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bstract

A novel method of converting thermal energy into mechanical work is presented, using semi-permeable membranes to convert osmotic pressure
nto electrical power. This method, a closed cycle pressure-retarded osmosis (PRO) process known as an osmotic heat engine (OHE), uses a
oncentrated ammonia–carbon dioxide draw solution to create high osmotic pressures which generate water flux through a semi-permeable
embrane against a hydraulic pressure gradient. The depressurization of the increased draw solution volume in a turbine produces electrical power.
he process is maintained in steady state operation through the separation of the diluted draw solution into a re-concentrated draw solution and

nearly) deionized water working fluid, both for reuse in the engine. The use of deionized water working fluid has been shown to allow for high
embrane water flux and efficient mass transport, as internal concentration polarization effects are eliminated. Modeling of the engine indicates

hat membrane power density may exceed 200 W/m2, given appropriate operating conditions. The thermal efficiency of the engine is predicted to
pproach a maximum of 16% of Carnot efficiency (maximum theoretical engine efficiency), with practical efficiencies most likely in the range

◦ ◦
f 5–10% of Carnot efficiency. The temperature of heat used for the engine may be very low (40 C with a 20 C ambient temperature), allowing
or the production of potentially low cost, carbon neutral power from waste heat, low temperature geothermal reservoirs, or other non-combustion
hermal energy sources. This combination of a highly concentrated NH3/CO2 draw solution and a deionized working fluid may allow for highly
ffective power generation from osmotic pressure gradients.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Increasing rates of energy use are important contributors to
uman social and economic progress. As per capita energy con-
umption increases, concomitant increases in standards of living,
roductivity, and wealth also occur. These trends are linked,
nd as increasing numbers of the world’s population rise out
f poverty due to increased economic activity in the develop-
ng world, the rate of total global energy use increases apace
1]. This rapidly increasing consumption of energy has corre-
pondingly increased the emission of pollutants and green house

ases, along with other deleterious effects. These trends are
lready observable, and further, potentially dramatic changes are
redicted to occur without some significant change of course [2].

∗ Corresponding author. Tel.: +1 203 432 2789; fax: +1 203 432 2881.
E-mail address: menachem.elimelech@yale.edu (M. Elimelech).
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In light of this, much research is being conducted on the
se of clean renewable energy sources. One emerging source
f such energy is the use of differences in salinity between two
odies of water, such as oceans and rivers, to create electrical
ower. This approach to energy generation is known as “salinity
ower”, or pressure-retarded osmosis (PRO). Early proposals for
he development of PRO involved the use of river and seawater
treams in an “open” configuration, or alternately, the pairing
f one of these with more concentrated streams such as saline
aters from the Great Salt Lake and the Dead Sea [3–13].
There are several difficulties, however, posed by the use of

pen water streams. One of these is the need for pretreatment of
eed and draw streams, similar to that required in desalination
rocesses, to prevent fouling of process membranes and compo-

ents. Another difficulty arises from the low differential osmotic
ressures found between many natural feed waters. Seawater, for
nstance, has an osmotic pressure of approximately 2.53 MPa
25 atm), which does not allow for the high hydraulic pressures

mailto:menachem.elimelech@yale.edu
dx.doi.org/10.1016/j.memsci.2007.08.027
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and operation principles of a power plant of this type is shown
in Fig. 1.

Fig. 1. Schematic of the ammonia–carbon dioxide osmotic heat engine (OHE)
4 R.L. McGinnis et al. / Journal of

esirable for efficient power production. In the cases where
igher concentration streams are considered, higher hydraulic
ressures may be used, but the process efficiency will suf-
er significantly from internal concentration polarization (ICP)
ccurring in the support structure of the membrane used for the
rocess [14,15]. This phenomenon is particularly exacerbated
y the increased support layer thickness required to resist the
ncreased hydraulic pressures enabled by the more concentrated
treams. A final consideration is the need to place power facilities
t the interface between natural streams, often areas of consid-
rable environmental importance, such as estuaries, wetlands,
nd bays.

