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Abstract

Pressure-retarded osmosis is a renewable method of power production from salinity gradients which has
generated significant academic and commercial interest but, to date, has not been successfully implemented
on a large scale. In this work, we investigate lower bound cost scenarios for power generation with PRO
to evaluate its economic viability. We build a comprehensive economic model for PRO with assumptions
that minimize the cost of power production, thereby conclusively identifying the operating conditions that
are not economically viable. With the current state-of-the art PRO membranes, we estimate the minimum
levelized cost of electricity for PRO of US$1.2/kWh for seawater and river water pairing, $0.44/kWh for
reverse osmosis brine and wastewater, and $0.066/kWh for nearly saturated water (26% wt) and river water,
all for a 2 MW production system. Only a pairing of extremely high salinity (greater than 18%) water and
freshwater has the potential to compete with wind power currently at $0.074/kWh. We show two methods
for reducing this cost via economies of scale and reducing the membrane structural parameter. We find that
the latter method reduces the levelized cost of electricity significantly more than increasing the membrane
permeability coefficient.
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1. Introduction

While the consequences of climate change are becoming increasingly felt globally, renewable sources of
energy such as solar and wind power are being adopted at rapidly accelerating rates. This is predominantly
due to drastic cost reductions which allowed these technologies to attain grid parity, or compete economically
with retail rates of grid power by fossil fuels [1l 2]. In 1955, Pattle [3] wrote that an untapped potential
source of exergy is lost when seawater is mixed with river water and proposed a system for recovering this lost
resource. About two decades later, Loeb invented two practical methods, pressure-retarded osmosis (PRO)
and reverse electrodialysis (RED), to harness this untapped source of energy which involves the controlled
mixing of two streams with different salinities [4, [5] such as river water and seawater or desalination brine and
treated municipal wastewater. While RED has been extensively studied from both energetic and economic
point of views [6] [7, [§], PRO has been found to have a higher energy efficiency and power density than
RED [9].

PRO has received substantial attention in the academic literature recently [10, 11} [12] and several re-
searchers have studied integrating PRO with reverse osmosis systems to reduce the overall energy consump-
tion for desalination [I3, [I4]. But these studies were focused solely on energetic analyses of PRO and
fewer studies have investigated the economic viability of this technology. However, just as attaining grid
parity enabled and continues to enable widespread adoption of solar photo-voltaic and wind power, so too
do economic considerations determine the viability of PRO systems. Given the significant academic and
commercial interest in PRO, a comprehensive economic assessment is both imperative and timely.

In this study, we compute the minimum levelized cost of electricity (LCOEi,) in US$/kWh and the
minimum overnight cost-of-capital (OCC ;) in US$/MW for a variety of draw and feed stream combinations.
These figures of merit allow for a direct comparison between PRO and other energy sources including
renewables, such as wind and solar, or fossil technologies, such as diesel and natural gas.

The novelty of this work lies in using lower bound cost estimates rather than attempting to precisely
estimate costs. The aim therefore is to sharply characterize sets of operating conditions as economically
unviable. In addition, we use a comprehensive optimization algorithm that enables exploration of a large
space of operating conditions rather than being restricted to some arbitrarily set operating condition. Finally,
the effect of system scale up on the economic viability is also considered. These factors are discussed in more
detail in the following subsections.

Lower bound cost estimates

Firstly, we use lower bound cost estimates to determine the economic viability of stand-alone PRO. This
is because accurately estimating capital cost (CapEx) and pretreatment cost data for PRO is difficult due to
the lack of large scale PRO plants in existence. Previously estimated PRO system costs in the literature vary
greatly due to selection of these values and it is unclear which are the most accurate. Instead of attempting
to accurately determine the cost of a PRO system, we adopt simplifying assumptions whenever there is
uncertainty which lead to the lowest possible cost - thereby providing a lower bound on the cost of electricity
generated by PRO. One of our most important assumptions is that we use capital costs of modern seawater
reverse osmosis (SWRO) plants of a similar size to estimate PRO CapEx. Although RO and PRO are similar,
directly applying the RO CapEx to PRO may result in overestimation of the PRO CapEx. Whenever we
believe there exists a difference between PRO and RO, we exclude the CapEx contribution from the specific
item which is attributed to the difference (e.g., the intake system). We chose SWRO because the salinity of
draw stream considered in this study is greater than or equal to seawater salinity. Because RO technology
and construction methods are rather mature, using their capital cost should provide a lower bound cost to
our PRO study.

Comprehensive model and optimization algorithm which explores a large set of process parameters

Secondly, our model is one of the most comprehensive to date due to consideration of all known loss
mechanisms including internal and external concentration polarization, reverse solute flux, viscous losses in
hydraulic pressure, and axial changes in concentration due to large system sizes. We also take into account
the decrease in membrane permeability at high pressures (> 45 bar) due to compaction - a critical, but poorly
understood factor which must especially be considered when using high osmotic pressure draw streams to
produce power.



In addition to our large set of explored draw and feed stream combinations, we use a four parameter
non-linear optimization method to investigate a vast range of feed and draw velocities, applied hydraulic
pressures, system sizes, and mass flow rate ratios. With our lower bound cost estimation method, we can
clearly rule out a large set of infeasible operating regimes. Our optimization approach makes the results
from our study general rather than being limited to one choice of parameters.

While we are not the first to explore the economic viability of PRO, most studies have focused on
pairing seawater with freshwater (or river water level salinity) [I5], 06} 17, I8]. Kleiterp [I5] investigated
the commercial potential of PRO but used a zero dimensional model which does not take into account the
decreasing driving force along the length of the PRO module. This choice of model significantly over-predicts
the power density, which in turn results in an underestimate of the cost of electricity.

Skilhagen et al. [18] suggested that 5 W/m? is required for the feasibility of PRO but did not specify
the details of their economic argument. Lee et al. [I6] assumed a power density value and membrane cost
without using a PRO model to study only the OCC. Ramon used an exceptionally low capital cost ($234
day/m3 of permeate), less than a quarter of the cost of a typical SWRO plant (>$1000 day/m? [19]), which
resulted in an electricity cost of US$0.06/kWh.

