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Electricity Generation Process
Field of Invention

The invention relates to a process for the generation of electricity. Specifically, it relates to

the generation of electricity from warm saline streams obtained from geothermal sources.

Background of the Invention

Much effort is currently being directed towards novel and renewable sources of energy which

do not rely on fossil fuels.

One such area of research is the process known as pressure retarded osmosis (PRO). In this
process, a semipermeable membrane is used to separate a less concentrated solution from a
more concentrated solution. The membrane causes solvent to pass from the less concentrated
solution (with low osmotic pressure) to the more concentrated solution (with high osmotic
pressure) by osmosis, and this leads to an increase in pressure on the side of the membrane to
which the solvent diffuses. This pressure can be harnessed to generate electricity. A small
number of PRO plants are in operation around the world, and these generally use differences
in salinity as the driver for osmosis, typically using fresh water from a river or lake as the
feed stream for the less concentrated solution, and sea water for the more concentrated
solution. Helfer et al, J. Membrane Sci. 453 (2014) 337-358 is a review article describing
PRO. Typically, PRO schemes to date have used seawater and river water mixing, and in
pilot-scale plants the process has been found to be uneconomic due to low power densities
achieved. It has been suggested that a power density of around 5 W/m” membrane
represents a level of power generation above which PRO may become economically viable.
Outside of laboratories it has not generally been possible to achieve this level of power

density using existing membrane technology in river/seawater mixing schemes.

A number of attempts have been made to harness the energy found in underground
formations in processes involving osmosis. WO 2013/164541 describes a method for
generating power by direct osmosis, in which the more concentrated solution is “production
water”, while the less concentrated solution is fresh water or sea water. Production water is
water obtained after separation from a hydrocarbon stream during hydrocarbon production.
WO 2013/164541 also mentions that a brine stream obtained from an underground formation

can be used as the more concentrated solution.
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However, most attempts to generate power by osmosis and also to harness the energy present
in geothermal streams use a completely different approach. This is described in a number of
documents which envisage using the heat obtainable from geothermal sources as a driver for
closed-loop osmosis systems. US 2010/0024423 explains the difference between an “open
loop” PRO system in which the feeds are typically fresh water and sea water and the spent
solutions are discharged back into the environment, and *“closed loop” system in which a
single solution is separated, for example by evaporation, into a more-concentrated and a less-
concentrated solution. Such separation requires energy, which may be supplied by low-grade
heat sources such as industrial waste heat, or renewable heat sources such as geothermal heat
sources. The particular invention of US 2010/0024423 is a closed loop osmotic system in
which the draw solution is ammonia and carbon dioxide. Other documents describing a
closed loop system in which a heat transfer step is used to separate a solution into more-
concentrated and less-concentrated solutions, the heat being supplied from a geothermal
source, include US 2014/0026567 and Lin et al, Environ. Sci. Technol. 2014, 48, 5306-
53113.

No known process, however, harvests the maximum available amount of energy latent in the
warm saline streams present in underground geothermal formations. We have now found a
process capable of increasing the efficiency of energy extraction from warm saline streams

present in underground geothermal formations.

Summary of the Invention

In one aspect, the present invention provides a process for the generation of electricity, the

process comprising the steps of:

- extracting a warm saline stream from a geothermal formation, and

- converting latent osmotic energy present in said stream into electricity by passage
through an osmotic power unit in which said stream is passed over one side of a semi-
permeable membrane which permits the passage of water but not the passage of salts, an
aqueous stream of lower salinity than said stream being passed over the other side of said
membrane, and wherein

the temperature of said warm saline stream is reduced before said stream enters the
osmotic power unit by passage through a thermal power unit in which thermal energy present

in said stream is converted into electricity.
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In another aspect, the present invention provides, a process for the generation of electricity,

the process comprising the steps of:
- extracting a warm saline stream from a geothermal formation, and

- converting thermal energy present in said stream into electricity by passage through

a thermal power unit, and wherein

- the salinity of said warm saline stream is reduced before said stream enters the
thermal power unit by passage through an osmotic power unit in which said stream is passed
over one side of a semi-permeable membrane which permits the passage of water but not the
passage of salts, an aqueous stream of lower salinity than said stream being passed over the
other side of said membrane thereby converting latent osmotic energy present in said stream

into electricity.