In order to address these concerns, several investigators have
roposed closed cycle PRO systems, intended to use low tem-
erature heat to recycle an osmotic agent. This approach no
onger capitalizes on natural salinity gradients, but it does con-
inue to explore the use of osmotic pressure as a medium for
he production of work, enabling the conversion of environmen-
ally benign low temperature heat sources to electrical power.
n several such proposals, the draw solution was a solution of
n ionic salt, such as sodium chloride [3,5,16,17]. Heat applied
o the OHE would re-concentrate the draw solution by vapor-
zing a portion of the water into steam, which would then be
ondensed to form the deionized working fluid. Other proposals
nvolved the removal of a volatile organic solute, or the chemical
recipitation of solutes followed by their re-dissolution [3,17,18]

A primary difficulty faced by the OHEs proposed is poor
hermal efficiency, due to high heat input requirements for
ater and organic solute vaporization. In the case of chemi-

ally precipitable solutes, chemical feedstock consumption can
ose difficulties to economic operation. An additional challenge
o these approaches is the difficulty of obtaining solute sep-
rations complete enough to avoid concentration polarization
CP) effects in the feed water. This is not a problem when water
s vaporized and re-condensed as distilled working fluid, but
ould pose a significant problem when using removable draw
olutes which are difficult to remove completely. This points to
n additional, reoccurring challenge in osmotically driven mem-
rane processes—the difficulty of identifying a solute which
ay both create high osmotic pressures and be highly remov-

ble for reuse. Near complete removability is quite important, as
nternal concentration polarization effects in the working fluid
feed solution) can drastically reduce membrane water flux [19].
he ideal osmotic heat engine would use a draw solute that is
ighly soluble, completely removable, has a high diffusivity for
ffective mass transfer in the membrane system, and requires less
eat for solute removal than that required for the vaporization
f water or highly soluble organic solutes.

In this paper, we present a novel closed cycle osmotic heat
ngine. The system uses an ammonia–carbon dioxide draw solu-
ion and a deionized water working fluid. The draw solution
s highly soluble, osmotically efficient, and contains entirely
emovable and recyclable solutes. Use of deionized water as

working fluid maximizes membrane mass transfer by elim-

nating internal concentration polarization effects. The results
emonstrate the feasibility of the osmotic heat engine for the
ractical conversion of low temperature heat sources to power.

f
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h
o
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. Closed cycle ammonia–carbon dioxide osmotic heat
ngine

A draw solution composed of ammonium salts formed by
he introduction of ammonia and carbon dioxide into water

ay be used in an OHE to generate electrical power [20].
draw solution of this type has several desirable char-

cteristics. The solubility of the ammonium salts is high;
he species have relatively low molecular weights and high
iffusivities, leading to high osmotic pressures and mod-
rate external concentration polarization effects; the solutes
re almost completely removable, in that the ammonium
alts, upon heating within a draw solution at an appropriate
emperature and pressure (approximately 60 ◦C at 101.3 kPa
1 atm), for example), will decompose to ammonia and car-
on dioxide gases which may be readily removed to levels
f <1 ppm; and the thermal energy required for the removal
nd recycling of these solutes from a quantity of water is sig-
ificantly less than that required to vaporize the water itself
21].

In the NH3–CO2 OHE, the concentrated draw solution is
ressurized to a hydraulic pressure lower than its osmotic pres-
ure, a dilute working fluid (in this case water with <1 ppm NH3
nd CO2) flows through the semi-permeable membrane into the
ressurized solution, and this water flux expands the volume of
he draw solution, inducing flow through a turbine, producing
ower. Heat is introduced to the engine to drive a separation of
he solutes from the draw solution, resulting in renewed draw
nd working fluid streams. A pressure exchanger of a type sim-
lar to that used in reverse osmosis (RO) desalination is used to

aintain the pressure of the draw side of the membrane system
n steady state operation [22]. A schematic diagram of the flow
or power generation. The working fluid is water containing <1 ppm NH3 and
O2, and the draw solution is made up of concentrated ammonium salts. PEX
enotes pressure exchanger, TU denotes turbine, and Qin and Qout represent the
eat flows into and out of the engine. The dashed line box indicates the region
f high hydraulic pressure (on the active layer side of the membrane).
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. Materials and methods

Projections of the performance of the ammonia–carbon
ioxide OHE are based on experimental data for water flux,
alculations of power conversion efficiency in the turbine and
ressure recovery systems, and modeling of the energy require-
ents for the removal and recycling of the OHE draw solutes.

