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SUMMARY

This report describes the results of an initial feasi-
bility study of pressure retarded osmosis (PRO) as a power
generation technique from various salinity gradient resources.
A number of flat sheet reverse osmosis membranes were evaluated.
Reverse osmosis (RO) and direct osmosis (DO) experiments were
used to predict the performance of the membranes under PRO
conditions. Based on this work, we conclude:

: 1. Concentration polarization is a major problem
in PRO. If not controlled, concentration polarization can re-
duce the water flux through PRO membranes to a fraction of the
value expected from RO tests. Two types of concentration
polarization exist. The first is external concentration polari-
zation in the liquid boundary layers on either side of the mem-
brane. External concentration polarization can be minimized

by stirring the solutions to reduce the thickness of these
liquid boundary layers. The second type of concentration
polarization is internal concentration polarization which oc-
curs in the porous substructure of anisotopic membranes and

is unaffected by stirring. Internal concentration polariza-
tion can only be reduced to an acceptable level by using mem-
branes with an open microporous substructure, such as cellulose
acetate asymmetric (Loeb-Sourirajan) membranes.

2. 1Internal concentration polarization cannot be
overcome by using brines -of highly rejected salts such as -
magnesium sulfate.

3. Useful PRO membranes do not require the ultra-
high permselectivity necessary in reverse osmosis, and a
trade-off between flux and salt rejection is possible. If
the salt rejection is too. low, however, internal concentra-
tion polarization due to excessive salt leakage can limit the
flux. PRO membranes should have the combination of high salt
rejection in the skin layer and high ratcc of ealt diffusion
in the porous support layer to avoid internal concentration
polarization. Composite membranes, despite their high water
permeabilities and high salt rejections in RO, are not suitable
for PRO because of severe internal concentration polarization,
even at very modest fluxes. This internal concentration
polarization results from the pores of the membrane structure
being apparently filled with a crosslinked gel which inter-
feres with salt diffusion in this substructure.

4. Hollow fiber membranes are likely the most promising
membrane geometry for two reasons: they allow control of exter-
nal concentration polarization by .circulation of solution on
both sides of the membrane, and they are the cheapest form of
membrane currently available.



5. The flux through a direct osmosis membrane using

concentrated brine as the salt solution and seawater as the
dilute solution is approximately half of the flux obtained

when fresh water is used on the dilute side of the wmembrane.

The PRO salinity gradient system, NaCl brines/seawater, 1is
therefore not a viable resource. However, brackish water
solutions containing up to 1% salt can be used with only a
20% drop in flux.

6. Because the operating pressures of PRO systems
are lower than those used in RO, compaction of porous mem-
branes due to hydrostatic pressure gradients is reduced.
For these membranes, PRO fluxes can be higher than the RO
data would suggest. ‘

7. It appears that PRO is an economically viable
power generation technique, provided that asymmetric (Loeb-
Sourirajan-type) hollow fibers can be prepared with membrane
fluxes comparable to flat sheet membranes.



I. INTRODUCTION

This is the final report on Department of Energy Contract
No. EG-77-C-05-5525, entitled "Membrane Research for Salinity
Gradient Energy Production'. It covers the period August 18,
1977 through July 31, 1978.

A large quantity of potential energy is stored in the
waters of the earth, as a result of the unequal concentra-
tions of salt in fresh.water and seawater. This energy, in
reality a form of solar energy, is now released as low grade
heat when fresh waters mix with the sea. The amgunts of
energy involved are vast. It has been estimated(l) that the
energy of mixing of the Columbia River with the Pacific
Ocean is equal to the energy now generated by the entire
system of dams on the river, i.e., some 4000 electrical mega-
watts. Much of this energy could be recovered by allowing
the waters to mix through an osmotic membrane, thereby con--
verting the osmotic pressure of seawater into a hydrostatic
pressure, which could in turn be used to drive a turbine and
genergte electricity. Such a scheme has been proposed by
Loeb(2) and, independently, by Jellinek.(3) The way in which
the process would work is illustrated in Figure 1. Loeb
has coined the term ''pressure retarded osmosis' (PRO) for
this process and has already demgnstrated its feasibility
on a very small scale in Israel. (4) A current summary of the .
state-of-the-art has-been presented by chk

In principle, all of the elements of technology required
to realize this energy production already exist.  The principal
element is the semipermeable membrane.: High performance mem-
branes of this type have been developed over the past decade
and these are now in gommon use in water desalination by re-
verse osmosis (RO). It can be readily shown, however, that
electricity cannot be generated using current PRO technology
at costs competitive with present electrical generation methods.
The energy of mixing of fresh water. with the sea is 2.8 -kw-hr
per thousand gallons of fresh water. This is the ideal, or
reversible, energy of mixing; not all of this energy could be
recovered in a practical system. At current domestic prices,
the amount of ideally recoverable energy thus has a value of
something less than 10¢ per thousand gallons of fresh water.
Because the two processes are so similar, we can assume that
the operating costs of pressure retarded osmosis would very
likely be comparable to the costs of reverse osmosis. Cur-
rent costs of desalting seawater by RO are on the order of
$2-84 per thousand gallons of fresh water produced. Thus,
an improvement in costs of at least an order of magnitude
is required before PRO can be used to produce electricity
at competitive prices. And because many of the important
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Figure 1. Schematic representation of pressure re-
tarded osmosis. The osmotic pressure of
a brine solution is converted to hydro-
static pressure to drive a turbine and
generate electricity.



cost elements in the process are rather well fixed (e.g.
pumps, turbines, etc.), the improvement required in the
economics of the membrane portion of the system will have
to be even greater than an order of magnitude.

There are additional ways, of course, in which solar
energy could be used in a PRO generator. For example,
solar evaporation could be used to produce concentrated
brines with even higher osmotic pressures than seawater,
which could, in principle, improve the efficiency of the
system. It can be readily shown, however, that such im-
provements will not alter the basic conclusion that im-
proved membrane systems are required.

The principal objective of the present program, there-
fore, was to examine both existing RO membranes as well as
those under development in order to determine whether the
required improvements in performance may be achievable.
This was thus a feasibility study, aimed at determining
the transport properties of membranes and identifying the
essential requirements and limitations imposed on osmotic
membranes in PRO.