Some papers studied solution pairings other than river water /seawater, but use unreasonable assumptions
or scale-up factors that may not be accurate. Loeb [20] studied a large scale PRO plant which uses Dead Sea
and RO brine as inlets and achieved US$0.058/kWh in 1998 (US$0.084/kWh in 2016 [21]). Loeb [22] also
studied pairing 12% (by weight) salinity stream of the Great Salt Lake with nearby river water and achieved
US$0.09/kWh in 2001 (US$0.12 kWh in 2001 [21]). However, both studies based capital cost on a brackish
RO plant ($420 day/m?), which is less than half the cost of a SWRO plant (>$1000 day/m? [19]) due to the
absence of high pressure pumps in brackish water RO. Also Loeb used a scale-up cost factor which may not
be accurately applied to PRO.

Future PRO economic viability

Finally, we study the future economic viability of PRO by pushing the limits of PRO membrane tech-
nology in our models. We first identify two potential methods of reducing the LCOE: harnessing economies
of scale and improving membrane performance. We find that the LCOEy;, is reduced by 42% as the net
power production is increased from 2 to 75 MW. Then we compute the LCOE,;;, for PRO systems with up
to an order-of-magnitude greater water permeability coefficient, lower solute passage, and smaller structural
parameter while maintaining the salt permeability constant—all steps which have been proposed to prepare
PRO for commercialization and real-world application [17, 23] 24]. We find that decreasing the structural
parameter results in a more significant decrease in LCOE,;,, than increasing the membrane permeability.

With these unique analyses, we conclusively demonstrate that PRO has potential to be economically
viable only if extremely high draw salinity is used (at least above 18%). Therefore, we suggest that future
PRO research be focused on challenges associated with implementing highly saline draw solutions.

2. Economic model to obtain a lower bound cost of energy from PRO

A representative PRO system is shown in Fig. A counterﬂowﬂ PRO module takes draw and feed
solutions to produce power. After leaving the PRO module, the draw stream is divided into two parts. A
pressure exchanger (PX) is used to transfer mechanical energy from a portion of the total outlet draw stream
(Qd,out) to the incoming draw stream (Qq,in). The pressure exchanger requires equal volumetric flow rates
so that Qq,in = Qd,ous.- The remainder of the draw exiting the PRO module (Qy) is run through the turbine,
which in turn is connected to a generator in order to produce power. A lower salinity feed stream flows on
the other side of the PRO membrane. Due to a difference in chemical potential, water is drawn from the
feed to the draw side via osmosis. Because the inlet draw stream is at a higher hydraulic pressure than the
feed (Pyin > Prin), the transmembrane osmotic driving force is retarded by the hydraulic pressure of the
draw stream (i.e., pressure-retarded osmosis).

1We investigate counterflow exchangers as opposed to parallel flow exchangers in this work because the latter configuration
produces less power irrespective of operating conditions [25].
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Figure 1: Flow diagram of PRO system.

2.1. Economic analysis

Two metrics are used for economic analysis: levelized cost of electricity (LCOEy,) in $/kWh and
overnight capital cost (OCCpy) in $/MW. The OCC is defined as a ratio of capital cost to total power
production. It quantifies the capital cost if the plant can be built overnight and does not take into account
the time value of money. These up-to-date metrics for other power generation technologies are available
from the U.S. Energy Information Administration [26]. By calculating LCOE and OCC for PRO, a direct
comparison can be made to other technologies to assess the economic feasibility of PRO. As of 2015, wind
power had the lowest national average (U.S.) values of LCOE [26] and OCC [27], apart from geothermal
energy, of $0.074/kWh and $2.2/MW, respectively. In this paper, we use wind power as a benchmark target
for comparing against PRO because of its low LCOE. Table [[] shows LCOE and OCC values for other power
generation technologies.

Table 1: LCOE and OCC of power generation technologies as of 2015 [26]. CC stands for combined cycle.

Technology LCOE [$/kWh] OCC [$/MW]
Conventional coal 0.095 3.8
Natural gas (conventional CC) 0.075 0.92
Natural gas (advanced CC) 0.073 1.0
Solar PV 0.13 3.9
Onshore wind 0.074 2.2
Hydroelectric 0.084 2.9

Since very few large scale PRO plants exist, capital expenditure (CapEx) for a full PRO plant is difficult
to estimate. Instead, we estimated PRO CapEx using data from reverse osmosis plants as was done by
Loeb [20] 28]. While a PRO plant would be very similar to an RO plant, it is more complex because it
involves two streams and requires two pumps. Therefore, in addition to the fact that RO is a rather mature
and well-optimized technology, SWRO CapEx can serve as a lower limit estimate of the PRO CapEx.
PRO and RO ancillary systems are also different. For example, both feed and draw solutions have to be
pretreated in the case of PRO. In the PRO literature, pretreatment is not well understood [29, 30]. For our
main conclusions, we neglect the energy consumption and cost of pretreatment in order to avoid introducing
an additional source of uncertainty and to be consistent with our methodology of estimating the lower bound
LCOE and OCC. In Sec. [3:2] however, we reintroduce pretreatment to estimate its effect on the net power
production and cost.

We use SWRO CapEx data from Desaldata.com [3I], which has a detailed breakdown of CapEx items
(e.g., intake and outfall system, pressure vessels, etc.). Among these items, we deliberately exclude irrelevant
or uncertain items (which may introduce uncertainty to the analysis). More specifically, we neglected intake
and outfall system costs because these items are specific to plant location. We also neglect CapEx costs
associated with pretreatment because of the uncertainty of PRO pretreatment requirements. These exclusions
by themselves result in about a 16% reduction in CapEx. Pumps are not excluded because for high salinity
draw streams, the operating pressure of PRO is much higher than that of RO. As will be shown in Sec.



the optimum pressure fo r a0.1/26% salinity pair is 173 bar, which is more than twice the operating pressure
of SWRO (approximately 70 bar).

