System Scaling Approach and Thermoeconomic Analysis of a
Pressure Retarded Osmosis System for Power Production with
Hypersaline Draw Solution: A Great Salt Lake Case Study

Thomas T.D. Tran, Keunhan Park, Amanda D. Smith*
Department of Mechanical Engineering, University of Utah, Salt Lake City, UT 84112

Abstract

Osmotic power with pressure retarded osmosis (PRO) is an emerging renewable energy
option for locations where fresh water and salt water mix. Energy can be recovered from
the salinity gradient between the solutions. This study provides a comprehensive feasibil-
ity analysis for a PRO power plant in a hypersaline environment. A sensitivity analysis
investigates the effects of key technical and financial parameters on energy and economic
performances. A case study is developed for the Great Salt Lake in Utah, USA (which has
an average 24% salt concentration). A 25 MW PRO power plant is investigated to analyze
the necessary components and their performances. With currently available technologies,
the power plant would require 1.54 m?/s (24,410 GPM) fresh water flow rate and 3.08 m?/s
(48,820 GPM) salt water flow rate. The net annual energy production is projected to be
154,249 MWh, with capital cost of $238.0 million, and operations and maintenance cost of
$35.5 million per year. The levelized cost of electricity (LCOE) would be $0.2025/kWh, but
further design improvements would reduce the LCOE to $0.1034/kWh. The high salinity of
the Great Salt Lake is a critical factor toward making the osmotic power plant economically
feasible.

Keywords: pressure retarded osmosis, power generation, renewable energy, hydroelectric,
levelized cost

1. Introduction

Renewable energy is a growing portion of the power generation sector. Compared to tra-
ditional power generation methods, the benefits of generating power from renewable energy
sources include the reduction in greenhouse gas emissions. Pressure retarded osmosis (PRO)
makes use of energy recovery from a salinity gradient between two bodies of water. Figure
2 illustrates the schematic of the PRO process. The higher saline solution is called the draw
solution while the lower saline solution is referred to as the feed solution. Semipermeable
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membranes, which only allow fresh water to pass through while preventing salt water from
permeating, are placed between the two solutions. Electric power then can be recovered
as the permeate solution is run through a hydroturbine. Practical PRO systems are most
suitable for locations with fresh water and saline water sources nearby. For example, river-
to-sea or river-to-hypersaline-lake sites can become potential locations for future PRO power
plants.

Recent PRO studies have mostly focused on investigating PRO performance with bench-
scale systems. Membrane behaviors and influence of operating conditions toward PRO
performance have been studied with bench-scale systems and commercially available mem-
branes [1, 2, 3]. In bench-scale studies, the use of forward osmosis (FO) membranes in PRO
applications introduces the possibility of membrane rupture. This is due to the fact that
FO membranes are not designed to withstand high hydraulic pressure in PRO experiments.
Mesh spacers within PRO membrane housings have been introduced as an effective solution
for this problem. Hickenbottom et al. investigated different mesh spacers configuration to
achieve higher PRO performance [4]. The presence of mesh spacers provides membranes
with better mechanical support and longer operation, although they affect the water flux
across the membrane [3, 4].

Improving membranes for PRO applications has naturally become a next step in the
development of PRO power generation technology. Several membrane modification methods
have been utilized to alter membrane structure. Among all, interfacial polymerization is the
most widely used method, especially with thin film composite (TFC) FO membranes [5]. The
advantage of using interfacial polymerization can be shown by the flexibility to individually
tailor and optimize the structure and properties. As a result, desired permeability coefficients
can be achieved and concentration polarization is reduced [5]. Modified TFC membranes
for PRO experiments have been tested to performance better than typical TFC membranes
under the same conditions [6, 7].

Osmotic pressure is also an important factor in PRO performance. Due to the difference
in salt concentration, water tends to flow from the feed solution to the draw solution. The
osmotic pressure is defined as the pressure that should be applied to the draw solution to
stop the osmotic water flow [8]. Experimental studies of bench-scale PRO systems with
higher osmotic pressure yielded higher power density compared to similar experiments with
lower osmotic pressure [1, 4, 9]. As a result, local sites providing higher osmotic pressure
difference between the feed solution and the draw solution can potentially generate more
electric power. The Great Salt Lake in Utah, USA has been identified for its high salinity,
ranging from 6% to 27% [10]. To put this in perspective, the average salinity of seawater is
3.5%. The saltiest natural water source in the world is the Dead Sea with an average salt
concentration of 33.7% [8]. In addition to the high saline water, the Great Salt Lake is also
located near fresh water sources such as the Bear, Weber, and Jordan Rivers. The Great
Salt Lake has been identified as a possible location for future implementation of PRO in
power generation, given the availability of high saline draw solution and fresh water supplies.

In this study, a practical 25 MW PRO system is investigated by considering the Great
Salt Lake as a potential location. The interactions between system components are in-
vestigated and integrated into a system-level model. The results from this study test the
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feasibility of a PRO power generation implementation with currently available technology,
and an economic analysis is presented incorporating a number of technical costs. A sensi-
tivity analysis is used to identify the relative impacts of specific parameters in the model.
Furthermore, recommendations are provided for reducing cost in an effective way toward
enhancing PRO’s competitiveness with other renewable technology. The results from this
study can increase understanding of large-scale PRO systems and inform decision making
for those interested in future PRO implementations.

2. Osmotic Power with PRO

2.1. PRO Power Density

In PRO, the power density is used to define the power that can be obtained per unit
area of membrane. The ideal power density of PRO is described by:

W = J,AP = A(Am — AP)AP (1)

where W (W /m?) is the power density, J, (m®/m? - s) is the water flux, A (m/s - kPa) is the
water permeability coefficient, A7 (kPa) is the osmotic pressure difference, and AP (kPa)
is the hydraulic pressure difference.

However, Eq. (1) does not consider the concentration polarization across the mem-
brane. Concentration polarization is a type of membrane fouling which produces a con-
centration gradient, particle build-up near the membrane, and reduced available surface
area. McCutcheon et al. showed that concentration polarization has adverse impacts on
the performance of PRO [11]. There are two types of concentration polarization: inter-
nal concentration polarization (ICP) and external concentration polarization (ECP). ECP
happens when salt is collected on the external side of the membrane while ICP is due to
the accumulation of salt inside the support layer of the membrane [11]. By considering the
concentration polarization, the power density equation in PRO can be modified as [1, 8, 12]:

1 — 2B opp(JpK)exp(Ze
W=A WDvbexp(—J—:) ng ( ) ( K )
1+ + [exp(JwK) — 1}

—AP| AP 2)

where 7p; (kPa) is bulk osmotic pressure in the draw solution, 7p, (kPa) is bulk osmotic
pressure in the feed solution, B (m/s) is the salt permeability coefficient, k& (m/s) is external
concentration polarization mass transfer, and K (m/s) is internal concentration polarization
mass transfer coefficient.

