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(57) Abstract: The present invention provides a method and apparatus for extracting liquid water from moist air using minimal en-
ergy input. The method comprises compressing moist air under conditions that foster the condensation of liquid water. The air can be
decompressed under conditions that do not foster the vaporization of the condensate. The decompressed, dried air can be exchanged
for a fresh charge of moist air and the process repeated. The liquid condensate can be removed for use. The apparatus can comprise
a compression chamber (10) having a variable internal volume. An intake port (20) allows moist air into the compression chamber
(12). An exhaust port (20) allows dried air out of the compression chamber (12). A condensation device fosters condensation at the
desired conditions. A condensate removal port allows liquid water to be removed.
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METHOD AND APPARATUS FOR EXTRACTING WATER FROM AIR

This invention was made with Government support under Contract DE-AC04-94AL85000

awarded by the U. S. Department of Energy. The Government has certain rights in the invention.

BACKGROUND OF THE INVENTION

This invention relates to the field of water-air interactions, specifically the extraction of water
from moist air (a mixture of air and water vapor).

Water, especially potable water, is a constant need. Obtaining potable water is a threshold
requirement for most human and animal activity. Obtaining potable water can be especially
problematic in arid areas. Tremendous effort and expense currently go to drilling wells, building
water transport systems, and purifying and desaiinating water.

Water is conventionally obtained by purifying existing liquid water. Reverse osmosis,
distillation, and filtration are used to purify contaminated water. Desalination is used to produce
potable water from sea water. These approaches can be energy-intensive, and require the
presence of liquid water as the starting material.

If liquid water is not available, then purification processes are not applicable. Dehumidification
by refrigeration can be used to produce liquid water from moist air. Conventional refrigeration
processes are very energy-intensive, however. Further, conventional refrigeration processes can
involve large and complex machines. Consequently, conventional refrigeration processes are
generally not economical for production of potable water.

Accordingly, there is a need for a method and apparatus for obtaining potable water from moist

air that does not require the expense or complexity of conventional refrigeration processes.



10

15

20

WO 01/36885 PCT/US00/23789

SUMMARY OF THE INVENTION

The present invention provides a method and apparatus for extracting liquid water from moist
air using minimal energy input. The method comprises compressing moist air under conditions
that foster the condensation of liquid water (i.e., to a pressure where the water originally in the air
is more than that representing a relative humidity of 1.0 at the increased pressure). The liquid
condensate can be removed for use. Some of the energy required to compress the air can be
recovered by allowing the remaining dry air to expand. The decompressed, dried air can be
exchanged for a fresh charge of moist air and the process repeated.

The apparatus comprises a compression chamber having a variable internal volume. An intake
port allows moist air into the compression chamber. An exhaust port allows dried air out of the
compression chamber. A condensation device fosters condensation at the desired conditions. A
condensate removal port aliows liquid water to be removed.

Advantages and novel features will become apparent to those skilled in the art upon
examination of the following description or may be learned by practice of the invention. The
objects and advantages of the invention may be realized and attained by means of the

instrumentalities and combinations particularly pointed out in the appended claims.

DESCRIPTION OF THE FIGURES

The accompanying drawings, which are incorporated into and form part of the specification,
illustrate embodiments of the invention and, together with the description, serve to explain the
principles of the invention.

Figure 1 is a plot of representative values over normal environmental conditions.

Figure 2 is a graph of the thermodynamic cycle for the dry air in a method according to the

present invention.



10

15

20

WO 01/36885 PCT/US00/23789

Figure 3 is a graph of the thermodynamic cycle for the moisture in a method according to the
present invention.

Figure 4 is a schematic representation of an apparatus according to the present invention.
Figure 5(a,b,c,d,e,f,g,h) are schematic representations of the mechanical cycle of the apparatus,

illustrated at the end and the midway position of each of four strokes.

DETAILED DESCRIPTION OF THE INVENTION

The present invention provides a method and apparatus for extracting liquid water from moist
air using minimal energy input. The method comprises compressing moist air under conditions
that foster the condensation of liquid water (i.e., to a pressure where the water originally in the air
is more than that representing a relative humidity of 1.0 at the increased pressure). The liquid
condensate can be removed for use. Some of the energy required to compress the air can be
recovered by allowing the remaining dry air to expand. The decompressed, dried air can be
exchanged for a fresh charge of moist air and the process repeated.