II. THEORY

-A. Principles

The relationship between reverse osmosis, pressure
retarded osmosis;. and-direct osmosis is illustrated in
Figure 2 for an ideal, perfectly selective semipermeable
membrane. In direct osmosis (DO), the semipermeable mem-
brane separates a salt solution on one side of the membrane
and water on the other. ‘A flow of water from the water side
to the salt solution then takes place due to the difference
in osmotic_pressures between the two solutions. If the
salt side is gradually pressurized, the water flow will
decrease until no flow occurs when the applied pressure
equals the osmotic pressure of the salt solution. This
regime in which there is a flow of water into a pressurized
salt solution is known as pressure retarded osmosis. Re-
verse osmosis occurs when the hydrostatic pressure applied
to a salt solution is greater than the osmotic pressure.

In this case, there is a flow of water from the salt solu-
tion side to the water side of the uwenbrane.

The water flux, Jy, for these ideal membranes can be
related to pressure by the simple equation

J, = A(AT-4P), (1)
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where A is the membrane water permeation constant, Am is the
osmotic pressure difference across the membrane, and AP is the
hydrostatic pressure difference across the membrane.

In PRO, the power per unit membrane area that can be
generated is equal to the product of the water flux across
the membrane and the hydrostatic pressure of the salt solu-
tion. The maximum power per unit volume of solution trans-
ported by osmosis is therefore obtained at the maximum
hydrostatic pressure under which PRO takes place, i.e.
the osmotic pressure, w. At this pressure, however, the
transmembrane water flux would be negligible, and a very
large membrane area would have to be used, resulting in
high capital costs for the system. It is preferable, there-
fore, to operate PRO systems under conditions corresponding
to the maximum power per unit membrane area, in order to
minimize capital costs. It can be shown that these
conditions correspond to a salt side pressure of An/2. The
water flux in this case, from Equation (1), is AAw/2. Thus,

. : AAm, AT AATr2
power /unit membrane area = (_7_)(77) == (2)

Equation (2) shows that the maximum output of a PRO system
increases in direct proportion.to the membrane water per-
meability constant, A, and thus-high flux membranes are pre-
ferred. The power.output is-also proportional to the square
of the osmotic pressure, or salt concentration, on the salt
side of the membrane. That is, doubling the salt concentration,
in principle, increases the power generating capacity of a
PRO system four fold. The dependence of power on the square
of the salt concentration arises because increasing the salt
concentration increases both the pressure at which the system
‘operates and the flow rate through the membrane.

B. Concentration Polarization

'

In practice, real membranes are not perfectly perm-
selective and a small amount of salt permeates the membrane.
This salt permeate-has two effects. The first is to lower
the pressure at which the hydrostatic and osmotic flows are
balanced from Am to Ampbs. In general, this is not a serious
effect unless the membrane has very poor salt-rejecting
characteristics. The second effect of salt permeation through -
the membrane, concentration polarization, is much more serious.
Concentration polarization effects can be external or internal.
External concentration polarization in direct osmosis is il-
lustrated in Figure 3. 1In this figure, it is assumed that the
membrane is homogeneous, and for simplicity, the salt partition
coefficient in the membrane is taken to be unity. As shown



in Figure 3, the concentrations of salt at the membrane inter-
faces are different from the bulk solution concentrations.

This is caused by the flow of salt and water through the mem-
brane in opposite directions, producing a more dilute solution
at the salt side membrane interface and a more concentrated
solution at the water side interface of the membrane. The
actual osmotic driving force across the membrane is then = Ty
corresponding to the salt concentrations, C, and C,, in thé& so-
called boundary layers on each side of the fiembraneé. This
driving force is lower than the apparent value, m,-T., COr-
responding to the bulk solution salt concentratioiis,”C; and C..
This problem can be overcome by stirring the solutionsion botg
sides of the membrane to minimize these boundary layers. With
flat sheet membranes, appropriate stirring is easily achieved
on the salt side of the membrane. However, on the water side
of the membrane, a support layer is required to withstand the
hydrostatic pressure across the membrane. This support inter-
feres with good stirring, and prevents elimination of the
boundary layer. For this reason, PRO experiments with flat
sheet membranes are difficult to perform. It is therefore
preferable to extrapolate the performance of the membranes -
under PRO conditions from the results of DO experiments where
the support layer can be dispensed with because there is no
hydrostatic pressure difference. For this same reason, practi-
cal PRO systems will almost certainly be limited to hollow
fiber membranes, which need no support layer to withstand

the salt side pressure, and with which good stirring on both
sides of the membrane is achieved.

Internal concentration polarization of the membranes
caused by salt permeation through the membrane is much more
difficult to control. All RO membranes with useful water
permeabilities are anisotropic, with a very thin salt-rejecting
"'skin'" layer on one side of-.the-membrane. The remainder of
the membrane is a fairly porous matrix that serves as a sup-
port for the skin. It is the build-up of salt within this
porous support layer that constitutes internal concentration
polarization, as shown in Figure 4. As before, there exists
some polarization at the outer surfaces of the membrane which
can be controlled by stirring. However, stirring does not
affect the concentration polarization within the membrane.
The osmotic driving force is not then m,-m,, corresponding
to the concentrations C, and CA’ but T,-m,, corresponding
to the concentrations C5; and C,. As will”be shown below,
this internal concentra%ion po%arization can be a very
serious problem, reducing the flux in DO and PRO experiments
to a fraction of the value predicted from RO experiments.
The problem does not occur in RO because the water flux is
in the same- direction as the salt flux, and thus any salt
which permeates the membrane is continuously swept away by
water permeating the membrane.
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The actual mathematical treatment of internal concentra-
tion polarization in direct osmosis is complex, but suffi-
ciently important to merit attention here. For simplicity,
the bulk solutions are assumed to be well stirred, and there
‘is no external concentration polarization. Thus, in Figure
4, C2 = C, and C The water flux across the salt-
rejeCting skin is theg given by Equation (1), with AP = O:

Jy = A, - T

3 (3)

The sak%)transported across the rejecting layer can be writ-
ten as ‘!

