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Executive Summary

The utilization of ocean thermal gradients for energy and freshwater production has been a subject of
interest since the 1800s, with ongoing research aimed at realizing its potential benefits. We present the
collaborative efforts of an interdisciplinary team of undergraduate students from Oakland University in
Auburn Hills, Michigan, focusing on addressing the energy and water challenges faced by remote island
communities. Our study revolves around the implementation of Direct Contact Membrane Distillation
(DCMD) technology to enhance freshwater production efficiency by utilizing the temperature difference
between surface and deep ocean waters. Specifically, our investigation targets American Samoa, chosen
for its tropical climate, proximity to deep water access, and high energy costs.

Our findings indicate the effectiveness of DCMD in generating freshwater from seawater, capitalizing
on the natural thermal gradient present in ocean environments. Beyond providing a sustainable solution
for freshwater scarcity, this technology holds promise for advancing ocean thermal energy conversion
(OTEC), which simultaneously produces electricity and freshwater. Moreover, DCMD presents an avenue
for delivering essential resources to remote communities, thereby reinforcing their resilience and
sustainability. Our research underscores the potential of Direct Contact Membrane Distillation as a
practical and scalable approach to addressing the pressing water and energy needs of remote island
communities, offering not only immediate relief but also paving the way for broader advancements in
renewable energy.
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Technical Design Challenge

1. Introduction
1.1. Motivation and Objectives

Remote islands face significant challenges in accessing clean water and reliable energy sources. The
scarcity of potable water and dependence on imported fuels often exacerbate economic struggles and
hinder sustainable development efforts. According to the World Bank, approximately 2.2 billion people
worldwide lack access to clean water, with many residing in isolated island communities. These regions
often struggle with the dual burden of water scarcity and energy insecurity, highlighting the urgent need
for innovative solutions that leverage available resources effectively [1].

For example, as of 2022 the American Samoan population that doesn't have clean water supply is
89.85% [2]. When it comes to the primary sources of water supply, groundwater accounts for
approximately 99% of the total. The Water and power authority tasked with ensuring access to this vital
resource typically engages in drilling procedures to uncover new water sources [2]. However, a significant
challenge arises from the substantial loss of treated water, amounting to a staggering 70% as classified
under non-revenue water [3]. This inefficiency poses a considerable threat to sustainable water
management, potentially necessitating a reduction in production levels over the long term. Additionally,
efforts are underway to address the escalating electricity costs associated with water supply operations.
Despite these challenges, ongoing projects seek to extend water accessibility to all segments of the
population.

Ocean thermal gradients present abundant energy potential, particularly in subtropical and tropical
regions where temperature differentials between surface and deep ocean waters are substantial. The
concept of ocean thermal energy systems, which exploit these gradients to generate power and or water,
has garnered significant attention in recent decades. Research by the National Renewable Energy
Laboratory (NREL) underscores the vast energy potential of ocean thermal energy, estimating that ocean
thermal gradients could theoretically produce nearly 10,000 terawatt-hours of electricity annually,
equivalent to over half of the current global electricity consumption [4].

Despite promising energy potential, traditional ocean thermal energy plants primarily focus on power
generation, with limited attention given to addressing water scarcity challenges. The history of marine
energy harvesting is replete with attempts to harness this abundant resource, predominantly through ocean
thermal energy conversion (OTEC) systems. However, challenges such as cost-effectiveness and
scalability have hindered widespread adoption, underscoring the need for innovative approaches that
integrate energy and water production.

Our concept prioritizes water production over electricity generation. Leveraging the principle of
direct contact membrane distillation (DCMD), our system utilizes ocean thermal gradients to drive
desalination, offering a sustainable solution to water scarcity. The integration of DCMD facilities
represents a paradigm shift, highlighting the potential to harness ocean thermal gradients for concurrent
water. Figure 1 illustrates the core concept of our approach, wherein cooler deep water is pumped up to
facilitate the desalination process. This water cools the fresh water permeate side of the membrane, while
warmer seawater is drawn in at the surface to drive the distillation process. By maintaining a temperature
differential of approximately 25°C across the membrane, our system achieves efficient desalination.

The objectives of our project align with the pressing needs of remote island communities like

American Samoa. By seamlessly integrating water production infrastructure, we aim to develop a
sustainable solution that addresses water scarcity and insecurity. Through rigorous design optimization
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and feasibility analysis, we seek to demonstrate the viability and scalability of our approach, laying the
groundwork for broader implementation in similar island contexts.
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Figure 1. The process of utilizing ocean thermal gradients to drive desalination via membrane distillation. The
figure demonstrates the flow of cooler deep water and warmer surface water, as well as the operation of the system
to produce freshwater.

1.2. Previous Work

Oakland University was a part of MECC last year as well. The goal of our 2023 team was to improve
the energy efficiency of reverse osmosis (RO) desalination by harnessing the energy of salt gradients that
is available from the high concentration brine that these plants discharge into the sea. To achieve this goal
a pressure retarded osmosis (PRO) process was developed for converting salt gradient energy into useful
mechanical work that can be recycled back to the RO desalination plant. Reflecting on our previous
project, we determined that PRO faces several challenges for commercialization. Consequently, our
efforts to enhance energy efficiency in desalination through PRO encountered scalability challenges.

As a result, we pivoted our focus this year to thermal desalination using direct contact membrane
distillation. In this approach, the primary energy demand lies in thermal energy. By harnessing heat from
the ocean, we can substantially reduce energy expenses, bringing us closer to achieving our objectives. In
addition to this, we forged relationships with numerous desalination industry experts during last year's
competition through our industry connections segment. These connections proved invaluable in soliciting
expert opinions on our proposed concept and fostering new collaborations this year.