The present invention takes advantage of several thermodynamic principles:

1. As moist air is compressed, water in the air condenses into liquid water (provided the

temperature increase is not too great).

2. As water condenses, it liberates the energy originally required to evaporate the water into

the air.

3. Liberation of the vaporization energy raises the temperature of the air.

4. The energy required to compress the air can be recovered during subseqguent expansion,

plus additional mechanical energy resuiting from the increased air temperature can be

recovered.
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The four principles characterize the thermodynamic cycle of the present invention: the Spletzer
cycle. They allow liquid water to be extracted from air, and provide a simple way to convert the
released heat of vaporization into mechanical work to assist in operating the extraction system.

The description below introduces principles and terms, describes the method of the present
invention including the efficiency and tradeoffs involved, and describes an apparatus suitable for

practice of the method.

PSYCHROMETRIC PRINCIPLES

Moist air is a mixture of air and water vapor. Moist air and its components (dry air and water
vapor) behave as an ideal gas until condensation occurs. Consequently, the law of partial
pressures is applicable to much of the analysis of the present invention. Under the law of partial
pressures each component of a mixture behaves as though it occupies the entire volume.

The amount of water vapor contained in air is commonly expressed as the percent relative
humidity. The percent relative humidity is defined as the percentage of water vapor in the air
compared to the maximum amount that the air can hold at that temperature and pressure. A more

convenient expression for analysis is the use a variable @ that ranges from 0 to 1 rather than a

percentage. By the law of partial pressures, the partial pressure of the water vapor (or vapor

pressure p, ) is the product of the relative humidity and the saturation pressure p ., of water at

the air temperature, as shown in equation 1.
Py = psat¢ 1
Since partial pressure of the vapor is determined by the molar concentration of the vapor, the
ratio of the molecular weights of air M, and water M, is a useful factor in determining the
available water. This constant ratio is defined in equation 2.

u= Aﬂjv =(.622 2

a
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The saturation pressure of water as a function of temperature will be an important parameter in

analyzing the efficiency of the method of water extraction from air. Table 1 is a table of saturation

pressures.
Table 1
Temperature (C) Saturation Pressure (bars)
0 0.00611
5 0.00872
10 0.01228
15 0.01705
20 0.02339
25 0.03169
30 0.04246
35 0.05628
40 0.07384
45 0.09593
50 0.1235
5 The humidity ratio or specific humidity @ is defined as the ratio of the mass of water vapor to

the mass of dry air. By the law of partial pressures this is given in equation 3.

Pa
The variable p, is the partial pressure of dry air. Since the moisture content in the air at
ordinary conditions is about one percent, using the total air pressure rather than the dry air
pressure will result in insignificant error. At elevated temperatures this is not necessarily true. For
10  the purposes of the analysis, the dry air pressure and the total air pressure are used

interchangeably.



10

15

20

WO 01/36885 PCT/US00/23789

METHOD OF EXTRACTING WATER FROM THE ATMOSPHERE

Condensation of water vapor from the atmosphere begins when the vapor pressure reaches
the saturation pressure of the water. This corresponds to a relative humidity of 1.0. Any excess
water (water in excess of a relative humidity of 1.0) will condense. The amount of water
condensed depends on the initial and final conditions of the atmosphere. At the end of
condensation, the relative humidity of the atmosphere will be 1.0. The amount of water
condensed as a fraction of the amount of air processed is the difference in initial and final specific

humidity, as shown in equation 4.

P Pu (T)}ﬂ 40 () _Poall)) ‘

Pa Pa Pi Dy

A, =0, —a)f=,z{

The amount of water condensed depends on the initial conditions of humidity, temperature,
and pressure (subscripted i in equation 4) and the final conditions of temperature and pressure
(subscripted fin equation 4).

Conventional dehumidifiers extract water from air by cooling alone. The initial and final
pressures are equal but the changing saturation pressure with temperature causes condensation.
The vapor pressure remains constant while the saturation pressure drops with temperature. Such
a system requires significant refrigeration since it must cool the air and remove the heat of
vaporization of the condensing liquid.