In another aspect, the present invention provides a process for the generation of electricity,
which comprises extracting a warm saline stream from a geothermal formation, and:

(a) converting thermal energy present in said stream into electricity; and

(b) converting latent osmotic energy present in said stream into electricity by passage through
an osmotic power unit in which said stream is passed over one side of a semi-permeable
membrane which permits the passage of water but not the passage of salts, an aqueous stream

of lower salinity than said stream being passed over the other side of said membrane.

In another aspect, the present invention provides a power generation system comprising:
- a connection to a warm saline stream extracted from a geothermal formation,

- an osmotic power unit arranged to generate electricity through Pressure Retarded
Osmosis (PRO) using the difference in salinity between a high-salinity input stream and a

low-salinity input stream, and

- a thermal power unit arranged to generate electricity by extracting thermal energy from

the warm saline stream thereby producing a cooled output stream, and wherein

the system is arranged such that the cooled output stream of the thermal power unit is

passed to the osmotic power unit for use as the high-salinity input stream.



In another aspect, the present invention provides a process for the generation of electricity,
which comprises extracting a warm saline stream from a geothermal formation, and:
- converting latent osmotic energy present in said stream into electricity by passage
through an osmotic power unit in which said stream is passed over one side of a semi-
permeable membrane which permits the passage of water but not the passage of salts, an
aqueous stream of lower salinity than said stream being passed over the other side of said
membrane, and
wherein the osmotic power unit contains more than one osmosis unit each comprising a

semipermeable membrane which permits the passage of water but not the passage of salts.

Brief Description of the Drawings

Figure 1 shows a schematic view of one embodiment of the invention in which a warm saline
geothermal stream is passed first through a heat exchanger and secondly through an osmotic
power unit.

Figure 2 shows a schematic view of an alternative embodiment of the invention in which a
warm saline geothermal stream is passed first through an osmotic power unit and secondly
through a heat exchanger.’

Figure 3 shows a variant of Figure 1 in which multiple osmosis units are used.

Figure 4 shows a variant of Figure 3 with alternative input streams.

Figure 5 shows a variant of Figure 4 with alternative output streams.

Figure 6 shows an osmotic power unit 6 of Figures 1 and 2.

Detailed Description of Invention

The process of the present invention may increase the efficiency of energy generation using
saline streams from geothermal formations. The process of the present invention extracts
both thermal energy and latent osmotic energy from the same warm saline stream obtained
from a geothermal formation. In addition to the increase in power generation which may be
expected from extracting two different types of energy from the same source, the two energy
extraction processes may complement each other to reduce inefficiencies in each process

caused by certain characteristics of warm saline steams from geothermal formations.

Saline streams from geothermal formations may provide increased salt concentrations

compared to, for example, sea water. Increased salt concentrations in the high-salinity input
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stream of an osmotic power unit may allow for increased power density during pressure
retarded osmosis (PRO). Saline streams from geothermal formations may also carry a lower
risk of the osmotic membrane being fouled and/or reduce the amount of pretreatment
required in comparison to seawater, or other prior art high-salinity sources, as saline streams
from geothermal formations are typically isolated from the wider environment. However, the
high temperatures of such saline streams may reduce the operating efficiency of currently-
available osmotic membranes and/or reduce the lifetime of currently-available osmotic

membranes.

Saline streams from geothermal formations may provide a useful source of thermal energy
for electricity generation. However, the very high salt content of such geothermal streams
may result in precipitation of solid salt(s) as the temperature drops during the generation
process. Such precipitation may result in fouling of the thermal power unit and/or reduce

efficiency in the thermal electricity generating process.

In the case that the thermal power unit is located on the flow path between the geothermal
formation and the inlet to the osmotic power unit, the output of the thermal power unit is a
cooled saline stream, which is passed to the osmotic power unit. The cooler (in comparison
to the warm stream from the geothermal formation) saline stream may be better suited to the
osmotic power generation process than the warm stream obtained from the geothermal
formation. For example, the cooler saline stream may result in an increase in the efficiency

of the osmotic membrane and/or the lifetime of the membrane.