The system our team is designing uses direct contact membrane distillation (DCMD) which works
based on the thermal gradient of the ocean. Membrane distillation (MD) is a separation process that uses a
vapor pressure difference to drive vapor permeate across a hydrophobic porous membrane. This
technology is promising for desalination, as it allows for high salt and solute rejection, and is well-suited
for integration with ocean thermal gradients, as it can make use of low-grade heat and operate at low
temperatures. By leveraging the insulating properties of water, the system pumps hot ocean water on the
surface of the ocean and cold water from ocean depths to establish the temperature gradient necessary for
the distillation process. This project is an introduction to what is possible for MDas well as, awareness of
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OTEC for power generation and fresh water in places such as the American Samoa. The team has been in
close contact with power authorities in efforts to gain a better understanding of the current state of water
and power availability so that we could raise efforts for communities with similar needs and ideal
locational benefits.

2. Theory
2.1. Ocean Thermal Energy Conversion

The possibility of using ocean thermal gradients as a renewable energy source has been considered
for many years. For the most part, this energy source has been considered for producing electricity in
what is called an ocean thermal energy conversion (OTEC) cycle. Our system is different because it uses
ocean thermal gradients to produce water by desalination instead of producing electricity, but it is still
useful to learn about OTEC since it has been more commonly studied.

The concept of OTEC traces its origins to Jules Verne's novel "20,000 Leagues under the Sea," first
published in France in 1869. However, it was formally proposed by French physicist Jacques Arsene
D’Arsonval in 1881. The idea gained traction when French engineer and businessman Dr. Georges Claude
built an OTEC open cycle plant in Matanzas Bay, Cuba, in 1930, utilizing a 22-kW generator system to
illuminate a series of lamps. Despite its brief operation, the plant succumbed to destruction by a severe
storm [5,6].

During the 1950s and 1960s, numerous research and development initiatives unfolded, including
proposals from Energie de Mers and the Sea Water Conversion Laboratory at the University of California,
Berkeley. In subsequent decades, the U.S. federal government spearheaded various R&D programs,
encompassing performance evaluations, preliminary designs, and demonstration plants. Notable
endeavors included the Applied Physics Laboratory's preliminary design for a 40-MWe closed cycle
floating plant, heat exchanger performance tests by the Argonne National Laboratory, and the
establishment of demonstration plants such as (Mini-OTEC and OTEC-1 in Hawaii)[7].

Further advancements occurred with the construction of a 100-kW closed cycle land-based plant in
the Republic of Nauru by Toshiba/Tokyo Electric Power and studies conducted at the Natural Energy
Laboratory of Hawaii (NELHA), culminating in the operation of a 210-kW open-cycle pilot plant for
simultaneous electricity generation and potable water production [8]. Presently, the technology required
for OTEC plant construction is well-established, with commercially available components and equipment
commonly utilized in other applications. However, the primary obstacle to the realization of commercial
OTEC plants has been economic viability.

Throughout the 1970s and 1980s, the federal government's focus on nuclear energy diverted funding
away from OTEC development. Subsequently, the decline in oil prices to as low as $10 a barrel in the
1990s, coupled with limited awareness of global warming, diminished interest in OTEC and other
renewable energy sources[9].

2.2. Membrane Distillation

Our proposed system uses ocean thermal gradients to desalinate water by driving a membrane
distillation process. Membrane distillation (MD) is a thermal separation process that relies on a
hydrophobic porous membrane to facilitate the separation of a hot feed solution (surface water) from a
cold permeate solution (deep ocean water). The driving force for this separation is the vapor pressure
difference created by a temperature gradient across the membrane that has a specific permeability
coefficient. As shown in figure 2, Direct Contact Membrane Distillation (DCMD) is a distinct variation of
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MD where the feed and permeate solutions come into direct contact with each other on opposite sides of
the membrane. This direct contact enhances mass transfer, maintaining a high concentration gradient
across the membrane and leading to increased vapor flux (1). The membrane's hydrophobic characteristic
ensures that only vapor molecules can pass through, while liquid water and solutes are retained on the
feed side and require cleaning to prevent fouling, the porous structure of the membrane selectively allows
vapor molecules to permeate through. As vapor molecules pass through the membrane, they condense on
the cold side to form a permeated stream containing pure solvent. This leaves behind non-volatile
components in the feed solution. DCMD offers several advantages, such as high selectivity, low fouling
tendency, and suitability for treating solutions with high salinity or concentration. This technology holds
promise for applications such as desalination which is the main objective in this experiment.

Feed out Distillate in

membrane
I'_H

)

e

Feed in Distillate out

Fig 2. A schematic of DCMD system

The driving force for the membrane distillation process is the vapor pressure difference created by a
temperature gradient across the membrane that has a specific permeability coefficient (figure 2).
Considering different vapor pressure in both feed and permeate sides, the water flux through the
membrane can be defined as follow:

J = K(pHZO,F ~ Py, D) M

K denotes the permeability coefficient of membrane, py, rand py,e p are vapor pressure at membrane
feed and distillate sides. Several methodologies have been explored in the literature to achieve
permeability coefficients, including a combination of Knudsen diffusion, molecular diffusion, and
Poiseuille flow transition model, as well as purely Knudsen diffusion and the Monte Carlo simulation
approach [1]. While the coefficient K typically varies with operating conditions such as temperature and
pressure, it can be treated as a constant under certain specific conditions and specific membrane
characteristics. The vapor pressure of distillate side p;,0 is equal to absolute water vapor pressure p,,
which is calculated from Antoine equation as follow [2]:



_ (Ao‘c%) )

A,, B,, and C, are constants which are provided in Table 1. However, when dealing with solutions
that have non-volatile solutes, like the feed flow in DCMD, the vapor pressure is not simply that of pure
water. The presence of solutes lowers the vapor pressure which can be represented as follow [2]:

14
Przor =P, exzo(ﬁ(p - ﬂ)) @)

Here V,, R, and 1 denotes the molar volume of water, universal gas constant, and osmotic pressure
respectively.

