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a b s t r a c t

A large amount of potential renewable energy can be extracted from the mixing of freshwater and sea-
water. Two membrane processes can be used to extract this energy, namely pressure retarded osmosis
(PRO) and reverse electrodialysis. Both processes need membranes that are similar to the ones used to
perform reverse osmosis and electrodialysis. So far neither of the processes has been optimally designed.
eywords:
smotic power
ressure retarded osmosis
ower production efficiency

In the present study PRO has been analysed for potential power production. It appears that PRO exhibits a
significant potential for power production and future developments may further improve this. A specific
power in the order of 5 W/m2 of membrane seems possible and approximately 40 per cent of the potential
mixing energy of freshwater with infinite amount of seawater can be converted to mechanical energy.
This article aims to describe the PRO process and to develop guidelines for the development of mem-

r PRO
y the
reshwater utilisation branes that are suitable fo
are included both to verif

. Introduction

The principle of salinity power is the exploitation of the mix-
ng entropy between two solutions of different salinities, in the
ontext of this article freshwater and seawater. Two membrane pro-
esses of technical interest can be used to extract this power, reverse
lectrodialysis (RED) and pressure retarded osmosis (PRO). Energy
xtracted by PRO is here called as osmotic power. Both processes
ere discussed by Post et al. [1]. They concluded that RED appears

o be the most efficient method to extract some of the potential
ixing energy of freshwater and seawater. This article presents a

ovel and detailed analysis of PRO based on a model that includes
oncentration polarisation on the membrane surfaces and in the
nterior of the support membrane for realistic operating conditions
f a membrane module. The results from the analyses lead to con-
lusions that are different to the ones made by Post et al. [1] as PRO
ppears to be significantly more efficient with respect to specific
ower than the 1 W/m2 membrane area indicated by them.

Salinity power is completely renewable and less periodic than

ther renewable sources like wind and solar energy. No significant
perational hazards are known. Salinity power is potentially one of
he largest sources of renewable energy on earth. Further, salinity
ower production is clean and there are no significant emissions to

Abbreviations: CA, cellulose acetate; RO, reverse osmosis; PRO, pressure retarded
smosis; ED, electrodialysis; RED, reverse electrodialysis; UF, ultrafiltration.
∗ Corresponding author. Tel.: +47 73 59 13 42; fax: +47 73 59 12 46.

E-mail address: torleif.holt@iku.sintef.no (T. Holt).

376-7388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2009.03.003
. Furthermore, some experimental results from laboratory measurements
model and to show present state of membrane development.

© 2009 Elsevier B.V. All rights reserved.

the atmosphere like CO2 and low emissions to water. These features
justify the interest in salinity power that has emerged in recent
years. Skilhagen et al. [2] summarise some recent efforts towards
the development of osmotic power.

A review of previous studies reveals that many estimates of the
potential for salinity power production were done for conditions
that are necessarily not realistic today, in positive as well as negative
senses. In these studies, energy costs from about 0.015$/kWh [3]
to about 0.15–0.30$/kWh [4] were indicated. Some early negative
conclusions were made based on measurements of RO membranes
and not membranes adapted to osmosis. Such membranes are not
expected to perform well in PRO as different requirements to the
membrane structure have to be met for the two processes. Only
limited efforts to optimise membranes for PRO are mentioned in
the literature. Some challenges to PRO membranes are discussed
by McCutcheon and Elimelech [5].

It has been previously proposed to construct an osmotic power
plant 120 m below sea level to avoid power loss in the high pres-
sure seawater pump [6]. Today modern pressure exchangers with
increased efficiency exist that may improve the efficiency also for
ground level plants.

The worldwide salinity power potential, estimated from [7,8],
may correspond to about half the potential for conventional
hydropower. In Norway the present technical potential of osmotic

power is estimated at up to 12 TWh/year, equivalent to 10 per cent of
current power consumption in the country. In Europe the equivalent
potential is estimated at 170 TWh/year while the global poten-
tial is in the order of 1650 TWh/year. Capital cost for an osmotic
power plant will be relatively high when compared to wind power.

http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:torleif.holt@iku.sintef.no
dx.doi.org/10.1016/j.memsci.2009.03.003
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owever, an osmotic power plant can be designed to operate at
ull capacity almost continuously. This may reduce the PRO energy
ost to an attractive level. Estimates made in the present study by
he Norwegian power company Statkraft show that osmotic power
eneration may be developed to be cost competitive with other
enewable power sources such as wind power and biomass.

