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A method of converting thermal energy into mechanical energy, and an

apparatus therefor

The present invention relates to a method of converting thermal

energy into mechanical energy wherein a working liquid is evaporated to

-generaté a stream of a working fluid.

There is an enormous drive to use energy as well as possible, both
for economical and environmental reasons. Low-grade heat is available
in large quantities, be it waste heat from industrial processes or

other sources such as geothermal. It may also be obtained by generating

it using solar collectors. Especially in electricity producing

processes (powerplants, fired by either coal, oil, gas, nuclear fuel,
or concentrated solar power) vast amounts of low-grade heat are
released to the environment without further use, during the
condensation of low-pressure water vapour leaving the steam turbines.
Unfortunately, most in demand is high-grade energy, such as mechanical
energy which can be converted into electricity, which is even more in
demand. |

The object of the present invention is to provide an alternative
method to convert thermal energy into mechanical energy.

To this end, a method according to the preamble is characterized
in that the stream of the working fluid is a stream of pressurized
distillate produced by evaporation and condensation using a direct
contact membrane distillation (DCMD) unit, said stream of pressurized
distillate having a pressure of at least one bar, and a converter is
used for generating mechanical energy from said stream of said
pressurized distillate.

The method according to the present invention allows for the
continuous suppletion of distillate liquid while the distillate liquid
is at elevated pressure. The method according to the present invention
will be usually be integrated with another method involving the
distillation of a liquid, so the mechanical energy generated with the
method according to the present invention can be considered a desirable
by-product of the other method, an example of which is the production
of water for consumption or for agricultural purposes. The converter is
for example a turbine, such as commonly used for the generation of
hydro-electrical energy. A recent example of a small scale converter is

described in W0O2010/071927, but any converter may do, such as one
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comprising a cylinder and a piston. The pressure of the stream of
pressurized distillate is preferably at least 5 bar, more preferably at
least 10 bar. Higher pressures than that are even more preferred as
they increase the efficiency of the conversion of thermal energy into
mechanical energy, in which case the resulting energy can be valued to
be more than a by-product. In the present application, any pressure
mentioned is a gauge pressure (overpressure). With the working fluid
being a liquid, high pressures can be achieved easily. Also, they are
very safe compared to a pressurized gas. A typical working liquid will
be water. Membranes commonly used in DCMD can have porosities of 90% by
volume or higher. For the method according to the present invention
lower porosities, such as below 85% by vol., more specifically less
than 80% by vol. may be selected instead in order to more easily
withstand the pressures involved by ensuring that the membrane has
sufficient mechanical strength to resist the pressure exerted. In a
DCMD process, there are two liquids, one being retentate liquid in
contact with one side of the membrane, the other being distillate
liquid in contact with the other side of the membrane. The distillate
liquid will be relatively cool compared to the retentate liquid. In the
membrane, a vapour phase is present in the pores of the membrane, as a
result of which the liquids are not in liquid contact with each other.
The temperature difference results in the net transport of vapour from
the retentate to the distillate liguid. At the retentate side of the
membrane, the pressure will for example be a couple of bar, whereas
constriction of the flow of distillate liquid by making the distillate
liquid perform work may result in a significantly higher pressure of
the distillate liquid. Without wishing to be bound by any theory, it is
believed that at the side of the distillate liquid, the relatively high
pressure causes the distillate liquid to enter the membrane over a tiny
distance. The resulting increase in surface area of the distillate
liquid results in a counﬁer force as a result of which the distillate
liquid cannot pass the membrane and a difference in pressure over the
membrane can be maintained. Vapour can still pass from the retentate
side to the destillate side. Thus it passes from a state at {(generally)
relatively low pressure at the distillate side to a state at a
(preferably) relatively high pressure. The applicant has realised that
in this manner the membrane distillation unit can act as a pump. A DCMD

membrane distillation unit suitable for the method according to the
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invention is a DCMD membrane distillation unit with recycle flow in the
distillate channels. Such unit is known in the art.

- US2010/0224476 discloses a method of recovering heat from
distillate downstream of a membrane-distillation unit.