If the osmotic power unit is located on the flow path between the geothermal formation and
the inlet to the thermal power unit, the output of the osmotic power unit is a warm stream of
reduced salinity, which is passed to the thermal power unit. The reduction in the salinity of
the warm stream which occurs during the osmotic power generation process may mean that
the precipitation of solid salts(s) as the temperature drops during the thermal power
generation process is reduced thereby reducing fouling and/or increasing the efficiency of the

thermal generation process.

For convenience the process of converting thermal energy present in the warm saline stream
extracted from a geothermal formation into electricity may be referred to hereafter as step (a).
The process of converting latent osmotic energy present in said stream into electricity may be

referred to hereafter as step (b).
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The process of the invention uses a warm saline stream obtained from a geothermal
formation. The warm stream is extracted from the ground using conventional drilling
techniques and is generally subject to any necessary pretreatment steps prior to carrying out
steps (a) and (b). For example, filtration to remove solid material may be necessary, as might

other conventional processes depending on the exact nature of the warm stream.

A thermal power unit may be defined as a unit which converts thermal energy into electricity.
Any suitable means may be used to convert thermal energy contained in the geothermal
stream into electricity. For example, the stream may be passed through a thermal power unit
comprising a heat exchanger. Alternatively, particularly where the stream is of very high
temperature and high pressure, the thermal power unit may comprise a steam generator.
Steam from the geothermal stream may be used directly to drive the steam generator.
Conventional means of handling warm streams which may be in either the liquid phase or the
gaseous phase or both are well known, and any such means may be used in the present
invention. The use of a heat exchanger is preferred in many circumstances, especially where
the initial temperature of the warm saline stream emerging from the geothermal formation is

less than 150°C.

The geothermal formation may yield a warm saline stream having a temperature of at least
45°C, preferably at least 55°C. For example, the geothermal formation may yield a warm
saline stream having a temperature between 45°C and 70°C. Passing the warm saline stream
through the thermal power unit may reduce the temperature of said stream by at least 50%.
For example, passing through the thermal power unit may reduce the temperature of the

stream from between 45°C and 70°C to between 15°C and 20°C.

The salt content of the warm saline stream may be anything up to saturation. Preferably the
salt content is at least 10% wt, preferably at least 15% wt, especially at least 20% wt. It will
be understood that saline streams from geothermal sources may contain a wide variety of
dissolved salts, with a preponderance of sodium chloride, and that “salt content” refers to

total salt content. The exact nature of the salt(s) present in such streams is not important.

For step (a), a warm stream is passed through a thermal power unit, for example one or more
heat exchangers and/or steam generators, to extract thermal energy which is converted into
electricity. Any type of conventional thermal power generation system may be used. If step

(a) 1s carried out before step (b), the output from step (a) is a cooled saline stream, and this is
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used as the feed for step (b). If step (a) is carried out after step (b), the output from step (a)
will be a waste stream which may be disposed of as required, for example by re-injection into

the geothermal formation, or discharge into a neighboring sea, river or lake.

Step (b) is powered by osmosis, and converts latent osmotic energy into electricity. An
osmotic power unit is a unit which converts latent osmotic energy into electricity. Any
suitable osmotic power unit may be used in the process of the present invention. The key
feature of such a unit is the presence of a semi-permeable membrane which permits the
passage of water but not of dissolved salt(s). Such membranes are commercially available,
and any suitable membrane may be used. In addition, novel types of membrane, for example
membranes based on a lipid or amphiphilic polymer matrix containing aquaporins, which are
proteins which permit the passage of water but no other substance, may be used. Such
membranes are described in for example WO 2004/011600, WO 2010/091078,

US 2011/0046074 and WO 2013/043118. Other novel types of membrane include graphene-
based membranes, for example those described by Cohen-Tanugi et a/, Nano Lett. 2012,
12(7), pp. 3602-3608 and O’Hern et al/, Nano Lett. 2014, 14(3), pp. 1234-1241. More than
one membrane may be present, and combinations of different types of membranes may be
used. Thus the osmotic power unit may contain more than one osmosis unit each containing
a semi-permeable membrane. As well as at least one membrane, an osmotic power unit will
include means for converting pressure or flow generated by osmosis into electricity.
Typically this means will be a turbine connected to a generator, but any suitable means may

be used.