PRO membranes should have many of the features of the present
embranes made for reverse osmosis (RO) and ultrafiltration (UF).

he estimated value of the yearly market for PRO membranes is
ignificantly larger than the present RO and UF markets, even for
modest exploitation of the power potential. This illustrates the

arge market potential for the production of membranes, which
ould require a significant increase in the global membrane pro-
uction capacity. A lower cost per square meter of membrane must
e realised for PRO membranes compared to the present RO mem-
ranes, however.

. Mixing of freshwater and seawater

Freshwater that flows into the sea is mixed irreversibly with
eawater. The enthalpy of mixing for these fluids is close to 0. The
emperature in the mixing zone will depend on the temperature of
he freshwater, the seawater temperature and the effective mixing
olumes. If the mixing process is performed in a reversible man-
er in a device constructed specifically for the purpose, work can
e extracted. The change in Gibbs free energy for mixing 1 mol of

reshwater with an infinite amount of seawater can be expressed
y

Gmix = RT ln xH2O (1)

ssuming ideal fluids [9] and where xH2O is the mole fraction
f water in the seawater. Seawater has the same osmosity as a
olution of 32 g NaCl/l. In this solution the concentrations of NaCl
nd water are 0.549 (1.1 equiv. of ions) and 54.92 mol/l, respec-
ively. At 20 ◦C the values given above inserted into Eq. (1) gives

Gmix = −48.1 J/mol or −2.7 kJ/kg freshwater. This amount of energy
an be extracted as work in a device that mixes freshwater and salt-
ater reversibly. With a molar volume of water of 18 × 10−6 m3/mol

his corresponds to an osmotic pressure of 26.7 bar (ideal solution).
The mixing process of freshwater and seawater will be close

o adiabatic, i.e. there is no heat exchange with the surround-
ngs (dq = 0). Since the enthalpy of mixing is close to 0 and work
dw) is extracted from the process, the law of energy conservation
ives

E = cp dT = dq + dw = dw (2)

here dE is the change in internal energy and cp is the heat capacity
f the system. Extraction of work from the mixing process will result

n a cooling of the mixture according to Eq. (2). Assume that, e.g.
mol of freshwater is mixed with 3 mol of seawater. Less than 48.1 J

an be extracted from the process. With a heat capacity of 4.18 J/g
he close to 72 g diluted seawater (4 mol) will be cooled by less
han 0.17 ◦C. In a process optimised for energy production less than
alf of the reversible work will be taken out and the corresponding
ixture thus will be cooled less than 0.08 ◦C.

. The PRO process

.1. Model description
In order to facilitate a working PRO process the membrane must
e configured in modules like in RO, either in a spiral, fibre or in
ther forms. An essential feature of the PRO module is the flow of the
wo water phases along both opposite surfaces of the membrane,
alled cross-flow in membrane filtration terminology. This is differ-
Fig. 1. Structural model for the membrane and the films.

ent from RO where there is cross-flow all through the module on
the saltwater side of the membrane only. A section of a membrane
in PRO operation is illustrated in Fig. 1.

The osmotic process in PRO occurs in the thin semi-permeable
skin layer of the membrane. The mass transport through the rest of
the membrane is dominated by hydraulic flow. This is evident from
the pore dimensions, which are large enough for the continuum
theory to apply (Gad-el-Hak [10]).

The present article aims to describe the PRO process in detail
in order to understand how it can be optimised. The ideal osmotic
process can be described by the thermodynamic equations for the
water and salt fluxes. Our experimental results indicate that no sig-
nificant corrections for non-ideal behaviour are necessary. In these
experiments a significant number of membrane samples have been
used, both commercial RO type and experimental samples made
as part of the investigation. The simplest forms of these equations
are

Jw = A · (�� − �p) (3)

and

Js = B · �cs (4)

Accordingly the water flux, Jw, is proportional to the water
permeability, A, and the difference between the osmotic pressure
difference, ��, and the hydraulic pressure difference, �p, across
the membrane skin. The salt flux, Js, is proportional to the salt
permeability, B, and the salt concentration difference across the
skin, �cs. The equations are valid for the skin only and describe
diffusive transport of water and salt through the skin material.
The porous structures in the membrane, corresponding to the sup-
port membrane in TFC types (thin film composite), mainly serve
to support the skin mechanically. The presence of these structures
reduces the efficiency of the membrane in PRO, as will be shown
below.