2.2. Annual Energy Production

Annual energy production from a PRO power plant can be calculated from the expected
level of power generation and the number of hours that the power plant is operated. As a
result, the annual produced energy equation is:

Eproduction - Wnet x CF xt (3)

where Epoquction (MWh) is the annual energy production, Wer (MW) is the power capacity
of the power plant, C'F'is the capacity factor, and ¢ (hour) is the number of hours in a year.
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2.3. Gibbs Free Energy of Mizing

The osmotic energy in PRO can be derived from the Gibbs free energy of mixing, which
occurs when two solutions with different compositions are mixed. In a reversible PRO
process, the maximum extractable work is equal to the Gibbs free energy of mixing [13]:

AG _ Cfinal
iRT ¢

Incpina — cfsIncps — Cas I Cys (4)

where AG (or Eysmotic) (KkWh/m? of fresh water) is the mixing energy per unit volume of
fresh water. Initial feed solution concentration, initial draw solution concentration, and final
solution concentration are represented by css (mol/L or M), ¢4s (mol/L or M), and ¢fina
(mol/L or M), respectively. Furthermore, ¢ is the ratio of the initial volume of the feed
solution to the initial total volume of both the feed and draw solutions, R (L - kPa/mol - K)
is the universal gas constant, T (K) is the absolute temperature, and i is the number of
osmotically active particles in the solution. The Gibbs free energy of mixing is maximum
when the ratio of the initial volume of the feed solution to the total initial volume approaches
zero. Calculation of a river-to-sea PRO system reveals the maximum mixing energy to be
0.81 kWh/m? of fresh water [13]. However, the actual specific energy should be lower than
the maximum theoretical value due to irreversibilities and system inefficiencies [13, 14, 15].

2.4. Solution Flow Rate through the Power Plant

With the osmotic energy and the power generation, the required flow rate of the fresh
water through the power plant can be found by the following equation:

Wnet

Qfs - Eosmotic x 3.6

(5)

where Q5 (m?/s) is the flow rate of the fresh water and 3.6 is a unit conversion factor between
Wt (MW) and Eosmotic (kWh/m?) to get Qs (m?/s). About 90% of the fresh water will
eventually be able to permeate through the membrane while the other 10% of the fresh water
can be recycled [16]. Regarding the flow rate of the salt water, it is recommended that the
ratio of the salt water to the fresh water is 2 to 1 in order to optimize the performance of
the system [17, 18]. The salt water flow rate is calculated below:

Qas =2 X Qs (6)

where Qg4, (m?/s) is the flow rate of the salt water. With the intake flow rates of the fresh
water and the salt water, the brackish water (the mixed solution of the fresh and salt waters)
outfall low rate can be obtained by the following equation:

Qps = 0.9 X Qps +2.0 X Qps = 2.9 X Qs (7)

where Qs (m?/s) is the flow rate of the brackish water and 0.9 accounts for 90% of the
permeated fresh water.



3. Bench-scale PRO Systems

3.1. Design of Experimental Setup

A typical bench-scale PRO system can be broken down into 2 subsystems: the mem-
brane housing and solutions intake. Figure 3 illustrates the schematic of a typical bench-scale
PRO system. Membrane housing is the most important component in a PRO bench-scale
setup. The design of membrane housing is similar among recent studies [1, 3, 4]. Symmetric
channels on both sides of the membrane housing allow the feed and draw solutions flow
tangential to the membrane surface. Fresh water in bench-scale PRO systems is usually
deionized water or concentration-controlled fresh water. Salt water is prepared by mixing
sodium chloride with deionized water. The concentration of the draw solution can be con-
trolled by the amount of sodium chloride in DI water. This flexibility allows PRO studies
with different combinations of feed solution and draw solution concentrations.

3.2. Membrane Performance in PRO

Membranes in PRO applications require high mechanical strength to withstand a hy-
draulic pressure applied from the draw solution side. In the early days of PRO development,
reverse osmosis (RO) membranes were selected because of their ability to tolerate high pres-
sure [19, 20]. However, using RO membranes yielded low power densities [19, 21]. The thick
supporting layer of RO membranes is undesirable in PRO process since it holds back the
free diffusion of molecules and reduces the effective osmotic pressure across the membrane
[12]. This particular design of RO membrane structure increases ICP and decreases PRO
performance.

After unsuccessful attempts with RO membranes, FO membranes have been utilized in
PRO experiments. FO membranes possesses desirable membrane characteristics such as
high water flux and low salt reverse flux [5]. In both FO and PRO processes, the fresh
water crosses the semipermeable membrane to the saline water due to the osmotic pressure
difference between the two solutions. In theory, commercially available FO membranes can
be used in PRO applications. Flat-sheet cellulose triacetate (CTA) and TFC FO membranes
are the most investigated FO membranes as reported in the literature [1, 2, 4, 9]. The
thin membrane structure allows the CTA and TFC membranes to have higher water flux
and lower salt reverse flux. Power densities greater than 5 W/m? have been achieved in
laboratory setups with FO membranes [22, 23].

Even though the performance of FO membranes in PRO experiments has been improved
significantly over the last decade, commercially available FO membranes still experience
concentration polarization, which significantly reduces their performance [11]. Moreover,
current FO membranes are not optimized for the hydraulic pressure from the draw solution
in the PRO process. Since FO membranes are generally used in low pressure environments,
they are likely to be deformed in high pressure environments. For the PRO process, the
characteristics of a high performance membrane are the ability to reject solutes from the
draw solution, allow high water transport, and withstand high hydraulic pressure [24].