Equation 4 makes evident another way to condense available water vapor. Minimizing the ratio
of saturation pressure at final temperature to final pressure maximizes condensation. This can be
done by lowering the saturation pressure as in a conventional dehumidifier, and by raising the
final pressure. The method of the present invention relies on raising the final pressure to allow
condensation without requiring refrigeration. Heat can be removed from the moist air being

compressed to further foster condensation. Condensation can be further encouraged by reducing
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the temperature of the moist air during compression, although requiring refrigeration can greatly
increase the energy required to extract water.

Reliance on raising the final pressure leads to a practical water extraction method. Consider
how much water is potentially available from the atmosphere. At nominal initial conditions of 25

5 degrees C and 40 percent relative humidity the saturation pressure of 0.0317 bar and the specific
humidity is 0.0078. The specific volume of air at this temperature is 0.708 m®kg. Accordingly,
92 m* of air contains 1 kg of water at these conditions. For comparison, a 20 cc engine operating
at 10,000 rpm (as in conventional radio controlled airplanes) can process about 300 m® per day.
The amount of available water in air varies greatly with temperature and humidity. Figure 1 is a
10  plot of representative values over normal environmental conditions.

The method of the present invention requires less energy to extract water than does
refrigeration. Consider the amount of energy required to compress the moist air. Since the
objective is condensation, and lower temperatures allow more ready condensation, isothermal
compression is desirable. Adiabatic compression can result in significant temperature increases,

15 to the extreme that condensation will not occur. The work required to perform isothermal
compression can be evaluated by applying the ideal gas law which states that, for isothermal
conditions, the pressure-volume product is constant. The pressure for any given volume can be
related to the initial pressure and volume by equation 5.

PV 5

P=—"
v

The work required for compression is given by equation 6.

V. \ P
wa:—ffpdv=—ffhdv=piviln——’— =pivl.1n—f 6
i Y Vs ;
20 Defining v as specific volume (the reciprocal of density) the compression work w, is the

energy per unit mass of air required. Combining this with the water extraction relationship allows

7
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determination of the compression energy required per unit mass of water. The water extraction

relationship can be simplified because the initial and final temperatures are equal. The work is

w,, = Pii ln(pfj /
¢ 1 P

Pi Py

then given by equation 7.

sat

Introducing a variable p to represent the compression ratio or the pressure ratio can simplify

the relationship. The pressure ratio is the same as the compression ratio since the process is

isothermal. The compression work is then given by equation 8.

2
PiVi

w, = 1 In(p)
HD 41 (¢5 - fj
Yo,

For a given atmospheric pressure and temperature, the compression work is a function of the

relative humidity and the pressure ratio. Further, the compression work is minimized with respect

to the water condensed with the condition of equation 9 is met.
In(p)+1
P

Equation 9 shows the required humidity corresponding to a pressure ratio. Substituting
equation 9 into the work relationship gives the minimum required work for a given pressure ratio
as in equation 10.

2

Yl 10

/upsat

wmin

For example conditions of 25 degrees C and 40 percent humidity, the compression ratio for
minimum work is 7.5 and the specific work is 22 MJ/kg of water condensed. This seems large in

comparison to the heat of vaporization of water (2.5 MJ/kg), but is offset by several
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considerations. Reversibility of isothermal compression means that the mechanical work of
compression can be recovered in expansion. Friction and flow losses will consume some of the
compression energy. With a 90 percent efficient compressor, the amount of energy lost equals
the heat vaporization of water. However, when the water condenses, the heat vaporization energy
is released, having the potential to use the heat vaporization energy to generate mechanical work
(other thermodynamic cycles generate work from heated air, e.g. Otto, Brayton, Deisel). One view
of the method of the present invention is as evaporative cooling in reverse: instead of hot dry air
plus water producing cool moist air as in evaporative cooling, the present invention takes cool

moist air and produces hot dry air plus water.