In addition to the applied pressure on the feed side, osmotic pressure arises due to the salinity of the
feed stream. This osmotic pressure can be calculated as follow:

m=IiRTc “)
Where i is Vant Hoff coefficient, R is universal gas constant, and ¢ shows the concentration.

The energy required for running membrane distillation systems can be supplied by various sources.
The choice of heat source can significantly affect the system’s overall efficiency, cost, and environmental
impact. Common sources of thermal energy for running DCMD systems include the waste heat coming
from industrial processes, power plants etc., solar energy, geothermal energy, and ocean thermal energy.

Ocean thermal energy, as a consistent and abundant form of marine renewable energy, is a promising
source for driving sustainable desalination systems specifically on remote islands. However, the limited
temperature difference is a challenge to its standalone application. Considering this, we propose a hybrid
distillation desalination system energized by both solar and ocean thermal sources. This system is
designed to mitigate the limitations of solar desalination systems, which are prone to operational
disruptions during nighttime, while enhancing overall productivity.

To determine the power required to pump cold seawater to the surface, we can use equations (5),
where V represents the volumetric flow rate of the water and 4p is the pressure difference calculated from
equation (6). This equation calculates the mechanical power necessary to overcome the pressure
difference and transport the volume of water needed for the cooling process.

The pressure at a certain depth in the ocean can be calculated using the equation (6), where 4p is the
pressure difference, p is the density of seawater, g is the gravity acceleration, and 4/ is the depth
difference. This equation provides the increase in hydrostatic pressure experienced with depth, which is
critical for understanding the forces operating in deep sea conditions.

My 4)



Ap = pgAh
(6)

Table 1 presents the constants and inputs essential for the modeling of the membrane distillation
system. It specifies the Van't Hoff factor i utilized for osmotic pressure calculations, the universal gas
constant R, and the Antoine constants (4,, B,, C,) for determining the vapor pressure of water. These
parameters are critical for analyzing and predicting the performance of membrane distillation processes
under various operational conditions.

Table 1: Baseline conditions and constants

Number of ions i 2

Gas constant R 8.314 J/mol/K
Pressure p 100 kPa
Membrane permeability K 3.52 x 10 g/s/m?/Pa
Feed temperature Tr 25 °C
Distillate temperature T} 5°C

Feed concentration cp 35 g/l
Distillate concentration cp 0

Pump efficiency T]p 85 %

Antoine constant A, 16.3872
Antoine constant B, 3885.7
Antoine constant C, 230.17

3. Results

In the present section, we elucidate the outcomes of a theoretical model that simulates the
performance of a membrane distillation system which is integrated with an ocean thermal energy gradient
source. A theoretical sensitivity analysis has been conducted to discern the factors that most significantly
influence the vapor pressure difference and permeate flux as the most important parameters. Figure 3
illustrates the increasing vapor pressure difference with feed temperature. The vapor pressure difference is
typically driven by the temperature difference between the hot feed and the cold permeate. As the feed
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temperature increases, the vapor pressure on the feed side of the membrane increases according to the
Clausius-Clapeyron relation, enhancing the driving force for mass transfer through the membrane.

In American Samoa, the temperatures are typically warm throughout the year due to its tropical
marine climate. The average temperature usually ranges from about 23°C (73°F) at night to about 30°C
(86°F) during the day. This relatively stable temperature range is maintained by the surrounding Pacific
Ocean, which helps to moderate extreme temperature fluctuations. Regarding high dependency of DCMD
system to temperature gradient of feed and permeate the more temperature difference, lead to more vapor
pressure difference and subsequently more flux. Using solar radiation to increase feed temperatures in
DCMD systems could enhance efficiency and reduce energy costs. Solar collectors absorb sunlight,
heating a transfer fluid to elevate the system’s initial temperature. This process decreases the need for
additional energy, aligning with sustainability goals by lowering reliance on non-renewable resources and
reducing greenhouse gas emissions. Such integration is especially beneficial in remote locations with high
solar potential, promoting ecological and economic sustainability.
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Figure 3. Variation of a) vapor pressure difference and b) water flux with feed temperature. Results are based on
default baseline conditions from Table 1.

The effect of decreasing temperature of distillate side on vapor pressure difference is shown in Figure
4a. It can be seen that decreasing permeate temperature led to increasing vapor pressure difference which
is around 25% higher from 10 to 5 °C. Figure 4b illustrates the decrease in temperature with ocean
temperature with depth. Up to a depth of 1000 m, there is a significant drop in temperature, decreasing
from about 22 °C at the surface to 4.9 °C at 1160 m. Beyond this depth, the rate of temperature decrease
slows considerably. Over the next 1000 m, the temperature decreases by only 0.8 °C. Figure 4c depicts the
variation in vapor pressure difference with depth. This figure highlights the significant changes in vapor
pressure difference up to a depth of 1100 m, where it jumps from 1.8 to 2.2. However, at greater depths,
the changes in vapor pressure difference are less pronounced. Indeed, to achieve a slightly higher vapor
pressure difference, one would need to reach a depth of approximately 4000 m which is not considered
worthwhile.
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Figure 4. a) the effect of permeate temperature on vapor pressure difference b) variation of ocean
temperature with depth c) variation of created vapor pressure difference versus ocean depth. Results are
based on default baseline conditions from Table 1.