4. Osmotic Power at the Great Salt Lake

The Great Salt Lake has desirable characteristics for potential PRO power plants. As
one of the largest and saltiest lakes in the world, the Great Salt Lake is located in a unique
situation. The salt concentration in the lake is varied with location and time throughout
the year. The lake has no outflow (only through evaporation) and three inflows (the Bear,
Weber, and Jordan Rivers). With the construction of the railroad causeway in 1959 to
connect the east and the west of the basin, the lake was divided into four distinguished bays
(the Gunnison Bay, the Gilbert Bay, the Bear River Bay, and the Farmington Bay) as seen
in Fig. 4 [25]. The average salinity in the Bear River Bay and the Farmington Bay is the
lowest among the four bays (up to 9%) since the inflow of fresh water from the Bear river
and the Jordan river, respectively. The two major bays, the Gunnison Bay and the Gilbert
Bay, have much higher salinities. The Gunnison Bay, which is located in the northern part
of the Great Salt Lake, has no inflow of fresh water. As a result, the average salinity in the
Gunnison Bay is around 30%. On the contrary, the Gilbert Bay receives 90% of the inflow
water to the Great Salt Lake. Its average salinity (10% to 18%) is considerably lower than
that of the Gunnison Bay [26]. Nonetheless, the salt concentration in the Great Salt Lake
is consistently greater than the typical salinity in seawater, which is around 3.5%.

In this study, the salt concentration from the Great Salt Lake is taken as an averaged
value of 24% (or 240 g/L). The salt concentration in the fresh solution is considered to be
0.05% (or 0.5 g/L). The theoretical maximum osmotic energy from the Gibbs free energy of
mixing of the two solutions is 5.54 kWh/m? if the volume ratio (¢) approaches zero. When
the flow rate ratio of the draw solution to the feed solution is 2 (or ¢ = 0.33), the osmotic
energy is 4.50 kWh/m?, which is about 18.8% less than the maximum osmotic energy. In this
study, the following calculation of energy production is based on the more realistic osmotic
energy (4.5 kWh/m? is equivalent to 100% of the total available osmotic energy). Helfer et
al. estimated the theoretical power of the Great Salt Lake to be around 400 MW [8]. To
put this in perspective, the net electricity generation in Utah in Feb. 2016 was around 2,822
GWh, in which renewable energy accounted for only 162 GWh (about 5.7 % of total net
electricity generation) [27]. The electricity supply from the osmotic power can be adequate
for 300,000 households [8]. System design integration and cost analysis for a potential PRO
power plant at the Great Salt Lake can identify key aspects for building a successful PRO
system.

5. Design of a Practical 25 MW PRO System

Practical PRO systems are similar to bench-scale PRO systems with the addition of
several important components, such as pretreatment for the freshwater and the saltwater,
pressure exchanger, turbine, and generator. The practical PRO system in this study consists
of these subsystems: membrane module, solution intake and outfall system, solution pre-
treatment, and an electro-mechanical power generation system (turbine, generator, pressure
exchanger, etc.). Integration of these subsystems are described below in Fig. 5. Furthermore,
capital cost, operations and maintenance cost, energy loss, and energy consumption analysis
for these subsystems will be investigated.



5.1. Solution Intake Systems

The solution intake systems in this PRO system convey solutions from rivers and the
Great Salt Lake to the PRO power plant site. The solution intake systems can be varied from
system to system, depending on the geographic situation of the power plant site. Solution
intake systems should be carefully designed to meet the flow rate demand of the system.
Figure 6 shows the schematic diagram of the deep-water intake system. Another important
aspect of solution intake systems is to minimize the environmental impacts from diverting
the fresh water and the salt water from their original sources. As opposed to shallow water
intake, direct deep-water intake is a preferred method for water conveyance since it can
provide more uniform water properties and reduce impacts on local ecology [14].

5.1.1. Capital Cost

The capital costs for the solution intake systems are the costs for constructing piping
and pumping. Depending on the distance of the power plant relative to the fresh and salt
water sources, the capital cost of the intake system can make up a large portion of the total
capital cost. The equations to calculate capital costs of transporting the fresh water and
the salt water to the PRO power plant can be written as:

Cintake,fs = Vmaterial,fs X Cunit,c (8)

Cintake,ds = Vmaterial,ds X Cum’t,c (9)

where Cintake,rs ($) and Cintareas ($) are the capital cost of intake systems for the feed so-
lution and the draw solution, respectively. Viateriar s (m*) and Viareriaras (m?) are the
constructing material volumes of the intake systems for the feed solution and the draw solu-
tion, respectively. The constructing material volumes are dependent on the cross sectional
area and the length of the intake systems. Cypir. ($/m?) is the unit price for building 1 m?
of the water intake system with necessary materials and components.

5.1.2. Net Annual Energy Consumption

The solution intake systems for PRO will also require energy input for pumping de-
mands. The annual energy for solution intake systems can be calculated using the energy
consumption for pumps. The energy required to transport the feed and draw solutions is

described below:
_ prs X gX Hpg x Qps x t X CF

E; s = 10
o Hy, s Xt x CF
Eids:pd X g X Ig XQd6>< X (11)
’ Npump X 10

where E; rs (MWh) is the annual energy consumption of pumps for the feed solution, pg,
(kg/m?) is the density of the fresh water, H;s (m) is the head of the fresh water, Mpump is
the efficiency of pumps, and 10° is to convert Wh to MWh. The efficiency for low-head and
high-flow pumps is considered to be 75% [28]. The energy consumption for conveying the
draw solution in Eq. (11) is similar to Eq. (10) with the correct density, flow rate, and head
for the draw solution.



5.2. Solution Pre-treatment

The solution pre-treatment is an important subsystem in this PRO power plant due
to impurities from the incoming solutions. The primary metric to determine the quality
of the solutions is water turbidity, which is designed to measure the relative clarity of
water. In PRO, the maximum acceptable turbidity is 0.5 nephelometric turbidity units
(NTU) [29]. Membrane fouling happens when impurities from the feed and draw solutions
are accumulated on the membrane. The process of cleaning these impurities is costly and
interrupts power generation. In some cases, removing of impurities is irreversible. As a result
of membrane fouling, the overall efficiency of the PRO power plant will be reduced. Pre-
treatment for solutions is essential to ensure the quality of solutions coming to the membrane
module and ultimately minimizes membrane fouling. Several filtration methods for solution
pre-treatment have been introduced. Among all, micro-filtration is recommended for the
fresh water and the salt water [30]. The mechanism of micro-filtration is illustrated in Fig.
7. The pore size of membranes is typically 0.1 to 10 pm in the micro-filtration process [31].
This process will eliminate undesirable particles before the solutions enter the membrane
module.

5.2.1. Capital Cost and Annual Cost

The cost of the pre-treatment system can be divided into capital cost and annual cost.
Implementation of filtration systems (include micro-filtration membrane, pumping, discharg-
ing, etc.) for the fresh water and the salt water requires initial investment, which can be
estimated by the following equations:

Ch s = Qrs X Cunir,p x 86,400 (12)

Cf,ds - st X Cum‘t,f X 867400 (13)

where Cf rs ($) is the capital cost of micro-filtration for the feed solution, Cfg4s (3) is the
capital cost of micro-filtration for the draw solution, Cyui s ($/m®) is the unit price of
capital cost micro-filtration, and 86,400 is the number of seconds in a day. The capital cost
estimation is based on the daily capacity of the micro-filtration process [31]. Equation (12)
and (13) take into account the necessary components in the filtration system.