-Jg = B(c2 - C3), | (4)

where B is the salt permeation constant. The salt flux is
negative because the direction of salt flow is opposite to
that of the water flow. In the porous layer, the salt flow
consists of two components acting in opposite directions:

a diffusive part due to diffusion down the salt concentration
gradient, and a convective part due to the bulk flow of water
through the system. The salt flux is thus written:

dc '

-5 = p_e9%x) - TuC (), (5)
where € is the porosity of the substrate and is assumed equal
to the volume fraction occupied by capillary water in the
membrane. Typically, € > 0.5. Combining Equations (4) and (5)
yields: : :
s dC (x)

Y eTax

B(CZ 3/ ° Ds

- JwC(x). (6)

The boundary conditions for the direct osmosis case are:

C(x)

C4 at x =0

C(x) = C3 at x Tt,

where t is the thickness of the porous substrate, typically
100 ym, and T is a tortuosity factor. The tortuosity in-
creases the effective thickness of the membrane. Typically,
in simple systems, T is approximately equal to 1/e. With
these boundary conditions, Equation (6) can be integrated to
give:



One method of characterizing the extent of internal con-
centration polarization is to define an internal concentra-
tion polarization coefficient, Q, equal to the fractional de-
crease in the membrane flux from the theoretical flux in the
absence of polarization. Q is thus defined as

Jwg = Jw

Q . , : (12)

where Jy is the flux in the presence of polarization obtained
from Equations (10) or (1L1), and Jwy is the flux in the ab-
sence of polarization (C, = C ) obtained from Equation (3).
Thus, Q = 0 represents ng 1nternal polarization (Jy = Jy.),

and Q = 1 represents complete polarization (Jw = 0). An equi—
valent definition of Q arises from the salt concentration
profile in Figure 4:

(13)

The relationship between the various parameters incorpo-
rated in K (the resistance to salt transport through the
porous sublayer) and the extent of internal concentration
polarization, Q, is illustrated by plotting Q as a function
of Jy for different values of K: Figures 5 and 6, differing
only in the magnitude of B (a measure of the membrane salt
permeability), show this relationship for the simplest case
of the brine/pure water system (C, = 0). The curves are
derived from Equation (1ll1l), using values for the parameters
representative of reverse osmosis membranes.

The most significant features of this family of curves
are:

a. Internal concentration polarization increases
monotonically with water flux. Physically, this is because
the diffusion of salt through the porous sublayer is opposed
by the convective osmotic water flow. Salt therefore tends
to accumulate at the interface between the rejecting skin
and the porous sublayer. Increasing osmotic driving forces
at high Q values would bring about progressively smaller gains
in water flux. Alternatively, the flux at which Q asymptoti-
cally approaches unity defines the maximum water flux attain-
able with a given salt, regardless of brine content.

In the limit of zero water flux, on the other hand, Q ap-
proaches a non-zero lower limit. (In practice, of course,
this situation can be realized only if the brine is pres-
surized, so that Jy = 0, even though ANl # 0). Here, the
transport of salt is unaffected by convection and therefore
proceeds by diffusion alone, driven by the existing concen-
tration gradient in the porous sublayer.

12



B(Cp - C3) + Ty _ e (Jrt/D o) -
B(C, - Cy) + JuC, P WwTt/Ygel,

which rearranges to:

c
- 1) 4 Iy 2 WK

Cy (8)
- 1)+ Jy,

B(eJWK

3 2
Co B(e

JwK

where K = tt/D_e. The values of all membrane parameters on
the right-hand”side of Equation (8) are either known or can
be estimated for a given membrane. Thus, the effective con-
centration gradient of salt across the skin layer may be com-
puted. In the special case of a brine/pure water system,

C, = 0. Equation (8) therefore reduces to the even simpler
form: ‘

-1

Cy { Jw ' 5
Cy  IBe?"F - 1) - (

K, in Equations (8) and (9), is a measure of the resistance

of the porous sublayer to salt transport. A high value of

K indicates a high resistance to salt transport, due to either
a tortuous path in a thick membrane, a low salt diffusion coef-
ficient, or a low porosity. Correspondingly, a low value of

K indicates a low resistance to salt passage.

If the ratio of salt concentrations is assumed to be ap-
proximately equal to the ratio of osmotic pressures, i.e.
l/C = mi/w3, then Equation (3) may be combined with Equa—
tlons (8) ané (9) to yield, respectively,

C
J
JW = Anz P_- E% e WK} - B[eJWK - % ; C2>Ca>0, (10)
and

Equations (10) and (l11) relate the direct osmosis water flux
to the characteristics of the membrane and to the osmotic
pressure of the brine. Equation (11) may be solved numeri-
cally for Jy; using To values derived from appropriate osmotic
coefficients. '

13
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Figure 5. Effect of the direct osmosis water flux,

Jy» on the internal concentration polari-
zation parameter, Q, for different values
of K. B = 10"° cm/sec.
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Figure 6. Effect of the direct osmosis water flux,

Jw, on the internal concentration polari-
zation parametir, Q, for different values
of K. B = 10"% cm/sec.
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b. Internal concentration polarization 'is in-
creased by increasing the membrane thickness or tortuosity,
or by decreasing the diffusion coefficient of the salt or
porosity of the porous sublayer. Thinner membranes will
therefore exhibit less concentration polarization, all other
factors being equal. )

c. Poor salt rejection properties of the skin
region of the membrane, manifested in a high salt permeation
constant, B, lead to a high degree of concentration polari-
zation.

Figure /7 shows the concentration polarization curves
for the case when the dilute side of the membrane contains
increasing quantities of salt. Internal concentration polari-
zation is much worse in this case, since the convective flux
of water carries salt into the porous sublayer of the membrane.
Thus, as the concentration of salt on the porous side of the
membrane increases, the extent of internal concentration polari-
zation also increases, at a given osmotic water flow.

The approach to Q = 1 of the curves shown in Figure 7
with C /C2 greater than zero is clearly non-asymptotic. This
may be 'explained conceptually by the mechanism for the dissipa-
tion of salt from the porous sublayer. 1In a brine/water. system,
only pure water flows into the porous sublayer. There is always
a finite difference in salt concentration between the under-
side_of .the rejecting skin and- the:.external: side of the porous
sublayer (pure-water).- -Consequently;-there 'is a continuous
diffusive dissipation of the salt, and C, is always less than
C,. The approach of the Q vs. J _ curve éo Q = 1 is therefore
- aSymptotic under these boundary Cfonditions. By contrast, the
osmotic water flow in a brine/brine system carries with it a
certain amount of salt into the porous sublayer. When the sum
of this convective salt flow plus the ''leakage' across the re-
jecting skin exceeds the rate at which salt can diffuse out of
the porous sublayer, C, increases until it reaches the level

of C,. When this'comp%ete polarization (from Equation (13),
Q = %) occurs, the osmotic process stops. There is a well-
defined water flux at which the influx of salt exactly balances

the dissipation, to cause C, = CZ‘ This flux is defined by
Equation (8). It can readi%y be“shown that the flux is finite
for C,/C, > 0, thus explaining the non-asymptotic nature of
the curvés in Figure 7.