THERMODYNAMIC ANALYSIS

An idealized thermodynamic cycle of the present invention can be difficult to achieve in
practice, but aids in understanding the principles underlying the present invention. The complete
thermodynamic cycle can be viewed as four distinct steps:

1. isothermal compression of atmospheric air,

2. condensation of water vapor to maintain a humidity of 1.0,

3. removal of condensate and isothermal expansion of the remaining air, and

4. exhaust of dried air and recharge with moist air.

For a closed thermodynamic cycle the fourth step is the equivalent of evaporating the
condensed moisture back into the air. In practice this is an open cycle where dry air is exhausted
and moist air introduced. The heat of vaporization extracted during the rest of the cycle is
provided by solar evaporation of water into the atmosphere outside the water extraction system.

The cycle can be drawn as a classic thermodynamic cycle. Cycle diagrams are required for

each component (air and water).
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IDEAL THERMODYNAMIC CYCLE FOR DRY AIR

Figure 2 is a graph of the thermodynamic cycle for the dry air. The cycle begins as condition 1
with the air at ambient pressure and density. The dotted line extending towards condition 2 is the
isotherm for ambient conditions. At this point the dry air begins to deviate from isothermal
conditions. This is due to condensation, which raises the temperature by releasing the heat of
vaporization into the air. Compression continues, causing more condensation and further
increasing temperature until condition 3 is reached. At this point the liquid water is removed from
the system and the warm dried air begins to expand. Expansion occurs along the upper
isothermal to condition 4. At condition 4 the expanded air is exhausted and a new charge of moist
ambient air is introduced causing the cycle to return to condition 1. Because of the heating
caused during the compression/condensation portion of the cycle there is a net area within the

loop corresponding to the amount of available work.

IDEAL THERMODYNAMIC CYCLE FOR MOISTURE

Figure 3 is a graph of the thermodynamic cycle for the moisture. The ambient temperature,
specific volume and vapor pressure of the moisture are at condition 1. Isothermal compression
proceeds to condition 2 where the isotherm enters the liquid-vapor region of the phase diagram —
the point at which condensation begins. From condition 2 to condition 3 the condensation and
compression proceed and the temperature increases due to the release of the heat of
vaporization. The pressure increases with decreasing specific volume. Liquid water can be
extracted at condition 3, represented on the diagram as a split in the cycle. Consequently, there is
liquid as condition 3L and vapor at condition 3V. The extracted liquid does not appear further in
the cycle. The remaining vapor at condition 3V has a much larger specific volume (lower density)
that the liquid-vapor mixture. The saturated vapor is then expanded isothermally with the
expanding dry air. The result of the expansion is condition 4 with lower vapor pressure and

10
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greater specific volume than the initial conditions. The greater specific volume of caused by the
earlier removal of the liquid water so that a smaller quantity of water vapor now occupies the
same initial volume. Finally, the remaining water vapor is exhausted with the dried air and a fresh

charge of ambient air is introduced, returning the cycle to condition 1.

WORK REQUIRED FOR THE CYCLE

Treating the dry air and moisture separately according to the law of partial pressures can
simplify the analysis of work during the compression stage (since condensation occurs). The
convention used here for the algebraic sign of work is that positive work is done on the working
fluid and negative work is done by the fluid. Accordingly, negative work can be extracted from the
system and positive work must be provided to the system.

The dry air behaves as an ideal gas throughout the compression process so the compression
work done on the dry air is given by equation 11.

=—f pazrdv—-f Mdv PiairVi 0| 2= (p, = g I, In —- B
Vy Vy

The work done on the water vapor can be evaluated in two stages. The vapor behaves as an

ideal gas until condensation begins. The first stage of the work resembles that of the dry air

except for the upper limit on the integral, and is given in equation 12.
M, RT 12
vapl - fv pvapdv == fv dv = _¢psat v ln(¢)

Once condensation starts, the partial pressure exerted by the vapor is the saturation pressure

at the constant temperature, so the work required is as in equation 13.

wvap2 E/ psaidv psat (¢V vf) 13

11
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The total compression work is the sum of equations 11, 12, and 13, shown simplified in

equation 14.