The annual cost of the solution pre-treatment system is associated with the cost of
cleaning and replacing micro-filtration membranes. The expected membrane life (my;re) is
to be at least 5 years [32]. The annual cost of solution pre-treatment can be estimated as
following;:

Cf,fs,O&M = Qfs X Cum’t,f,O&M X 86,400 X 365 (14)

Cy.as,08m = Qas X Cunit, r,08m % 86,400 x 365 (15)

where Cf s o&m (3) is the annual cost of micro-filtration for the feed solution, Cf 4508
(%) is the annual cost of micro-filtration for the draw solution, and 86,400 is the number
of seconds in a day. Furthermore, Cyuit roenm ($/m?) is the unit price of annual cost for
micro-filtration. This is estimated based on daily filtration quantity [31]. The annual O&M
costs are computed by multiplying the daily cost by the number of days in a year (365 days).
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5.2.2. Net Annual Energy Consumption
Additionally, the solution pre-treatment subsystem consumes input energy. Equation
(16) and (17) estimate the annual energy consumption for filtration.

Efjs=AP; x Qs xt x CF x 107° (16)

Ejgs = AP; X Qg Xt x CF x 107° (17)

where Ef rs (MWh) is the annual energy consumption of filtration for the feed solution, E 45
(MWh) is the annual energy consumption of filtration for the draw solution, APy (Pa) is
the pressure loss during the filtration process, and 107 is to convert Wh to MWh.

5.3. Membrane Module

The membrane module in a practical PRO system is one of the most important subsys-
tems in the entire system. The performance of the membrane module can directly influence
the overall efficiency of the system. As previously stated, the spiral wound membrane module
design is more applicable to practical PRO systems than the flat-sheet membrane module.
The packing density of spiral wound membrane module is 775 m?/m? [33]. To put this in
perspective, it would take a whole soccer field (or football pitch) with flat-sheet membrane
to pack 8.25 m? of spiral wound membrane, given the area of the soccer field is around 6,400
m? (approximately 68,889 ft?).

The configuration of membrane module design can be varied. O’Toole et al. studied
two configurations of membrane modules, parallel membrane module and tiered membrane
module [14]. Parallel membrane modules in PRO are similar to those in desalination plants.
The feed solution and draw solution are supplied to each module. Contrarily, tiered mem-
brane modules recycle some of the feed solution from the previous membrane module for
the next membrane module. This setup reduces the consumption of treated fresh water.
Therefore, overall efficiency of the system can be increased [14].

5.3.1. Capital Cost and Annual Cost

The capital cost of membrane is proportional to the area of the membrane used in the
power plant. The total membrane area needed can be determined from the targeted power
capacity of the power plant and the amount of power which can be generated per square
meter. The conventionally targeted power density from membranes in PRO is 5 W/m?,
which has been reported to be the break-even point for PRO technology [8, 34]. This power
density is economically sufficient for river-ocean setups. As stated earlier, the salinity in the
Great Salt Lake is 2 to 7 times higher than the typical seawater salinity. In this study, a
power density of 5.0 W/m? is conservatively assumed from the membrane that is used in
the power plant. The total membrane area can be calculated from the following equation:

Wnet X 106
W

where A, (m?) is the membrane area and 10 is the conversion factor between W, (MW)
and W (W/m?) to get A,, (m?). The total capital cost of membrane module can be calcu-
lated from the unit price of membrane per m?, which has been estimated to be around $7.5
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per m? [18].
Cm = Am X Cunit,m (19)

where C,, ($) is the capital cost of membrane module and Cpipm (3/m?) is the unit price
of the membrane module.

The annual cost of the membrane module comes from cleaning and replacing existing
membranes. Membranes in PRO experiments have not been tested long enough to estimate
the expected life. However, with proper cleaning and maintenance, membranes used in PRO
can last as long as membranes used for different applications such as desalination [8, 35].
The annual cost of operations and maintenance of the membrane module can be calculated
as:

Cm,O&M = Qfs X Cum‘t,m,O&M X 86,400 X 365 (20)

where C,, 0¢ar ($) is the annual cost of membrane module, Cypit.m.ognr ($/m?) is the unit
price of annual cost membrane module, and 86,400 is the number of seconds in a day. This
estimation is based on daily capacity [36]. The annual O&M cost is calculated by multiplying
365 days.

5.3.2. Net Annual Energy Consumption

The net annual energy consumed in the membrane module comes from pumping require-
ments to deliver the feed and the draw solution to the membrane. Equation (21) and (22)
describe the net annual energy for membrane module:

g _ pps X gX Hpyy x Qps x t X CF
m,fS - npump % 106

(21)

5 _pdsxngmedsxthF
m,ds — Mpump < ]_06
where E,, s (MWh) is the annual energy consumption of pumps to deliver the feed solution,

E.n.as (MWh) is the annual energy consumption of pumps to deliver the draw solution, H,,
(m) is the hydraulic head across the module, and 10° is to convert Wh to MWh.

(22)

5.4. Electro-mechanical Equipment

Electro-mechanical equipment in the PRO power plant consists of pressure exchangers,
turbines, generators, and their associated mechanical components.

5.4.1. Pressure Exchanger

Pressure exchangers, which are energy recovery devices, are utilized in the PRO system.
Information about pressure exchangers surfaced on conceptual drawings of proposed large-
scale PRO system diagrams [8, 37, 38]. The purpose of the pressure exchanger in a PRO
system is to deliver pressure from the diluted seawater to the incoming seawater, which
ultimately reduces the power consumption [37]. The operation of pressure exchangers is
illustrated in Fig. 8. The implementation of pressure exchangers in PRO systems can
potentially increase the overall efficiency in the long run, while adding initial cost to the
whole system setup.
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5.4.2. Turbine and Generator

The turbine and generator are necessary components in this practical PRO system.
Turbine and generator technologies themselves are very well-developed. As a result, their
efficiencies can be achieved over 90% [14]. Based on commercially available turbines and
generators, the efficiencies of turbines and generators are considered to be 90% and 95% in
this study, respectively. The operations of turbine and generator in PRO are very similar to
those used in hydroelectric renewable energy. The permeate solution in PRO is run through
the turbine and generator to generate electric power.