Using the CapEx data, the membrane price per unit area can be calculated ($15-40/m? range). In the
present work, we assume that PRO membranes can be produced for the same price as RO membranes.
Because RO is a mature technology, this assumption results in significantly lower PRO costs compared to
using currently available PRO membrane costs. Details on how we obtained CapEx data can be found
in |[Appendix A

LCOE iy is a function of both capital and operating expenditures (OpEx). OpEx includes labor, mem-
brane replacement, chemicals, etc. In order to be consistent with the lower limit cost estimation, only
membrane replacement is included in the OpEx because other items are not fully understood or may vary
greatly for PRO application. The detailed economic analysis framework can be found in The
LCOEin and OCC,y;, can be calculated as follows:

CapEx - CRF n CmAm
Wnettop Lvanettop
CapEx

OCChin = — 2
Wnet ( )

LCOEmin =

(1)

where CRF is the capital recovery factor, Whe; is the net power production from PRO, top is the annual
operation time, Cy, is the cost of membrane per unit membrane area, and A,, is the membrane area. Wnct
is defined as the difference between the total power produced by the turbine and generator (WPRO) and the
pumping power as shown in Eq. :

Wnet = WPRO - Wpump (3)

2.2. Optimization methodology

A commercial forward osmosis (FO) membrane from Hydration Technology Innovation was used as the
basis for membrane properties. Straub et al. [32] investigated this membrane and reported that A = 2.49
L/m?-hr-bar, B = 0.39 L/m%hr and S = 564 pum, where A is the membrane pure water permeability
coefficient, B is the solute permeability coefficient, and S is the structural parameter. The structural
parameter is a function of the porosity, tortuosity, and thickness of the membrane support layer.

In PRO, the power production WpRO is a function of the inlet salinities of the feed (w¢in) and draw
(w4 in) streams, the membrane area (Ay,), the inlet velocity of either stream (v), the dimensionless pressure
on the draw stream (P*), and the mass flow rate ratio (MR) as specified by Eq.

WPRO - f (wf,ilu wd,ina Amv v, P*7 MR) (4)

where the dimensionless net draw pressure and MR are defined, respectively, as [25]:

P in Pln
pr =% : (5)
Ttd,in Tf,in
MR — Tr.ld,in (6)
Mt in

The denominator of Eq. is the maximum osmotic pressure difference. The total power (WPRO) can be
used to calculate the levelized cost of electricity (LCOE ) as discussed in Sec. The inlet salinities of
the two streams are specified as inputs for each case study. The remaining four independent variables (A,
v, P*, and MR) are determined such that LCOE is minimized, through non-linear optimization over a wide
parametric space, by the Conjugate Gradient Method using Engineering Equation Solver [33]. It is sufficient
to specify only the velocity of either the draw or feed stream because the velocity of the other stream can be
determined by conservation of mass and MR. The computational flow for our optimization scheme is shown
in Fig. As we will discuss in the next section, the only parameter that is specified as a constant is the
channel height (h). Our choice of h, however, is appropriate assuming that PRO will use channel heights
and spacers that are common to the RO industry. Because the independent variables are specified through
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Figure 2: Computational flow for optimization algorithm to find LCOE,,;, and determine economic viability of PRO.

optimization, the results of the simulation do not depend on a particular choice of operating condition. To
the authors’ knowledge, this extent of generality has not been previously achieved in the PRO literature.
Table [2| qualitatively shows the first order effects of the four independent variables.

Table 2: Qualitative effect of independent variables.

Too low Too high
A, Low energy generation High CapEx
v High concentration polarization High pumping power
MR  High pumping power for feed High pumping power for draw
P*  Small turbine power Small flux

We can infer the presence of a global minimum by studying the limiting behaviors of the four independent
variables. As each variable approaches zero or positive infinity (unity for P* because it is a dimensionless
variable defined from zero to unity), the power production and resulting LCOE,,;,, approach zero or infinity,
respectively. For example, when P* approaches zero, the draw stream at the turbine inlet is not pressurized
to produce any power. Likewise when P* approaches unity, flux ceases and power production approaches
Z€ro.

2.8. Numerical model based on finite difference method including comprehensive list of loss mechanisms

The PRO module is discretized into a number of computational cells and transport equations were solved
for each cell using Engineering Equation Solver [33] which is a simultaneous equation solver. Equation @
describes how permeate flux (Jy) is calculated, at each position z, along the axial flow direction by the
solution diffusion model:

Jw (2) = A{mam () = mem (2) = [Pa () = Pt (2)]} (7)

where mq,m and 7¢,, are the draw and feed osmotic pressures at the membrane surface (to account for con-
centration polarization), and P is the hydraulic pressure of each stream at an axial position z. Equation
describes how reverse salt flux is calculated for Fickian diffusion:

Jsalt(aj) = BP [wd,m(l') - ’lUf)m((E)] (8)

where p is the density (approximated as that of pure water), and wq m and wg,, are the solute mass fractiond’|
at the membrane on the draw and feed side. Two implicit equations for concentration polarization (Egs. (9]
and ) are used to calculate wq, and wg,, using the bulk feed and draw salinities, the external mass
transfer coefficient k& on the draw side, and membrane support layer properties.

Jw B (wa,m — Wem) Jw
m : : ]-
wq, Wd b €XP < pk‘) —Jw [ — exp (— ok )] (9)

2Qur transport model considers mass-based rather than volume-based salinity because volume is not conserved.
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The diffusion coefficient, D, of NaCl as a function of salinity was tabulated by Robinson and Stokes [34]. It
varies between 1.474 x 107 and 1.62 x 10~ m? /s over the salinity range of 0 to 22.6 % at temperature of
25°C. Because of the small variation, an average value of 1.52 x 1072 m? /s was used.