Increasing the depth is associated with higher power costs and increased energy consumption. As
shown in Figure 5a, the suction head of the pump increases with depth, which subsequently increases the

power consumed, as d

epicted in Figure 5b.
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Figure 5. The variation of a) hydraulic pressure b) pumping power. Results are based on default input
parameters from Table 1.

The impact of concentration on the feed side was investigated, as shown in Figure 6a. Increasing the
feed concentration leads to decreasing vapor pressure difference mainly due to the effects of boiling point
elevation and concentration polarization. A higher concentration of solutes in the feed reduces its vapor
pressure, which decreases the driving force across the membrane that's essential for distillation. This
phenomenon, known as boiling point elevation, directly diminishes the vapor pressure differential, which
is the core driving mechanism in DCMD. Concurrently, concentration polarization causes a layer of
concentrated solution to form at the membrane surface, further decreasing the effective vapor pressure
and creating additional mass transfer resistance. These effects are compounded by increased viscosity and
the potential for fouling as solute concentrations rise, both of which impede the flow of vapor through the
membrane, thus reducing the overall permeate flux in the system.

Figure 6b depicts how the vapor pressure difference decreases as the recovery ratio increases.
Initially, the vapor pressure difference is almost stable, indicating consistent driving force for distillation.
As the recovery ratio reaches its maximum, the curve drops, showing a sharp decline in driving force.
This drop can be related to several limiting factors such as temperature and concentration polarization,
which suppress the vapor pressure difference and, therefore, the efficiency of water vapor transport
through the membrane. This trend highlights the existence of an optimal recovery ratio, beyond which the
efficiency of the system is compromised. In our survey, we are working with a recovery ratio of 0.5,
which corresponds to a vapor pressure difference of 2.18 kPa.
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Figure 6. The effect of a) feed concentration and b) recovery ratio, on vapor pressure difference.
4. Discussion
4.1. Application to Remote Island Communities
American Samoa was selected as an ideal location for implementing Ocean Thermal Energy for
desalination efforts due to its tropical climate and proximity to a deep-water shelf within 3 km, allowing
for the establishment of an onshore desalination plant. This choice eliminates the need for offshore
mooring systems and long power cables, reducing installation and maintenance costs [10]. Figure 7

presents data taken from 2019 that shows data taken near American Samoa. This data represents the
different thermal gradients within the ocean compared to the depth.
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Figure 7. Temperature contour map with depth and location[20]
There was an extensive number of interviews that the team went through to get in contact with people

that we thought fit the criteria for this technology. Mainly, we were able to get in direct contact with
Katrina Mariner: Water and Wells System Engineer American Samoa Power Authority. She stated that
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groundwater is 99% of their water source through drilling into the ground. It is feasible so far but 70% of
this water is lost in the process due to leaks. This process is also costly due because waterline connection
projects and new water utility infrastructure implementation is approaching. There are ongoing projects to
get everybody on the main island as well as a push for cheaper electricity costs which currently range
from 0.05 to 0.45 USD/kWh [13] . Water that is already treated is very expensive to get as well as
electricity. This needs to be shipped or flown over, which takes time and money and is considered to be
unreliable and variable just like trying to harvest rain water to drink. When it rains the water gets murky
and it makes it hard to harvest and drill.

The team conducted extensive interviews to identify suitable candidates for implementing a new
technology, ultimately connecting with Katrina Mariner, a Water and Wells System Engineer at ASPA.
Mariner revealed that groundwater accounts for 99% of their water source, extracted through drilling into
the ground. However, a significant portion of this water, about 70%, is lost due to leaks in the system,
making the process costly. The region is facing challenges with ongoing waterline connection projects and
the implementation of new water utility infrastructure, especially on the main island. Additionally, there's
a push to reduce electricity costs, which currently contribute to the high expense of treated water.
Importing treated water and electricity from elsewhere is expensive, unreliable, and subject to variability,
mirroring the challenges faced in attempting to harvest rainwater due to its murky quality after rainfall.

Mariner, with a background in environmental marine engineering and a decade-long tenure at ASPA,
is on course for new projects to install a desalination plant on a small island with a population of only 500
residents. The island currently relies on two wells for water, but during high tides, the water turns
brackish, and during dry spells, the well water becomes salty. Although rainwater harvesting was
considered, its unreliability led to the decision to pursue desalination for its consistency and reliability.
While exploring renewable energy options to fund the desalination project, logistical challenges remain
for implementing renewable energy on other islands due to staffing constraints. However, plans are
underway to train personnel within the next 2-3 years. Currently, the desalination project is in the pilot
phase, aiming to provide a sustainable water source for the island's residents amidst challenges posed by
existing water infrastructure and resource availability.

The selected market analysis delves into a specific geographical region characterized by consistent
temperature differentials throughout the year, 1000 meters below the surface. Notably, the American
Samoa region stands out, with its proximity to such conditions, as it spans a distance of 3 kilometers. This
choice was deliberate, considering American Samoa's status as a U.S. territory and its substantial energy
potential, estimated at 1300 TWh [14]. Additionally, the American Samoa Renewable Energy Committee
(ASREC) has set ambitious targets, aiming for 50% renewable energy by 2025 and complete reliance on
renewable sources by 2040 to fulfill all energy requirements. The significant poverty rate in American
Samoa, currently at 60%, further underscores the urgency for sustainable energy solutions tailored to the
region's unique advantages. Given these factors, the viability of a technology capable of harnessing
energy from the specific environmental conditions present in American Samoa emerges as a logical
market choice.