As well as the saline feed stream originating from the geothermal formation, step (b) requires
a feed stream which is an aqueous stream having lower salinity than the saline stream
originating from the geothermal formation. This lower salinity stream may be obtained from
any source, but is typically sea water, fresh or brackish water obtained, for example, from a
river or a lake, or waste water obtained from an industrial or municipal source. The
economics of a process according to the invention are likely to be particularly favourable
when a geothermal well is located adjacent a sea, river or lake, with sourcing of the necessary
streams and disposal of the waste streams both being easy and cheap. Throughout this
specification, unless the context requires otherwise, “lower salinity” should be understood to

include zero salinity.
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The initial inputs to step (b) are thus one higher salinity stream, and one lower salinity
stream. After passage over a membrane, the first stream (initial higher salinity) will be
reduced in salinity, while the second stream (initial lower salinity) will be increased in
salinity. The output streams from a first pass over the membrane will both have lower
salinity than the original warm saline stream, and higher salinity than the original lower
salinity stream - at equilibrium, the two streams would have equal salinity, but this is unlikely
to be achieved in practice. Therefore, either output stream can be reused as either the first
stream or the second stream for a second pass over the original membrane, or as either the
first stream or the second stream over a second membrane. These reused streams may be
used alone, or merged with other input streams.  The high concentrations of salt in warm
saline streams from geothermal formations may facilitate the use of multi-step osmotic power
generation. Each step may have a different pressure and/or flux setting depending on the
difference in salinity between the initial input streams for each pass. Tailoring the pressure
and/or flux setting in this manner may increase the efficiency of the process, particularly
where a plurality of steps may be used as with a warm saline stream from a geothermal
formation. As long as an outgoing stream from an osmosis unit has higher salinity than the
initial input stream of lower salinity, it is possible to operate an additional osmosis unit. The
optimal number of cycles will depend on the initial content of the streams, the efficiency of

the membranes, and the flow rates selected.

If step (b) is carried out after step (a), the ultimate output from step (b) will be a waste stream
from the first side of the membrane and a waste stream from the second side of the
membrane, and these streams may be handled separately or merged. The waste stream(s)
may be disposed of as required, for example by re-injection into the geothermal formation, or
discharge into a neighboring sea, river or lake. If step (b) is carried out before step (a), the
ultimate output from step (b) will be one stream derived from the original warm saline stream
which now has reduced salinity but which still retains heat and is at a temperature above

ambient temperature. This stream is then used as the feed for step (a).

The efficiency of the process of the invention will depend upon the initial temperature and
pressure of the warm saline stream, and also upon the quantity and nature of the salt(s) the
stream contains. Another key feature determining the efficiency of the process will be the
performance of the semi-permeable membrane, and optimization depends on a combination

of two factors: the flux of water obtainable through the membrane, and the efficiency with
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which the membrane can exclude salts. The use of multiple osmosis units as described above

can also affect overall process efficiency.

One embodiment of the invention is illustrated schematically in Figure 1. In Figure 1, a
warm saline stream 1 from a geothermal source is passed through one or more pre-treatment
steps 2 and the resulting stream 3 is passed to a heat exchanger 4. In the heat exchanger 4,
thermal energy is extracted and ultimately converted to electricity by conventional means not
shown, and the warm saline stream 3 is cooled and exits as cooled saline stream 5. Stream 5
is passed to osmotic power unit 6 where it is caused to flow at one side of a semi-permeable
membrane (not shown) which permits passage of water but not of salts. An aqueous stream 7
which is of lower salinity than streams 1, 3 and 5, which may for example be sea water, water
from a river or lake, or waste water, is passed through one or more pre-treatment steps 8 and
the resulting stream 9 is passed to osmotic power unit 6 where is it caused to flow at the other
side of the semi-permeable membrane. Within osmotic power unit 6, water flows from
stream 9 into stream 5 via the semi-permeable membrane causing an increase in pressure due
to the increased volume in a confined space, and this excess pressure is ultimately converted
to electricity by conventional means not shown. Output from the osmotic power unit 6 forms
one or two aqueous exit streams 10 and/or 11 which are disposed of as required, for example
by re-insertion into the geothermal formation from which stream 1 was extracted or into the

water-source, for example sea, river or lake, from which stream 7 was extracted.