.1. Experimental setup

Measurements of water flux through semi-permeable mem-
ranes oriented in the PRO configuration (backing layer toward
eed, active layer toward draw solution) provide data for esti-
ations of engine performance. Membrane water flux data was

btained using a crossflow membrane cell and associated sys-
em components similar to that described in our previous studies
n FO desalination [19,23]. The dimensions of the channel are
7 mm long by 26 mm wide by 3 mm deep. Mesh spacers were
nserted within both channels to improve support of the mem-
rane as well as to promote turbulence and mass transfer. A
ariable speed peristaltic pump (Masterflex, Vernon Hills, IL)
ith a dual pump head was used to pump both the feed and draw

olutions in a closed loop. A constant temperature water bath
Neslab, Newington, NH) was used to maintain both the feed
nd draw solution temperatures. Heat transfer took place within
he water bath through inline stainless steel heat exchanger coils
hich were submerged in the stirred bath. The draw solution

ested on a scale (Denver Instruments, Denver, CO) and weight
hanges were measured over time to determine the permeate
ater flux. The membrane is placed in the cell such that the
raw solution is against the active layer and the feed solution is
gainst the support layer. A complete system diagram is provided
n McCutcheon et al. [19].

.2. Forward osmosis membrane

The membrane used to collect flux data is designed for for-
ard osmosis desalination and was obtained from Hydration
echnologies, Inc. (Albany, OR). It is the same type used in
revious experiments on forward osmosis desalination [19].
he chemical makeup of the membrane is proprietary, but it

s believed to be made of cellulose acetate polymers and will
e denoted CA in this investigation. The structure is asymmet-
ic with a separating layer supported by a relatively thin (less
han 50 �m) support structure. Further support is provided by
polyester mesh that is embedded within the polymer support

ayer [23]. However, this membrane is not robust enough to
btain flux data at the high pressures of interest in practical
pplications of pressure-retarded osmosis.

.3. NH3–CO2 draw solution

Osmotic water flux was determined for a range of draw

olution concentrations. The draw solution was made by mix-
ng ammonium bicarbonate salt (NH4HCO3) with ammonium
ydroxide (NH4OH), forming a complex solution of ammo-
ium salts, comprised of ammonium bicarbonate, ammonium

3

q

rane Science 305 (2007) 13–19 15

arbonate, and ammonium carbamate, with the later being the
ost abundant in concentrated solutions [19]. The amount of
H4OH added varied depending on the concentration of the
raw solution and the temperature at which it was to be used. The
mount of NH4OH was minimized to minimize the concentra-
ion of unionized ammonia in the draw solution. Properties of the
raw solutions used in modeling of the OHE, including osmotic
ressure, density, viscosity, and pH, were obtained with Aspen
YSYS® (Cambridge, MA), in conjunction with an electrolyte
roperty package from OLI Systems Inc. (Morris Plains, NJ).

.4. Modeling of OHE performance

.4.1. Modeling OHE water flux
Experimental membrane water flux data (presented later in

ection 4.1) are used to calculate fitted (apparent) mass transfer
oefficients for predictions of external concentration polariza-
ion (ECP) at the interface between the membrane and the
oncentrated draw solution used to drive engine water flux. ECP
ffects for a concentrated draw solution in an OHE membrane
ystem are predicted with the fitted mass transfer coefficient
nd based on film theory [24], with highly concentrated solu-
ion ECP effects calculated based on extrapolation from the
xperimental data. This model fitting and extrapolation is con-
idered necessary in light of the expected significance of ECP
ffects within the OHE’s membrane system, and the inadequacy
f traditional film theory to describe mass transfer phenomena
n highly concentrated non-ideal solution flows. The predicted

embrane fluxes using the fitted coefficient were found to corre-
ate well with observed water flux performance, within the range
f experimental data.