5.4.3. Capital Cost and Annual Cost

The capital cost of the electro-mechanical system for the PRO power plant is similar
to that of hydroelectric power. Aggidis et al. studied the costs of small-scale hydroelectric
power plants. The cost of electro-mechanical equipment has been statistically formulated in
the following equation [39]:

Clom = 12,000 X (Wiaer x 103/H%2)05 5 nyoen X f (23)

where C,,, ($) is the capital cost of the electro-mechanical equipment, Warack (MW) is the
power capacity per stack, H,, (m) is the head, 14 is the number of membrane stacks, and
f is the currency converter from £ to $. In this study, a number of membrane modules are
placed in the same pressure vessel, where a number of pressure vessels are stacked in one
membrane stack. Each membrane stack can operate independently from other membrane
stacks [18]. The membrane modules in the setup are placed in 5 separated membrane stacks.

5.4.4. Net Annual Energy Consumption
Energy losses in the turbine and the generator can be derived from the efficiency of each.
The energy loss equation for turbines and generators is presented in Eq. (24):

Eturb,loss + Egen,loss = Liproduction X (1 - nturb) X (1 - ngen) (24)

where Eyyrpioss (MWh) is the energy loss from turbines, n,,, is the efficiency of turbines,
and 7., is the efficiency of generators.

5.5. Brackish Outfall System

The solution after turbine and generator is called the brackish water, which is returned
to the draw solution source. The salt concentration of the brackish water is similar to the
salt concentration of mixing original feed solution and draw solution. However, the brackish
water might contain undesirable chemicals after passing membrane and other components
in the system. Post-treatment for the brackish water is necessary before discharging back
to the source. The presence of brackish outfall system will also introduce initial cost and
power consumption to the whole system.
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5.5.1. Capital Cost and Annual Cost

Similar to the capital cost of the solution intake system, the capital cost of the brackish
outfall system can be estimated in Eq. (25):

C(outfall,bs - Vmate'rial,bs X Cunit,d (25)

where Cy, ($) is the capital cost of brackish outfall system, V,,ateriarps (m?) is the constructing
material volume for the brackish solution, which is calculated from the cross-sectional area
and the length of the outfall system. Moreover, Cynita ($/ m?) is the unit price of the
discharge system to build 1 m?® of the outfall system (including piping and pumping).

5.5.2. Net Annual Energy Consumption
The net annual energy consumption from the brackish outfall system comes from the
amount of energy required to discharge the brackish solution. Equation (26) details the

calculation:
_ Prs X g X Hyg X Qps x t X CF

EO S T
? Mpumyp X 10°

(26)

where E, s (MWh) is the annual energy consumption of pumps in the outfall system, pps
(kg/m?) is the density of the brackish solution, Hys (m) is the head of the brackish solution,
and 10° is to convert Wh to MWh.

5.60. Previous Practical PRO Systems

The first PRO prototype power plant was built in 2009 in Tofle, Norway by Statkraft, a
Norwegian state-owned power company [8]. Initially, the prototype power plant utilized 2000
m? of flat sheet FO cellulose acetate membranes in spiral wound modules. The power density
with this type of membrane revealed to be only 0.5 m? [38]. Due to the low power density,
FO cellulose acetate membranes were placed by RO thin-film composite membranes in spiral
wound modules. The power density was increased to 1.0 m? [8]. Given the membrane area of
the prototype power plant, the power production was around 2 kW. The low power density
of RO membrane was largely due to concentration polarization. As mentioned earlier, the
thick support in RO membranes is undesirable in PRO applications as it traps more particles,
which reduces the water flux across the membrane over time.

6. Modeling Results of the PRO Power Plant

6.1. System Requirements

In order to meet the power generation requirement for the PRO power plant, the feed
solution and the draw solution must be supplied with correct flow rates. As described in the
section on Previous Practical PRO Systems, Equations (5) and (6) calculate the flow rate
of the incoming solutions. Table 1 lists the flow rate requirement of both solutions, along
with the flow rate of the brackish solution that will be discharged from the system.
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6.2. Net Energy Production

Applying the first Law of Thermodynamics to the whole system, the net annual energy
production is equal to annual energy production minus all the energy losses and consumption
by various components in the system. The net annual energy is described by the following
equation:

Enet - Eproduction - Eloss (27)

Table 2 lists important values from the analysis of the power plant. The net energy
production is 154,249 MWh with all the major energy losses and consumption taken into
account. The high osmotic energy from the Great Salt Lake contributes significantly toward
the net energy production. This is one of the benefits of using the hypersaline lake as a
source for the draw solution.

Table 3 breaks down the energy loss and consumption for different subsystems. Intake
and outfall systems consume about 5% of the potential energy production. This is due to the
pumping demand to deliver solutions from their sources to the power plant and to discharge
the brackish solution. Furthermore, the electro-mechanical system (pressure exchangers,
turbines, generators, etc.) also registers 15% of energy loss due to their inefficiencies. The
solution pre-treatment and membrane module also consume a considerable amount of energy,
although they are much less than those of the other systems. The total energy loss accounts
for about 22% of the potential energy production. As a result, approximately 78% of osmotic
energy can be obtained. If the maximum theoretical osmotic energy was considered (when
¢ equals to zero), the overall efficiency is around 63%. This high efficiency is again due to
the advantage of using high salt concentration draw solution. This number would be much
lower if seawater were used as the draw solution.

6.3. Total Cost of the Power Plant
The total capital cost of the power plant is calculated based on the following equation:

Ccapital = Cintak:e,ds + Cintake,fs + Cf,ds + Cf,fs + Cm + Cem + Coutfall,bs + Cmisc (28)

The calculated capital cost of each subsystem is shown in Table 4. All miscellaneous costs
(including site preparation, shipping, installation, startup, etc.) are considered in Cpuise,
which is assumed to be 3% of the total capital expenditures. These costs are highly uncertain
until the site of installation is determined and material selections for the power plant are
completed. Each of the cost values in Eq. 28 should be updated at each design phase, from
conceptual drawings to installation.