Simultaneously solving local transport equations (Egs. and ) at all x locations completely specifies
the PRO system. From this, other parameters of interest such as power production can be calculated.
Our model includes a comprehensive set of loss mechanisms including external and internal concentration
polarization, reverse salt flux, viscous pressure drop, and membrane compaction. A detailed description of

the model can be found in

3. Results and discussion

3.1. Energetic optimum and economic optimum are dramatically different

Many researchers have focused on energetic analysis of PRO, as discussed in Sec. While energetic
analysis is crucial to understand the theoretical basis of PRO and the limits of power production, the most
relevant metric needed for the widespread adoption of PRO technology (or any other energy technology) is
its cost.
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Figure 3: Energetic and economic optima for 0.1/7% (river water or treated wastewater effluent and desalination brine) salinity
pair as a function of the draw to feed mass flow rate ratio, MR. The net power output is fixed at 2 MW.

Figure |3| shows the effect of varying the mass flow rate ratio (MR) on the specific net energy production
(i.e., Enet = Epro — Epump) and LCOE,,,. Note that we use E to denote the rate of energy transfer
normalized by the feed flow rate and W to denote the non-normalized energy transfer rate. The optima
are drastically different. Thermodynamically, a larger membrane area is required to reduce the irreversible
losses. However, larger membrane areas increase system size and, therefore, CapEx. Because of these
opposing effects, energetic optimum and economic optimum are usually different for typical energy systems.
Figure [3]shows that PRO follows this trend as well. Although Fig. [3]is generated using net energy production
normalized by the feed volumetric flow rate, the same trend is observed even if it is normalized by the draw
or combined feed and draw volumetric flow rate. It is unreasonable to increase the energy production and
efficiency by increasing the cost of electricity. Therefore, energetic analysis cannot be used to judge viability
of PRO, and economic analysis is indispensable. The subsequent sections focus on economic analysis.

3.2. Increasing draw salinity drastically reduces the cost

Recalling Eq. , four independent variables are used for optimization, leaving two independent variables
(i.e. salinities of feed and draw streams) which can be used as inputs for a parametric study. It can be shown



that a low salinity feed stream should be used to maximize power production. Detailed analysis can be found
in Throughout the paper, we hold the feed salinity at 0.1% to keep it as low as possible while
still retaining practicality. This value represents the salinity of typical treated wastewater effluent (TWE)
or river water. In this section, the draw salinity is varied from seawater level to NaCl saturation (26%), and
the effect of draw salinity on LCOE,,;;, and OCC,,;, is studied. In practice, a pretreated stream at 26%
salinity would rarely be available for use. Therefore, 0.1/26% pairing is a hypothetical situation that serves
as a minimum cost case.
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Figure 4: Effect of draw stream salinity on LCOEy;,. The feed salinity is 0.1% for all cases and the net power output is held
constant at 2 MW. Wind LCOE ranges from $0.066/kWh to $0.082/kWh, and the U.S. national average value [26] corresponds
to $0.074/kWh.

Figure [4] shows the LCOE,;, for various salinity pairs as well as the cost breakdown. The net power
output is 2 MW in each case, which is enough power for roughly 607 American homes [35]. The most
common salinity pairs studied in literature such as river water/seawater (0.1/3.5%) and river water/RO
brine(0.1/7%) have an LCOE,,;, of about 15 and 6 times higher than that of wind poweIEI7 respectively.
Ouly for the extreme salinity pair (0.1/26% pair) is the LCOE,,;, comparable to the LCOE of wind. While
CapEx is the dominant cost factor, it decreases with increasing draw salinity due to a reduction in the
required membrane area when the driving force is increased. At 2 MW net power output, the LCOE
matches that of wind at draw salinity of 24.1%. Even if the membrane replacement cost is neglected, the
LCOE iy of PRO is still higher than that of wind except for the 0.1/26% pair, again confirming that energetic
considerations alone cannot determine the feasibility of PRO.

Another economic metric of interest is overnight capital cost (OCC). Figure [5| shows the effect of varying
draw salinity on OCCpyip. The OCCy, for all combinations of salinity is higher than that of wind ($2.2/MW).
Recalling that these calculations embed many assumptions that lower the cost and that there is no available
26% pretreated stream, we conclude that standalone PRO cannot compete with wind power in terms of
OCC. Comparison of Fig. ] and [5] shows that LCOE,,i, and overnight capital cost have a similar functional
dependence on the draw salinity. Therefore, we focus on LCOE,;, in the subsequent sections.

3.8. Relative energetic cost of pretreatment decreases with increasing draw salinity

So far, pretreatment has been neglected because it may potentially introduce significant uncertainty to
our analysis. By including the pretreatment, we can deduce important conclusions by comparing the relative
impact of pretreatment on two different salinity pairs. Straub et al. [29] suggest a range of pretreatment
energy consumption values from RO practice: 0.05-0.2 kWh/m? for feed and 0.1-0.4 kWh/m? for draw. We

3Wind power was chosen as a benchmark because it was the second cheapest renewable technology. The first is geothermal
but only limited capacity is available at the projected lowest LCOE.
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chose 0.05 and 0.1 kWh/m? for the feed and draw streams, respectively, for the 0.1/7% salinity pair. In
order to account for the fact that more pretreatment may be needed for the 26% draw stream, 0.4 kWh/m?
was used. This pretreatment energy consumption was subtracted from total power production to calculate

the net power (Wnet = Wpro — Wpump - Wpretreatment)-

Pretreatment
0.1/26% 0.1/7%
E ro = 1.2 [KWh/m?] E ro = 0.24 [KWh/m?]

Figure 6: Energy breakdown for 0.1/26% and 0.1/7% salinity pairs. For the 0.1/7% pair, pretreatment constitutes a larger
proportion of the total power production. Specific energy (Epgro) is the total power production normalized by the feed.

Figure [6] shows how total power produced is divided for 0.1/26% and 0.1/7% salinity pairs. We do
not include a 0.1/3.5% pair because our energetic model results in a negative net power production when
pretreatment energies are included, as found by other researchers [29]. Because less power is produced for
the 0.1/7% salinity pair, the pretreatment requirement contributes to a larger fraction of the total power.
Practically, this means that an operator has more flexibility in choosing the draw stream source when higher
salinities are used. But the absolute amount of pretreatment energy is still higher for the case of higher
draw salinity because Epgro is higher. It is important to note that using different numerical values for the
pretreatment energy requirement results in a similar trend. Therefore, the general conclusion of this section
is not dependent on the particular values of pretreatment energetics.