No skin is perfectly semi-permeable and some salt will diffuse
through the skin. With saltwater on the skin side of the mem-
brane this salt will diffuse into the porous substructure toward
the freshwater, and the salt concentration will thus increase on the
freshwater side downstream in the module. The net salt transport
in the porous structure is equal to this diffusion minus the salt flux
coupled to the osmotic water flux in opposite directions. For salt to
escape out of the structure a concentration gradient will develop
and consequently concentration polarisation will arise within the
porous structure.

The porous structure can be described by its average thickness,
x, the porosity, �, the tortuosity, �, and the pore length, lp. The exact
definition of tortuosity is dependent on which geometrical model

is considered; see Bear [11, p. 111]. With a model of diffusion and
hydraulic flow in tilting or zigzag pores the tortuosity is � = (lp/x)2

and the water velocity in the pores is vp = Jw · lp/�/x. From Eq. (4)
and a mass balance through the membrane a relation can be found
for the steady state transport of salt through the skin and the porous
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teresis of PRO-RO by adjusting the pressures on both sides of the
membrane.

Several smaller apparatuses using stirred cells instead of the
cross-flow cell shown in the figure have also been used. These
smaller cells are in principle similar to the equipment used by Lee et
T. Thorsen, T. Holt / Journal of M

tructures:

· �cs = x · �

lp

(
D

dc

dlp
− vp · c

)
= x · �

lp

(
D

dc

dlp
− JW · lp

� · x
· c

)

= � · D

�

dc

dx
− Jw · c (5)

Here �cs is the salt concentration difference across the skin and
is the salt diffusion coefficient.
Eq. (5) can be developed into expressions for the concentra-

ion differences across the skin in terms of the concentrations at
he outer surfaces of the membrane. For either case, with saltwa-
er facing the skin side or the porous side of the membrane, the
xpressions have the form:

cskin = cm1 − cm2 eE1

1 + (B/Jw)(eE1 − 1)
(6)

here the exponent E1 has the form

1 = � · x · Jw
� · D

= S · Jw
D

(7)

It appears that the osmotic efficiency of the membrane itself
an be described entirely by the values of A and B of the skin and
ne single parameter for the porous structure S. This parameter is
alled the structure parameter and is defined by the tortuosity, �,
hickness, x, and porosity, �, of the porous structure, as shown in
q. (8). S has the dimension of length and appears as an apparent
tagnant film thickness.

= �x

�
(8)

The concentrations on the membrane surfaces, cm1 and cm2, can
e found from a two-dimensional model similar to the classical
olution for membrane channels described in several publications,
ike [12,13]. The surface concentrations on the membrane in cross-
ow operation is influenced by the water and salt fluxes through
he membrane and a number of external variables like cross-flow
ater velocity, u, channel dimensions and the distances from the

nlets to the channels, l. The direction of the fluxes will be different
rom UF and RO:

∂c

∂l
+ Jw

∂c

∂y
= D

∂2c

∂y2
(9)

Here y is the distance from the membrane surface. This equation
s valid for the seawater channel. In the freshwater channel the flux
erm has opposite sign. Both u and Jw are functions of y as well as l.
he functions of y are included explicitly in the detailed integration
hereas the dependence on l is taken care of by the numeric inte-

ration in the l direction by stepwise changes based on the mass
alance. The values of u and Jw are assumed to be constant within
ery small segments of l.

The general solution of the differential equations is

= cmi ± 1
D

(B · �cskin + J · cmi)

∫ y

0

eE dy (10)

This can be solved for the concentration on the membrane sur-
ace:

mi =
cb − ((B · �cskin)/D)

∫ y

0
eE2 dy

1 ± (Jw/D)
∫ y

0
eE2 dy

(11)

here the exponents E2 have the form
2 = − u0

3 · h · l · D
y3 ± Jw

D
y (12)

here cmi are the concentrations on the membrane surfaces toward
ither of the cross-flow streams and cb are the concentrations in
ne Science 335 (2009) 103–110 105

the centre of the either of the two cross-flow channels containing
freshwater or seawater. u0 is the bulk flow velocity of either of the
cross-flow channels. The various forms of the equations give con-
centrations that are valid with seawater on the skin side or on the
porous side, respectively.