WO2010/071927 discloses a power generating apparatus using an
impeller to generate energy in a fluid flow conduit. The fluid may be a
gas or a liquid, such as water. In the abstract only mention is made of
distillation devices.

According to a preferred embodiment, the converter is connected to
a generator for generating electricity.

Electricity is a very desirable form of high-grade energy.

According to a preferred embodiment, the DCMD unit comprises a
first chamber and a second chamber, the first chamber having a first
inlet for a relatively cold liquid and first outlet for relatively warm
liquid, a heat exchanger for heating the relatively warm liquid, and
the second chamber having a second inlet for heated relatively warm
liquid to be passed in counter-current with the relatively cold liquid
to result in the relatively warm liquid, where
the first chamber and the second chamber are separated by

- an impermeable, heat-exchanging wall

- a membrane capable of excluding liquid and allowing the passage

of vapour of the liquid in the second chamber from the second

chamber to a space between the heat-exchanging wall and the
membrane, condensation of the vapour against the heat exchanging
wall resulting in distillate in said space, said space being
connected to a converter, and pressurized distillate is passed
from the space to the converter for generating mechanical energy.

This type of DCMD is less complex and easier to build with high
pressures in mind. In case of water as a working liquid, the membrane
will provide a hydrophobic barrier. Also, in case of water the
relatively warm liquid will be heated by the heat exchanger to a
temperature of at least 40°C, as even with such low temperatures it is
possible to generate electricity. In the present application, the
expression "condensation of the vapour against the heat exchanging
wall" is intended to mean condensation of water at the side of the
membrane opposite to the retentate side of the membrane, as this
condensation is indirect (that is, the heat exchanging wall is already

covered with distillate).
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According to a preferred embodiment, the relatively warm liquid is
heated by the heat exchanger to a temperature of at least 80°C,
preferably at least 100°C, and more preferably at least 120°.

A higher temperature will result in both a higher flux (liter per
m? membrane surface area per hour) and a higher recovery (distillate
yield), and thus in a higher production of both working liquid, i.e.
the distillate such as water, and of mechanical energy.

According to a preferred embodiment, at least one of the first
chamber and the second chamber comprises a load-bearing spacer to
maintain the dimensional stability of said chamber, said load—bearihg
spacer allowing the passage of liquid from the inlet to the outlet of
the chamber concerned.

This allows the chamber concerned to retain its dimensions, and
allows the liquid in the chamber concerned to be at a lower pressure
than the pressurized working liquid in the space. The term
"load-bearing" means that the spacer is structurally designed to
withstand compression forces so as to allow the transmission of forces
from one side of the spacer to the other, in particular from one wall
of the chamber to an opposite wall of said chamber. The spacer may be
but is not necessarily rigid.

According to a preferred embodiment, the working fluid is water
obtained by membrane distillation of seawater.

Membrane distillation is a technique that significantly reduces
the energy consumption per liter of drinking water produced compared to
ordinary distillation. Also, with the present invention at least part
of the energy needed for pumping seawater in a DCMD unit can be |
generated using low-grade thermal energy. In the present application
the term seawater means any water with an NaCl content of more than 1
g/l. For membrane distillation, solar heat may be used. According to a
preferred embodiment, this heat is heat from the condenser in the steam
cycle of a Concentrated Solar Power (CSP) plant. In practice these
plants require adequate cooling to enjoy a high Carnot efficiency.
Adequate cooling costs energy and capital costs (e.g. a cooling tower).
With the method according to the invention, heat obtained by cooling
can be used for both the generation of work and distilled water.

Finally, the present invention relates to an apparatus for
converting thermal energy into mechanical energy, said apparatus

comprising a converter for generating mechanical energy, wherein the
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apparatus comprises a direct contact membrane distillation (DCMD) unit,
comprising a space between

- an impermeable, heat-exchanging wall

- a membrane capable of excluding liquid and allowing the passage of
vapour of a liquid to a space for distillate,

said space being connected to a converter for generating mechanical
energy from a stream of said pressurized distillate.