4.2. Load Requirements and Storage Capacity

The proposed design incorporates a storage component depicted in Figure 1, where the desalinated
water is stored for future use. This storage unit serves as a pivotal aspect of the system, facilitating
accessibility and usability of the desalinated water for various applications. By integrating a watering
system, the stored water becomes readily available to civilians in need, enhancing its practicality and
usefulness in addressing water scarcity challenges. Furthermore, the inclusion of this storage system
offers several compelling advantages. Firstly, it enables the long-term preservation and utilization of
desalinated water, ensuring a sustainable and reliable water supply even during prolonged periods of
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drought or water scarcity. Moreover, the storage system provides a vital resource reserve that can be
mobilized swiftly in response to emergencies, such as natural disasters or infrastructure failures.
Additionally, the storage component offers versatility in water management, allowing for strategic
distribution and allocation of desalinated water resources based on fluctuating demand patterns or specific
needs. This adaptability enhances the system's resilience and responsiveness to dynamic water supply
challenges, ensuring optimal utilization of available resources.

The cold water pipes (CWP) represent a critical component in OTEC and MD systems, posing
significant challenges due to internal flow stability and the risk of pipe failure. Historically, numerous
OTEC installations have encountered issues with CWPs, leading to project failures and abandonment, as
evidenced by cases like Rio de Janeiro in 1935 and India in 2003 [15,16]. These failures underscore the
complexity and importance of ensuring the reliability of CWPs in OTEC projects. Additionally, cost
estimates reveal that CWPs alone can account for a substantial portion, approximately 15-20%, of total
capital costs for OTEC installations, as highlighted by[17]. It is worth noting that these estimates are
based on installations within the United States; however, implementation in locations like American
Samoa may incur even higher cost percentages, further emphasizing the financial challenges associated
with CWP procurement and installation for ocean thermal energy techniques.

For a land-based OTEC plant with a power output of around 2.5 MW, a cooling water pipe (CWP)
with a diameter of approximately 2.5 meters, typically made of High-Density Polyethylene (HDPE), is
required [10]. This size is readily available from suppliers and has been utilized in projects such as the
seawater intake pipe for the Ras Djinet Gas Turbine Combined Cycle power plant in Algeria Figure § .
Practical considerations, such as installation costs and the availability of local resources like tugboats and
crane vessels, often dictate the maximum diameter of the CWP. While larger pipes could be installed, they
would require more sophisticated techniques and potentially costly vessels from outside the local area.
Despite the challenges, a 2.5 MW OTEC plant can serve as a valuable baseload power source for many
Small Island Developing States (SIDS). However, justifying the relatively high initial investment,
particularly for seawater systems, can be difficult for such small-scale projects. Fortunately, apart from
the seawater intake systems, the rest of the equipment required for a 2.5 MW OTEC system is
conventional and should be reliable, as demonstrated in previous installations in Hawaii and Kumejima.
Engagement with industry stakeholders underscores the importance of providing feed-in tariffs for
electricity and fresh water generated through OTEC to enhance the attractiveness of these projects to
commercial investors.

Figure 8. Concrete collars on a 2.5m water intake pipeline,
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Ras Djinet Gas Turbine Power Plant, Algeria[10]
4.3. Safety and Environmental Considerations

MD offers several key advantages for sustainable water production. Firstly, it operates without
consuming fuel, making it highly sustainable over the long term. Additionally, MD does not produce
conventional air pollutants, particulates, or solid wastes, thereby contributing to a cleaner environment.
The discharge of seawater post-MD operation closely resembles ambient water, minimizing ecological
disturbances. Furthermore, MD emits negligible amounts of carbon dioxide, aligning with global efforts
to combat climate change [10].

Despite these benefits, it is important to address potential environmental impacts associated with an
on shore desalination plant. [19] focuses on understanding the effects of releasing deep seawater on local
phytoplankton communities. This research underscores the need to determine an optimal discharge depth
that avoids harming surface-dwelling phytoplankton, which are crucial components of marine ecosystems.
Traditionally, the goal is to release water at a temperature and elevation that prevents nutrient-rich deep
water from reaching the surface, thereby minimizing the risk of algal blooms and other disruptions [19].

However, there remains a lack of established guidelines for mitigating these environmental impacts,
particularly in the context of emerging technologies like OTEC and MD. Further research is essential to
develop comprehensive strategies for managing the discharge of deep seawater from these types of plants.
Specifically, future studies should focus on how these could be used to benefit local marine life.

4.4. Membrane Limitations

The driving force for mass transfer is the partial vapor-pressure difference across the membrane. Pore
size, material, temperature and thickness are all major proponents that take part in the mass transfer for
membrane distillation. In membrane distillation (MD), the driving force for mass transfer lies in the
partial vapor-pressure difference across the membrane [11]. Several factors play crucial roles in
facilitating mass transfer, including pore size, material composition, temperature, and membrane
thickness. Direct Contact Membrane Distillation (DCMD) operates continuously as a baseload
technology. However, there are concerns regarding the long-term performance of the membrane.
Continuous efforts are underway to enhance flux capability and address long-term effects on the
membrane. These efforts aim to reduce costs and maintenance requirements for scale-up versions and
commercial deployment.

MD is influenced by feed temperature, with the flux being greatly affected by temperature. While MD
systems can operate at lower temperatures compared to other thermal desalination processes, higher
temperatures generally result in greater flux. optimizing the feed temperature within the operational limits
of the membrane and heat source can significantly enhance the performance and efficiency of the MD
system, ultimately improving desalination output and reducing energy consumption.

