heated to 50 °C, which surpasses the hydrophilicity switching
temperature of poly-NIPAM, approximately 20% of the
absorbed moisture was ejected by an oozing process.®" A hy-
drogel based on poly-NIPAM, calcium alginate and agarose
helices shows a similar oozing process at 40 °C.%

Strong synergy between poly-NIPAM thermo-responsive
polymer and chloride-doped polypyrrole (PPy-Cl) was recently
achieved in a super moisture-absorbent gel (SMAG).*>

Water vapour is adsorbed on the hygroscopic PPy-Cl phase
and transferred to the super-hydrophilic poly-NIPAM, which
can store large amounts of liquid water. The water capacity
amounts to 6.7, 3.4, and 0.7 g g * at a relative humidity of 90,
60, and 30%, respectively. A temperature rise above hydro-
philic/hydrophobic switching temperature of the SMAG (40 °C)
leads to shrinkage and expulsion of liquid water. In cyclic oper-
ation of SMAG up to 50% of the water content of the saturated
SMAG can be collected. Specific water yields of 0.21, 3.71 and
9.28 L kW' h™" were achieved at relative humidities of 30, 60
and 90%, respectively. At low relative humidity, the specific wa-
ter yield of SMAG (0.21 L kW™ h™") is in the range of CaCl, sys-
tems and MOFs (Table 3). The performance of SMAG in passive
conditions at high relative humidity is spectacular and poten-
tially surpasses the performance of active cooling (discussed
higher), but these excellent SMAG performances in real condi-
tions outdoor still needs further investigation.®*

Kinetics of water uptake by desiccants. Water uptake ki-
netics matter to the efficiency of the water collecting process.
The adsorption step is found to be slower than desorption.”’
In addition, concentrating the solar heat can enhance desorp-
tion kinetics.** This makes the adsorption step the bottle-
neck of this kind of system. The saturation process of typical

Water harvested
per cycle (L kg ™)

Ref. Geographic location Desiccant material and (L m™) SYuater (L kW™ h™) na® (%)
14 Egypt CaCl, (liquid) 0.52 1.12 0.24” 22
73 Shanghai CaCl, in MCM-41 matrix (solid) 0.54 1.34 0.27¢ 25
74 India Cacl, in sawdust (solid) 0.18 0.5 0.16 15
25 Egypt Cacl, (liquid) — 0.63 0.19° 17
64 Tempe, Arizona MOF-801 (solid) 0.28 0.34 0.15" 14
76 Shanghai LiCl in MIL-101(Cr) (solid) 0.45 0.4 0.37% 34
77 Thuwal LiCl in hollow carbon spheres (solid) 0.61 0.50 0.71’_’ 65
78 Thuwal PAM-CNT-CacCl, hydrogel 0.57 2 0.75 69
75 Hail City CaCl, (anhydrous) 0.13 0.47 0.12/ 11

© SYmaxwater = 1.09 L KW™ h™* (AH = 3300 kJ L%, B, = 0 W, no sensible heat). * @, = 36-54%, Tamp = 25-35 °C, solar flux: 0.2-0.8 kW m™2

¢ Daily total radiation: 17.8 MJ m™>.

D ynp = 40-80%, Tamp = 25-30 °C, solar flux: 0.3-0.88 kW m 2. ¢ Tymp = 20-33 °C.7 @, = 26-34%, Tamb =

20-32 °C, solar flux: 1.1 kW m 2 € @y, = 30%, Tamb = 30 °C, solar flux: 0.6-0.8 kW m 2. " Data of first cycle batch-process, solar flux: 0.525
kW m™>. " @1, = 60-70%, Tamp = 26 °C, average solar flux: 1.06 kW m™.7 @, = 25-35%, Tamp = 30 °C, average solar flux: 0.603 kW m™.
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adsorbent materials is illustrated at low relative humidity (@
= 30%) in Fig. 17, and at high relative humidity (@ = 90%) in
Fig. 18. It should be remarked that kinetic data from litera-
ture is difficult to compare because there are many experi-
mental parameters involved, like ad- or absorbent bed geom-
etry, particle size, temperature and pre-treatment
conditions.”*>*®” Fig. 17 and 18 are meant to show general
trends. At low relative humidity (@ = 30%) LiCl salt doubles
its weight by water absorption after 2800 minutes. SMAG
reaches 80% of its capacity already after only 180 minutes,
and is fully hydrated (0.7 g g™") after 2000 minutes.** MOF-
303 and zeolite 13X show similar water adsorption kinet-
ics.”"® They are slower than SMAG, and the capacity is more
limited due to the smaller pore volume in a much less ex-
pandable framework.