P 14

V.
Vi In| — +¢psatvi 1-In — —psatvf

Vr Vr

Wcomp =D

The work analysis will assume that the condensation process is adiabatic. Specifics on how to
approach this ideal will be discussed later. As the water condenses, it liberates its heat of
vaporization to the dry air, raising the temperature of the dry air. The temperature rise is given by

equation 15.

AT =2, , =23004,,°C 15
CP

In equation 15 hv is the heat of vaporization of water and Cp is the specific heat of dry air.

Since both of these are constant, the expression can be evaluated as a function of the mass ratio
of condensed water alone. Typical values of /1W are on the order of 0.005-0.01, so a temperature
rise of 10-20°C is typical. Rising temperature increases the saturation pressure of the water
vapor, so less water will be condensed and the temperature rise will be smaller than predicted
above. In practice, the temperature of air after condensation will be the adiabatic saturation
temperature. The estimate above is sufficient for the discussion that follows.

At this point in the cycle the condensate can be removed from the chamber, leaving warm dry
air. The air can then be expanded isothermally to the original volume. The mass undergoing
expansion is the mass of the dry air plus the mass of uncondensed water vapor. The expansion

behaves as an ideal gas; the expansion work is given by equation 16.
»m_ R\T + AT Ve Do\ T+ AT
Wexp = _f 5 ( )dV— f f Sat( )dv 16
! v iz 1Y

T+ AT V.
= =t T 16 i 2
/

12
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The total work done over the cycle is the sum of the compression and expansion work, given

by equation 17.

V= | A5, )AL+ 2D (1)) 2 o

Applying the above equations to a specific example can help illustrate the potential of the
present invention. For example conditions of 25 degrees C and 40 percent humidity, the work
extracted is 1.3 MJ/kg of water extracted. The total compression work is 33 MJ/kg of water. Since
the extracted work is 4% of the total compression work, it is possible to extract water from the
atmosphere at the example conditions with no additional required energy (assuming a
compressor with 96% or greater efficiency). Conventional compressors are typically 85-95%
efficient. The additional energy required accordingly can be relatively small. The operating
numbers are dependent on the ambient temperature and humidity: at 30 degrees C and
50 percent humidity, the required compressor efficiency is only 93%.

The example conditions above reflect typical daytime temperature and humidity. The present
invention can be even more efficient at night. Specific humidity tends to remain substantially
constant, while lower evening and nighttime temperatures reduce the saturation pressure of the
water vapor. For example, if in the example conditions the temperature drops 10 degrees C while
specific humidity remains constant, the relative humidity rises to 75%. The new conditions allow

water to be extracted at much lower compression ratios, requiring less total work.

13
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APPARATUS FOR EXTRACTING WATER FROM THE ATMOSPHERE ACCORDING TO THE METHOD OF

THE PRESENT INVENTION

For maximum efficiency, an apparatus for practice of the method of the present invention
should, as nearly as possible, provide for isothermal compression, condensate removal,
isothermal expansion, and high compressor efficiency. An example apparatus is described beiow.

The example apparatus is similar to a conventional four stroke internal combustion engine.
The apparatus, shown schematically in Figure 4, comprises a compressor 10, an intake/exhaust
valve 20, a relief valve 30, and an isothermal medium 40. In the example apparatus the
compressor 10 comprises a body 11 defining a compression chamber 12 with a piston 13
movable relative to the body 11 and varying the volume of the compression chamber 12.

Figure 5(a,b,c,d,e,f,g,h) show the mechanical cycle of the apparatus, illustrated at the end and
the midway position of each of the four strokes. Beginning with the beginning of the intake stroke
shown in Figure 5a, the enclosed volume is at the minimum and the intake/exhaust valve is open.
The piston moves to enlarge the chamber volume, drawing moist air into the compression
chamber, as in Figure 5b. At the end of the intake stroke, Figure 5c, the intake/exhaust valve
closes and the compression stroke begins. The piston moves to reduce the chamber volume,
Figure 5d, compressing the moist air and condensing water vapor. By the end of the compression
stroke, Figure Se, the water vapor has condensed into liquid water, which is removed from the
chamber. The action of condensation transfers heat to the remaining dry air and the warm dry air
is expanded, Figure 5f. At the end of the expansion stroke, Figure 5g, the intake/exhaust valve is
opened and the exhaust stroke, Figure 5h, begins, pushing warm dry air from the compression
chamber. The cycle then repeats.