The operations and maintenance cost of the power plant comes from solution pre-
treatment and membrane module subsystems. The annual O&M cost is calculated below:

Cosnt = Crasoxm + Cr 15,08 + Cr08 M (29)

Additionally, there is a reoccurring O&M cost to replace fouling membranes. This reoc-
curring cost is estimated to be half of the membrane module capital cost. The annual and
reoccurring O&M costs are listed in Table 5 along with the capital cost of the power plant.
The annual O&M cost is about 14% of the capital cost.
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6.4. LCOE of the PRO power plant

The levelized cost of electricity (LCOE) is a metric to measure the cost of producing
electricity. The LCOE can indicate the break-even point of the technology and point out
the feasibility of the project from investors’ point of view. The LCOE equation is described
below:

Total Lifetime Cost _y=1
Total Lifetime Energy Production z":

LCOE = (30)

S
8

where Cioar ($) is the total cost over lifetime, E,.; (kWh) is the total energy production
over lifetime, r (%) is the discount rate, y (year) is the annual time step, and n (year) is the
lifetime of the project.

In this analysis, the discount rate is considered to be 2% and the lifetime of the project
is 40 years. The system’s LCOE is calculated to be $0.2025/kWh. On the consumer side,
local utility Rocky Mountain Power charges an average residential electricity price in Utah
of $0.1071/kWh [40]. These two prices differ by 89.1%. Comparing the system’s LCOE of
$0.2025/kWh to the LCOE of other established renewable energy technologies, the number
is relatively higher as seen in Table 6. The LCOEs of other renewable energy technologies
are taken as average total system LCOE values for plants entering service in 2022 [41].

7. Sensitivity Analysis

The sensitivity analysis in this study focuses on the energy performance, system cost, and
economics of the PRO power plant. The energy performance sensitivity analysis can identify
significant impacts on the net energy production of the system by different components
or subsystems. The sensitivity analysis on capital costs will point out the most costly
subsystems toward the capital cost of building the power plant. Additionally, external
factors (discount rate and investment period) will be considered in the economics sensitivity
analysis to illustrate the effects of financial considerations on the system’s LCOE. The goal
of this sensitivity analysis is to provide guidance for reducing the price of electricity from
the PRO power plant.

7.1. Energy Performance

The energy performance of the power plant is studied with variations in efficiencies of
the turbine, generator, and pump. Their design values in this study and their ranges are
listed in Table 7. These components are chosen because of their significant contributions
toward the net energy production of the power plant.

7.2. System Cost

The cost of the power plant mostly depends on the performance of membrane, solution
pre-treatment, membrane module, and membrane lifetime. The performance of membrane
is associated with the power density obtained from membranes in PRO. Any increasing in
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the power density will result in less membrane needed and less material for the membrane
module. Similarly, the unit prices of the solution pre-treatment and the membrane module
can have significant impacts on the capital cost of the system. Their unit costs can be varied
over time, depending on the development of the technology. Furthermore, the lifetime of
membrane can determine the cost for membrane replacement. Table 8 details the ranges of
these parameters.

7.3. Economics

Besides energy performance and system cost parameters, there are external parameters
that could potentially affect the LCOE of the power plant. Investment period and discount
rate are investigated in this study. The design values and ranges of values are based on
typical values for investment.

7.4. Results of Sensitivity Analysis

The results of the sensitivity analysis on the system cost, energy performance, and lev-
elized cost are reported in Table 10. Changes in the net energy production, system cost,
and LCOE are listed in the table to demonstrate the effects of varying these parameters.

Efficiencies of electro-mechanical components have significant impacts on the net energy
production. Net energy production is increased considerably with higher efficient compo-
nents. Figure 9 and 10 detail the changes of net energy production and LCOE by varying
turbine and generator efficiencies, respectively. The price of electricity from the power
plant can be reduced by $0.0260/kWh with turbine efficiency increased from 85% to 95%.
Similarly, increasing generator efficiency from 90% to 98% reduces the system’s LCOE by
$0.0213/kWh. Contrarily, the net energy gain from more efficient pumps in Fig. 11 is rela-
tively small compared to those of turbines and generators. This is due to the fact that energy
losses by electro-mechanical systems are much greater than energy losses by pumping.

The trends from the system cost sensitivity analysis are expected. For the solution pre-
treatment and the membrane module, lowering these unit prices can lower the capital cost,
as seen in Fig. 12 and Fig. 13. The reduction from these subsystems is important since their
combined capital cost is more than 50% of the total capital cost. Furthermore, the membrane
performance has significant impact on the total capital cost of the power plant. Using
high performing membranes can lower the amount of membrane module and membrane
materials needed for the power plant. Figure 14 illustrates the change in LCOE and the
capital cost with respect to membrane performance in term of W/m? An LCOE reduction
of $0.1047/kWh can be attained by having membranes with power density increased from
1 to 15 W/m?2. Additionally, the rate of reduction in the LCOE and capital cost level off
once the power density reaches about 10 W/m?. This observation suggests that increasing
the membrane performance is more significant when the power density is increased up to
10 W/m?. Further improvements in power density are not as impactful as initial power
density improvements; that is, improvements in power density show diminishing returns in
terms of overall system performance improvements. Nonetheless, this sensitivity analysis
demonstrates that increasing power density obtained from membranes in PRO systems can
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potentially reduce the capital cost of building the power plant. As a result, a significant
reduction in the LCOE from the power plant can be achieved.

Moreover, the membrane lifetime can influence the total membrane cost during the power
plant lifetime. Longer membrane longevity can reduce the membrane cost, as seen in Fig. 15.
It is also worth noticing that the membrane lifetime cost is the same for membrane lifetime
of 8 and 9 years. This is due to the fact that the lifetime of the power plant considered is
40 years, which uses the same amount of membranes regardless of membrane lifetime of 8
or 9 years.

Economic factors also have significant impacts on the LCOE of the power plant. Figure
16 shows the changes in the system’s LCOE with different investment periods. Increasing
in the investment period reduces the LCOE. Increasing the investment period from 30 to 50
years can reduce the LCOE by $0.0504/kWh. Due to the additional cost from membrane
replacement for every 5 years, the plot in Fig. 16 shows periodicity, with a change in the
relationship between LCOE and investment period considered at 5-year intervals. Addition-
ally, increasing the discount rate also reduces the LCOE as seen in Fig. 17. The impacts
from economic factors on the system’s LCOE cannot be underestimated. The results in this
section have shown the considerable changes in the LCOE as the economic factors vary.

7.5. Improved Design and Its Results

Based on the results of the sensitivity analysis, the design parameters have been adjusted
to develop improved design requirements that will reduce the LCOE to meet the local
price for residential electricity purchases. The combined effects of these improvements are
presented as follows: In this improved design, the unit price of solution pre-treatment capital
cost is reduced to $250/m®. The unit price of membrane module is $5/m?. Turbine and
generator efficiencies are increased by 3% each. Furthermore, the efficiency of pump is
increased to 80%. The investment period is 50 years instead of 40 years. The discount rate
is 4.5% instead of 2%. Membrane performance is increased to 10 W/m?. The membrane
lifetime is extended to 8 years instead of 5 years. Other design values are kept at their
default values. The results of this improved design are presented in Table. 11. With this
new setup, the LCOE is calculated to be 0.1034 $/kWh. The capital cost with the improved
design values is $197.2 million and the net energy production is 166,837 MWh. As with
other power generation technologies, the current price of electricity (or “grid parity”) can
be reached by having more efficient components and reducing capital cost of subsystems.