At 90% relative humidity (Fig. 18) the SMAG has by far the
highest capacity (6.7 g g™), reached in about 2000 minutes.
After 100 minutes the water uptake reaches already 5.4 g
g .52 LiCl salt keeps on absorbing water vapour and reaches a
water content of ca. 2.5 g g ' after 3000 minutes. A nano-
porous super hygroscopic hydrogel based on an amorphous
oxygen and zinc matrix is able to absorb 3.6 g g™* after 720
min.®® The water adsorption capacity of zeolite 13X is limited.
Zeolites are known for their high affinity for water, but the ca-
pacity is limited to the pore volume, which for zeolites does
not exceed 0.4 mL g "% Silica gel is a well-known desiccant.
It has high capacity, but the adsorption kinetics are extremely
slow. In the example of a mesoporous silica gel in Fig. 18, af-
ter 10 000 minutes there is hardly 0.7 g g”* adsorbed.®®

Water recovery from desiccants. Ad- and absorbent mate-
rials have largely different regeneration requirements
(Table 4). Water is strongly adsorbed in zeolites, which need
to be heated above 100 °C for desorbing water vapour, which
makes them less practicable for capturing water vapour from
the air.”"®”% Hydrated salts also need substantial heating
for water evaporation.®® MOFs and Amorphous Zn-O hydro-
gel are less demanding with respect to desorption tempera-
65718589 Thermo-responsive polymers have the attractive
feature of a hydrophilic/hydrophobic phase transition at tem-
peratures below 50 °C. This conformational change is fast.
Using SMAG, a water production cycle can proceed within 1

ture.
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Fig. 17 Water uptake as a function of time at & = 30% of SMAG
(polymer),®? zeolite 13X,5” MOF-303 (ref. 71) and LiCl (salt).
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Fig. 18 Wate uptake as a function of time at @ = 90% of SMAG
(polymer),®? zeolite 13X,®” hydrogel,®> mesoporous silica gel®® and
LiCl (salt).

hour, with water capturing during 50 minutes, and water ex-
pulsion during 10 minutes. Evacuating all water from a
SMAG necessitates heating like for other materials.**

Estimation of the maximum specific water yield when
using liquid desiccants is more complicated than for a solid
adsorbent. Concentrated solutions of inorganic salt are typi-
cal examples of liquid absorbents.”® Such solutions keep on
absorbing water such that in a practical timeframe of a night
and day cycle thermodynamic absorption equilibrium is
never reached. It may explain some contradicting statements
in literature. Some authors state that liquid desiccants are
able to capture more water on weight basis than solid adsor-
bents and are more productive.”® Aqueous desiccants would
have advantages over solid desiccants when solar heating is
used for regeneration because the regeneration temperature
of liquid desiccants is generally lower than for solid adsor-
bents.®"”>" Other authors claim solid adsorbents to be the
best choice.®”® The regeneration requirements of liquid and
solid desiccants are relatively similar.

Conclusions. Passive desiccant based water harvesting is
appealing because of its technical simplicity. It may offer a
decentralised solution for small communities in dry climates,
where the condensation by cooling principle is not applicable.
The strong water affinity of desiccants is advantageous for
trapping water vapour, but the high desorption enthalpy of
water on the desiccant causes high energy needs, and it limits
the theoretical maximum specific water yield. Traditional ad-
sorbents and salts have been used in the past with limited
success. In recent years there has been innovation in desic-
cant materials, and especially MOFs and thermo-responsive
polymers bear great promise. The advent of better performing
desiccants gives new stimuli to the development of superior
water capturing processes with reduced energy consumption.

Active desiccant technologies

Passive desiccant systems rely on the day-night cycle and pro-
duce water discontinuously.”! Continuous water production
is made possible by implementing an artificial energy supply.

This journal is © The Royal Society of Chemistry 2020
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Table 4 Regeneration temperatures and recovered water fraction for different desiccant materials
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Ref. Desiccant material Regeneration temperature (°C) Fraction desorbed (%)
72 Silica type 3A 90 95

71, 88 Zeolite 13X 120; 600 83; 100
71 MOF-303 85 100

65, 89 MOF-801 85 100

82 SMAG 40; 160 40; 100
68 MgSO, 80 31

73 CaCl, in MCM-41 matrix 80 90

92 CaCl, in alginate matrix 100; 150 90; 100
68 CacCl, 80 31

68 FeCl, 80 57

93 LiCl impregnated in cloth 85 100

85 Amorphous Zn-O hydrogel 55 99

This section provides a description of such active water cap-
turing devices with desiccants. The principles of the use of
desiccants are similar to the passive systems. The difference
resides in the regeneration which is activated by an auxiliary
energy source. The maximum specific water yield of the ac-
tive desiccant technology will therefore be comparable with
the energy requirements of the passive desiccant case.