Such an apparatus is very suitable for use in the method according
to the invention. In case of water as a working liquid, the membrane
will in general provide a hydrophobic barrier. The pore size of a
porous membrane is typically smaller than 1.0 pm, preferably between
0.0001 and 0.1 pm, such as between 0.001 and 0.1 pm. To operate at
higher pressures, smaller pore sizes will be chosen. In general, the
so-called liquid entry pressure (LEP) of the membrane structure at the
distillate side determines the maximal pressure attainable in this
distillate liguid for generating mechanical energy using this
invention.

According to a favourable embodiment, the apparatus comprises a
direct contact membrane distillation (DCMD) unit, wherein the DCMD unit
comprises a first chamber and a second chamber, the first chamber
having a first inlet for a relatively cold liquid and first outlet for
relatively warm liquid, a heat exchanger for heating the relatively
warm liquid, and the second chamber having a second inlet for heated
relatively warm liquid to be passed in counter-current with the
relatively cold liquid to result in the relatively warm liquid, where
the first chamber and the second chamber are separated by

- an impermeable, heat-exchanging wall

- a membrane capable of excluding liquid and allowing the passage

of vapour of the liquid in the second chamber from the second

chamber to a space between the heat-exchanging wall and the
membrane, said spabe being connected to a converter for generating
mechanical energy from a stream of said pressurized distillate.

This is a more simple and compact apparatus.

According to a preferred embodiment, at least one of the first
chamber and the second chamber comprises a load-bearing spacer to
maintain the dimensional stability of said chamber, said load-bearing
spacer allowing the passage of liquid from the inlet to the outlet of

the chamber concerned.
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Such an apparatus can be operated at a higher distillate pressure,
and thus will result in more mechanical output.

According to a preferred embodiment, the converter is bonnected to
a -generator for generating electricity.

Electricity is a very desirable form of high-grade energy.

According to a preferred embodiment, the apparatus comprises a
stack of DCMD units held together by a frame, wherein the stack
comprises a pressure chamber positioned parallel to the space and
connected to said space , said pressure chamber being of variable
volume with a wall capable of moving perpendicular to the space.

Starting the apparatus will result in expansion of the various
components of the apparatus, and the pressure chamber ensures that the
DCMD units are held together without being damaged.

The present invention will now be illustrated with reference to
the drawing where

Fig. 1 schematically shows an apparatus according to the
invention; and

Fig. 2 shows a stack of DCMD units.

Fig. 1 shows an apparatus according to the invention comprising a
DCMD unit 100 for use with water as a working liquid. The DCMD unit 100
comprises a first chamber 101 and a second chamber 102, the first
chamber 101 having a first inlet 111 for relatively cold water and
first outlet 112 for relatively warm water, a heat exchanger 130 for
heating the relatively warm liquid even more, and the second chamber
102 having a second inlet 121 for heated relatively warm water to be
passed in counter-current with the relatively cold water in the first
chamber 101 to result in the relatively warm water that passes via the
first outlet 112 to the heat exchanger 130. The first chamber 101 and
the second chamber 102 are separated by

- an impermeable, heat-exchanging wall 104, and

- a hydrophobic membrane 105 capable of excluding liquid water and
allowing the passage (short arrow) of water vapour from the second
chamber 102 to a distillate chamber 103 between the impermeable,
heat—exchanging wall 104 and the hydrophobic membrane 105. Condensation
of the water vapour at the other side of the membrane (the side of the
distillate chamber 103) results in pressurized distilled water in the
distillate chamber 103. Said distillate chamber 103 is connected via a

conduit 140 to a turbine 150 which in turn drives a generator 151 for
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generating electricity. The heat of condensation released passes via
the impermeable, heat-exchanging wall 104 to the first chamber 101.

The apparatus may be advantageously be used for obtaining
distilled water from seawater, in which case seawater is introduced in
first inlet 111. The DCMD unit will have a second outlet 122 from which
brine will be discharged. The distilled water will be collected via a
third outlet 153 after the turbine 150.