C. Other Factors Affecting PRO Fluxes

Although internal concentration polarization is the
dominant factor affecting membrane flux in PRO and DO, two
other factors are also significant. The first is '"osmotic

16
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deswelling', a term used to describe the partial loss of
dissolved and capillary water from a membrane contacted
with very concentrated salt solutions. This loss of water
can lead to a partial collapse of the membrane structure,
and conseque?t lower water and salt permeabilities through
the membrane(9) The actual osmotic flows generated by
highly concentrated salt solutions may therefore be less
than those predicted by extrapolation of the experimental
results with more dilute solutions.

The second factor known to affect membrane flux with
these membranes is compaction. When high hydrostatic pres-
sures are applied to the membrane, compaction occurs and
lowers the water and salt permeabilities through the mem-
brane. Compaction is particularly noticeable with high-
flux, low-salt-rejecting membranes, which usually have a
less dense structure than low-flux, high-salt-rejecting
membranes. Because of compaction, the water fluxes pre-
dicted from RO experiments obtained under hydrostatic
pressure gradients may be lower than those obtained in
DO under no hydrostatic pressure gradient (that is,

AP = 0).

D. Potential Salinity Gradient Resources

The first criterion for a useful salinity gradient
power generation process is the close proximity of. seawater
or ‘a brine solution to a supply of fresh or brackish
water.. However;-several'-types-of-salt solutions may be
used, ranging from different concentrations of NaCl to
entirely different salts. The choice of salt affects the
composition of the brine system as well as the economics
of the process. 1In our program, several of the possible
schemes of practical utility have been investigated. They
may be grouped into the following categories:

1. Seawater/Water. This scheme is exemplified by
a river terminating at the sea. 1In principle, a PRO plant
could be constructed at every estuary; thus, the size of
the potential resource is enormous. However, it is a rela-
tively low-grade resource, since the osmotic pressure of
seawater is only 24.atmospheres. This type of PRO plant
would therefore operate at a seawater pressure of 10-12 at-
mospheres (An/2), and the osmotic pressure gradient available
to drive water through the membrane would also be 10-12
atmospheres. Membrane fluxes under this presure gradient
would be small, and the capital costs of the membrane re-
quired to generate useful quantities of electricity would
be correspondingly high.
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2. Brines/Water. The osmotic pressure of NaCl
brines can reach 350 atmospheres. Thus, as shown in Equa-
tion (2), the power produced using these solutions could
in principle be much higher than with seawater, even if the
membranes suffer partial osmotic deswelling at the high
brine concentrations. On the other hand, although this is
a much higher-grade resource, the potential quantity of
energy extractable is much smaller, since concentrated brines
are generally only found in deserts where the availa?}S fresh
water is both limited and valuable. Wick and Isaacs )have
recently suggested using salt domes as a brine source, in
which case the plants could be located closer to available
fresh water sources. However, the diluted brine effluent
would then pose a significant disposal problem.

3. Brines/Seawater, Brines/Brackish Water. One
possible method of increasing the utility of brine lakes as
a salinity gradient resource is to use seawater or brackish
water on the dilute side of the membrane. There are several
locations in the southern and southwestern United States
where this would be feasible. The diluted brine would be
recycled to the brine lake to be reconstituted by solar
evaporation. This is an attractive approach if the internal
concentration polarization effects described earlier can be
controlled.

4. Salt Substitutes/Water. A key problem with PRO
membranes .is leakage of salt across the membrane, leading
to intermal concentration polarization. This is particularly
serious with high-flux, low-salt-rejecting membranes. Highly
rejected brines of salt substitutes, such as magnesium sul-
fate or strong polyelectrolytes (e.g., sodium polystyrene
sulfonate), are a possible solution to the problem. Because
of their expense; these brines would have to be recovered
by solar evaporation after use. Thus, this resource is
again limited to desert locations of abundant sunshine but
where fresh water supplies are limited.

IIT. EXPERIMENTAL

A. Membranes

The following flat sheet membranes were selected for
testing: : ~

1. Cellulose Acetates. Asymmetric membranes were
prepared at the Max-Planck Institute for Biophysics in Frank-
furt, Germany, from Bayer Cellit K700 39.17% acetyl cellulose
acetate polymer, following a solution-casting procedure first
described by Manjikian, et al, 11 Batches of the membrane
were annealed at 500, 600, 70°, and 80°C, and are designated
CA50, CA60, CA70 and CA80, respectively.
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2. Polyamide. An asymmetric polyamide m?ngane,
designated BM-05, was obtained from Berghof GmbH.

3. Polybenzimidazolone (PBIL). PBIL is a newly
developed reverse osmosis membrane from Teijin Corp. of
Japan and Abcor Inc. of Wilmington, Massachusetts.(13,14)
An asymmetric membrane of the PBIL polymer was cast onto
a polypropylene support.by the usual phase inversion tech-
nique to give high desalination performance and exceptional
chemical stability. Development samples were obtained from
Abcor.

-

4. Composite Membranes. These membranes consist
of a salt-rejecting layer deposited on a porous sublayer.
The sole function of the sublayer is to provide mechanical
support for the ultrathin salt-rejecting layer. Membranes
of this type can have salt rejections in excess of 99%.

a. PA-300. This is a polyamide thin-film com-
posite membrane obtained from Universal 0il Products. The
salt-rejecting barrier layer is formed by interfacial poly-
merization of an epichlorohydrin-ethylenediamine condensate,
crosslinked by isophthaloyl chloride. This layer is supported
on a finely porous polysulfone substrate which accounts f?ES)
virtually the entire thickness of the composite membrane.

b. NS-10l1. This membrane was obtained from the
North Star Division of Midwest--Research Institute. The salt
rejecting layer consists of a polyurea formed by the inter-
facial polymerization of polyethylenimine with isog?g?aloyl
chloride. The support is microporous polysulfone.

c. NS-200. This is a recently developed mem-
brane also obtained from North Star. The active layer of
NS-200 is a crosslinked film of polymerized furfuryl alco-
hol, and the support is again microporous polysulfone. 17)

'd. BM-1-C. Berghof GmbH of Tubingen, West
Germany supplied this proprietary composite membrane. The
only feature known to be in common with other composite
membranes is its polysulfone substructure.