Eqs. (6), (7), (11) and (12) feature a complete solution for mod-
elling full scale performance of membrane modules. The inside
of the membrane (skin and porous structure) and the cross-flow
channels are modelled separately by these equations and the two
models are connected through common conditions on the mem-
brane surface, namely Jw and the salt concentrations, cm1 and cm2.
The value of u is zero at the surface. This defines the common bound-
ary conditions for the two models and can be applied in iterative
calculations. The conditions along the full length of the membrane
change because the cross-flow velocities change and the seawater
is gradually diluted, and also because concentration polarisation
increases. The cross-flow velocity profiles must be adapted to the
module form at hand. Spacers in spiral modules are a challenge,
but can be assessed using assumed velocity patterns in such mod-
ules according to [14]. Models have been formulated for spiral and
fibre modules and inside and outside axial and radial flow in fibre
modules.

3.2. Modelling PRO experiments

The models described above can also be applied for the analysis
of PRO experiments. An apparatus has been built that uses 65 cm2 of
sheet membranes in a small cell to do PRO experiments with actual
cross-flow along the membrane surfaces. The cell uses the same
type of spacers that are used in spiral RO modules. The apparatus is
equipped with common precision instruments to measure and con-
trol the saltwater and freshwater pressure and pressure drop along
the spacers. Piping is stainless steel and reinforced tubing. The cell
was constructed as part of this study. It was made of a stainless steel
flat sheet design of similar construction as used in most institutes
working with RO experiments. The main difference is that cross-
flow is possible on both sides of the membrane. A simplified sketch
of the equipment is shown in Fig. 2. A reservoir in the saltwater loop
is not shown.

With this apparatus it is possible to run PRO experiments for
more than 1 day without interruption. The saltwater pressure is
maintained constant in PRO operation by a backpressure valve and
the fluxes are measured by balances. Further, a pressure system,
not shown in the figure, makes it possible to run continuous hys-
Fig. 2. Sketch of the apparatus made in this study for PRO experiments.
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l. [4] and experimental data are logged as for the cross-flow appa-
atus. Glass cells made for osmotic flow measurements at ambient
ressure have open membrane areas of 1.2 cm2 in the plate that
eparates the two half cells. A cell made of Hastelloy C for PRO
easurements can use membranes with effective areas of either
or approximately 0.5 cm2. The largest area requires a mechanical

upport of the membrane that significantly increases the effective
iffusion length of the transport system. Without a mechanical sup-
ort an aperture in the metal plate that separates the two half cells

s only 7 mm. Due to bulging of the unsupported membrane the area
s increased to approximately 0.5 cm2. Examples of measurements
oth in an osmotic flow cell and in the PRO cell without mechanical
upport of the membrane are shown below.

By fitting the measured water and salt fluxes to the models
escribed above, a wide range of combinations of permeability val-
es (A and B) and structure properties (S) can be screened. The best
t values of A and B usually will be close to the values that easily can
e measured in RO operation with the same membrane or calcu-

ated from the manufacturers’ specification for the RO membrane
ypes.

Exact film thicknesses for concentration polarisation are not a
eature of the complete model, but apparent film thickness can be
alculated as if a stagnant film model was applied (Mulder [15]),
alled the film model. Film thickness is a subtle parameter, but facil-
tates a convenient method for quick calculations of approximate
esults. Common average apparent film thicknesses according to
he film model through a membrane module have been calculated
sing the models described above.

.3. Experimental results

Results from an experiment with a commercial CA (cellulose
cetate, SS10 from Osmonics) RO sheet membrane are shown in
ig. 3. For most modelling of experimental results the calculation
the line in the graph) has been derived using an apparent film
hickness, which provides acceptable accuracy in this case. The
olarisation inside the membrane is significant, however, and is

ncluded in the modelling.
The figure clearly shows that our model describes the experi-

ental results closely. The values of A, B and S shown in the box
n the graph are the values that gave the best fit for the curve that

as calculated with our model. The values of A and B are very close
o the values that can be calculated from the manufacturer’s per-

ormance specification in RO operation. The value of S is 2.5 mm,

hich is more than 10 times the membrane thickness. Therefore
he value of �/� must be more than 10, see Eq. (7). This is typical
or commercial CA RO membranes.

ig. 3. Experimental (symbols) and calculated (curve) results from a continuous
ross-flow RO-PRO experiment with a commercial CA RO membrane (Osmonics
S10). The saltwater concentration was 9.4 g/l.
Fig. 4. Power and flux measured in a PRO experiment with a naked CA membrane
at 23.5 g/l.