To substantially maintain the dimensions of the first chamber 101
and the second chamber 102, they may be provided with a spacer 161 that
keeps the walls defining the chamber concerned apart. The spacers 16l
do not block the flow of liquid through a chamber. There may also be a
spacer 161 in the distillate chamber 103 (not shown).

Assuming a temperature at the first inlet 111 of 30°C, at the
first outlet 112 of 80°, at the second inlet 121 of 90°C and at the
second outlet of 30°C, it can be estimated that integrated in a plant
for the production of fresh water (7400 m3/day) from seawater, and a
turbine and generator together operating at 75% efficiency, 450 kW
electricity can be produced.

A membrane of suitable porosity will be selected by the ordinary

person skilled in the art based on the pressure of the stream of the

pressurized distillate ahd the strength of the membrane material. The
membranes concerned can be made of materials such as PTFE, PVDF, PP and
PE. The porous membranes to be used in accordance with the present
invention can be laminated with other materials (e.g. non woven
materials of PP, PET etc), which protect the membranes against
abrasion, and/or give mechanical support. So-called asymmetric
microfiltration and ultrafiltration membranes made of materials such as
polyethersulphone, polysulphone, polyacrylonitrile, polyamides can also
be used. In this context and for use with water as the working fluid,
it is preferable to make the surface of these membranes completely or
partially additionally hydrophobic, for example by means of a coating
or other surface modification. When asymmetric membranes are used the
active layer of the membrane, i.e. the layer that acts as the barrier
for the working ligquid, with the narrowest pores, is on the distillate
side. The retentate chambers (i.e. second chambers 102) can also be
formed by flat plate membfanes or membrane sheets, optionally in a
spirally wound configuration (e.g. as known from US patent 4,545,862.

The pore size of a porous membrane is typically smaller than 1.0 pm,

7
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preferably between 0.0001 and 0.1 ym, such as between 0.001 and 0.1 pm.
To operate at higher pressures, smaller pore sizes will be required.

Apart from polymeric membranes as mentioned above, membranes
comprising other materials can be contemplated, such as from ceramic
materials such as aluminium oxice, silica, zirconia, perovskites,
nitrides etc.

Fig. 2 shows a schematic side view of a stack 200 of five DCMD
units 100. For the sake of simplicity, the first inlet 111, the first
outlet 112, the second inlet 121 and the second outlet 122 have not
been shown.

The set-up has been changed slightly compared to Fig. 1, because
it would not be advantageous from a thermal point of to have the back
of a first chamber 101 to be in contact with the back of a second
chamber 102. So, a chamber 101 will be put with its back against
another chamber 101. However, in that case, the backs are no longer
necessary and can be left out. Thus, a DCMD unit is now indicated with
a horizontal bracket.

The stack 200 is held by a sturdy frame 201. To accommodate for
changes in pressure, there is at least one pressure chamber 202 having
a dimension that may vary slightly. It has for example a flexible metal
wall 203 facing a DCMD unit 100. The pressure chamber 202 will be
filled with distillate liquid via conduits 210. For ease of filling, an
air relief cock 204 may be provided at the top of the pressure chamber
202. The pressure chambers 202 allow the stack to be built conveniently
and allow for operation at various pressures. Various pressures result
in more or less expansion of he DCMD units 100, and this variability is
accommodated for by the pressure chambers 202 that expand more easily.

In operation, the distillate liquid under high pressure leaves the
distillate chambers 103 and passes via conduits 140 and a collection

conduit 240 to the turbine 150.

The invention will now be illustrated with reference to a series

of examples.

EXAMPLES
1. A spiral wound module for Direct Contact Membrane Distillation
was constructed using the materials:

- a membrane chamber, consisting of two sheets of symmetric porous
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hydrophobic PTFE membrane with a pore size of 0.1 um, and a relatively
dense spacer material (type X04510, Conwed, Genk, Belgium). Both had a
width of 500 mm, and an effective length of 2000 mm.