We were unable to obtain samples of other types of mem-
branes, including composite membranes prepared by plasma
polymerization (Research Triangle Institute, North Carolina),
and porous glass memhranes (JENAer Glaswerk Schott & Gen.,
Mainz, West Germany). ‘

B. Reverse Osmosis Test System

A stainless steel reverse osmosis loop, shown schemati-
cally in Figure 8, was used for the RO tests.
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Two salts were used for brine make-up: a 3.5% w/v sodium
chloride solution was used to simulate seawater, and a 1% w/v
magnesium sulfate solution was employed as an alternative os-
motic agent to sodium chloride. A high brine recirculation
rate across the surface of the membrane was maintained to
eliminateoconcentration polarization. All tests were conducted
at 25 + 2°C.

In a typical reverse osmosis test, a brine pressure of
up to 1200 psig was used. The water and salt fluxes were
measured after steady state was reached, typically after
about 12 hours. The water flux was then measured as a func-
tion of pressure, from 200 to 1200 psig.

C. Direct Osmosis Test System

A glass permeation cell was designed and constructed
in which the osmotic water flux and salt flux could be
measured concurrently with high precision. A schematic
diagram of the cell is shown in Figure 9.

The test membrane was held between the ground glass
flanges of the half-cells by a clamp. The enclosed lower
half-cell contained the brine. The inlet and outlet on the
upper half-cell were connected through a recirculation pump
to an external 0.5 or 1.0 liter reservoir of the dilute solu-
tion (either water or the weaker brine). An air damper on
the pump outlet minimized pulsation in the -water circuit,
while a stainless steel perforated support screen below
the test membrane prevented residual fluctuations in the
hydrostatic head from affecting the volume of the brine.
Stirring of the liquids on either side of the membrane was
provided by a motor-driven glass impeller on the dilute
side and a magnetic stirring bar on the brine side. The
rate of osmotic flow of water into the brine was measured
volumetrically with a pipet. The permeation of salt into
the water chamber was determined periodically by measuring
the salt concentration of the water with a conductivity bridge.
In cases where the water flow into the brine compartment
was sufficiently rapid to dilute the brine significantly
during an experiment, the brine concentration was also
measured at the time the water flux reading was taken.

Two typical direct osmosis runs are shown in Figure 10.

The time required before a steady-state flux was reached
differed significantly for different membranes. In general,
the membranes prepared by the Loeb-Sourirajan technique,

such as the BM-05, PBIL, and the cellulose acetate membranes,
all reached a steady-state flux within 20 to 50 minutes.
However, the composite membranes, such as the PA-300, NS-101,
and NS-200, frequently required as long as 100 to 250 minutes.
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The effects of external concentration polarization
lower the effective osmotic pressure driving force across
the membrane, and are illustrated in Figure 11. When
the stirring on the fresh water side of the membrane was
stopped, the water flux decreased markedly. This is the
result of a higher salt concentration at the porous layer-
solution interface than in the bulk solution. Creating a
stagnant condition on the brine side produced an additional
large flux decline. This decline is expected from the
dilution of the brine concentration at that interface by
the permeating water. Restarting the water side stirring
resulted in partial restoration of the original flux, as
the salt build-up at that solution-membrane interface was
eliminated. Resumption of stirring in the brine compartment
led to a sharp rise of water flux, surpassing the steady
state value at the beginning of the experiment. This
surge was real and reflected the condition in which the
entire salinity gradient was instantaneously imposed across
the salt-rejecting layer before the salt concentration
profile could again develop within the porous sublayer.

IV. RESULTS AND DISCUSSION

The goal of this program was to evaluate the feasibility
of current reverse osmosis membranes in osmotic power genera-
tion, using .a variety of potential salinity gradient re-
sources. The bulk of our effort centered around sodium
chloride brines and synthetic seawater, because these repre-
sent by far the largest resource. However, magnesium sulfate
and sodium polystyrene sulfonate were also studied as alter-
nate brines. The general approach was first to characterize
the membranes by reverse osmosis, which gives the potential
membrane performance in the absence of internal concentra-
tion polarization and osmotic deswelling. These results
were then compared-with the results of direct osmosis experi-
ments to determine the importance of internal concentration
polarization, osmotic deswelling, and compaction.

A. Salinity Gradient Systems: Seawater/Water, NaCl
Brines/Water

1. Reverse Osmosis Experiments. The reverse osmosis
flux and rejection characteristics of all the membranes
tested are shown in Table 1. An example of a typical flux vs.

pressure curve used to generate this data-is shown in Figure 12.

From the extrapolation of the flux curve to the pressure axis,
the observed osmotic pressure, Ampbsg, was obtained. This,
together with the water permeation constant, was used to calcu-
late the theoretical work available for each membrane, fol-
lowing Equation (2).
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TABLE 1.

28.1 atm.

Transport properties of several RO membranes and their projected direct
osmosis performance with 3.5% w/v sodium chloride, Amw

Water Theoretical Maximum Theoretical
Permeation Salt Observed Direct Osmosis " Maximum
Membrane Constant, A Salt " Permeation Osmotic w§fer Flux Available
Thickness ( cm3 ) Rejection Constant, B Pressure ( cm ) Work
Membrane (cm) cmZ-sec-atm (%) (em/sec) Amohg(atm) ‘cmZ-sec (gfd) (watt/ft2)
Cellulose '
Acetates
CA80 9.7 x 1072 1.0 x 107" 87 2.0 x 1074 25.5 2.5 x 1074 5.3 0.15
CA70 9.4 x 107> 3.3 x 10°° 39 8.7 x 1073 15.0 4.7 x 10°% 9.9 0.17
CA60 1.0 x 1072 4.5 x 1077 15  3.7x107%  10.2 4.5 x 1074 9.4 0.11
Polyamide
BM-05 1.1 x10°%2 4.0x10°° 90 2.3 x 10°° 27.2 1.7 x 1074 2.4 0.07
Polybenzimi-
dazolone
PBIL 2.4 x 1072 6.5 x 107° 92 3.2 x 1077 245 1.6 x 1074 3.4 0.09
Composites
FA-300 2.0 x 1072 1.1'x 107° 99~ 1.7 x 1070  25.1 3.1 x 100% 6.5 0.17
KS-101 4.3 x 103 1.2 x 10°° 94 4.4 x 107° 24 .6 2.8 x 10704 5.9 0.16
XS-200 4.1 x 1073 1.0 x 10°° 94 3.5 x 107° 27.2 2.8 x 104 5.9 0.18
PM-1-C 1.2 x 1072 8.2 x 10°° 89 6.1 x 107° 20.5 1.7 x 1074 3.5 0.08