Provided that PRO experiments are done with several different
conditions during the experiment, like various saltwater pressures,
it is not necessary to do a PRO-RO experiment in order to find A, B
and S. Fig. 4 shows the direct results from a cross-flow PRO experi-
ment with an experimental flat sheet CA membrane made without
fabric reinforcement (naked) for the present study. The membrane
was operated at a salt concentration difference between the bulk
flows of 23.5 g/l.

The figure shows the water flux and the power yield, expressed
as the product of water flux and hydraulic pressure in saltwater
channel. It can be seen that the maximum obtainable pressure
with this salt concentration was 16 bar and the specific power was
1.6 W/m2. The expected average salt concentration in a power plant
module would be approximately 28 g/l, which would increase the
specific power to approximately 2.1 W/m2.

From several experiments with membrane types similar to those
used for the results in Figs. 3 and 4 it was found that the value of
S is approximately 2.5 mm with backing fabric and close to 1 mm
without the backing. The backing obviously adds approximately
1.5 mm to the value of S. This is in agreement with the structure
and thickness of the backing material.

CA membranes behave well, as illustrated in the figures above.
But their semi-permeable properties are inferior to TFC mem-
branes, as is well known for application in RO. It has been observed
from experiments with commercial TFC types for RO that these
membranes have inherent properties that make them less efficient
in PRO. This was already noted in early experiments with PRO by
Lee et al. [4]. Therefore, in order to realise their full PRO perfor-
mance they need to be redesigned. So far the development of TFC
membranes has improved the measured performance significantly
compared to commercial RO types.

Example of measurements on a sample of an experimental TFC
membrane made in the present study (by GKSS Forschungszen-
trum, Geesthacht, Germany) is shown in Fig. 5. The left picture
shows results from two osmotic flow measurements using a glass
cell (1.2 cm2 area) where transferred mass to/from both half cells
are shown as function of time. In one experiment the saltwater
(27.0 g/l NaCl) faced the skin side of the membrane. In the other
experiment the saltwater (26.9 g/l NaCl) faced the support side of
the membrane. As seen in the figure the graphs that show the
absolute values of the mass changes in the two half cells (each
half cell was connected to a fluid reservoir placed on balances)
overlap, closing the mass balances of the experiments. The trans-

fer of salt was also measured. From the measured water and salt
fluxes the values of A, B and S for the membrane were determined
to 7.1 × 10−12 m/Pa s, 1.1 × 10−7 m/s and 0.67 mm, respectively. The
value of the water permeability was confirmed by hydraulic flow
measurements.
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freshwater and seawater used in calculation of the graph was 28 g/l.
This is the expected average in a membrane module where gradual
dilution of the seawater occurs and based on estimates from plant
designs and costs (see below). Further, the average film thickness
ig. 5. Transferred mass vs. time for isobaric osmotic flow experiments for a GKSS d
ressure during measurements with the same membrane (right).

The right hand picture in Fig. 5 shows the results from PRO mea-
urements for the same membrane using freely suspension giving
very small effective membrane area (0.5 cm2). The thin lines rep-

esent measured water flux and specific power as functions of the
ressure on the saltwater side. The saltwater concentration on the
kin side of the membrane was 30.6 g/l NaCl at start of the PRO mea-
urements. The thick lines in the figure represent modelled water
ux and specific power as function of pressure using the membrane
arameters given above. All measurements were made at 20 ◦C.

Fig. 5 (right) shows that it was possible to extract approximately
.7 W/m2 from this TFC membrane, compared with typically less
han 0.1 W/m2 for most commercial RO types tested. The calculated
ater flux to the right in the figure is the time derivative of a simi-

ar transferred mass vs. time relationship as shown to the left. Due
o the low membrane area the mass transfer is relatively low and
here is some scattering in the calculated flux. However, the trend
n the measurements is clear, the flux–pressure relationship fol-
ows a almost linear decline from the initial flux at zero pressure to
ero flux at an effective osmotic pressure of 20.6 bar. Experimental
actors that could have biased the measurements would be related
o leakage of saltwater from the pressurised half cell, either out
o the surroundings or around the membrane suspension back to
he half cell with freshwater. Both cases would have resulted in a
ower calculated water flux through the membrane than the real
ux. The results shown in Fig. 5 (right) are in this respect conser-
ative. During the PRO mode measurements the mass transfer is
alculated based on change in mass of a water reservoir connected
o the freshwater (low pressure) side only.