- a condenser chamber, consisting of two sheets of a laminate of
aluminium foil (thickness: 0.037 mm) with a thin polyester coating on
each side, and the same spacer material as inside the membrane chamber.
These too had a width of 500 mm and a length of 2000 mm.

- a distillate -chamber, which contained no spacer material, but
was established by creating its own space between said membrane and
condenser chambers.

Both the condenser chamber and the membrane chamber (the first and
second chambers, respectively) were equipped with inlet and outlet
headers (PVC-C tube), manually wound around a core tube, fitted into a
thick-walled PVC-C tube of 160 mm outer diameter, sealed with epoxy
resin, and processed into a module with inlet and outlet ports for
feed, retentate and distillate; similar to the method described by W.L.
Gore, US patent 4,545,862 (1982).

Care was taken for a good fitting in the tube (”“snug £fit”), in
order to prevent possible “ballooning” at elevated pressures.

Testing was carried out in a similar way to the known DCMD-process
described by W.L.Gore in US patent 4,545,862 (1982), using as feed a 35
g/l solution of sodium chloride in water, with flow 65 1/h:

- As heat source a water tank was used, heated by an electrical
heater, set at 65°C, equipped with a large quantity (around 15 m) of
silicone tubing as heat exchanger.

- Inlet temperature of the feed was 18°C; outlet T of the
condenser chamber was 53°C at equilibrium condition (after ca. 2
hours); inlet T of the membrane chamber (after passage through the heat
exchanger) was 61°C; outlet T of the retentate (brine) was 25°C; outlet
T of the distillate stream was 30°C.

- The distillate was taken from the top and outside part of the
vertically placed module, with free outflow, implying that the
distillate chamber in the module was fully filled with distilled water
(true DCMD), and that the sensible heat of the distillate was for a
large part recovered by passing the heat counter-currently to the feed
stream (similar to the process of US patent 4,545,862). The gauge
pressure of the distillate at the outlet was 0 bar (atmospheric

pressure) .
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- The production of distillate was 3.7 1/h, yielding a flux of 2.2
1/m?.h (effective membrane area 1.66 m?).

- The conductivity of the distillate was 60 microSiemens/cm after
4 h, and still decreasing rapidly. The conductivity of the feed was 48

milliSiemens/cm.

2. Using the same module and method as in example 1, it was tested
if it was feasible to create mechanical power:

- After the 4 hours of exp. 1 the distillate flow was gradually
throttled using a simple throttling valve.

- It was observed that, after ca. 30 minutes of very low flux, the
flux increased and at a set distillate gauge pressure of 1 bar
stabilized at 3.61 1/h after 2 h: almost the same flux as in ex. 1.

- All temperatures were about the same as ex. 1; the conductivity
of the distillate, after a first increase, decreased again to 48
microSiemens/cm after 2 h.

- The pressure of 1 bar in the distillate stream indicates that it
is possible to create mechanical power from a heat source, using a DCMD

process with minor adaptation.

3. Using the same module and method as for example 1 and 2,
attempts were made to more generate mechanical power according to the
invention:

- First, the DCMD process was started at similar conditions as
example 1, without throttling the distillate stream. A similar flux, of
2.2 l/n?.h, was observed. The conductivity decreased further, to a
value of 32 microSiemens/cm after 1 h.

- The heat source was then set at an elevated temperature, of
85°C, in order to create more driving force and flux. The feed flow was
increased to 96 1/h, for the same purpose.

- Inlet temperatufe of the feed was 19°C; outlet T of the
condenser chamber was 72°C at equilibrium condition (after ca. 1 hour);
inlet T of the membrane chamber (after passage through the heat
exchanger) was 79°C; outlet T of the retentate (brine) was 25°C; outlet
T of the distillate stream was 33°C.

- This yielded a considerably higher production of distillate of
8.2 1/h, or a flux of 4.9 1/m?’.h. The conductivity increased slightly,

to a value of 38 microSiemens/cm after 2 h.

10
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- After 3 hours the distillate flow was gradually throttled using
a simple throttling valve.