Lz
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Most of the membranes had high rejections to salt, and
thus the observed osmotic pressure was close to the theoreti-
cal value. For these membranes, the theoretical work obtain-
able was approximately proportional to their water permeability.
The cellulose acetate membranes represent an interesting
series.because the permselectivity of these membranes can be
easily adjusted by varying the annealing temperature. Higher
annealing temperatures result in higher-rejection, lower-flux
membranes. With these membranes, it is therefore possible
to vary both the observed osmotic pressure and the membrane this
flux, the product of which is the potential power per- unit
membrane area. Experimental results showing the relationship
of the annealing temperature to this potential power are pre-
sented in Figure 13. It appears that the optimum annealing
temperature is approximately 70°C, corresponding to a membrane
with a surprisingly low salt rejection of only 39%. However,
this inference does not take into account the effects of in-
ternal concentration polarization, which, as will be seen
later, bias the optimum annealing temperature to higher-salt-
rejecting membranes.

2. Direct Osmosis Experiments. The results of
direct osmosis tests using sodium chloride solutions are
shown in Figures 14 and 15 for asymmetric and composite
membranes, respectively. Using the osmotic pressure vs.
concentration data shown in the Appendix, it is apparent
that the direct osmosis water flux of the majority of the
membranes 1is only a fraction of the value expected from
-Equation (1) .or the reverse osmosis data. . Table 2 lists
the direct osmosis flux compared to the extrapolated
values obtained from reverse osmosis data. The membranes
are grouped into three categories.

The first category consists of the composite membranes,
where observed fluxes range from 10 to 29% of the expected

values. These low fluxes are believed to be due to inter-
nal concentration polarization caused by slow salt diffu-
sion in the substructure of the membrane. Composite membranes

"are made by filling a microporous polysulfone support with a
reactive monomer or prepolymer and then initiating a poly-
merization reaction at the surface of the membrane. The
result is a thin, dense, extremely salt-rejecting skin formed
on top of a lightly crosslinked gel which partially fills -the
porous substructure. In reverse osmosis, the gel layer does
not interfere with the passage of salt, which is swept out

of the porous membrane layer by the permeating water. In

PRO and DO, however, this gel prevents. rapid diffusive dissi-
pation of salt that has permeated the membrane skin. The
osmotic pressure gradient across the skin is therefore re-
duced to a fraction of its original value. Based on the
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half that of the CA80 membrane. The low apparent salt diffu-
sion coefficient may, therefore, represent the combined con-
tributions of low porosity and high tortuosity in the BM-05
membrane.

Using the apparent diffusion coefficients shown in

Table 2, the internal concentration polarization coefficient,

Q, can be calculated as a function of water flux. The re-
sulting curves for the membranes studied are shown in Figure
16. Since internal concentration polarization and the water
flux through the membrane are directly proportional, this
figure shows the maximum flux obtainable, regardless of fur-
ther osmotic pressure increases. Clearly, only the CA80 and
PBIL membranes exhibit useful fluxes.

Although internal concentration polarization and, to a
lesser extent, membrane compaction appear to be the dominant
effects in PRO, osmotic deswelling can also be detected.

For example, Figure 17 shows the osmotic flux calculated
from the apparent salt diffusion coefficient, D, plotted
vs. brine concentration. When this calculated curve is
compared with the experimental data, there is a marked dis-
agreement at high brine concentrations. This effect is con-
sistent with osmotic deswelling of the membrane with concen-
trated salt solutions, in this case above approximately 10%
w/v NaCl. '

B. . Salinity Gradient Systems: Sodium Chloride -Brines/
Seawater, Sodium Chloride Brines/Brackish Water

In regions where concentrated sodium chloride brines
are found, fresh water supplies are frequently very limited
and the use of brackish water may be more practicable. Using
NaCl brines on the concentrated side and seawater or brackish
waters on the dilute side of the membrane is therefore an al-
ternative method of increasing the potential utility of the
salinity gradient resource found in salt lakes. Experiments
aimed at determining the effect on osmotic flux of the salt
concentration on the dilute side of the membrane were per-
formed using PBIL and PA-300 membranes. These membranes
were chosen to represent the asymmetric and composite types
of membranes, respectively. The high concentration side of
the membrane was maintained at 25% w/v NaCl, and the dilute
side salt concentration was varied. The results are shown
in Figures 18 and 19 for PBIL and PA-300, respectively. The
flux through each membrane decreased drastically with in-
creasing salt concentration on the dilute side, in agreement
with the prediction of rapidly increasing internal concentra-
tion polarization with increasing CA/C2 ratio, as illustrated
in Figure 7.
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TABLE 2. Comparison of experimental direct osmosis
water fluxes from sodium chloride brines
to the values predicted from reverse os-
mosis data.

Water Flux with Ratio of Apparent
(3.5% w/v NaCl (gfd) Direct Osmosis Diffusion
Extrapolated Projected from Water Flux to Coefficient in
from Direct Reverse Osmosis Reverse Osmosis the Sublaver,

Membrane Osmosis Data Experiments Water. Flux Dajcmz/sec)
Composite

Membranes

PA-300 0.60 6.49 0.09 3.5 x 107/
NS-101 0.08 5.93 0.01 n1.5 x 1078
NS-200 1.70 5.93 0.29% 3.3 x 107/
BM-1-C 0.60 3.50 0.20 3.0 x 1077
Low-Rejection

Asymmetric

Membranes

CA70 5.40 9.93 ©0.54 2.5 x 107°
High-Rejection

Asymmetric

Membranes

CA80 9.20 5.26 1.80 L5 x 107°
BM-05 1.20 2.42 | 0.50 5.7 x 107/
PBIL 6.00 3.36 1.80 3.5 x 1070

* Simultaneous and continuous increases in water and salt fluxes
were noted in the direct osmosis experiments with the NS-200
membrane, suggesting some membrane instability.
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internal concentration polarization model presented earlier,
and knowing the observed and expected value of the flux and
the membrane thickness, an apparent diffusion coefficient

in the substructure can be calculated which would satisfy
the data in Table 2. In the absence of detailed structural
information about the membranes listed, it is difficult to
estimate the relative effects of 1, ‘e, and Dg on salt diffu-
sion. It is therefore convenient to define the apparent
diffusion coefficient as follows:

Dse
D, = T (14)

Using the experimental data and Equation (1l4), the values
of D_ have been calculated for all of the membranes listed
in Table 2. The values for the compasite membranes are on
the order of 1 x 107/ to 1 x 10-8 cm?/sec, significantly
lower than those observed in the asymmetric membranes.