Water flux measurements under unpressurized conditions are
ssumed to predict flux in our pressurized OHE system, follow-
ng the governing equation for PRO under differing osmotic and
ydraulic pressure conditions [25]:

w = A(σ�πm − �P) (1)

ere, A is the water permeability coefficient, σ the reflection
oefficient, �πm the difference in osmotic pressures across the
embrane between the draw and feed solution at the separating

nterface (i.e., at the membrane active layer surface), and �P
s the hydraulic pressure difference between the draw solution
ide and the working fluid. Note that �πm is calculated from the
ulk osmotic pressure of the draw solution after accounting for
CP effects as described above.

We assume σ = 1 in all calculations because of the relatively
igh rejection of the FO membrane used in this work, as dis-
ussed in our previous publication [19]. Furthermore, the water
ermeability coefficient, A, is assumed to be independent of the
pplied hydraulic pressure, implying negligible membrane com-
action. The selection of the membrane, operating pressures, and
emperature of the system will necessarily influence the accuracy
f predictions based on these assumptions.
.4.2. Modeling of OHE energy production
The power produced by the OHE (W) is a function of the

uantity of water moving through its turbine per unit of time
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lead to higher water fluxes due to the effects of temperature
on the membrane water permeability and the diffusivity of
the draw solutes. With the FO membrane operated in the
PRO mode with a deionized water feed, water flux exceeds

Fig. 2. Osmotic water flux performance of the CA membrane using an unpres-
surized NH3/CO2 draw solution with deionized water as the feed stream, with
6 R.L. McGinnis et al. / Journal of

V̇ ), the drop in pressure in that turbine which is equal to the
pplied hydraulic pressure on the draw solution side (�P), and
he turbine efficiency (E):

= EV̇�P (2)

he turbine efficiency E is typically greater than 90%. The effi-
iency of the pressure exchanger used to maintain steady state
ressurization of the draw solution is typically greater than 95%.
he combined efficiency of these two components is approxi-
ated, in this modeling effort, to an overall efficiency of 90%

or projections of power production, captured in the value of 0.9
or E in Eq. (2). The volume flowing through the turbine per
nit time (V̇ ) is equal to the product of the water flux through
he membranes of the OHE (Jw) and the total membrane surface
rea. This flux is a function of both the hydraulic and osmotic
ressures of the system, as shown by Eq. (1). Increasing the
ydraulic pressure relative to the osmotic pressure increases the
ower output per unit volume of water through the turbine, but
ill also reduce the total volume of water by reducing membrane
ater flux. Reducing hydraulic pressure will have the inverse

ffect.

.4.3. Modeling of OHE energy efficiency
Thermal efficiency is calculated by measuring the quantity

f power produced relative to the quantity of heat used (for the
eparation and recovery of the draw solution). There are two
easures of efficiency which may be considered in evaluating an

ngine’s performance: thermal efficiency and Carnot efficiency.
hermal efficiency is simply the ratio of engine power output
ver heat input. Carnot efficiency, however, is a measure of the
fficiency of an engine relative to that of a Carnot engine, one
hich produces the maximum theoretical quantity of work from
given heat flow, based on a perfectly reversible process.

The “quantity of heat” component of engine efficiency is cal-
ulated based on the heat duty of the distillation column used
o separate the ammonia and carbon dioxide from the dilute
raw solution, producing a re-concentrated draw solution and
eionized working fluid. The column heat duty was modeled
ith Aspen HYSYS® (Cambridge, MA), in conjunction with

n electrolyte property package from OLI Systems Inc. (Mor-
is Plains, NJ), following the procedures used in estimating the
nergy demands of forward osmosis desalination [21]. Details
n the nature of the draw solution, the separation, recovery, and
euse of the draw solutes, and the design characteristics of the
istillation column are found in our previous work [21] as well as
ater in the paper (Section 4.3). The draw solutions used for the
HE modeling had much higher concentrations than those used

n our previous desalination studies, but the modeling methods
emained identical.