It can also be noticed that due to the membrane suspension in
he plate that separates the half cells the boundary layer on the

embrane surfaces will be significantly thicker as compared to the
onditions during cross-flow in a module. The performance of the
embrane is thus reduced compared to what could be expected in
module at otherwise identical conditions.

Development membranes made in this project have for practical
easons often been made in small formats which do not allow test-
ng in the cross-flow cell. However, in several cases where available

embrane types have allowed measurements both in the cross-

ow cell (65 cm2) and in small cells confirm the reliability of the
easurements with small membrane samples.

Further development is needed in order to extract enough power
sing flat sheet TFC membranes to make them acceptable for PRO.
he values of all the three critical membrane parameters should be
ment TFC membrane (left). Water flux and specific power as functions of saltwater

improved and structural issues related to the membranes must still
be resolved.

4. Preferred PRO membrane and process properties

4.1. Suitable membranes

As mentioned the basic parameters that characterise the mem-
brane are A, B and S. The value of A appears indirectly in the
equations through its influence on the water flux, Jw . In Fig. 6 a
series of calculations are presented using the film model. In the
figure the potential power yield for three different membranes is
shown. The A-values range from 3 × 10−12 to 2 × 10−11 m/Pa s and B
varies from 10−8 to 10−7 m/s, which represents typical commercial
RO membranes (ULP = ultra low pressure type; HR = high rejection
type).

The salt concentration difference between the bulk flows of
Fig. 6. Modelled power from hypothetical membranes with variable S-value, but
having permeability values that already exist in present RO membranes (saltwater
on the skin side).
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22 bar. The reasons for the recovery not being 100 per cent at close
08 T. Thorsen, T. Holt / Journal of M

as set to 30 �m which is a common average value calculated for
piral modules using the complete model. The calculated results
re specific membrane power as a function of S. The effects of
ncreased salt concentration in the freshwater because of trans-

embrane diffusion and the energy loss due to cross-flow losses
ave not been included in the calculations. However, these losses
re relatively low for membranes with high salt rejection and well-
esigned modules.

The figure shows that the value of S is very important for the
ower yield. Values below 1 mm are needed for acceptable power
roduction. Experiments with a large number of commercial RO
embranes show that the S values in these membranes are much

arger. This is indicated on the top of Fig. 6. It has been found that
t is possible to make membranes with a modified structure that
ave values of S in the order of 0.5 mm, or even lower. In that case
he potential power production from the membrane can be higher
han 6 W/m2. A possible compression of the membrane during PRO
ill increase the value of S and is a factor that must be taken into

ccount during membrane development.

.2. Process properties

In order to estimate the power that could be extracted from
ypothetical PRO power plants in the future, suitable and realistic
embrane and plant properties should be chosen. Our experiments

ave shown that skin permeability values, A and B, already realised
n present RO can be sufficient for PRO as well. Experimental PRO

embrane samples have been made that have values of S close to
.5 mm. This has been verified in our experiments and is also seem
ealistic from evaluation of SEM pictures of the porous membrane
tructures. Plant efficiency estimates in this study have shown that
feed volume ratio between seawater and freshwater of approx-

mately 2 appear to be close to optimal, resulting in an average
alt concentration in the module of approximately 28 g/l. Table 1
ummarise actual values of some essential parameter for efficiency
stimates.

If these conditions are met we can, according to model calcu-
ations, expect a net specific power production of slightly above
W/m2 from a membrane module of a spiral type. Details in the

alculations reveal that with counter-current cross-flow the local
ower yield at maximum module power varies through the module

rom 4 to 6.3 W/m2 because of seawater dilution and concentration
olarisation. Estimates for losses in the plant indicate that the net
ower from the plant will be in the order of 1 W/m2 lower than the

alues given in Fig. 6.