Process description of active desiccant technology. Contin-
uous regeneration of the desiccant can be achieved by fixing
the solid desiccant in a wheel (Fig. 19). The turning of the
wheel causes the desiccant to be alternately positioned in the
adsorption and in the regeneration section. The air with its
water vapour enters the desiccant wheel which extracts the
moisture. The rotating wheel moves the saturated solid desic-
cant to the regeneration section where the adsorbed water is
evacuated by hot air. The desorbing moisture is collected by
condensation in a downstream condenser.”

Some modifications of this principle have been proposed.
Instead of a wheel a two-bed system can be used with the
beds alternating between adsorption and regeneration
mode.”® A discontinuous process is another alternative.’® The
desiccant wheel is not suited for handling liquid desiccants.
In that case pumping equipment is installed to transport the
desiccant material from absorption to regeneration section of
the unit.’* Complex systems with a liquid desiccant have
been analysed with mathematical models.”®°”

Condenser +———

Desiccant

iyl s

v wheel

Air (T, )

—

Moving from a passive to an active desiccant based system
has its trade-offs. The desiccant is used more efficiently in
the active system, which reduces the desiccant material costs
for a given water production rate. Active systems are techni-
cally more complicated, and require an external energy sup-
ply. The footprint of active desiccant based systems is smaller
than for passive systems, but for providing the auxiliary en-
ergy, solar panels and solar collectors occupy additional
space. The principles of active water extraction using a desic-
cant have already been put to practice long time ago in the
field of air conditioning. A review of the early days of desic-
cant dehumidification technology is provided in a review of
desiccant dehumidification technology by A. Pesaran.’*

Active atmospheric water capturing devices with desic-
cants. One example of an active desiccant based device is a
panel which produces drinking water from air, by using solar
thermal energy and photovoltaic electricity. The so-called
hydropanel has two arrays of panels which each produce 2-5
L of water per day depending on relative humidity, tempera-
ture and solar irradiation conditions. One panel has a surface
area of approximately 2.9 m>.”®

The technology is based on an adsorption/desorption cycle
by using a desiccant wheel.”® The middle section produces elec-
tricity by photovoltaic panels. The regeneration heat is pro-
duced in the heat absorbing panels positioned left and right of
it. The panel produces water only during daytime.'®® The major

Air (T,®)

P —

Heater

Dried Air

Fig. 19 Process flow diagram of the active desiccant technology based on the desiccant wheel design.>*
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advantage of this standalone device is its applicability in iso-
lated and remote areas where grid power is unavailable.

From the data provided in different environmental condi-
tions, the specific water yield is estimated at 0.14-0.32 L
kW™ h™.'°° These values are in the range of passive desic-
cant based devices with classic adsorbents (Table 3).

Similar specific water yields of 0.3-1 L kW™ h™ depending
on environmental parameters have been reported for related
devices. Internal heat recovery increases the dehumidifier per-
formance.'®"'> Wang et al. reached an SYyqeer Of 0.84 L kW™
h™ by using LiCl enclosed in an active carbon felt matrix as
adsorbent and an electric heater for the discontinuous de-
sorption stage.”” The high efficiency can be explained by the
humid conditions under which this excellent performance
was achieved in combination with an efficient heater. An ac-
tive desiccant based device reported by Hanikel et al with
MOF-303 adsorbent has been demonstrated in the Mojave De-
sert. Even under those challenging climate conditions a spe-
cific water yield of 0.19 L kW™ h™" could be reached.”

Conclusions. The use of ab- and adsorbent materials can
be maximised by involving auxiliary energy. That energy can
be used to move the adsorbent physically from adsorption to
desorption sections of the device, and to provide heat for re-
generation. The active system has some practical advantages,
like the disconnection of the water production from the day-
night cycle. Energetically, it does provide some benefits over
the passive system mainly by the ability to use heat regenera-
tion. The specific water yield amounts to 1 L kW' h™" at the
maximum. The energy performance is inferior to systems in-
volving water condensation by active cooling. The reason is
the large heat of desorption of water from adsorbents, being
larger than the heat of condensation.