The efficiency of a Carnot engine (η) is given by

= 1 − TL (3)

TH

here TH is the absolute temperature of heat delivered to the
ngine (from fuel combustion, for example) and TL is the abso-
ute temperature at which heat is rejected to the environment.

f
b
c
f
l
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easuring OHE efficiency against the efficiency of a Carnot
ngine establishes how effective the OHE is relative to the qual-
ty of heat it uses. A geothermal power plant using 200 ◦C heat,
or example, obtaining a thermal efficiency of 20%, would not,
y the thermal efficiency measure, seem to be a very efficient
lant. The Carnot efficiency of such an engine, however, would
e 55%, approximately equal to the Carnot efficiency of a coal
red power plant operating at 537 ◦C [26]. This is a particularly
seful method of comparison between heat engine technologies
hen considering heat sources as low as 20 ◦C above ambient

emperatures, where maximum theoretical thermal efficiencies
re quite low.

. Results and discussion

.1. Influence of temperature and draw solution
oncentration on membrane water flux

As the difference in osmotic pressure between two solutions
ncreases, the flux through a semi-permeable membrane sep-
rating the two will increase as well. This relationship is not
inear, due to concentration polarization effects at the surface
f the membrane [25]. In PRO mode (draw solution on active
ayer side of membrane) with deionized water as the feed, only
xternal concentration polarization is expected to occur, assum-
ng very high rejection of salts by the membrane [19]. Fig. 2
llustrates the relationship between water flux and draw solution
oncentration for the CA membrane.

Data is shown for 20 and 40 ◦C, with the feed and draw
olutions in each case isothermal. Flux is shown relative to the
smotic pressures of the draw solutions. Higher temperatures
eed and draw solutions isothermal. The driving force is calculated based on the
ulk osmotic pressure of the draw solution. Data are shown for 20 and 40 ◦C
onditions. Dashed lines indicate pure water hydraulic permeability determined
rom reverse osmosis tests with the same membrane. Differences between these
ines and experimental data are due to external concentration polarization.
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5 m3/m2-s (or 50 gallons per square foot of membrane per
ay, GFD). As discussed earlier, the nonlinear relationship
hown is due to ECP, caused by dilution of the draw solution at
he membrane surface on the permeate side of the membrane.
hese experimental flux data are used to calculate the power
utput of the OHE as described below.

.2. OHE power output

One criterion for optimizing the OHE is to select hydraulic
nd osmotic pressures which produce the highest power output
er membrane area, or highest membrane “power density”. The
ower density was calculated based on membrane water flux,
raw solution hydraulic pressure, and anticipated ECP effects
n the OHE membrane system. The ECP effects were calcu-
ated using a fitted mass transfer coefficient of 1.78 × 10−5 m/s,
etermined through experimental flux measurements in the PRO
ode. The combined efficiency of the hydroturbine and pressure

ecovery device (Fig. 1) was assumed to be 90%. The relation-
hip between the osmotic and hydraulic pressures in the OHE,
elative to the membrane power density, is shown in Fig. 3.

The modeling indicates that the maximum membrane power
ensity is achieved when the hydraulic pressure is approximately
0% of the osmotic pressure. For an OHE with a hydraulic pres-
ure of 10.13 MPa (100 atm), the power density provided by
se of a 4.6 M draw solution producing 19.16 MPa (197 atm)
f osmotic pressure is approximately 170 W/m2. This is quite
igh compared to the power densities expected of river/seawater
alinity PRO power plants, under 4 W/m2 [12].
The power density may be further increased, however, by
ncreasing the crossflow velocity of the draw solution stream (to
educe ECP effects) or the hydraulic pressure of the OHE mem-
rane system. Modeling of an OHE with significantly increased

ig. 3. Membrane power density (W/m2), relative to hydraulic and osmotic
ressures in the OHE. Each curve corresponds to a fixed ammonia–carbon diox-
de draw solution concentration. Maximum power density is achieved with a
ydraulic pressure which is approximately 50% of the draw solution osmotic
ressure.
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rossflow velocities (5 m/s in a 0.05 cm high flow channel),
ndicates that OHE power densities would be increased by
pproximately 61% over those of a membrane system with the
uid dynamics of the test cell used in this study (0.46 m/s in
0.3 cm high channel). For an OHE operating at 10.13 MPa