- It was observed that, after ca. 20 minutes of low flux, the flux
increased and at a set distillate gauge pressure of 1 bar stabilized at
8.0 1/h after 2 h: almost the same flux as without throttling.

- Throttling to 2 bars gave, after ca. 10 minutes of low flux, a
value of 7.9 1/h. It was also observed that the conductivity decreased
fast, to a value of 16 microSiemens/cm after 4 h.

- Throttling to 3 bars gave, again after ca. 10 minutes of low
flux, a value of 7.7 1/h. The conductivity decreased to a value of 9
microSiemens/cm after 5 h.

- Throttling to 4 bars gave after ca. 5 minutes of low flux, a
similar flux of 7.7 1/h. The conductivity decreased futher, to a value
of 6 microSiemens/cm after 5.5 h.

- After 5.5 hours it was decided to increase the heater
temperature further, in order to further incrgase the flux and the
production of mechanical power. The heater tank was heated to 100°C
(boiling'wéter), and the feed flow was increased to 124 1/h.

- The outlet T of the condenser chamber increased to 83°C after
ca. 1 hour); inlet T of the membrane chamber (after passage through the
heat exchanger) was 88°C; outlet T of the retentate (brine) was 25°C;
outlet T of the distillate stream was ca. 36°C.

- The distillate pressure increased to 5.1 bar, at which level a
production flow was measured of ca. 11.8 1/h (flux = 7.1 1/m%.h).

When increasing the pressure even further, an epoxy seal in the
experimental set-up failed, preventing further measurements. It is
important to note that the failing seal is not an inherent flaw of the

present invention.

The invention can be modified within the scope of the appending
claims in various ways. for example, an interesting option is to
operate the apparatus for the generation of electricity only (provided
low-grade heat is available very cheaply). In that case, pure working
liquid such as water is introduced via the first inlet 111, and
distillate from the third outlet 153 is passed to the first inlet 111
(which will require some cooling of the distillate using a heat

exchanger). The second outlet 122 is not necessary.

11
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The application also contemplates a method for transporting
distilléd water, wherein water vapour passed through a unit comprising
a distillate chamber with an outlet for distillate, the distillate
chamber being defined by a membrane permeable to water vapour and
impermeable to liquid water, wherein the distillate éhamber is cooled,

causing the water vapour to condense so as to from distilled water at a

- pressure of at least one bar (preferably at least 5 bar, such as at

least 10 bar), and the pressure is used to transport the distilled
water to a desired location. This location may be more than 100 m away,
such as more than 500 m away and even many kilometres away. For
transport over longer distances, higher pressures are preferred.
According to a preferred embodiment impure water such as seawater as
defined above is distilled, resulting in distilled water under
pressure. Thus the use of a pump for transporting the distilled water
can be done without with, even for transport over long distances. The
distillation will be in counter current, such as for example shown in
Fig. 1 (with the convertor may be absent or not used). The membrane
will for example be part of a direct contact membrane distillation
(DCMD) unit, such as one described above. According to a preferred
embodiment, retentate liquid is passed along the membrane at the
opposite side of the membrane of the unit. The retentate liquid is
relatively warm with respect to the distillate liquid at the other side
of the membrane. Heat is preferably waste heat or solar heat. Thus the
membrane unit operates as a pump without moving parts, and thus very
reliable.

An interesting alternative preferred embodiment is condensing a
vapour (e.g. water vapour from a power plant of any kind which
generates steam using heat), wherein the vapour is condensed via a
membrane to result in liqhid at a pressure at the distillate side of
the membrane which is higher than at the side of the membrane where the

Vapoﬁr is supplied.
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CLATMS

1. A method of converting thermal energy into mechanical energy wherein
a working liquid is evaporated to generate a stream of a working fluid,
characterized in that the stream of the working fluid is a stream of
pressurized distillate pfoduced by evaporation and condensation using a
direct contact membrane distillation (DCMD) unit (100), said stream of
pressurized distillate having a pressure of at least one bar, and a
converter (150) is used for generating mechanical energy from said

stream of said pressurized distillate.

