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Energy Recovery from Saline Water by Means of

Electrochemical Cells

Abstract. An electrochemical concentration cell is proposed as a means of extract-
ing the energy released from the mixing of freshwater with seawater. In order to ob-
tain the maximum power from such a cell, a small amount of seawater must be added
to the freshwater prior to its introduction into the cell in order to lower the internal
resistance of the cell. The work available from the electrochemical concentration cell
is of the same order of magnitude as the work derived from the use of an osmotic
pump to extract energy from seawater. Both of these saline water techniques should
be considered when unconventional, long-range power sources are evaluated.

Several recent publications have dealt
with the possibility of extracting the ener-
gy released from the mixing of fresh-
water with seawater (I, 2). In all of these
approaches an osmotic pump of some
type has been used, and at present these
techniques probably are of more theo-
retical interest than practical value. Nev-
ertheless, they do constitute possible en-
ergy sources that should be evaluated.

We consider here a different approach
to extracting the energy from the mixing
of freshwater with seawater, one that in-
volves the direct generation of electricity
via an electrochemical concentration
cell. Earlier saline water techniques in-
volved the development of hydrostatic
pressure with subsequent conversion to
mechanical energy and then the genera-
tion of electrical energy.

Electrochemical concentration cells
3, pp. 544-551) can be schematically il-
lustrated as in Fig. 1. Imagine that side A
is filled with freshwater and side B with
seawater. The electrodes in both com-
partments are reversible chloride elec-
trodes, and a porous plug (y) separates
the two sides of the electrochemical cell.
The electromotive force (emf) of such a
cell can be calculated from Eq. 1 3, p.
551):
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where ty, is the transference number of
Na*, R is the gas constant, T is the abso-
lute temperature, F is the Faraday con-
stant, C, and Cy are the respective con-
centration of ClI™ in sides A and B of the
cell, and vy, and +yg are the respective
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mean molal ionic activity coefficients.
For seawater Cy = 0.5 molal, whereas
for Mississippi River water )
Ca = 4.2 X 107* molal [15 parts per mil-
lion (ppm)]. Substituting these values
along with standard physical chemical
values for the other quantities in Eq. 1,
we obtain

8.3 X 300
emf =2 X 0.3 fW
0.5 x 0.68 —0.1volt

" 42 %109 (1)

This concentration cell may not be the
“best”” one that can be obtained from
these water sources. This cell would
have a high internal resistance, and to
lower the internal resistance it might be
desirable to mix some of the seawater
with freshwater prior to introduction into
the electrochemical cell. It thus becomes
important to determine the concentra-
tion of salt (NaCl) that should be present
in the freshwater side of the cell in order
to obtain maximum power.

The power P that can be derived from
electrical circuits involving electrochemi-
cal cells can be represented as
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where € is the cell emf, and R, ., is the
combined internal and external resist-
ance of the circuit. For maximum power
P the internal resistance R; equals the
external resistance R, (5); therefore, Eq.
3 becomes

Prax = 55 4

If we assume that vy, is unity, Eq. 1 may
be written as

2 X 0.3 x 8.3 x 300
96,500

{fn (0.5 x 0.68) — ¢n cAJ )

emf =

or
emf = —0.0155 (1.08 + ¢n C,) (6)

The specific resistance of the dilute
electrolytic solution is the reciprocal of
the conductance of the solution. Stan-
dard physical chemical equations (3, pp.
443-451) concerning conductance can be
combined to give

R, - 1000K )
CA (Ao -b CAUZ)

where R, is the cell resistance, K is the
cell constant, C, is the NaCl concentra-
tion in the freshwater side, A, is the
equivalent conductance at infinite dilu-
tion, and b is the Onsager slope constant.
If we assume that for the cell depicted in
Fig. 1 R, is mainly the electrical resist-
ance of the freshwater side, then Egs. 4,
6, and 7 may be combined to yield

Pmax =

(—0.0155)%(1.08 + €n CA)*Ca(Ay — b C,!2)
2(1000K) )

Handbook values for Ay and b for NaCl
solution may be substituted in Eq. 8 to
give

Pmax =K CA(IOS + ¢n CA)Z X
(126.45 — 79.4 C,'»  (9)

where K’ is a constant.