3.4. The highest operating pressure can be reduced without significantly increasing LCOE;,, but mazimum
flux increases above the critical flux

The results of Sec. suggest that an extremely high draw salinity (e.g., 0.1/26% pair) be used. However,
engineering challenges remain unresolved for utilizing a high draw salinity. One major issue is scaling and
fouling. Scaling occurs when salts precipitate from saturated draw solutions close to the inlet and would
be exacerbated by high fluxes which lead to high concentration polarization. Fouling occurs if highly saline
draw solutions also contain a considerable amount of total suspended solids and/or biological material and
is also worsened by high fluxes. In order to be consistent with other assumptions that result in lower limit
LCOE, we neglect the effect of scaling and fouling. This ensures that the resulting LCOE is a lower bound
because in reality these two phenomena reduce membrane permeabilities over time and adversely affect
transport processes. Another major problem is the fact that the hydraulic pressure on the draw side needs
to be extremely high to reduce cost. This is because osmotic pressure is high; the osmotic pressure at 26%
NaCl salinity is about 380 bar. The resulting optimal draw inlet pressure is 178 bar (or about 47% of the
maximum osmotic pressure difference) for a 0.1/26% salinity pair. The issue is that current commercial
RO membranes are only rated to withstand maximum operating pressures of 69-83 bar [36, 37, 38, [39]. In
this section, we investigate the economic penalty of lowering the draw side hydraulic pressure to pressures
recommended by membrane manufacturers. Figure |Z| shows the LCOE,,;, as a function of the pressure at
the draw inlet, which is the highest pressure in the system.
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Figure 7: Effect of the top pressure on LCOE,;, and resulting local maximum flux for 0.1/26% salinity pair. The net power
output is fixed at 2 MW.

Because pressure is specified as an input, each data point in Fig. [7] was obtained by optimizing three
independent variables (A, v and MR) instead of four. When pressure is lowered from the optimal point
marked in Fig. [7] the extent of flux retarding decreases and overall recovery increases while net power
production at the turbine decreases because of reduced pressure. Moreover, the increase in flux results
in increased concentration polarization (CP), which is an exponential function of flux. Overall, the effect
of reduction in turbine power and increase in CP dominates that of increased recovery. Hence, LCOE iy
increases with a decrease in top pressure. When the pressure is decreased from 178 bar to 83 bar (53%
reduction), LCOEy;, increased from $0.066/kWh to $0.094/kWh (43% increase) and the maximum flux
increases from 38.1 to 44.6 L/m?-hr (17% increase) for a 2 MW plant.

As shown in Fig. [7} the local maximum flux level becomes quite high (above 40 L/m?-hr). In fact,
this is higher than the typical maximum flux of 39 L/m?-hr in RO [40]. This heuristic for upper bound
flux in RO systems exists because severe fouling tends to occur above this flux level [40]. This benchmark
value is a rough number that depends on a number of factors such as size of particles, feed composition
and concentration, mass transfer coefficient, and velocities. Moreover, because the nature of concentration
polarization is different between PRO and RO, the same benchmark for the maximum flux may not apply.

10



Therefore, experimental studies are needed to determine whether flux levels above 40 L/m?-hr does or does
not result in severe fouling.

3.5. A closer look at the optimization

As discussed in Sec. the LCOE,i, is minimized over four independent variables listed in Table (Ap,
v, MR, and P*). Because the LCOE,,;, is calculated through optimization, the result is not constrained
to an arbitrary choice of operating conditions. Studying the range of independent variables resulting from
the optimization can provide further insight into PRO design and operating conditions which result in
economic viability. Table [3|summarizes the range of independent and dependent variables resulting from the
optimization process. As shown in Table|3] the membrane length ranges from 5 to 7.3 m whereas membrane

Table 3: Observed range of operating conditions resulting from the nonlinear optimization. This range is for the data in

Section @ and and

Observed range

Unit Minimum Maximum
An (km)? 0.02 0.75
L m 5.0 7.3
Jmin  L/m%-hr 11.5 27.5
Jmax  L/m2-hr 16.4 38.1
Jave  L/m?-hr 13.9 33.1
v cm/s 7.5 38.3
MR - 0.95 1.24
P* - 0.47 0.51
€ - 0.28 0.39

area is on the order of km?. This implies that the economically optimized geometry of a PRO system is
a large number of relatively short modules arranged in a parallel manner. Although the flux range is not
constrained in the optimization, the typical resulting fluxes are similar to operating conditions found in RO
systems [4I]. This is because of the exponential relationship between concentration polarization and flux:
if flux is increased indefinitely, concentration polarization increases exponentially, eventually lowering the
power production. The velocity range is similar to what is found in RO [4I]. We also find that MR ranges
around a value of unity. As discussed in Table 2] MR values far greater or lesser than unity increase the
pumping power of one stream relative to other. Lastly, the optimal dimensionless pressure ratio, surprisingly,
is approximately 0.5. This should be differentiated from the widely used optimum P* value of 0.5 |17} [16], [15].
Banchik et al. [25] found that this result only applies to zero-dimensional system where virtually no stream-
wise variation of properties exist, and that P* values that optimize a module scale system (one-dimensional)
are significantly different. These previous works were based on an energetic perspective, however. In this
work, we find that a module scale system is economically optimized with P* values close to 0.5. Lastly, ¢ is
the effectiveness which is defined as [25]:
RR

RRmax

(11)

where RR is the recovery ratio.

This parameter quantifies whether the PRO module behaves similarly to a one dimensional or a zero
dimensional (coupon-sized system). For an infinitely long PRO module ¢ will be close to 1, while a coupon-
sized system will have € close to 0. The optimized system designs (¢ ranging from 0.28 to 0.39) are short
with a number of parallel modules, but they are much longer than typical coupon sizes systems.