4.5. Temperature Considerations

When operating with flat sheet membranes like those from Sterlitech [18] with temperature and
pressure limitations of 200°C and 45 psi respectively, we found the pressure threshold was not a concern
at our standard atmospheric pressure. However, although the temperature ranges we worked within didn't
come close to the limit, it is essential to recognize potential issues if those limits were exceeded.
Surpassing the temperature threshold could trigger a cascade of problems. Thermal degradation becomes
a primary worry as the membrane material may degrade, compromising its structure and lifespan.
Additionally, there's a risk of pore enlargement, altering filtration characteristics and reducing
effectiveness. Elevated temperatures can worsen membrane fouling, requiring more frequent
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maintenance. Selectivity might decrease, allowing undesired substances to pass, and structural damage
such as warping or cracking may manifest. Chemical reactions could also occur, further impairing
membrane function and possibly releasing harmful byproducts.

5. Conclusions

The theoretical model presented in this study provides insights into integrating membrane
distillation with ocean thermal energy gradients. Leveraging solar radiation to elevate feed temperatures
in DCMD systems shows promise for enhancing efficiency and reducing energy costs, particularly in
regions like American Samoa with stable tropical climates. However, accessing deeper, colder ocean
waters must be carefully considered due to increased power costs. The study underscores the influence of
feed concentration and recovery ratio on vapor pressure difference and permeate flux, emphasizing the
need for optimization. Overall, integrating membrane distillation with ocean thermal energy gradients
offers a pathway to address water scarcity, but further refinement and research are essential for sustainable
desalination solutions and advancing global water security agendas. The integration of Ocean Thermal
Energy Conversion (OTEC) and membrane distillation (MD) presents a promising solution for addressing
water scarcity challenges in regions like American Samoa. Leveraging the stable tropical climate and
proximity to deep-water shelves, onshore desalination plants can be established, reducing installation
costs and logistical complexities. Interviews with local experts, such as Katrina Mariner, highlight the
urgent need for sustainable water solutions amidst existing infrastructure challenges. While OTEC offers
potential as a baseload power source, challenges with cooling water pipes (CWPs) and financial viability
persist. Storage components play a crucial role in ensuring water availability and resilience, while
considerations for safety, environmental impacts, and membrane limitations underscore the need for
comprehensive research and optimization. By addressing these factors, OTEC-MD integration can
contribute to sustainable development and resilience in island communities facing water scarcity.
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Business Plan Challenge

1. Introduction
1.1.  Background

Remote islands like the Commonwealth of the Northern Mariana Islands often struggle from water
insecurity due to inconsistent water infrastructures [1]. In fact, the Northern Mariana Islands only recently
started providing 24-hour access to fresh water to residents on the territory's three main islands [1]. Many
islands are dependent on groundwater for freshwater, and islands like Hawaii struggle to adapt during
droughts [2]. Climate change has further exacerbated water insecurity, as rising ocean levels mix with
freshwater rivers and lakes, causing the water to become brackish [3].

Furthermore, remote islands have incredibly high energy costs, often as much as triple or quadruple
the average energy costs of the fifty U.S. states [4,5]. Water insecurity and energy volatility led us to
develop a system that could be completely self-sufficient using renewable energy, while also producing
fresh water without being negatively impacted by droughts and climate change.

1.2. Ocean Thermal Energy

According to The National Renewable Energy Laboratory, “Marine energy [includes] power
generated from ocean waves, currents, tides, and temperature changes [and] is the world's largest
untapped renewable energy resource” [6]. Our system uses thermal energy from the ocean to desalinate
water, which is an unexplored area of marine energy. The main development in ocean thermal energy
comes from research in Ocean Thermal Energy Conversion (OTEC) which refers to the energy created by
harnessing the temperature difference between warm surface water and cold water of the deep ocean [7].
Even though our system is different from OTEC, both technologies use the ocean’s thermal gradient and
OTEC research has created the foundation for the work that we have done.

The ocean depth benchmark for a large enough thermal gradient to be feasible is typically seen as one
thousand meters in depth [7]. Ocean thermal energy is appealing because there is always a temperature
gradient in the ocean regardless of the time of day and it is always available (in hot climates) unlike wave
and wind energy [8].

Ocean thermal energy has conceptually existed since the 1880’s, but increased investment did not
begin until the 1970’s [9]. To this day, the largest plant — which is in Hawaii — has an output of one
hundred kW, which is only capable of powering one hundred and twenty homes [10]. Despite few plants
being built, thermal energy is shown to have some of the highest energy potential, particularly in Island
Territories like American Samoa, which was found to have the potential to meet thirty-two percent of the
total energy needs of all fifty U.S. states [11].

1.3. Membrane Distillation

Since ocean thermal energy has yet to be profited from, there are lots of gaps in current research. One
important gap is the coupling of ocean thermal energy with other technologies, including desalination.
Desalination expands remote island’s water sources to the entire ocean, effectively eradicating a
dependency on rainwater. There are many methods to desalinate water, but one of the most common is
Direct Contact Membrane Distillation (DCMD). In the context of our project, DCMD consists of heating
up water, so it can travel across a membrane as water vapor thus separating the fresh water from the salt
[12]. Fresh water is already a byproduct of some ocean thermal energy systems, but by pairing ocean
thermal energy with DCMD we can focus solely on desalination as opposed to energy generation [13].
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The fresh water produced by our system must be competitively priced, but high current energy and water
costs in remote islands make it easier for our technology to compete [3].

1.4.  Project Objectives

Our overall objective is to assess the feasibility of ocean thermal energy powered desalination. As an
extension of this objective, we aim to promote marine energy research and connect with industry
professionals including end users, to ensure that we develop a robust foundation for the continuation of
our research.