If we differentiate Eq. 9 with respect
to concentration and set the derivative
equal to zero, we obtain

0 =2(126.45 — 79.4 C,'*) +
(1.08 + ¢n C,) X

(126.45 — 79.4 C,'*) —

39.7 C,1*(1.08 + ¢n C,) (10)

Equation 10 may be easily evaluated on
a computer to yield C, = 0.039 molal
(2300 ppm of NaCl). This is the concen-
tration of NaCl needed in side A of Fig. 1
to yield the maximum power. As this
NaCl concentration is considerably
above that of most river water, it will be
necessary to mix some seawater with the
freshwater prior to introduction into the
electrochemical concentration cell. The
emf to be expected from the cell, calcu-
lated from Eq. S, is 0.035 volt.
Concentration cells are usually con-
structed in electrochemistry laboratory
experiments to determine transport num-
bers and other quantities of theoretical
interest. Their use as a power source
(even on a small scale) has not been in-
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vestigated. However, a NaCl concentra-
tion cell of the type proposed probably is
a good one to consider as a power source
because (i) it is the usual cell that is con-
structed in the laboratory and (ii) com-
mercial reversible chloride electrodes
have been developed for chlorine produc-
tion.

It is difficult to compare the osmotic
pump or the electrochemical concentra-
tion cell as preferred methods of extract-
ing the energy released from the mixing
of freshwater and saltwater. One can
compare the maximum work that is pos-
sible in the two processes. Norman has
calculated (/) the work W that can be de-
rived from a saline water osmotic pump:

w- RIC (11

where C is the concentration of the
seawater and V is the volume of water. If
one considers the energy to be derived
from the addition of 1 liter of freshwater
to an infinite amount of seawater, then
from (/)

Z2X30 X T o cal

For an electrochemical cell, the free
energy or Wy, that can be obtained is

Wmax = n F € 12)

where 7 is the number of equivalents re-
acting. For a NaCl concentration cell, n
equals 1 equivalent per mole of Cl~. Cal-
culating the energy released when the
ions in 1 liter of seawater are transferred
to freshwater, one obtains for the electro-
chemical concentration cell that has
been maximized for power generation

W = 0.5 x 23,000 x 0.035 = 400 cal
(13)

This available work is of the same order
of magnitude as that obtained by the os-
motic pump, and the generation of elec-
tricity by direct means rather than by
means of a three-step process has some
advantage. The agreement between the
calculated Wy, in the two processes is
not surprising, since these are two ways
of deriving energy from the same energy
source.

There are, however, conceptual dif-
ferences between the two approaches:
in the osmotic pump, water molecules
are transported across a membrane; in
the electrochemical concentration cell,
ions are transported across a membrane.
In an interesting practical approach to
the use of saline water electrochemical
concentration cells as power sources (6),
ion-exchange membranes have been
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Fig. 1. Electrochemical concentration cell.

used to separate the anode and cathode
compartments; by this means, one of the
most difficult practical problems associat-
ed with electrochemical concentration
cells has been solved.

Perhaps the biggest obstacle to the use
of saline water as an energy source is
that the energy-rich phase (that is, the
seawater) is in plenteous supply; where-
as the energy-poor phase (that is, the
freshwater) is in limited supply. There-
fore, saline water power plants employ-
ing electrochemical concentration cells
would need to be located near where riv-
ers enter into the sea or perhaps even in
Arctic waters where freshwater could be
obtained from the ice.

Another approach would be to use
highly saline lakes (for example, the
Dead Sea) as the energy-rich phase and
seawater as the energy-poor phase. This
approach would lead to higher power out-

puts per electrochemical concentration
cell if suitable geographic locations can
be found for such installations. It might
be feasible to create artificial lakes near
the ocean and use solar evaporation to in-
crease their salinity so that energy dis-
sipation can be achieved from the dilu-
tion of the saline lake water with seawa-
ter.

The sea is being seriously considered
as an energy source (7). Most of the inter-
est appears to be centered on the use of
the thermal gradients in the ocean to gen-
erate electric power. On the basis of the
evidence presented here, we believe that
saline water electrochemical concentra-
tion cells and osmotic pumps should be
seriously considered as potential long-
range power sources.
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Extended Helical Conformation Newly Observed

in Protein Folding

Abstract. A new secondary structure, which shows regularity within the experimen-
tal error, is noticed in o-chymotrypsin, and considering its extended nature, the
name e-helix has been suggested for the same. The average observed values of ¢ and
U for this conformation are —93° and +146°, respectively. The helical parameters
turn out toben = —2.7 and h = 3.3 angstroms.

During the course of an analysis of the
crystallographic structural data of some
proteins, which was performed by meth-
ods reported recently (I), we observed
what appears to be a new regular form of
secondary structure that apparently has
not yet been described. We now report
evidence for, and the nature of, this form
of chain folding.

The observed overall frequency distri-
bution of 4, which is the torsion angle in-

volving the virtual bonds, namely,
C% - —C—C% 4 —C% 1 2, In six
proteins (myoglobin, lysozyme, a-chy-
motrypsin, carboxypeptidase A, ribonu-
clease S, and insulin) containing, in all,
about 1050 residues is shown in Fig. 1. It
may be seen that there is a prominent
maximum at 6 = 50°, which corresponds
to « helices. Apart from this there are
two broad maxima, one at § = —135° and
another at 8 = —170° (2).
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