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The Osmotic Pump

In principle, but probably not in practice, fresh water can

be extracted from our oceans for no expenditure of energy.

Octave Levenspiel and Noel de Nevers

There have been occasional discus-
sions in print and at university gather-
ings of the possibility of an “osmotic
pump,” which would produce fresh
water from sea water at no expendi-
ture of energy, and of its corollary,
an “osmotic power plant,” which
would extract work from the ocean
(1). Both employ semipermeable
membranes. As far as we know, no
analysis has been published of the
scientific basis of these devices, or of
- their prospects as engineering devices.
In this article we undertake those
tasks.

The Pump, the Power Plant, and the

Second Law of Thermodynamics

The osmotic pump and its workings
are usually represented as follows. A
pipe open at the top but capped at the
bottom by a semipermeable membrane
(permeable to water but not to dis-
solved salts) is lowered into the ocean
as shown in Fig. 1. Because the os-
motic pressure difference between
fresh and salt water is about 23 at-
mospheres under ordinary conditions,
the inside of the pipe will at first be
free of water (Fig. 1a). When the pipe
is lowered more than 231 meters the
pressure difference across the mem-
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brane will exceed 23 atmospheres, and
fresh water will flow into the pipe and
rise to a level 231 meters below the
ocean surface (Fig. 1b).

Now since salt water is about 3 per-
cent denser than fresh water, if the
pipe is lowered further the level of
fresh water in the pipe will have to rise
if the pressure difference at the mem-
brane is to remain at 23 atm (Fig.
1c). Finally, if the pipe is lowered
deep enough water in the pipe should
rise above the surface (Fig. 1d).

Thus, in principle, if you grant an
ideal membrane, we should be able
to get a perpetual fountain of fresh
water from the ocean without doing
any work.

The osmotic power plant is a varia-
tion of the pump by which we would
obtain power instead of fresh water
from the oceans. A number of varia-
tions of such a device can be devised.
Probably the simplest to visualize con-
sists of two pipes lowered to different
depths in the ocean (Fig. 2). Since
fresh water will rise to different levels
in these pipes we can allow water to
flow from one to the other and there-
by generate electricity.

The above arguments suggest that
ideal semipermeable membrane devices
can, in principle, effect a separation of
salt and fresh water or extract useful
work from the ocean. Is this not a
flagrant violation of the second law of
thermodynamics?

The answer to this question is cer-
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tainly not clear-cut and unambiguous.
We may or may not be able to extract
fresh water from the ocean without
doing work, depending on what we
mean by the word “ocean.” Do we
have in mind a body of salt water at
equilibrium, or uniform in composi-
tion, or something still different? Al-
though the difference in these cases
may seem to be small and unimpor-
tant, surprisingly they are large enough
to give quite different answers to our
original question—whether the os-
motic pump will work.

Let us make an analysis of these
various cases and see what results. We
will treat in turn

1) the equilibrium ocean, where the
salt concentration and density change
with depth;

2) the uniform ocean, where the
ratio of salt to water stays constant,
but the density changes with depth;

3) the real ocean, which is neither
at equilibrium nor uniform.

Preliminaries

The analysis of this problem rests
on the following ideas and assump-
tions:

1) The fluids in the ocean and in
the pipe are moving so slowly that
they can be treated by the basic equa-
tion of fluid statics

dP
2z =8 ¢))

where P is pressure; z is vertical dis-
tance, measured downward; p is den-
sity; and g is acceleration of gravity.

2) The ideal semipermeable mem-
brane allows free passage for one com-
ponent (water, in our case) but is
completely impervious to the other
component (salt). Thus, complete
thermodynamic equilibrium for water
is established across the membrane
and in the language of thermody-
namics we may express this condition
by writing

Mwater, one stde —

(2)

Mwater, other side
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where p is the partial molal free
energy, which J. Willard Gibbs gave
the name “chemical potential”

ut_gt_(ani)l‘l n; (3)

Here, i and j represent different com-
ponents; g; is the partial molal free
energy of component i; G is free en-
ergy; n; is the number of moles of
component i; and the subscript T,P, n;
means that the temperature, pressure,
and number of moles of component j
are held constant. Most engineers are
more accustomed to think in terms of
the fugacity, f, a property invented by
G. N. Lewis, which is defined by the
equation

RT dinf; = dus 4)

where R is the gas constant. From
Eq. 4 it follows that for properly
chosen reference conditions Eq. 2 is
equivalent to

fwater, one side —

(5)

However, Eq. 2 is the more funda-
mental relation and leads to simpler
mathematics than Eq. 5 so we will
proceed with it. Readers who feel un-
comfortable with u as a physical en-
tity may mentally replace it, wherever
it appears in this article, with RT Inf).