3.6. Potential ways to further reduce the LCOE

One of the main conclusions of this study is that the draw salinity is the most important parameter in
reducing the LCOE and that high draw salinity should be utilized for PRO’s economic viability. There are
secondary effects which can reduce the LCOE, however. First, economies of scale can reduce the LCOE (i.e.,
a larger system will have a smaller CapEx per unit membrane area). By increasing the net power output
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from 2 MW (the power level used in Sec. to 75 MW, the LCOE,;, reduces by 42%. For a 40 MW net
power productiorﬂ the LCOE,;, matches that of wind power at a draw salinity of 18%. Another way to
lower the LCOE is by modifying the membrane properties (e.g., membrane structural parameters). It was
found that, from an economic perspective, the structural parameter (S) plays a much more important role
than the membrane permeability (A) which suffers from strong diminishing returns. These two methods of

reducing the LCOE are discussed in detail in

4. Conclusions

A detailed and comprehensive numerical model was developed to study the economic feasibility of PRO
for power generation. Whenever there was uncertainty in the selection of model parameters, we made
simplifying assumptions which minimized the LCOE. An economic analysis was performed to calculate
LCOE and OCC such that the merits of PRO can be directly compared to other sources of power generation
including renewables such as wind or solar power. In this work, we chose wind power as a benchmark because
of its low LCOE and wide-spread implementation. Our primary conclusions are as follow:

e An optimal condition for the specific power significantly differs from an economic optimum. Therefore,
economic analysis must be used to determine the viability of PRO.

e CapEx is the largest constituent factor of LCOE,,;,, which decreases drastically with increasing draw
salinity. Therefore, energetic considerations alone cannot determine viability of PRO.

e High draw salinities lead to relatively lower pretreatment energy costs. Therefore, there is more
flexibility in the choice of the draw stream source when high salinity streams are used.

e High hydraulic pressure is an engineering challenge for a high draw salinity operation. An LCOE,;y
of $0.094/kWh can be attained with more a more manageable, but non-optimal, pressure of 83 bar
(maximum rated operating pressure of commercial RO membranes) for a 2 MW plant using 0.1/26%
salinity pair.

e Future membrane research should focus on reducing the structural parameter (S) rather than increasing
the membrane water permeability (A).
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Appendix A. Detailed economic analysis framework

System integration, by combined design of the PRO process and other associated plants, may reduce
the cost of the integrated system through a reduction in construction or permitting costs, or by harnessing
the economies of scale arising from a larger combined system. But the extent of the cost reduction strongly
depends on the specific case, and not enough data is available to generalize the trend. Therefore, in the case
of system integration, our analysis simply assumes that the PRO is added to an existing plant (e.g., SWRO
or hydraulic fracturing well) such that the cost of the PRO system is independent of any existing plant.

We assume that both a pretreated draw and feed are available (e.g., reverse osmosis desalination brine
and treated wastewater effluent). Because these streams are already available, the costs of intake and
outfall systems will be smaller than for a regular RO system. In order to be consistent with the lower limit
cost estimation, we also exclude the capital expenditures of intake and outfall systems. This is done by
using detailed CapEx breakdown data provided by Desaldata.com [31]. These data include the design cost,
equipment and material, pressure vessel, pretreatment, intake and outfall systems, pumps, civil engineering,
piping and alloys, legal and professional cost, and installation. However, membrane cost is not included in
the CapEx. This is because the membranes must be replaced periodically and, therefore, this cost is not
amortized over the entire life of the system like other CapEx items. The membrane replacement cost will be
included as an operating expenditure later in the section. Each CapEx item from Desaldata.com is given as
a function of pure water production capacity of the RO plant ($-day/m?).

Because PRO is not a desalination technology, we compare the price of the two technologies based on
membrane area rather than pure water production. This can be done by assuming an average RO flux of 14
L/m?-hr [40]. By multiplying the CapEx per pure water production capacity by this value of flux and after
some straightforward unit conversion, we obtain the CapEx per membrane area in $/m?. Figure shows
RO/PRO CapEx versus membrane area and shows that, due to economies of scale, the marginal CapEx
with respect to area decreases with increasing membrane area.
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Figure A.8: CapEx as a function of membrane area with a curve fit for system scale reverse osmosis/pressure-retarded osmosis
plants. The curve fit equation is CapEx = 100.6A3, — 218.1A2, 4 394.3A,, + 1.95 with R2 = 1.000. This CapEx data excludes
pretreatment and intake and outfall system.

In order to account for the contribution of CapEx to LCOE,,, the capital recovery factor (CRF) was
used. CRF is defined as the ratio of equal annuity (uniform payment made annually) to the present value
of the sum of the annuity over the loan period (n). Because CapEx must be payed in year zero, it is the
present value by definition. Therefore, the product of CapEx and CRF gives the uniform annual payment
incurred due to CapEx which accounts for the interest rate (7). In this work, a 25 year loan period and 8%
interest rate were used, again benchmarking RO systems [I9]. CRF can be calculated as:

i(144)"

CRF = ————
1+9)" -1

(A.1)
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The contribution of CapEx to LCOE,;, (LCOEcaprx) can be calculated using Eq. (A.2)):

CapEx - CRF
LCOECapEx = m (A~2)

Operating expenditure (OpEx) includes labor, membrane replacement, chemicals, etc. In order to be
consistent with the lower limit cost estimation, only membrane replacement is included in the OpEx because
other items are not fully understood for PRO application.

The average life of a membrane was assumed to be 4 years [20]. Therefore, 25% of the membrane area
is replaced each year [20, [40]. The LCOE,y;, contribution of membrane replacement cost (LCOE,,) can be
calculated using Eq. (A.3)):

CmAn
L m Wnet top

where Cy,, A, Ly, are cost per unit membrane area, total area, and lifetime of the membrane, respectively,
and t,p is the amount of hours the plant is running per year. We assume that the plant will operate for 330
days per year (90% capacity factor).