Figure 5 illustrates a singie cylinder compressor; multiple cylinders can allow a compression

stroke in one chamber to be offset by an expansion stroke in another chamber. Combining

14
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extraction cylinders with internal combustion cylinders can simplify the addition of energy, if
required. Automotive eight cylinder engines have been modified to make high capacity
compressors by converting some of the internal combustion cylinders to compression cylinders.
Piston rings and journal bearing friction in a conventional internal combustion cylinder can reduce
the efficiency of water extraction if internal combustion cylinders are used unmodified as
compression cylinders. Modification for greater efficiency as a compression cylinder is possible;
the absence of combustion products and high temperatures can allow lower friction designs and
materials.

The example apparatus can provide a suitable approximation to isothermal compression. Strict
isothermal compression is not required, but temperature elevation increases the saturation
pressure of the water vapor, reducing the amount of vapor condensed. At the extreme, strict
adiabatic compression can result in temperature increases of 350 degrees C at a compression
ratio of 7.0. This corresponds to a vapor pressure of about 150 bars, making it doubtful that any
condensation can be achieved. Fortunately, the thermal mass of the air is iow relative to the
surroundings, and compression can be achieved at modest increases in temperature. Provision of
sufficient thermal mass in the chamber, with sufficient surfaces for heat transfer, can allow nearly
isothermal compression. The isothermal medium can provide the thermal mass. The isothermal
body can have a heat capacity much greater (e.g., at least three times as great) heat capacity
than the air in the chamber to discourage significant temperature increase. The isothermal body
can be a porous structure to facilitate rapid heat transfer, allowing short cycle times. For example,
the isothermal medium can comprise a sponge, with mean pore size between 50 microns and
150 microns suitable for typical cycle times.

Scavenging of the condensed water is also important to the operation of the apparatus. The

fog generated by compression must not be allowed to significantly evaporate when the air is

15
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expanded. As the fog begins to condense, it collects into large droplets due to the surface tension
of the water. The large droplets have a lower surface to volume ratio that the initial fog and
consequently evaporate slowly on expansion. Accordingly, the expansion is not necessarily an
equilibrium process. Accomplishing the expansion in a relatively short time can prevent significant
evaporation of condensate. A volume of liquid water in the compression chamber can serve as a
scavenging device by providing an even lower surface to volume ratio. A wet sponge in the
compression chamber can provide a near-isothermal body, and serve as a scavenging device for
effective scavenging of condensate.

A simple relief valve can be used to retrieve condensate from the chamber. As condensate
accumulates in the chamber, the peak pressure increases (due to reduced chamber volume). A
relief valve, coupled with a trap (e.g., like traps in conventional steam systems) to ensure that only
condensate escapes, can vent the condensate from the compression chamber.

The example apparatus does not provide for the ideal thermodynamic cycle. The departure
from the ideal cycle reduces the efficiency somewhat from the ideal, but does not prevent the
example apparatus from converting some of the heat of vaporization into mechanicai work.
Condensation releases the heat of vaporization into the compression chamber. Since most of the
thermal mass in the compression chamber is contained in the wet sponge, most of the heat of
vaporization will be transferred to the sponge. After many cycles, the sponge’s temperature will
rise, eventually reaching an equilibrium temperature higher than the ambient temperature. A fresh
charge of moist air will be heated slightly by heat transfer from the sponge. The sponge will also
maintain the dry air at slightly elevated temperature during expansion. The net result is that
incoming air is heated slightly during compression, and maintained at elevated temperature

during expansion.

16
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The particular sizes and equipment discussed above are cited merely to illustrate particular
embodiments of the invention. It is contemplated that the use of the invention may invoive
components having different sizes and characteristics. It is intended that the scope of the

invention be defined by the claims appended hereto.

17
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CLAIMS

We claim:

1. A method of extracting water from a quantity of moist air, comprising:

a) Compressing the quantity of moist air substantially isothermally to a relative humidity
of substantially 1;

b) Further compressing the quantity of moist air, forming condensate;

c) Separating condensate from the remaining air; and

d) Repeating from step a) with a new quantity of moist air.