Water from air and the water-energy
nexus

The energy demand of water-from-air technologies is signifi-
cant, and the potential of water harvesting form the atmo-
sphere is part of the water-energy nexus. The climate dictates
the technology to be advised. Dew and fog harvesting show
potential in areas with periods with 100% relative humidity.
When this condition is not met, other water-from-air technol-
ogies have to be considered. From the analysis of the differ-
ent concepts in this review, passive desiccant technologies
and active cooling emerged as most promising technologies.
The climatological conditions favouring active cooling versus
passive desiccant technology depending on relative humidity
and ambient temperature are indicated in Fig. 20. Passive
desiccant based systems with desorption temperature of 80
°C (Fig. 15) are considered; and active cooling according to
the description in Fig. 9. Active cooling is the preferred
choice in hot and wet climates, a generally recommended
guideline in dehumidification technology.'®® This conclusion
was also reached previously by Gido et al.*>” In dry and hot re-
gions especially vulnerable to water scarcity, desiccant tech-
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Fig. 20 Optimal regions for active air cooling and passive desiccant
technologies as a function of ambient temperature and relative humidity
values, based on the theoretical maximum specific water yield.

nologies are the best and only choice when considering the
atmosphere as a water source.

Fig. 21 summarises the specific water yield reached for dif-
ferent types of water-from-air technologies relative to the
maximum specific water yield. Relatively high specific water
yields can only be reached with active cooling. Opting for des-
iccant technology in arid regions will lead to low specific wa-
ter yields. A specific water yield of 0.1-4 L kW™ h™" is charac-
teristic for water-from-air technology. This is very low
compared to conventional water production techniques like
reverse osmosis desalination, which reaches specific water
yields of 250 L kw " h™".'%*

The limited productivity according to the state-of-the-art
(~1 L m™2, Table 3), limits the application potential of pas-
sive desiccant water extraction to small communities.”® Appli-
cations with high water demand like agriculture are
problematic.

The active desiccant case could overcome the scaling prob-
lem for water production when use is made of grid electricity.
In that case electricity generation should not involve water
consumption. Thermoelectric power plants consume on aver-
age 1.25 L kW™ h™ (ref. 105) which exceeds even the specific
water yield to be expected (Table 3). Innovation in adsorbent
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Fig. 21 The maximum specific water yield and the achieved specific
water yield of five different water-from-air technologies.
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materials and concepts for water-from-air technologies is
needed. The advent of thermo-responsive polymers and their
enhanced specific water yields reached at laboratory scale is
promising.

Conclusion

The maximum specific water yield (L kW™ h™) is a consis-
tent parameter to evaluate water-from-air technologies and
indicate the preferred climate conditions for their operation.

The use of dew and fog harvesting is advantageous when
the air carries airborne liquid water droplets. But in humid
climate with frequent dew and fog, water scarcity is seldom a
problem. Unpredictable and low water output per surface
area are major drawbacks of this inexpensive technology. A
continuous water output is achieved with the active cooling
approach by using forced air convection over a condenser. Ac-
tive cooling is the most energy efficient way to extract water
from the air in mid to high relative humidity regions and
warm climates. In this approach the maximum specific water
yield decreases exponentially with decreasing relative humid-
ity. The cooling principle cannot be applied in low relative
humidity climates because of dew-points below 0 °C causing
freezing of the collected water. An active cooling system can
be favourably assisted by a membrane module to enhance
the relative humidity artificially. A more common approach
in dry climates is the application of desiccant materials. Re-
search in this area has mostly been concentrated on new ma-
terial development. This led to the introduction of several
new desiccant materials like MOFs which show lower desorp-
tion temperatures, improved adsorption kinetics and better
applicability in extremely arid regions with a relative humid-
ity around 30%. Salts like CaCl, and LiCl have been shown to
be efficient in these harsh conditions as well. The specific
water yields achieved with desiccants is relatively low and the
theoretical limits are within reach. Despite the recent ad-
vances in desiccant materials and process engineering the in-
trinsic energy intensity remains a major obstacle. The intro-
duction of fundamentally new concepts is needed to cause a
step change in energy performance. Some thermo-responsive
polymers display hydrophilic to hydrophobic phase transi-
tions at temperatures when water is still liquid. A promising
specific water yield of ca. 9 L kW™ h™ at 90% relative humid-
ity has been reported, surpassing current cooling and desic-
cant based technologies. The performance under more chal-
lenging conditions of low relative humidity remains to be
demonstrated. There is plenty of water in the atmosphere,
but harvesting it in an energy efficient way remains one of
the grand scientific challenges. Introducing fundamentally
new concepts may be key in making this technology a viable
solution to combat water scarcity.
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