1.5. Concept Overview

Figure 1 represents the theoretical foundation for our system. The sun is what drives the thermal
gradient in the ocean, and will additionally be harnessed to increase the delta temperature. This concept
was only explored in our theoretical design, as after continued funding, we will begin running testing that
accounts for a solar input, and will run economic analysis to maximize the efficiency of our project.

The pump is responsible for pumping the hot surface water (the feed side) into the membrane.
Signified below the feed side is the permeate which has a blue arrow. The permeate is a closed loop,
which means that it will be pumping the same working fluid (which will be water) through the membrane
and down into a heat exchanger where it is continually cooled by the deep ocean water and then brought
back up into the membrane. The deep ocean water will be continually pumped from 1000 meters in depth.
The pumps will be battery powered and the process will yield a product of salt and other minerals
separated during the desalination process (signified by the concentrate). To summarize, this process yields
fresh water and separated minerals, both of which can be monetized.
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Figure 1: Schematic of DCMD powered by Solar and Ocean Thermal Energy.
1.6.  Lessons from the 2023 MECC
Oakland University also competed in MECC in 2023. The goal of our 2023 team was to improve the

energy efficiency of Reverse Osmosis (RO) desalination by harnessing the energy of salt gradients that is
available from the high concentration brine that these plants discharge into the sea. To achieve this goal, a
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pressure retarded osmosis (PRO) process was developed for converting salt gradient energy into useful
mechanical work that can be recycled back to the RO desalination plant. Reflecting on our previous
project, we determined that PRO faces significant challenges for commercialization. Consequently, our
efforts to enhance energy efficiency in desalination through PRO encountered scalability challenges. As a
result, we pivoted our focus to thermal desalination using direct contact membrane distillation. In this
approach, the primary energy demand lies in thermal energy. By harnessing heat from the ocean, we can
substantially reduce energy expenses, bringing us closer to achieving our objectives.

In addition to this, we forged relationships with numerous desalination industry experts during last
year's competition through our industry connections segment. These connections proved invaluable in
soliciting expert opinions on our proposed concept and fostering new collaborations this year. The 2023
team conducted thorough literature reviews on the levelized cost of water across various desalination
technologies. This groundwork laid the foundation for this year's business model, allowing us to further
expand their analysis of our proposed OTED system.

1.7. Vision & Business Model

The foundation for our path towards profitability relies on the strategic maximization of all end
products. Our system will yield freshwater which has both residential and industrial applications. Products
such as bottled water clash with our core value of sustainability, so we will not be monetizing single-use
plastics. Additionally, the sale of salt and mineral concentrates and potential usage of the salt gradient in
the brine produced will help increase efficiency and cost effectiveness, to make the path towards
profitability easier. Additionally, while our system focuses solely on the pairing of ocean thermal energy
with DCMD to produce fresh water, the usage of ocean thermal energy has potential in power generation
and air conditioning. This highlights the potential for islands, like American Samoa, to become energy
exporters, creating a brand new industry to drive revenue in the region.

Our project provides financial, social, and environmental value to American Samoa. The financial
value comes from our financing approach, which takes on no debt, and instead focuses solely on
government subsidies and private equity. Our interview with Katrina Mariner from ASPA (referenced
later) highlighted the impact of the brain drain on the American Samoa economy. This phenomenon refers
to the migration of individuals pursuing higher degrees outside of American Samoa, which perpetuates
scarce specialized job opportunities and the development of industry. Our system helps to drive revenue
to American Samoa to help break this cycle. Environmentally, our technology facilitates the success of
American Samoa in meeting its internal sustainability goals and replacing a groundwater system that
Katrina Mariner believed was not sustainable.

2.  Market Opportunity
2.1.  Identifying a Need

First, we started our analysis by assessing all potential U.S. locations. Of course, this immediately
removes landlocked states, leaving potential locations as either coastal states or U.S territories. California
immediately stood out as a potential coastal state, with San Francisco and San Diego having the highest
and second highest tap water costs respectively out of any U.S. city (within the fifty states) [14]. Both
these cities are also on the coast, making the ocean readily accessible. Florida was also identified as
having potential due to a Makai report that had laid the theoretical foundation for an OTEC plant in
Florida [7].
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Poverty Rate Comparisons
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Figure 2: Comparison of Poverty Rates in U.S. Territories [15-20]

With this initial digging, we decided to start investigating high success indicators that help to
differentiate ideal locations. Locations were first evaluated on a need-based criteria. Poverty rates were
then selected as our first indicator for need. As our team’s name suggests (Me & yOU), Diversity, Equity,
and Inclusion must be integrated at every step of our project, and our technology has a greater potential to
help more people in impoverished areas. Florida and California both have a slightly higher than average
poverty rate (for U.S. States), with Florida having the eighteenth highest poverty rate at 13.2% and
California having the twenty third highest poverty rate at 12.3%, but further investigation revealed that
every U.S. territory had a poverty rate exceeding Louisiana's nation-leading poverty rate of 19.5%
[15-19]. As can be seen on Figure 2, American Samoa had the highest poverty rate by far at 54.6%, with
the next highest being Puerto Rico at 43% [17, 20].

Total Population VS Population Below the Poverty Line
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Figure 3: A Comparison of the Amount of People Below the Poverty Line in U.S. Territories [20-22]

Figure 3 highlights Puerto Rico as having the largest overall impoverished population, which is
boosted by their total population which is twenty-one times larger than every other U.S. territory [21, 22].
Additionally, the vast majority of the populations of Puerto Rico, along with Guam, and the Northern
Mariana Islands live on one island [20,21]. This is in direct contrast to the Virgin Islands where their
population is significantly more spread out [21]. While we want our technology to support some of the
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territories’ most impoverished nations, it is important that we still select a location large enough to benefit
from economies of scale.