The total LCOE,;;, can now be calculated by adding the contributions from CapEx and OpEx. Equa-
tion is repeated for convenience.

LCOE,, = (A.3)

CapEx - CRF n CmAn

LCOEnin = .
Wnet top Lm Wnettop

(A4)

If Wpgo is known, the net power (Wnet) can be calculated using Eq. , which in turn can be substituted
into Eq. and to calculate LCOE,,;, and OCCy,, respectively.

Appendix B. Detailed model description

The turbine and generator isentropic efficiencies were assumed to be 90% [42, [43]. The pressure exchanger
efficiency (npx) is assumed to be 96% [44]. Equation (B.1)) is used to calculate Precovered-

Precovered - Pin + npx (Pd,out - Po) (Bl)

The film theory model was used to account for internal and external concentration polarization and salt
back diffusion. Yip et al. [23] used these expressions with the van 't Hoff approximation which can significantly
underpredict the osmotic pressure at high salinities. At a salinity of 10%, for instance, a linearized osmotic
pressure function using a van ’t Hoff approximation gives 85 bar, which is a 9% difference from the nonlinear
osmotic pressure. In this work, we assume that the membrane is in PRO mode where the membrane’s
support layer faces the feed solution [45]. We use implicit Egs. @D and to relate the concentrations
at the membrane surface to those at the bulk on the draw and feed side, respectively. Subsequently, these
concentrations are used to evaluate the osmotic pressure, thereby accounting for the non-linear dependence
of osmotic pressure on concentration. In the present model, we do not consider concentrative external
concentration polarization on the feed side, which is often neglected in computing water and salt transport
through asymmetric membranes. This is another assumption that will underpredict the LCOE and OCC.

Viscous pressure drop affects the net driving force for water flux along the flow direction as well as
increasing pumping costs. In order to investigate the pressure drop, the geometry of the PRO module must
be specified. Since PRO is not a well-established technology, reverse osmosis module parameters were used
as a benchmark for geometry selection. Darcy friction factor and mass transfer coefficient correlations (in
terms of the Sherwood number) for spacer-filled RO modules were developed by Schock and Miquel [46] and
used to calculate viscous pressure drop in the PRO feed and draw streams.

f=6.23Re " (B.2)

Sh = 0.065Re”-#7°8¢0-2 (B.3)
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where friction factor is defined as a dimensionless pressure drop,

1 Az
AP = f—p?== B.4
f5pv a (B.4)
and Sherwood number is the dimensionless mass transfer coefficient.
ShD
k= —— (B.5)
dn

Equations (B.3)) and (B.2) can be substituted into Eqgs. (B.4]) and (B.5)), respectively, to calculate the pressure
drop and the mass transfer coefficient.

They also provided an effective hydraulic diameter (dy,) for commercial RO modules. Based on this value,
a channel height (h) of 0.75 mm was used for the PRO analysis. A typical RO spiral wound membrane
element [41] has about 37 m? of membrane area with a length of 1 m. Therefore, a depth (d) of 37 m is
chosen for the PRO system. This defines the geometry of one PRO module, and a number of parallel PRO
modules are used to scale up the system to meet the specified total power requirement. It is important to
note that altering the depth (d) does not alter the power density or the cost because velocities are specified,
and the transport characteristics do not depend on the depth. In other words, one large module that has
an effective depth of deg = d X Npodule has the same net power production as N modules each with d;
parallel break down of modules is used simply to pile up the module in more compact manner. Figure
shows the PRO module geometry. The total input flow rate of draw stream (Qq,in,tota1) is equally divided
(¢d,in = Qd,in/Nmodule) and fed to each module and is likewise done for the feed stream.

Gfeed,in

\/
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Qfocd,in
«——

L]

. N modules

eraw,in .
N

Figure B.9: Parallel module geometry.

When high hydraulic pressures exist on the draw side, the membrane will be compacted. This effect
has not been actively studied in the PRO literature mainly because hydraulic pressure is low for pairing
seawater and river water. In order to increase the power production or reduce costs, the draw salinity
and, correspondingly the hydraulic pressure, should be increased. For saturated NaCl brine and river water
pairing, the optimal transmembrane hydraulic pressure can exceed 170 bar, and membrane compaction
greatly reduces the membrane permeability. Using experimental data for RO by McGovern et al. [47], the
percentage of pure water membrane permeability reduction is calculated. We assume that PRO membranes
will be similarly compacted by high pressures given their likeness to RO membranes in terms of materials
and design. Only three data points are available, and an exponential curve fit of these was used to prevent
over-predicting the compaction for higher pressures. Figure shows the compaction curve fit in the form
of a reduction factor.
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Figure B.10: Membrane permeability reduction factor as a function of transmembrane pressure. Experimental data, points,
from McGovern et al. [47]. The curve fit equation is RF = 1.27 exp(—0.0072AP) with R? = 0.999. The error bar is the range
of one standard deviation.

At any location within the PRO module, the membrane permeability was calculated by multiplying the
nominal permeability with reduction factor (Acompacted = Anominal - RF) where RF is the reduction factor.

Appendix C. Pitzer’s equations for NaCl solution properties used to approximate seawater
properties over a wide salinity range

Seawater properties are available as curve fit equations based on experimentally obtained data, only up
to a salinity of 12% [48]. In order to model extremely high salinity draw streams, aqueous NaCl properties
are used in this study for both feed and draw streams. Because NaCl contributes a major fraction of
total solutes in seawater (sodium and chloride ions contribute 86% of the total solute mass [49]), the NaCl
osmotic pressure closely represents seawater and brine streams concentrated from seawater. Furthermore,
NaCl solutions accurately model several produced water streams from hydraulic fracturing [50]. We also use
Pitzer’s equations to determine density as a function of NaCl salinity.
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Figure C.11: Osmotic pressure of aqueous NaCl solution and seawater.

Figure shows the osmotic pressure of NaCl solution and seawater. The seawater properties used are
found in Nayar et al. and Sharqawy et al. [48, [5I] and the aqueous NaCl solution used is given by Pitzer’s
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equations [62, 53, 54l [55] 56l [67]. The summary of how to use Pitzer’s equation in this context can be found
in Appendix A.1 in Thiel et al. [50].