Throughout this article we will be
discussing the chemical potential of
water, either in sea water or in fresh
water; we will never be discussing the
chemical potential of the salt in the
sea water. Thus we will drop the sub-
script i on the p and it will be under-
stood that whenever p appears we are
referring to the chemical potential of
water, not of salt.

3) The chemical potential of water
in pure water or in solution is a func-
tion of pressure, temperature, and
composition

fwater, other side

u= u(P,T,xs) (6)

where x, is the mole fraction of water
in the salt water solution. By straight-
forward differentiation

ap + (2 )dxs

om (p)er

4) We will not need the value of
(3p/9T) because in all that follows
we will not be concerned with tem-
perature changes. From any thermo-
dynamics text (2) we can find that

(alu/ap)ﬂ',fns = Vs (8)

158

@ b @
Fresh
ST water

| f““reaches

surface

S Y

Salt water is about - - lilex
3% denser than DA W e

fresh water at all _
depths

Bottoms of all plpes closed |
with semipermeable membrane ——7

Fig. 1. The osmotic pump. The pressure
difference across the membrane is AP.

where v, is the partial molal volume
of water in solution (for fresh water
v, is equal to v, the molar volume),
and the subscript on the left side in-
dicates that T and x, are held con-
stant. For dilute solutions of salt in
water we may safely assume ideal solu-
tion behavior, for which we may write

RT

(3xs)TP T ox

(Note that we are here assuming ideal
solution behavior for the solvent, not
for the solute. Because the solute con-
centrations are always relatively small

9)
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Fig. 2. The osmotic power plant.

—up to 7 percent by weight—the so-
lute can deviate considerably from
ideal solution behavior without a sig-
nificant deviation from ideal solution
on the part of the solvent.)

5) Making these substitutions into
Eq. 7, setting dT equal to zero, and
dividing by dz so that we can use Eq.
1 to eliminate dP/dz, we find

d,u - RT dXS

B—Zw = Vsps§ - dz (10)

This expression tells us how the chem-
ical potential of water changes with
depth and composition in an isother-
mal, ideal-solution ocean. We are now
ready to proceed to our osmotic pump
in various “oceans.”

Equilibrium Ocean

An equilibrium ocean is one in
which the temperature, pressure, and
salt concentration are in thermody-
namic equilibrium throughout. For
thermal equilibrium the temperature
must be uniform, so that an equilib-
rium ocean is isothermal. The basic
equation of hydrostatics, Eq. 1, is the
expression of pressure equilibrium in
a zero-velocity ocean, so that thermo-
dynamic equilibrium with respect to
pressure exists when Eq. 1 is satisfied.

In any equilibrium liquid solution
the chemical composition changes with
depth because the molal densities of
the various species are not the same.
In normal engineering and laboratory
practice where the elevation changes
are a few feet or less the changes in
chemical composition are negligibly
small. However, in the oceans ' the
depths are large enough for the changes
in chemical composition to be signifi-
cant. The principal application of these
changes in composition with depth is
in ultracentrifuges, which are used in
analytical work to separate substances
of different molecular weight. In these,
at very high centrifugal accelerations,
the equilibrium concentrations of high
molecular weight materials are much
larger at the outside than the inside.
Similarly, the gas centrifuge can appar-
ently be used to separate isotopes of
uranium, by creating an equilibrium
difference in concentration from out-
side to inside. The kind of effects pro-
duced in a few inches at very high
centrifugal forces can be produced in
thousands of feet by the weak gravity
forces in the ocean.

The theory of composition changes
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due to centrifugal or gravity fields has
mostly been worked out for the cen-
trifuges described above. Without both-
ering with the derivations we can bor-
row the result (2, p. 492) that for any
component of a mixture which is at
equilibrium in a gravity field

du

a 1
dz_-Mg (11)

where M is the molecular weight of
the substance (water in this case).