The CA70 membrane represents the second type of mem-
branes, namely low-rejection Loeb-Sourirajan-type membranes.
The CA50 and CA60 membranes also belong to this group, but
their salt rejections were so low that they were not further
tested experimentally. The CA70 membrane also suffers from
severe .internal concentration polarization, in this case
caused -by-the high flux of: salt through the rejecting skin
layer of this membrane. Ehe,apparent diffusion coefficient
for CA70 is 2.5 x 1072 cm /sec, practically equal to the
free solution diffusivity of sodium chloride in water, as
would be expected from the highly porous structure of
these membranes. However, even at this high diffusion coef-
ficient, the salt cannot be removed fast enough from the
membrane substructure to avoid concentration polarization
and a consequent reduced osmotic flux.

The [inal class of mcmbranes are the high-rejection
asymmetric (Loeb-Sourirajan) membranes. These membranes
appear to fall into two sub-groups. The first group in-
cludes the CA80 and PBIL membranes, which have even higher
fluxes than predicted from RO conditions. This effect
is likely caused by compaction of the porous membranes
under the high hydrostatic pressures of reverse osmosis.

The open, porous structure of these membranes is verified
by _the high apparent salt diffusion coefficient of 1.5 x 10-5
em</sec.

The results for the second type of asymmetric membranes,
polyamide BM-05, are rather anomalous. Based on the ob-
served osmot%c fluxes, the apparent salt diffusion coefficient
is 5.7 x 10~/ cm2/sec, definitely a low value for an asym-
metric membrane. On the other hand, this does appear to be
a rather dense membrane, with a water permeability less than
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If internal concentration polarization characteristics
can be adequately modelled by a single value of the ap-
parent diffusion coefficient, then Equation (10) may be
employed to regenerate the water flux vs. NaCl concentra-
tion data. The solid curves in Figures 18 and 19 represent
the theoretical dependence of the water flux on the NaCl
concentragion on the dilute side, using D values of
3.5 x 107° cm?2/sec and 3.5 x 10‘7 cm?/sec for PBIL and
PA-300, respectively. Excellent agreement is obtained.

The intermal concentration polarization behavior of
the two membranes can further be illustrated by construct-
ing Q vs. Jy families of curves calculated from Equation (10)
for different salt concentration ratios (C,/C,). These
plots are shown in Figures 20 and 21, along with the actual
flux data from Figures 18 and 19. The fit of the experi-
mental flux data reveals that for each membrane, there may
exist a unique value of the internal concentration polari-
zation parameter, Q, for all C /C2 ratios. It is thus pos-
sible to predict the DO flux aé afiy C,/C, ratio using the
Q value determined from a single experimént. For these two
membranes, the value of Q is about 0.8 for PBIL and 0.9
for PA-300. The relatively high values for both membranes
suggest that DO systems would operate at fairly high internal
concentration polarization under a wide variety of boundary
conditions and membrane structural characteristics.

From Figures 18:and 19, the water flux through each
membrane at 3.5% NaCl (the concentration of salt in sea-
water) was approximately half of the value when fresh
water was used. It appears, therefore, that the system,
NaCl brines/Seawater, is. not-a viable salinity gradient
resource. Brackish waters could be used, provided their
concentrations do not exceed approximately 1% NaCl.

C. Salinity Gradient System: Magnesium Sulfate Brines/
Water

One possible method of overcoming the internal con-
centration polarization problem that occurs with sodium
chloride brines is to use a more highly rejected salt, such
as magnesium sulfate. A series of experiments with MgSO
brines was therefore performed, using essentially the saﬁe
procedure as that employed with the NaCl brines. The mem-
branes were first characterized by reverse osmosis experi-
ments, after which the direct osmosis flux at various MgSO
concentrations was measured. The effects of internal con-
centration polarization, compaction, .and osmotic. deswelling
were then obtained by comparing the . RO and DO results.

The RO flux and rejection data are shown in Table 3.
Magnesium sulfate was rejected significantly better than
NaCl: all of the membranes had rejections between 977
and 1007 except CA70, where the rejection remained rela-
tively low at 45%.
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TABLE 3. Transport properties of several RO membranes and, their projected
dirsct osmosis performance with 1% w/v magnesium sulfate,
Am = 2.72 atm.

o, s ey Tegisciee) texima Togarecicon

Membrane ciﬁ?iitfnfx Salt Perm:agion Ogiiiﬁ‘i ngter Flux Avaviqéf_file
Membrane Thl%?§§88 (cmz-§2c—atm) Rej?iglon C%ZiﬁiziB ’ 'Aizgz?gig) (EEYTEEE) (gfd) (watt/ftz)
Cellulcse
Acetates
CA80 9.65 x 1075 1.9 x 107° 97.9 3.3 x 107° 2.7 5.0 x 107° 1.100 3.2 x 1073
CA70 9.40 x 1073 2.4 x 107° 45.0 2.3 x 1073 1.2 2.9x107° 0.62 8.4 x10°%
Polyamide
BM-05  1.14 x 1072 6.3 x 107° 99.97 1.5 x 107/ 2.7 1.7 x 107 0.36  1.1x 1073
Polybenzimi-
dazolone
PBIL 2.4 x 10042 7.0 x 10°° 97.9. 1.2 x 1072 2.7 L9 x10°° 040 1.2 x 10-3
Composites .
PA-300 2.03 x 1072 1.7 x 107° 99.92 1.1 x 107° 2.7 4.7 x107° 0.99 3.0 x 107°
NS-101  4.32 x 1075 1.6 x 107° 99.48 6.7 x 1070 2.7 4.4 x107° 0.94 2.8 x 1077
NS-200 4.06 x 1073 6.5 x 107¢ 98.4 8.4 x 107° 2.7 1.8 x 107> 90.37 1.1 x 1073
BM-1-C 1.17 x 1072 1.1 x 10°° 97.9 1.8 x 1075 2.7 2.8 x 107 0.59 1.8 x 1073
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The results of the direct osmosis experiments are shown
in Figures 22 and 23 for the asymmetric and composite mem-
branes, respectively. As with NaCl brines, the fluxes for
most of the membranes were significantly lower than the
fluxes expected from the RO data. The DO and RO data are
compared in Table 4, which also includes the apparent salt
diffusion coefficient (D_) for MgS0,, calculated using the
internal concentration po6larization model and Equation (14).