The osmotic pressure of the NaCl solution is higher than that of seawater for a given salinity. By using
NaCl properties instead of seawater, the osmotic driving force is slightly over-predicted, which results in an
underprediction of LCOE and OCC. The choice of using NaCl feed and draw streams, therefore, is consistent
with our aim to estimate a minimum LCOE and OCC for pressure-retarded osmosis.

Appendix D. Dependence of power production on the feed salinity

For reversible salinity gradient power systems [58| [59] and pressure-retarded osmosis, power production
depends more upon the salinity ratio than the difference. Therefore a lower salinity feed stream has a more
important role in maximizing the power production. Below, we demonstrate the mathematical dependence
of power production on feed salinity in large-scale irreversible PRO.

From Banchik et al. [25], the maximum power of an irreversible, counterflow PRO system is obtained
when system size tends towards infinity and the mass flow rate ratio, MR, is large. For these limits, the
power production per unit of feed flow rate can be shown to be

2
Pf,in n Td,in
E = — ——Tfin -1 D.1
PRO = ot 3600 ( Tem ) (D-1)

according to Banchik et al. [25], after dividing by Ampax - ¢ and performing some mathematical rearrange-
ment. Here, n is the combined isentropic efficiency of the turbine and generator. Equation is viewed
as an upper bound estimate of power production because it is derived assuming that there is no reverse
salt flux, viscous pressure drop, concentration polarization, or change in the membrane water permeability.
In addition, the pressure exchanger and pump are assumed to operate in an isentropic manner. Table [D-4]
shows how Fpgro is affected by changing the salinity pair. In all cases, the salinity difference is maintained
at 3.5%. Clearly a low feed salinity results in significantly higher Epro for a given salinity difference.

Table D.4: Specific energy (Epro) of salinity pairs whose salinity differences are 3.5%.

Salinity pair  Epro [kWh/m?|

0/3.5% 0.7359
3.5/7% 0.1509
7/10.5% 0.1018

10.5/14% 0.0841

Referring back to Eq. to maximize Epro, lower feed osmotic pressure (7fn), or upon invoking the
van 't Hoff relation, lower feed salinity wy;, should be used.

Appendix E. Decreasing the structural parameter (S) and harnessing economies of scale can
further reduce the LCOE,in

While increasing the draw salinity is the most effective way to reduce the LCOE,,, exploiting economies
of scale and improving membrane properties can even further reduce the LCOE,;,. In this section, we
investigate each method.

From the results of Sec. 3.2, the draw salinity should be extremely high in order for the LCOEy,;, and
OCCpin of PRO to be comparable to wind power. Therefore, we focus on a 0.1/26% salinity combination.
Because the CapEx was found to be the major cost factor, harnessing economies of scale could be an effective
way to further lower the LCOE. In this section, the net power production is varied from 2 MW (the net
power output used in Sec. 3.2) to 75 MW to quantify the cost reduction achievable from economies of scale.

Figure [ELFZ] shows the LCOE,,;, and its constituent parts. When the net power is increased from 2 MW
to 75 MW, the LCOE,,;, decreases by 42%! This significant reduction is possible because CapEx is the
dominant cost factor, and economies of scale directly affect the CapEx. Although LCOE,,;, is lower than
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Figure E.12: Effect of plant size on LCOE;, for a 0.1/26% salinity pair.

that of wind for power output greater than 10 MW, the economic viability is not guaranteed because of the
many assumptions we made which resulted in a minimum LCOE. This result does show, however, that PRO
has the potential to be economically viable only for extreme salinity operation such as the 0.1/26% pair ﬂ
To be more specific, a draw salinity of at least 18% is needed for the minimum LCOE to be comparable
to that of wind while harnessing economies of scale. Also there exist diminishing returns on the effect of
economies of scale so that increasing the system size does not indefinitely reduce the LCOE.

Modifying the membrane properties can also reduce the LCOE,,;,,. Previous results were based on a com-
mercially available FO membrane. Here, we investigate the potential LCOE;, reduction from advancement
in membrane research. From this, we can identify the proper direction for future membrane research.
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Figure E.13: Effect of membrane permeability (A) and structural parameter (S) on LCOEy,;, while holding the salt rejection
coefficient (B) constant (0.1% and 26% salinity pair at 50 MW net power output). The star represents the commercial membrane
used in this study, with A = 2.49 L/m?-hr-bar, B = 0.39 L/m?-hr and S = 564 pm.

Figure shows LCOEp,y as a function of membrane permeability (A) for three different values of S.

5For the 0.1/26% salinity pair with 75 MW of net power production, the OCCpyi, value matches that of wind power, with
$2.2/MW.
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In general, B increases with A, and increased permeability does not guarantee improved performance. The
degree to which B increases with increasing A depends on the membrane, and any projection is subject to
error. Instead, B is held constant, to ensure a lower limit estimate of LCOE. The same membrane price
($15/m?) as RO membranes is used in this analysis. This assumes that the hypothetical membranes can
be manufactured at the current price of RO membranes. Even with these assumptions, LCOE,;, decreases
only by 9% when A is increased ten fold from 2.5 to 25 L/m2-hr-bar with S = 800 um. Strong diminishing
returns exist due to concentration polarization, and increasing the membrane permeability is not sufficient to
decrease LCOE,,;;, significantly. Decreasing S results in a much larger reduction in LCOE,;;,. For example,
when S is reduced from 800 to 400 um, LCOE,y;, is decreased by about 44%. This is because S is directly
related to internal concentration polarization (ICP) in the support layer, which is the dominant factor
reducing the driving force for water flux [I6, 25]. The effect of S will be even more pronounced in reality
because this analysis neglected the permeability-selectivity tradeoff (i.e. B increases with A) so that the
effect of increasing A on reducing the LCOE,;, is overpredicted. Therefore, future membrane development
should focus on reducing S in an attempt to minimize the LCOE.
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