8. Conclusions and Recommendations

In this study, a feasibility analysis was conducted for a 25 MW PRO power plant and
the engineering and economic characteristics that influence the plant’s potential profitability
were investigated. The location for this power plant is at the Great Salt Lake in Utah, USA,
a location chosen for its high salinity, which provides a draw solution with high osmotic
energy potential. The design of the power plant was based on currently available technology
and the effects of specific technical advances were also described.
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For the plant to operate with an output power of 25 MW, the flow rates of the fresh
water and the salt water have been calculated to be 1.54 m?/s (24,410 GPM) and 3.08
m? /s (48,820 GPM), respectively. The net annual energy production from this power plant
would be 154,249 MWh. Furthermore, the capital cost is expected to be $238.0 million with
annual O&M costs averaging $33.5 million. The membrane replacement cost is 18.8 million
per membrane lifetime. The LCOE of $0.2025/kWh results from financial calculations using
a 2% discount rate and 40 year investment period. The price of electricity can be reduced to
$0.1034/kWh by minimizing capital costs of some components while improving membrane
performance and lifetime, increasing component efficiencies, and extending the investment
period.

To be economically feasible, the following improvements are recommended for the 25
MW PRO power plant at the Great Salt Lake:

e Reduce the current cost for micro-filtration ($275/m? of solution). The cost of the solution
pre-treatment is a major contributor toward the capital cost of the power plant.

e Improve membrane performance to increase the power density. Power densities greater
than 5 W/m?, a commonly accepted metric for potential profitability, are desirable. As
less membrane area is required, fewer membrane modules will be required for power gener-
ation and the capital cost for membrane modules will be decreased. Further development
in membrane technology for the PRO process is crucial for the success of PRO power
generation technology, although performance increases over 10 W/m? would be not be as
impactful.

e Invest in highly efficient system components. Efficiency improvements for components in
the electro-mechanical system (particularly the turbine-generator and pressure exchanger)
will improve performance for the whole system. Fewer energy losses increase the net
energy production from the power plant.

e Use state and federal incentives for renewable power generation and power plant financ-
ing where available. As with any renewable power generation technology, government
incentives can make osmotic power more economically feasible.

Additionally, the development of osmotic power with PRO cannot be separated from its
environmental consequences. Even though the process mimics the natural discharging of
water from nearby rivers into the Great Salt Lake, the introduction of electro-mechanical
components alters the hydrological process and may alter local ecosystems. As described in
the section on Solution Intake Systems, the design of the intake system in deep water was
mentioned to minimize this impact. Moreover, the discharge of the brackish solution from
the power plant is an environmental concern if there are any chemicals in the solution. A
life cycle impacts assessment for the combined systems comprising an osmotic power plant
is necessary to understand and mitigate the actual environmental impacts of PRO power
plants to the surrounding ecosystems.

Land and water issues would also require careful consideration in the pre-design phase.
Any new power plant also has land and permitting requirements. An osmotic power plant
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in the Great Salt Lake area would be complicated since it would likely be sited on public
land. Water is critical for the operation of this plant, and the water level in the Great Salt
Lake and its nearby rivers vary seasonally and from year to year. The availability of the
feed and draw solutions will determine whether the power plant can operate as designed.
Nonetheless, if the above-mentioned key points are carefully considered in the research and
development process, osmotic power with PRO can become an attractive alternative in the
power generation mix.
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Abbreviations
CTA Cellulose triacetate
ECP External concentration polarization
FO Forward osmosis
ICP Internal concentration polarization

LCOE Levelized cost of electricity

O&M Operations and maintenance
PRO Pressure retarded osmosis
RO Reverse osmosis

TFC Thin film composite

Input Values

APy Solution pre-treatment pressure (30,000 Pa) [18]
Ngen Generator efficiency (95%)

Npump Pump efficiency (75%)

Nturb Turbine efficiency (90%)

Dbs Density of the brackish solution (1127.7 kg/m?)
Pds Density of the draw solution (1191.5 kg/m?)
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Pfs

¢
Vmater'ial,bs
Vmaterial,ds
Vmaterial,fs
Cds

Cts

CF

Cunitc
Cunit,d
Ounit,f
Cunit, f,08M
Cunit,m
Cunit,m,O&M
f

9

Nstack

Density of the feed solution (1000 kg/m?)

Volume ratio (1/3)

Volume of piping material for the brackish solution (36.1 x 10% m?)
Volume of piping material for the draw solution (35.3 x 10% m3)
Volume of piping material for the feed solution (34.3 x 10% m?)
Draw solution concentration (4.11 mol/L)

Feed solution concentration (8.50 x 1073 mol/L)

Capacity factor of the power plant (0.9)

Unit price of conveying solution ($725/m?) [18]

Unit price of discharging solution ($725/m?) [18]

Unit price of capital cost for solution pre-treatment ($275/m?) [31]
Unit price of annual cost for solution pre-treatment ($0.08/m?) [31]
Unit price of capital cost of membrane module ($7.5/m?) [18]

Unit price of annual cost of membrane module ($0.45/m?) [36]
Currency converter from £ to $ (1.25)

Gravitational acceleration (9.81 m/s?)

Head of the brackish solution (10 m)

Head of the draw solution (10 m)

Head of the feed solution (10 m)

Head of the membrane module (3 m)

Number of osmotically active particles (2)

Number of membrane stacks (5)

Discount rate (2%)

Universal gas constant (8.314 L - kPa/K - mol)

Number of hours in a year (8760 hours)

Temperature (298 K)
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w Power density (5 W/m?)