An alternative embodiment is shown in Figure 2. In Figure 2, a warm saline stream 1 from a
geothermal source is passed through one or more pre-treatment steps 2 and the resulting
stream 3 is passed to an osmotic power unit 6 where it is caused to flow at one side of a semi-
permeable membrane (not shown) which permits passage of water but not of salts. An
aqueous stream 7 which is of lower salinity than streams 1 and 3, which may for example be
sea water, water from a river or lake, or waste water, is passed through one or more pre-
treatment steps 8 and the resulting stream 9 is passed to osmotic power unit 6 where is it
caused to flow at the other side of the semi-permeable membrane. Within osmotic power unit
6, water flows from stream 9 into stream 3 causing an increase in pressure due to the
increased volume in a confined space, and this excess pressure is ultimately converted to
electricity by conventional means not shown. Exit stream 12 from osmotic power unit 6
corresponds to input stream 3, now increased in volume by passage of water from stream 9

through the semipermeable membrane. Stream 12 is still above ambient temperature, and is
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passed to means for extracting thermal energy, for example heat exchanger 4. In the heat
exchanger 4, thermal energy is extracted and ultimately converted to electricity by
conventional means not shown. The hot stream 12 is cooled and exits as stream 11. Exit
streams 10 and 11 are disposed of as required, for example by re-insertion into the
geothermal formation from which stream 1 was extracted or into the water-source, for

example sea, river or lake, from which stream 7 was extracted.

Figure 3 shows a variant of the process of Figure 1 in which multiple osmosis units 6a, 6b
and 6¢ are connected in series in a power generation system according to the invention. In
Figure 3, symbols 1 to 5, 7, 8 and 10 have the meanings given in Figure 1. Each osmosis unit
6a, 6b and 6¢ contains a semi-permeable membrane (not shown) which permits passage of
water but not of salts. Original high saline stream 5 flows at one side of the semipermeable
membrane, while lower salinity stream 9a flows at the other side. Output stream 11a from
osmosis unit 6a, which has a salt content lower than that of original geothermal input streams
3 and 35, is fed to a second osmosis unit 6b where it is passed over one side of a semi-
permeable membrane. A second input stream 9b of relatively low salinity water is obtained
from original aqueous stream 7 after passage through one or more pretreatment steps 8.
Although the difference in salinity between streams 11a and 9b is lower than the difference in
salinity between streams 5 and 9a, there is still a difference in salinity, and electricity can be
generated by osmosis. Output stream 11b from osmosis unit 6b, which has a salt content
lower than that of original geothermal input streams 3 and 5, and also lower than stream 11a,
is fed to a third osmosis unit 6¢ where it is passed over the other side of a semi-permeable
membrane from a further input stream 9c of relatively low salinity water. Although the
difference in salinity between streams 11b and 9c is lower than the difference in salinity
between streams 5 and 9a, or between streams 11a and 9b, there is still a difference in
salinity, and electricity can be generated by osmosis. Output streams from the process of
Figure 3 are aqueous exit streams 10a, 10b, 10c and 11c, and these streams may be disposed

of as required.

Figure 4 shows a variant of Figure 3 in which input streams 9a, 9b and 9c of relatively low
salinity water are provided as separate input streams 7a, 7b and 7c, each undergoing one or

more pre-treatments steps 8a, 8b and 8c.

Figure 5 shows a variant of Figure 4 in which output streams are handled in a different way.

Outlet streams 10a and 11a from osmosis unit 6a are merged, and at least part of the merged

10
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stream is provided as input stream 12 to osmosis unit 6b. The merged stream 12 will have a
salt content lower than that of original geothermal input streams 3 and 5, and although the
difference in salinity between stream 12 and stream 9b is lower than the difference in salinity
between streams 5 and 9a, there is still a difference in salinity, and electricity can be
generated by osmosis. Similarly, outlet streams 10b and 11b from osmosis unit 6b are
merged, and at least part of the merged stream is provided as input stream 13 to osmosis unit

6c.

It will be understood that Figures 3, 4 and 5 show an osmosis power unit consisting of 3

0smosis units each containing a semi-permeable membrane, but that any suitable number of
units can be used, the choice being determined by a combination of technical and economic
factors. In general, the higher the initial salinity of the warm saline stream 1, the higher the

number of osmosis units which may be used.