This equation shows that p changes
with depth in the same way for fresh
water as for salt water. So if Ap =0
across the membrane when it is at a
depth of 231 m (Fig. 3a), then when
the pipe is lowered but the water level
is kept unchanged in the pipe, Ax will
still be zero across the membrane at
any other level (Fig. 3b). From this
argument we see that the water rises
to the same level in the pipe no matter
how deep the pipe is lowered in an
equilibrium ocean.

One consequence of this finding is
that the equilibrium AP across the
membrane rises as the pipe is lowered.
This can be understood if we realize
that at equilibrium the salt concentra-
tion also rises with depth (3). To find
how the salt concentration changes with
depth, combine Eqgs. 10 and 11 to ob-
tain

-5 RT dx,
Mg = V.psg + rda (12)
or
dinx, _ g _
dz — RT (M — Veps)  (13)

To find the depth at which the salt con-
centration is double the surface value,
we must integrate Eq. 13, taking into
account that as the salt concentration
increases the density of the salt water
increases, so that the right side of Eq.
13 increases. If we use typical values
- for the properties of salt solutions we
can linearize the equation and inte-
grate, finding that the salt concentra-
tion is double the surface value at a
depth of about 7,000 m or 23,000 feet.
If this is the depth in Fig. 3b, the con-
centration of salt in the ocean outside
the membrane will be twice that at the
surface, and (according to our ideal
solution simplification) the required
pressure difference to bring about os-
motic equilibrium is 46 atm. Thus, the
pressure across the membrane is 46
atm. The difference in density between
‘the fresh water in the pipe and the salt
water outside is adequate to produce
a difference in pressure of 23 atm, so
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Fig. 3. Pressure (P) and chemical po-
tential (u) relations for an equilibrium
ocean.
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Fig. 4. Pressure relations for a uniform
ocean. Abbreviations: z, depth; uni, uni-
form ocean; eq, equilibrium ocean.

that the water level in the pipe must
stand at the level in the ocean where
the gauge pressure is 23 atm—that is,
231 m, the same elevation shown in Fig.
3a. By similar arguments we can show
that the osmotic power plant would
produce zero net work in an equilib-
rium ocean. One of the many ways of
stating the second law of thermody-
namics is, “one cannot extract any work
from a system at equilibrium.” These
computations show that for an equilib-
rium ocean the osmotic pump and the
osmotic power plant do not violate the
second law; they cannot extract any
work from a system at equilibrium.

Uniform Ocean (Uniform Temperature

and Salinity)

Since this is not an ocean at equi-
librium, the deeper we thrust the pipe
the more we can take advantage of the
deviation from equilibrium; hence the
higher the water level should rise in the
pipe, as shown in Fig. 1. How much
does this come to? Is it high enough
to bring water to the surface? Let us
see. '

Since dT/dz = 0 and dx,/dz = 0,
the general expression, Eq. 10, reduces
to

9 = Sung (14)
Now consider a pipe of length Zpipe
thrust in a uniform ocean as shown in
Fig. 4, and let us find how the chemical
potential changes as we go from 1 to
2 to 3 to 4. If we go from 1 to 2 on
the ocean side, integration of Eq. 14
gives

Zpipe
P2 — = g fpsvsdz (15)
0
Across the membrane, Eq. 2 gives
He = pa (16)

Going from 3 to 4 in the fresh water
of the pipe

Z,

uni
My — U3 = g f szrdz

Zpipe
where z,,; is the height to which fluid
will rise in a uniform composition
ocean, and the subscript f denotes fresh
water. Adding the above three expres-

sions gives
(m — m) _
g
Z

Zpipe uni

f psVsdz 4 fPtVde
0

Zpipe

17)

(18)
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If we take ¥ = v, (a good approxi-
mation), if we use average densities of
fresh and salt water p; and p,, and if
we note that p;v; = M, we obtain

(ﬁig:ﬂl_m = i_)’:‘ Zpipe + Zuni — Zpipe (19)
but from the osmotic pressure of sea
water we may compute that (uy—p )/
gM = 231 m, so

Zam =231 m — (%f- - 1) Zome  (20)

This is the useful expression for find-
ing the water level in a pipe inserted
to a depth z,, in a uniform ocean.