2. A method of extracting water from a quantity of moist air, comprising:

a) Compressing the quantity of moist air to a pressure where the mass of water originally
present in the moist air is greater than the mass of water representing a relative
humidity of 1 at the compressed condition, wherein the excess mass of water forms
condensate;

b) Separating condensate from the remaining air; and

c) Repeating from step a) with a new quantity of moist air.

3. The method of Claim 2, wherein the step of compressing the quantity of moist air
comprises removing heat from the quantity of moist air while compressing the quantity of
moist air.

4, The method of Claim 2, wherein the step of compressing the quantity of moist air
comprises compressing the quantity of moist air substantially isothermally.

5. The method of Claim 2, wherein the step of compressing the quantity of moist air
comprises reducing the temperature of the quantity of moist air while compressing the

quantity of moist air.

18
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The method of Claim 2, further comprising the step of allowing the remaining air to expand

after separating condensate therefrom.

The method of Claim 6, wherein the step of allowing the remaining air to expand

comprises adding heat to the remaining air while allowing the remaining air to expand.

The method of Claim 6, wherein the step of allowing the remaining air to expand

comprises allowing the remaining air to expand substantially isothermally.

The method of Claim 6, wherein the step of allowing the remaining air to expand

comprises increasing the temperature of the remaining air while allowing the remaining air

to expand.

The method of Claim 3, further comprising the step of adding a portion of the heat

removed from the moist air to the remaining air and allowing the remaining air to expand.

An apparatus for extraction of water from moist air, comprising:

a) A body defining a compression chamber having a variable volume;

b) An air intake port, in fluid communication with the compression chamber and in fluid
communication with a source of moist air;

c) An air exhaust port, in fluid communication with the compression chamber; and

d) A condensate removal port, in fluid communication with the compression chamber.

The apparatus of Claim 11, wherein the body comprises:

a) Walis defining a cross section extending along an axis;

b) A piston mounted within the walls, slidable along the axis.

The apparatus of Claim 11, further comprising an isothermal medium adapted to store

heat released from compression and condensation of moist air in the compression

chamber and release heat during expansion of air in the compression chamber.
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The apparatus of Claim 13, wherein the isothermal medium has a heat capacity greater

then three times the heat capacity of moist air in the compression chamber.

The apparatus of Claim 13, wherein the isothermal medium comprises a porous structure.

The apparatus of Claim 15, wherein the porous structure has a mean pore size between

50 microns and 150 microns.

The apparatus of Claim 15, wherein the porous structure comprises a sponge.

The apparatus of Claim 11, further comprising a scavenging device adapted to discourage

evaporation of liquid water during expansion of the compression chamber.

A method of using the apparatus of Claim 11 to extract water from moist air, comprising:

a) Configuring the intake and exhaust ports to allow moist air into the compression
chamber, then configuring the intake and exhaust ports to substantially prevent moist
air from leaving the compression chamber;

b) Reducing the volume of the compression chamber to place the moist air in the
compression chamber under pressure high enough that the mass of water initially
present is more than the mass of water corresponding to a relative humidity of 1;

c) Increasing the volume of the compression chamber;

d) Configuring the intake and exhaust ports to allow air to leave the compression
chamber, and repeating from step a); and

e) Periodically removing condensate through the condensation removal port.

A method of using the apparatus of Claim 11 to extract water from moist air, comprising:

a) Configuring the intake and exhaust ports to allow moist air into the compression
chamber;

b) Increasing the volume of the compression chamber;

20
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c)

g)
h)

Configuring the intake and exhaust ports to substantially prevent moist air from
leaving the compression chamber;

Reducing the volume of the compression chamber to place the moist air in the
compression chamber under pressure high enough that the mass of water initially
present is more than the mass of water corresponding to a relative humidity of 1;
Increasing the volume of the compression chamber;

Configuring the intake and exhaust ports to allow air to leave the compression
chamber,

Reducing the volume of the compression chamber, and repeating from step a); and

Periodically removing condensate through the condensation removal port.
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