Figure 6 shows more details of an osmotic power unit 6 of Figures 1 and 2. A saline input
stream 20 from a geothermal source (which may for example be stream 3 of Figure 1 or
stream 5 of Figure 2) is passed to an osmosis unit 21 containing a semi-permeable membrane
22 which permits passage of water but not of salts, and flows at one side of membrane 22.
An aqueous stream 23 which is of lower salinity than stream 20 enters osmosis unit 21 and
flows at the other side of membrane 22. Arrows 24 show the direction of water transport by
osmosis across membrane 22. An output stream 25 consisting of original input stream 20
now containing a higher concentration of salt, leaves osmosis unit 21. An output stream 26
consisting of original input stream 20 now containing a lower concentration of salt, leaves

osmosis unit 21 via a turbine 27 which drives a generator 28 thus producing electricity.

11
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CLAIMS

1. A process for the generation of electricity, the process comprising the steps of:

- extracting a warm saline stream from a geothermal formation, and

- converting latent osmotic energy present in the stream into electricity by passage
through an osmotic power unit in which the stream is passed over one side of a semi-
permeable membrane which permits the passage of water but not the passage of salts, an
aqueous stream of lower salinity than the stream being passed over the other side of the

membrane, and in which

the temperature of the warm saline stream is reduced before the stream enters the
osmotic power unit by passage through a thermal power unit in which thermal energy

present in the stream is converted into electricity.

2. A process according to Claim 1, in which the temperature of the warm saline stream is

reduced by passing the stream through a heat exchanger.

3. A process according to Claim 1 or 2, in which the warm saline stream has a temperature

of at least 45°C.

4. A process according to Claim 3, in which the warm saline stream has a temperature of at

least 55°C.

5. A process according to any preceding claim, in which the warm saline stream has a salt

content of at least 10% wt.

6. A process according to Claim 5, in which the warm saline stream has a salt content of at

least 15% wt.

7. A process according to any preceding claim, in which the aqueous stream of lower
salinity is sea water, fresh water or brackish water obtained from a river or lake, or waste

water obtained from an industrial or municipal source.

8. A process according to any preceding claim, in which the osmotic power unit contains
more than one osmosis unit each comprising a semipermeable membrane which permits the

passage of water but not the passage of salts.

12
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9.

used as an input stream for a second osmosis unit.

10.

11.

A process according to Claim 8, in which an output stream from one osmosis unit is

A power generation system comprising:

- a connection to a warm saline stream extracted from a geothermal formation,

- an osmotic power unit arranged to generate electricity through Pressure Retarded
Osmosis (PRO) using the difference in salinity between a high-salinity input stream and

a low-salinity input stream, and

- a thermal power unit arranged to generate electricity by extracting thermal energy from

the warm saline stream thereby producing a cooled output stream, and in which

the system is arranged such that the cooled output stream of the thermal power unit is

passed to the osmotic power unit for use as the high-salinity input stream.

A process for the generation of electricity, which comprises extracting a warm saline

stream from a geothermal formation, and:

12.

13.

(a) converting thermal energy present in the stream into electricity; and

(b) converting latent osmotic energy present in the stream into electricity by passage
through an osmotic power unit in which the stream is passed over one side of a semi-
permeable membrane which permits the passage of water but not the passage of salts, an
aqueous stream of lower salinity than the stream being passed over the other side of the

membrane.

A process according to Claim 11, in which step (a) is carried out before step (b).

A process according to Claim 11 or 12, in which step (a) is carried out by passing the

stream through a heat exchanger.

14.

A process according to any of Claims 11 to 13, in which the warm saline stream has a

temperature of at least 45°C.

15. A process according to Claim 14, in which the warm saline stream has a temperature of
at least 55°C.
16. A process according to any of Claims 11 to 15, in which the warm saline stream has a

salt content of at least 10% wt.

13
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17. A process according to Claim 16, in which the warm saline stream has a salt content of

at least 15% wt.

18. A process according to any of Claims 11 to 17, in which the aqueous stream of lower
salinity used in step (b) is sea water, fresh water or brackish water obtained from a river or

lake, or waste water obtained from an industrial or municipal source.

19. A process according to any of Claims 11 to 18, in which the osmotic power unit
contains more than one osmosis unit each comprising a semipermeable membrane which

permits the passage of water but not the passage of salts.

20. A process according to Claim 19, in which an output stream from one osmosis unit is

used as an input stream for a second osmosis unit.

14