The composite membrane DO fluxes are all significantly
lower than the flux predicted from RO. The apparent salt
dlffus1on coefficients range from 1 x 10-9 to 1 x 10°
cm?/sec. Although less MgS0O, permeates the membrane skin,
the diffusion coefficient in the underlying substructure is
lower as well, resulting in even worse internal concentra-
tion polarlzatlon with MgS0O, than with NaCl for the compo-
site membranes. This behavior is illustrated by plotting the
internal concentration polarization coefficient, Q, against
membrane flux, as shown in Figure 24. The CA70 membrane,
representative of the low- rejecting asymmetric membranes,
had a higher flux in DO experlments ‘than expected from the
" extrapolated RO results. This is the reverse of the case
when NaCl was used instead of MgS0O,. The slightly lower
MgSO4 leakage through the membrane reduced the internal con-
centration polarization in the DO experiments, resulting
in a relatively small flux decrease: This flux decrease
was more than offset by the flux increase due to the absence
of the compaction present in the RO tests. Nonetheless, as
was the case with the Na€l brines, CA80 and PBIL. appear to be
the most promising membranes for PRO.

D. 'Salihity'Gradient4§ysteﬁ: Polyelectrolyte.Brines/
" Water

An additional attempt to overcome the internal con-
centration polarization problem consisted of using poly-
electrolyte brines on the salt (skin) side of the membrane.
The rationale was that a polyelectrolyte, by being completely
rejected by the membrane, would not suffer the flux reduc-
tion due to internal concentration polarization present
with other brines. 1In addition,.the presence of small
counterions should create an appreciable osmotic pressure.

' The polyelectrolyte chosen was.sodium polystyrene sulfonate
(Polysciences Inc., Warrington, PA).

The DO results shown in Figure 25 for PBIL and PA-300
membranes (representative of asymmetric and composite
membranes, respectively) were not encouraging. Even with
very highly concentrated polyelectrolyte solutions, the
osmotic fluxes were low. 1In fact, the DO flux through the
PA-300 membrane, for unknown reasons, actually decreased
with increasing polyelectrolyte concentration. Based on
these results, polyelectrolyte salt brines do nol appear
to be a potentially useful PRO source.
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Figure 23. Effeect of magnesium sulfate concentration

on direct-osmosis water flux across compo-

site membranes.
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TABLE ‘4. Comparison of experimental direct osmosis water
fluxes with magnesium sulfate brines to the values
predicted from reverse osmosis data.

Water Flux with Ratio of Apparent
1% w/v MgS04(gfd) Direct Osmosis Diffusion
Extrapolated Projected from .Water Flux to Coefficient in
from Direct Reverse Osmosis Reverse Osmosis the Suglayer,
Membrane Osmosis Data Experiments Water Flux Da (cm“/sec)

Composite
Membranes
' -7
PA-300 0.14 0.99 0.14 2.0 x 10
' -9

NS-101 0.01 0.94 0.02 5.0 x 10
-8

NS-200 0.08 0.37 0.22 3.3 x 10
-7

BM-1-C 0.08 0.59 0.14 1.1 x 10

Low-Rejection

Asymmetric

Membranes .

CA70 1.10 0.62 1.80 5.0 x 10°°

High—Rejectibﬁ

Asymmetric

Membranes -

CA80 1.80 1.07 1.70 10 x 107°

BM-=05 0.33 0. 36 0.92 2.7 x 107/
-5

PBIL 1.10 0.40 2.80 5.0 x 10
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Figure 24. Calculated internal concentration
polarization coefficient, Q, vs.
steady state direct osmosis water
flux. The calculation is based on
the apparent diffusion coefficient,
D,;, of magnesium sulfate in the
porous sublayer of each membrane.
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Figure 25. Effects of polyelctrolyte concentra-
' tion on direct osmosis water flux.



V. [ECONOMICS OF PRO POWER GENERATION

The operating costs of a PRO power plant are likely to
be relatively low, since the processes use a renewable re-
source. Capital costs, however, are likely to be high, so
for simplicity, only the capital costs will be considered
in the first crude analysis of process economics. For
further simplicity, it is also assumed that the system
operates at the maximum power generating capacity per
unit membrane area, in which case the power production is
given by Equation (2):

AAn2

‘power/unit membrane area = A , (2)

where A is the membrane permeability constant and Am is the
osmotic pressure difference across the membrane.

Based on the data shown in this report, the CA80 asym-
metric membrane appears to be the most promising membrane.
Thus, using the DO flux data from Figure 14 for the NaCl
brines/water salinity gradient system, together with Equa-
tion (2), it is possible to calculate the power per unit
area of membrane. This data is shown in Figure 26 as a
function of the NaCl concentration used. The dependence of
power on the square of the osmotic pressure difference
.is easily seen. From this curve, the capital cost/kilowatt
of power capacity follows directly from the cost/ft< of
membrane area. Membrane costs range from approximately
3O¢/ft2 for hollow fiber RO membranes to $2/ft2 for flat
sheet membranes.

Using the higher figure, Figure 26 shows that PRO is
"only marginally competitive with conventional power gene-
rators (a typical cost for coanggional power generation
is $1000 per kilowatt capacity ), even if concentrated
brines are used as the salinity gradient resource. On the
other hand, if the hollow fiber cost of 30¢/ft“ is used,
the system is clearly competitive with conventional power
geherating methods using NaCl brines, and approaches con-
ventional costs even i1f seawater is used as the salinity -
gradient resource. However, this favorable prognosis is
valid only if the fluxes of flat sheet membranes can be
obtained in a hollow fiber system. This would entail

not only developing reliable hollow fiber membranes, but
also minimizing internal concentration polarization ef-
fects. This cost analysis, as mentioned before, does not
consider operating costs, which may become significant

at the higher pressures of concentrated brines.
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Figure 26. The maximum power per unit membrane
area as a function of the sodium
chloride concentration used in the-
brine. The membrane is the CA80
asymmetric membrane. Also shown is
the capital cost of the power generated
for two membrane coOSsts.
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Appendix

Osmotic Pressure of MgSO0, and NaCl Solutions

(19)
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