100 atm) hydraulic pressure, the maximum power density
ould be 274 W/m2 in this case.
Modeling of an OHE with a 20.26 MPa (200 atm) hydraulic

perating pressure indicates that power densities would be
ncreased by an additional 47% over those of a 10.13 MPa
100 atm) system. Increased crossflow velocity, however, will
esult in additional power consumption, and increased hydraulic
ressure will require more expensive process components. These
perating conditions will necessarily be factors in process opti-
ization, balanced against correlating factors of process fluid

ump power consumption and equipment capital and replace-
ent costs.

.3. OHE efficiency

The Carnot efficiency of the OHE was modeled over a range
f osmotic and hydraulic pressures. In the calculation of engine
hermal efficiency, the heat and electrical duties of the draw
olute separation and recycling process are compared to the
lectrical production of the OHE power generating turbine for
he combination of osmotic and hydraulic pressures examined.
ecause the electrical energy needed for the draw solute sep-
ration and recycling is negligible, the thermal efficiency is
ractically the ratio between the electrical energy produced by
he OHE and the thermal energy required for the draw solute
eparation. This efficiency is compared to the theoretical effi-
iency of a Carnot engine operating with the same high and
ow temperature heat streams, giving a “percentage of Carnot
fficiency” measure of OHE performance.

To determine the heat and electrical duty of the draw solute
emoval and recycling process, a draw solution of sufficient con-
entration to produce the osmotic pressure desired is specified
n a Hysys® chemical simulation model. This solution stream
s directed to a distillation column with characteristics appro-
riate for the removal. One example of such a model specifies
single distillation column, effecting the separation of draw

olutes from a 6 M (CO2 basis) draw solution stream (which
enerates 31.94 MPa (315.26 atm) osmotic pressure in the OHE
embrane system), containing structured packing 2.35 m (7.7 ft)

n height (30 theoretical stages), supplied with heat at 50 ◦C. A
olumn of this type operates at a bottom pressure and temper-
ture of 10.62 kPa (0.1048 atm) and 46.96 ◦C (given a 3 ◦C �T
n the reboiler heat exchanger), and a tops pressure and tem-
erature of 10.54 kPa (0.1040 atm) and 35.55 ◦C. The stream
ed to the top of the column is preheated to 32 ◦C with an
nergy requirement of 3196.8 MJ/m3 (per m3 working fluid pro-
uced). The column heat duty is 3454.6 MJ/m3, supplied to the
eboiler. Supplementary heating required to maintain all streams

t specified temperatures is 385.7 MJ/m3, for a total heat duty of
037.1 MJ/m3. The electrical duty for fluid pumping in the sepa-
ation process is relatively negligible (0.48 MJ/m3). A summary
f the heat and electrical duties required for the separation of the
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Table 1
Several characteristics of draw solutions used in the modeling of OHE efficiency and relevant heat and electrical duties for the draw solute separation and recycling

Draw solute concentration (M) Osmotic pressure (atm) NH3/CO2 ratio Heat duty (MJ/m3) Electrical duty (MJ/m3)

1 43.7 1.1 358.0 0.12
2 84.4 1.2 593.4 0.13
3 120.1 1.2 865.7 0.16
4 157.8 1.3 1319.0 0.19
5 229.6 1.6 2847.7 0.26
6 319.7 1.8 7037.1 0.48

T nted
o sys®

w se of

d
g
o
p

b
s
e
e
o
m
t
t
o

o
p
p
o
i
I

F
a
s
p
i
z
d

i
s
i
i
d
c

i
d
i
c
w
a
O
h
o
m

he molar concentration of the draw solution is given on a CO2 basis. Also prese
smotic pressures at 40 ◦C. Heat and electrical duties are those calculated by Hy
orking fluid stream containing <1 ppm NH3. All data shown here is for the ca

raw solute at typical concentrations used in our simulations is
iven in Table 1. This table also presents some of the properties
f the draw solution that are relevant to the modeling of the OHE
erformance.