Wt Power generation of the power plant (25 MW)
Watac Power generation per stack (25/5 MW)
Nomenclature
AP Hydraulic pressure difference (kPa)
AG Mixing energy per unit volume of fresh water (kWh/m?)
T Osmotic pressure (kPa)
Db Osmotic pressure of the bulk draw solution (kPa)
TD.m Osmotic pressure of the draw solution at the membrane surface (kPa)
TED Osmotic pressure of the bulk feed solution (kPa)
TFm Osmotic pressure of the feed solution at the membrane surface (kPa)
A Water permeability coefficient (m/s - kPa)
A, Membrane area (m?)
B Salt permeability coefficient (m/s)
c Molar concentration (mol/L)
Cfinal Final solution concentration (mol/L)
Ceapital Capital cost (million dollars)
Cem Capital cost of electro-mechanical system (%)
C'as Draw solution pre-treatment capital cost ($)
Ctasoem Draw solution pre-treatment annual cost ($)
Ch.ts Feed solution pre-treatment capital cost ($)
Ct.rs,0oem  Feed solution pre-treatment annual cost (3)
Cintake.as ~ Draw solution intake capital cost (%)
Cintake,rs ~ Feed solution intake capital cost (%)
Chm, Capital cost of membrane module ($)
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Cvm,O&M
le
Coutfall,bs
Cogm
Eosmot'ic
Eyfs
Ef,ds
Ei,ds
Ei,fs
Eloss
Egen,loss
Eo,bs
Em,ds
Ep ts
Enet
Eproduction

Eturb,loss

Juw

st
Qfs

Annual cost of membrane module ($)

Total membrane replacement cost ($)

Brackish solution outfall capital cost ($)

O&M cost (million dollars per year)

Osmotic energy per unit volume of fresh water (kWh/m?)
Energy consumption of feed solution pre-treatment (MWh)
Energy consumption of draw solution pre-treatment (MWh)
Energy consumption of intake draw solution (MWh)

Energy consumption of intake feed solution (MWh)

Energy loss (MWh)

Energy loss in generators (MWh)

Energy consumption of discharging brackish solution (MWh)
Energy consumption of membrane module draw solution (MWh)
Energy consumption of membrane module feed solution (MWh)
Net annual energy production (MWh)

Annual energy production (MWh)

Energy loss in turbines (MWh)

Water flux (m3/m? - s)

External concentration polarization mass transfer coefficient (m/s)
Internal concentration polarization mass transfer coefficient (m/s)
Membrane lifetime (years)

Investment period (years)

Hydraulic pressure (kPa)

Flow rate of the brackish solution (m?/s)

Flow rate of the draw solution (m?/s)

Flow rate of the feed solution (m?/s)

Annual time step
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Table 1: Flow rate of intake and outfall solutions.

Feed Solution Draw Solution Brackish Solution

Qps (m’/s)  Qas (m®/s) Qs (m?/5)
1.54 3.08 4.47

Table 2: Net annual energy production.

Wnet Eosmotic Eproduction Eloss Enet
(MW)  (kWh/m3)  (MWh)  (MWh) (MWh)
25 4.5 197,100 42,851 154,249

Table 3: Break down of energy loss and consumption

Subsystems Energy Loss Percentage
(MWHh) (70)
Intake and Outfall -10,578 -5.37%
Solution Pre-treatment -1,094 -0.56%
Membrane Module -1,614 -0.82%
Electro-mechanical System -29,565 -15.00%
-42 850 -21.74%

Total Energy Loss
Potential Energy Production
Net Energy Production

+197,100 +100%
+154,249 +78.26%

Table 4: Break down of capital cost.

Subsystems Capital Cost Percentage
(million dollars) (%)

Intake and Outfall 76.6 32.12%
Solution Pre-treatment 109.9 46.23%
Membrane Module 37.5 15.78%
Electro-mechanical System 6.8 2.87%
Miscellaneous 7.2 3.00%
Total Capital Cost 238.0 100%
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Table 5: Cost of the power plant.

Total Capital Cost Annual O&M Cost Membrane Replacement Cost
(million dollars)  (million dollars per year) (million dollars per membrane lifetime)
238.0 33.5 18.8

Table 6: Comparison of LCOE of osmotic power at the Great Salt Lake to LCOE of other renewable power
generation technologies.

Plant Type Average Total System LCOE

($/kWh) [41]
Geothermal 0.0450
Wind 0.0645
Hydroelectric 0.0678
Solar PV 0.0847
Biomass 0.0961
Wind — Offshore 0.1581
Osmotic Power 0.2025
Solar Thermal 0.2359

Table 7: Sensitivity analysis on energy performance of the power plant.

Parameter Symbol Design Value Min. Value Max. Value
Turbine Efficiency (%) Neurd 90 85 95
Generator Efficiency (%)  ngen 95 90 98
Pump Efficiency (%) Npump 75 70 80

Table 8: Sensitivity analysis on cost of the power plant.

Parameter Symbol Design Value Min. Value Max. Value
Membrane Performance (W/m?) w 5 1 15
Pre-treatment Unit Price ($/m?) Cunit,f 275 250 300
Membrane Module Unit Price ($/m?) Cunit.m 7.5 5 10
Membrane Lifetime (year) My fe 5 5 10

Table 9: Sensitivity analysis on economics of the power plant.

Parameter Symbol Design Value Min. Value Max. Value
Investment Period (year) n 40 30 50
Discount Rate (%) T 2 0 5
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Table 10: Results of sensitivity analysis.

Parameters Range ACotal AFE,.. ALCOE
(million dollars) (MWh) ($/kWh)

Neury (%) 85 - 95 — +19,710  -0.0260
Ngen (%) 90 - 98 — 115,768 -0.0213
Npump (70) 70 - 80 — +1,633 -0.0021
W (W/m?) 1-15 -187.6 — -0.1047
Cumit.s ($/m3) 250 - 300 +20.6 — 40.0033
Cunit.m ($/m?)  5-10 +25.8 — +0.0147
myife (year) 5-10 -75.0 — -0.0084
n (year) 30 - 50 — — -0.0504

r (%) 0-5 — — -0.1246

Table 11: Results of the improved design.

Capital Cost Net Energy Production  LCOE
(million dollars) (MWh) (3/kWh)
197.2 166,837 0.1034
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Figure 2: Illustration of PRO process.
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Figure 3: Bench-scale PRO schematic [3].

Figure 4: Bird’s eye view of the Great Salt Lake from Google Earth [42].
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Figure 7: Schematic diagram of the microfiltration process.
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Figure 10: Sensitivity analysis on generator efficiency.
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Figure 11: Sensitivity analysis on pump efficiency.
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Figure 12: Sensitivity analysis on solution pre-treatment unit price cost.
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Figure 13: Sensitivity analysis on membrane module unit price cost.
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Figure 14: Sensitivity analysis on membrane performance.
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Figure 15: Sensitivity analysis on membrane lifetime.
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Figure 16: Sensitivity analysis on investment period.
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Figure 17: Sensitivity analysis on discount rate.
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