2. The method according to claim 1, wherein the converter (150) is

connected to a generator (151) for generating electricity.

3. The method according to claim 1 or 2, wherein the DCMD unit (100)
comprises a first chamber (101) and a second chamber (102), the first
chamber (101) having a first inlet (111) for a relatively cold liquid
and first outlet (112) for relatively warm liquid, a heat exchanger
(130) for heating the relatively warm liquid, and the second chamber
(102) having a second inlet (121) for heated relatively warm liquid to
be passed in counter-current with the relatively cold liguid to result
in the relatively warm liquid, where
the first chamber (101) and the second chamber (102) are separated by
- an impermeable, heat-exchanging wall (104)
- a membrane (105) capable of excluding liquid and allowing the
passage of vapour of the liquid in the second chamber (102) from
the second chamber (102) to a space (103) between the
heat-exchanging wall (104) and the membrane (105), condensation of
the vapour against the heat exchanging wall (104) resulting in
distillate in said space (130), said space (130) being connected
to a converter (150), and pressurized distillaté is passed from

the space to the converter (150) for generating mechanical energy.

4. The method according to claim 3, wherein the relatively warm liquid
is heated by the heat exchanger (130) to a temperature of at least
80°C, preferably at least 100°C, and more preferably at least 120°.

5. The method according to any of the claims 3 or 4, wherein at least

13



10

15

20

25

30

35

WO 2012/118369 PCT/NL2012/000018

one of the first chamber (101) and the second chamber (102) comprises a
load-bearing spacer (161) to maintain the dimensional stability of said
chamber, said load-~bearing spacer (161) allowing the passage of liquid

from the inlet to the outlet of the chamber concerned.

6. The method according to any of the preceding claims, wherein the

working fluid is water obtained by membrane distillation of seawater.

7. An apparatus for converting thermal energy into mechanical energy,
said apparatus comprising a converter (150) for generating mechanical
energy, characterized in that the apparatus comprises a direct contact
membrane distillation (DCMD) unit (100), comprising a space between

- an impermeable, heat-exchanging wall (104)

- a membrane (105) capable of excluding liquid and allowing the passage
of vapour of a liquid to a space (130) for distillate,

said space (130) being connected to a converter (150) for generating

mechanical energy from a stream of said pressurized distillate.

8. The apparatus according to claim 7, wherein the apparatus comprises
a direct contact membrane distillation (DCMD) unit (100), wherein the
DCMD unit (100) comprises a first chamber (101) and a second chamber
(102), the first chamber (101) having a first inlet (111) for a
relatively cold liquid and first outlet (112) for relatively warm
liquid, a heat exchanger (130) for heating the relatively warm ligquid,
and the second chamber (102) having a second inlet (121) for heated
relatively warm liquid to be passed in counter-current with the
relatively cold liquid to result in the relatively warm liquid, where
the first chamber (101) and the second chamber (102) are separated by
- an impermeable, heat-exchanging wall (104)
~ a membrane (105) capable of excluding liquid and allowing the
passage of vapour of the liquid in the second chamber (102) from
the second chamber (102) to a space (103) between the
heat-exchanging wall (104) and the membrane (105), said space
(130) being connected to a converter (150) fdr generating

mechanical éenergy from a stream of said pressurized distillate.

9. The apparatus according to any of the claims 7 or 8, wherein at

least one of the first chamber (101) and the second chamber (102)
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comprises a load-bearing spacer (161) to maintain the dimensional

stability of said chamber, said load-bearing spacer (161) allowing the

“passage of liquid from the inlet to the outlet of the chamber

concerned.

10. The apparatus according to any of the claims 7 to 9, wherein the
converter (150) is connected to a generator (151) for generating

electricity.

11. The apparatus according to any of the claims 7 to 10, wherein the
apparatus comprises a stack of DCMD units (100) held together by a
frame (201), wherein the stack comprises a pressure chamber (202)
positioned parallel to the space (103) and connected to said space
(103) , said pressure chamber (202) being of variable volume with a

wall (203) capable of moving perpendicular to the space (103).
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