As an example of its use, if we
plunge a pipe 10,000 m into a 3.5 per-
cent salt ocean at 0°C (just as deep
as we can go), Eq. 20 gives

1.050 B
2 =231 — (133 — 1)10,000 =
231—264=—33m  (21)

Hence water will rise 33 m above the
ocean surface (note that z is measured
downward).

Again, the length of pipe needed to
just bring water to the surface (z,,; =
0) is

Zpipe = 8750 m

By similar and quite straightforward
arguments we can show that the work
(per gram of water passing through)
which can be extracted by the osmotic
power plant is given by

Work = gAz[(Vsps/veps) — 1]  (22)

For the well-mixed ocean this is about
3 percent of the work for an equivalent
mass of water passing through an or-
dinary hydroelectric plant with the same
elevation change.

The Real Ocean

Looking  through  oceanography
books (4), we find that except for a
shallow zone rather close to the sur-
face (compared to the maximum depth)
the real ocean is practically uniform
in properties, with the temperature be-
tween 1° and 3°C; the salinity between
3.47 and 3.49 percent by weight; and
the density, corrected to surface pres-
sure, about 1.0278 g/cm3. Conse-
quently the real ocean is somewhere
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between the equilibrium ocean and the
uniform ocean, but very much closer
to the latter. So, if a pipe with ideal
membrane was thrust into the deepest
point in the ocean, fresh water would
rise out of the top.

The fact that the real ocean is closer
to the uniform ocean than to the equi-
librium ocean should not surprise us.
Diffusion tends to bring the oceans
to equilibrium, while the currents in
the ocean tend to mix waters and make
it uniform. These currents are driven
by the equivalent of a giant heat en-
gine, in which the high temperature
source is the sun’s energy in the tropics,
and the low temperature sink is the
radiation of heat to outer space near
the poles. This engine overwhelms the
diffusive tendency toward equilibrium.
Thus the osmotic pump and the os-
motic power plant, which appear to get
“something for nothing,” do not vio-
late the laws of thermodynamics; they
merely harvest some of the sun’s en-
ergy, as do windmills and hydroelectric
plants.

Since ocean waters do vary from
place to place, we would need detailed
data on the variation of temperature
and salinity with depth at the particu-
lar location we had in mind if we
wished to determine the precise level
to which the water would rise in the
osmotic pump, or precisely how much
power could be extracted from the
osmotic power plant.

Practical Applications of the

Osmotic Pump

The practical applications of the
osmotic pump and the osmotic power
plant face the same difficulties as re-
verse osmosis desalination of sea water
(5). (One may think of the osmotic
pump as merely a special case of the
reverse osmosis of sea water in which
the pressure gradient is supplied by
gravity and the difference in densities.)
One can readily show that the power
costs for such reverse osmosis desalina-
tion are quite low in the ideal case.
However, in order to get a high
throughput one needs a large membrane
area, which means a high capital cost.
The membranes must have good physi-
cal properties, good lifetimes, and so

on. If a membrane system could be
developed which was practical for the
osmotic pump or osmotic power plant,
then it would likely also be satisfactory
for reverse osmosis, with pumps to
drive the water through the membrane,
rather than using gravity. The later
arrangement would likely be more con-
venient to users, and lower in overall
cost.

In principle, at locations where the
oceahs are deepest the osmotic pump
should be able to bring fresh water to
the surface of the real ocean and the
osmotic power plant should be able
to generate significant electric power.
However, these devices are not likely to
be economically feasible at the present
time. If membranes far superior to
those -now available are developed and
if the ratio of the cost of power to
charges on fixed capital greatly in-
creases, then these devices might merit
further consideration for practical ap-
plication.

One may think of this as a way of
harvesting some of the sun’s free energy
which is stored in the nonequilibrium
state of the ocean. So far, mankind
has harvested such solar energy where
it is more concentrated—through pho-
tosynthesis, fossil fuels, hydroelectric
power, winds, and tides. There are
other untapped sources of solar energy
and possibilities which may be more
economically attractive than this one,
such as the steep temperature gradients
in the tropical oceans and photovoltaic
conversion. For the near future this os-
motic approach seems less likely to be
commercialized than others, although
as we have shown here it is thermody-
namically feasible,
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