Fig. 7 shows a sketch of the plant layout that was been chosen for
he study. Central in the plant is the membrane modules and the
ressure exchanger that minimise the losses for seawater pump-

ng. A complete analysis of the plant performance necessitates the

able 1
ypical parameters used in the PRO calculations in this study.

arameter Value Data source

ater permeability, A 10−11 m/Pa s Exists in RO membranes
alt permeability, B 3 × 10−8 m/s Exists in RO membranes
alue of the structure
parameter, S

0.0004 m Verified in experimental
membranes

hickness of stagnant
films, when applied

0.00003 m Modelled

hannel thicknesses (in
spiral type module)

0.0005 m Best compromise

rocess temperature 8 ◦C As actual
nlet concentration of

NaCl in seawater
32 g/l Equivalent to real ocean

water
olumetric inlet ratio
saltwater/freshwater

2 Close to optimum

reshwater utilisation 80 per cent Maximum to avoid fouling
Fig. 7. Sketch of a PRO power plant with pressure recovery.

involvement of a significant number of variables, including the basic
properties of the membrane, the physical dimensions of the mod-
ule, the operation conditions as well as the water characteristics.
But the present model makes it possible to simulate a wide range
of variable values for the purpose of optimisation.

For spiral modules it appears that dimensions that are common
in RO dimensions could be suitable for PRO as well. Furthermore,
simulations show that the power yield from a module is similar
for co- and counter-current cross-flow; although counter-current
flow gives more even flux values along the module. Because higher
flux increases the fouling potential, counter-current is the preferred
choice. Similar analyses are presently being performed for fibre
modules.

4.3. Energy recovery

Maximum specific power is obtained at a hydraulic pressure of
about 50 per cent of the effective osmotic pressure as also seen in
the experiments shown in Figs. 4 and 5. If the pressure is increased
by restricting the brackish water outlet, the flux decreases, but
the power production does not decrease proportionally. Because of
lower flux, the power produced in relation to the freshwater feed
increases. This is illustrated in Fig. 8. The figure shows the mem-
brane power, the water flux and the energy recovery. The latter is
the amount of energy that is recovered by the mixing process rel-
ative to the theoretical maximum amount of energy from mixing
of freshwater with infinite amounts of seawater. It can be seen that
the recovery is between 30 and 40 per cent at maximum specific
power, but approaches 65 per cent with very low water flux. The
maximum obtainable pressure in this illustration is assumed to be
to zero water flux are that only 80 per cent of the freshwater feed is
transported through the membrane and that the osmotic pressure is
reduced by dilution of the seawater downstream in the membrane
module.

Fig. 8. Calculated membrane power, flux and energy recovery with PRO, using the
membrane specified in Table 1 and 80 per cent freshwater utilisation. Average salt
concentration is 28 g/l and assumed maximum osmotic pressure is 22 bar.
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. Discussion

There is a series of practical limitations related to the possible
erformance of industrial membranes, such as concentration polar-

sation, fouling, etc. However, several studies have been published
n osmosis and PRO experiments with RO membranes, e.g. in [4,6],
here the results on membrane fluxes are in general agreement
ith the results in this study. Few in-depth studies have, however,

ocused on the actual power output that can be obtained from PRO
ower plants and energy recovery. Post et al. [1] made some cal-
ulations and concluded that only 1 W/m2 or less can be expected
rom PRO plants using seawater and freshwater. Their conclusions

ere based on osmotic membranes with water permeabilities sig-
ificantly less than existing commercial RO membranes. This figure

s also less than the 2.7 W/m2 specific power that as been measured
n laboratory experiments.

The present analyses show that the specific power in PRO may
pproach high values (cf. Fig. 6). The best RO membranes on the
arket today probably already have skins with the necessary semi-

ermeable properties, but the structure parameters are far too
igh. An integrated PRO membrane must be tailor-made using an

mproved support membrane having a low S value in a manner
hat does not impair the osmotic properties of the skin. Large steps
ave been taken towards reaching this goal but further progress is
eeded in order to make membranes that will be useful for com-
ercial osmotic power production.

Theoretical modelling supported by experimental work indi-
ates that it may be possible to develop membranes that yield
W/m2, or even higher if a breakthrough in membrane develop-
ent occurs. In an optimised osmotic power plant this figure would

e reduced by approximately 1 W/m2 due to various losses in the
otal process. The resulting net power gives a realistic perspec-
ive for seawater/freshwater PRO. Post et al. [1] indicated a specific
ower in the order of 2.5 W/m2 for an optimised RED.

In Section 2 it was shown that the maximum extractable energy
rom mixing of seawater and freshwater is 2.67 MJ/m3 of freshwa-
er at 20 ◦C. This is a relevant quantity to use as reference for plant
fficiency because it is the available amount of freshwater that will
imit the power production potential. While there is normally no
estriction on the amount of seawater available, the energy and
osts needed to handle it will limit the flow to approximately twice
he freshwater flow. The freshwater utilisation in PRO should nor-

ally not exceed 80 per cent in order to reduce fouling, since all
atural freshwater feeds will contain some fouling components.