The overall Carnot efficiency of the OHE was calculated
ased on modeling of the type described above, over a range of
upplied heat temperatures. Over a variety of temperatures, the
fficiencies were remarkably consistent. In Fig. 4, the Carnot
fficiencies for OHEs operating with 50 ◦C heat are shown,
ver a range of osmotic and hydraulic pressures in the OHE
embrane system. For each combination of pressures, the

emperatures were held constant, with a high temperature, or
emperature of energy supplied, of 50 ◦C, and a low temperature,
r temperature of the ambient environment, of 25 ◦C.

The results indicate that the highest engine efficiency is
btained when the difference between osmotic and hydraulic
ressures approaches zero. Given equal osmotic and hydraulic

ressures at equilibrium in a zero-flux condition, increases in
smotic pressure will increase membrane water flux, thereby
ncreasing the amount of power produced by the OHE turbine.
ncreases in osmotic pressure, however, are achieved by increas-

ig. 4. OHE engine efficiency as a percentage of Carnot engine efficiency, rel-
tive to the difference between the hydraulic and osmotic pressures of the draw
olution. For a high temperature of 50 ◦C and a low temperature of 25 ◦C, the
ercentage of maximum theoretical engine efficiency (Carnot) reaches a max-
mum of approximately 16% as the net driving force (�π − �P) approaches
ero. The osmotic pressure �π is based on the bulk osmotic pressure of the
raw solution.
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are the N/C (or NH3 to CO2) ratios of the draw solutions and the corresponding
as necessary for separation of the draw solution into a concentrated stream and
heat supplied at 50 ◦C.

ng the draw solution concentration. Higher concentration draw
olutions require more energy for solute removal and recycling
n the form of supplied heat. Therefore, as osmotic pressure is
ncreased, power production, membrane water flux, and heat
uty required by the solute recycling system all increase con-
urrently.

The distillation column used for the solute recycling system
s, however, inefficient in its removal of NH3 and CO2 from the
ilute draw solution. Some water vapor is also removed, requir-
ng heat which may not be converted to power production. As the
oncentration of the draw solution is increased, the amount of
ater vapor created in the distillation column increases as well,

nd this inherent inefficiency of separation results in decreasing
HE efficiency overall. The increase in osmotic pressure does,
owever, result in increased water flux, which benefits OHE
peration through increased membrane power density. Higher
embrane power densities require less membrane area for a

iven engine capacity, and therefore less membrane cost. This
epresents a tradeoff between membrane capital cost and engine
fficiency, a balance which must be optimized in the design of
n OHE system.

. Concluding remarks

As our results indicate, although overall engine efficiency is
airly low, approaching a maximum of 16% of Carnot efficiency,
nd a probable operating efficiency of 5–10%, the power output
er membrane area can be quite high, in excess of 250 W/m2

f membrane area. Should the OHE use thermal energy sources
n the range of 40–100 ◦C, the cost of the energy input to the
ngine may approach negligibility. The most important con-
ideration in such a case would then be the capital and labor
osts of the process and their impacts on the cost of electricity
roduced.

Factors which will impact the total cost include, in addition to
he capital cost of the membrane system, the capital cost of heat
xchange equipment for heat supply to the solute recycling sys-
em and heat rejection to the ambient environment. The lower the
ifference in temperatures between the supply and reject tem-
erature reservoirs (low temperature geothermal heat supply and

ir cooling, for example), the lower the thermal efficiency of a
eat engine will be, with resultant increased heat exchange area
nd cost. The feasibility of the use of an OHE will depend on
etailed analyses and optimization of the relationship between
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embrane power density, heat exchange surface area, the quan-
ity and quality of the thermal energy source, and the power
utput requirements of the end users of the OHE process.

The use of an ammonia–carbon dioxide osmotic heat engine
ay, given these considerations, allow for economically compet-

tive power production from diverse energy sources, including
or example, heat from the reject streams of existing power
lants, otherwise unproductive low temperature geothermal heat
ources, low-concentration solar thermal energy, biomass heat
non-combustion), or ocean thermal energy conversion. In all
hese cases, the process would produce power which is renew-
ble and carbon-free.
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