The PRO calculations are made for a feed of salt free freshwa-
er (most Norwegian surface waters contain less than 0.1 g/l salt)
nd seawater. In the example of Fig. 8 it is shown that 40 per cent
f the potential mixing energy or approximately 1 MW/(m3 s) can
e recovered at a pressure slightly above optimum power produc-
ion (5 W/m2). Actually a PRO plant may be operated with higher
ecovery than 1 MW/(m3 s) in periods of freshwater shortage, but
hen with reduced specific power. However, due to the operating
haracteristics of a PRO plant the output will for example only be
educed by 9 per cent when the freshwater feed is reduced by 25 per
ent. If future improved membranes (e.g. based on nanotubes) can
mprove the water permeability and still keep the salt permeability
ow, the mixing process in PRO can be made more reversible using
ven higher pressures in the seawater (well above the pressure for
aximum specific power).

In order to compare the feasibility of PRO and OED for power pro-
uction the cost and service time of membranes, the energy losses
n the plant and construction costs are important parameters. It is
ot possible to assess the future cost of membranes since commer-
ial utilisation of salinity power will allow cost reductions through
conomy of scale. Nevertheless it is difficult to envisage that the
ost of 1 m2 membrane for PRO will be higher than 1 m2 of mem-
ne Science 335 (2009) 103–110 109

brane pair for RED. The power loss for a large and well-designed
PRO plant will be in the order of 1 W/m2 installed membrane. A
similar figure for a RED plant has not been found.

The evaluations of the PRO process were based on an essen-
tially salt free freshwater feed. The efficiency of the PRO process
will be reduced if the freshwater feed contains significant amounts
of salt. In this respect the RED process offers an advantage over
PRO since some salt in the freshwater is needed to improve the
performance. If this salt is not naturally present in the freshwater
feed some seawater has to be added. In order to prevent fouling of
the membrane stacks, the both processes will have requirements
regarding the quality of the feed fluids.

6. Conclusions

An analysis of the PRO processes for energy production from
mixing of freshwater and seawater has been performed at realistic
conditions for physical plant operation. The specific energy produc-
tion and the utilisation of the freshwater feed for the PRO process
have been analysed. The model has been used to analyse laboratory
experiments.

If the semi-permeable properties of the best commercial RO
membranes can be realised in membranes optimised for PRO, a
specific power in the order of 5 W/m2 membrane appears to be
realistic when the various loss factors are not considered. The total
power losses in a large and optimised PRO plant are estimated to
be in the order of 1 W/m2. A freshwater utilisation efficiency of
1 MW/(m3 s) or approximately 40 per cent of the maximum mix-
ing energy of freshwater with infinite amounts of seawater can
be obtained. These performances may be further improved if new
membrane types are developed that allow the process to operate
more reversibly at higher seawater pressures.

Present RO membranes have the semi-permeable properties
that are needed to reach the high performance. The structure
parameter must be reduced to values in the order of 0.5 mm or less
to obtain specific power of 5 W/m2 or higher. In order to reduce the
structure parameter new membranes specially designed for PRO
must be developed.

A specific power in the order of 2.7 W/m2 has been measured for
a small sample of development membrane in a stirred two chamber
PRO cell.

List of symbols
A water permeability (m/Pa s)
B salt permeability (m/s)
c concentration (g/l or mol/l)
D coefficient of Brownian diffusion for salt (m2/s)
E1, E2 exponents
E energy (J)
�Gmix Gibbs free energy of mixing (J)
h half-height of cross-flow channel (m)
Jw water flux (m/s)
JS salt flux (mol/m2 s or g/m2 s)
lp pore length (m)
l distance from membrane channel inlet (m)
q heat energy (J)
R gas constant (8.314 J/mol K)
T absolute temperature (K)
u general local cross-flow velocity (m/s)
u0 bulk cross-flow velocity (m/s)
vp pore flow velocity (m/s)

w work energy (J)
x distance from the channel inlet (m)
xi mole fraction of component i
y distance from the membrane surface (m)
� porosity
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osmotic pressure (Pa or bar)
tortuosity

ubscripts
bulk water phase
species i
membrane

1, m2 membrane surfaces 1 and 2
kin membrane skin

salt
water
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