Distance of U.S. Territories from U.S. Mainland

American Samoa to California
Puerto Rico to Florida - I U-S. Virgin Islands to Florida

Dominican

} Repu! Elic\o
] = Puerto Rico
Jamingo

Guam to California

Figure 4: The Geographical Representation of the Distance between U.S. Territories and the U.S. mainland
[23-27]

While considering poverty rate, we also assessed proximity to the U.S. mainland, as closer territories
lead to decreased transportation costs, in addition to the logistical advantages of sharing closely related
time zones. Figure 4 helps to contextualize the distances. Puerto Rico and the U.S Virgin Islands are
closest to the U.S. mainland at 1,000 and 1,100 miles respectively, American Samoa is 4800 miles away,
and the Northern Mariana Islands are 5800 miles away, and Guam is 5900 miles away [23-27].

2.2.  Finding a Fit

Distinguishing population density allowed us to disqualify the U.S. Virgin Islands from our selection
process, as the population is split primarily between St. Croix Island and St. Thomas Island [21]. St. John
Island also has nearly four thousand people, and transporting freshwater and energy to multiple islands
provides additional challenges and costs that would make our technology less feasible [21]. Furthermore,
we came across a portable solar-powered Reverse Osmosis system, which is more adapted to service
multiple islands. The system is significantly smaller and cheaper to produce than our system and more
adaptable in times of crisis, such as during disaster relief [26]. Part of identifying opportunistic markets is
identifying existing technology that could outcompete our system in certain markets, and this Portable RO
system is further along in its development as its already being piloted in the Federated States of
Micronesia [28].

A high temperature gradient is another critical characteristic of an ideal location for our system, as a
greater thermal gradient increases the efficiency of our technology [29]. Location-specific deep ocean
temperatures are hard to come by, so for our calculations we used thirty nine degrees Fahrenheit (3.89°C)
for deep ocean temperatures [30]. Below 200 meters in depth the deep ocean has relatively stable
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temperatures, but for our analysis we used 1000 meters in depth, as Makai’s OTEC specific report cited
that 1000 meters was the industry standard for ocean thermal energy [7].

Delta Temperature (°C) vs. Locations
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Figure 5: A Comparison of the Amount of the Delta T in U.S. Territories [7, 31-34]

According to Figure 5, American Samoa had the highest Delta Temperature at 25.33°C [7,31]. We
included Hawaii in this analysis, because even though it is not a territory, it faces a lot of the same
challenges that incorporated territories face. Additionally, Hawaii is home to a small 100 kW OTEC plant
making it ideal for comparison [35]. Florida was also used for comparison as it is one of the few
continental states that has a warm enough climate to be considered [7]. While reading the chart, it is
important to identify the break in the graph, which was used for clarity in highlighting the difference
between values.

The next factor assessed was the distance of continental shelves from the shore. Continental shelves
signify a drop-off in depth, which is where we are likely to achieve a depth of 1000 meters. An ideal
location reaches 1000m in depth as close to shore as possible, which helps reduce production and
maintenance costs. The U.S. Virgin Islands had the quickest drop-off at only 1.45 kilometers from the
shore as shown in Figure 6, followed closely by American Samoa at 3 km from the shore (1.85 miles),
and then Guam and the Commonwealth of the Northern Mariana Islands. (American Samoa Distance
from Shore) Puerto Rico Distance from Shore [7, 36-39].

Locations km from shore for 1000m
US Virgin Islands 1.45
4= pmerican Samoa 3
Guam 4.8
N. Mariana Islands 5
Hawail 96
Puerto Rico 11

Figure 6: Distance from the shore to 1000 meters in depth using the National Oceanic and Atmospheric
Administration (NOAA) mapping tools [7, 36-39]
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2.3.  Making a Selection

In our final selection process poverty rate, proximity of continental shelves to the shore, and delta
temperature were weighted most heavily. For clarification, no factors related to the Direct Contact
Membrane Distillation were assessed as this technology is versatile. As a result, American Samoa stood
out immediately as it placed highest in nearly all categories assessed. While our technology would benefit
from lower transportation costs in locations closer to the U.S. mainland, American Samoa matches more
closely with our DEI goals. American Samoa’s poverty rate highlights the immense disparity in resources
available to the U.S states, versus U.S. territories. With such a strikingly high poverty rate, American
Samoa is in dire need of resources that can help fuel economic development. Additionally, the high delta
temperature and quick drop-off to 1000 m in depth significantly increase the efficiency and cost
effectiveness of our system.
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Figure 7: Comparison of the Marine Energy Potential of U.S. States and Territories [11]

Additionally, a report by NREL concurred with our findings, identifying American Samoa with
significant marine energy potential [11]. The report gave a breakdown of marine energy potential (based
on multiple sources of marine energy (OTEC, wave, tidal, etc.) of all coastal locations in the U.S. based
on Terawatt Hours generated per year. American Samoa ranked highest with 1300 TWh of marine energy
potential, all of which coming from ocean thermal energy, as it was the only marine energy source
assessed for the region [11].

Hawaii, despite already having a small, but functional OTEC plant, was evaluated as having a greater
wave energy potential output than ocean thermal energy. This finding helped us conclude that Hawaii was
a disadvantaged location in comparison to American Samoa, as Hawaii was more suited to the wave
energy converters being developed by our competitors [11]. This report was the final evidence needed to
conclusively choose American Samoa for our system. Through ocean thermal energy, American Samoa
could meet 32% of the total energy needs of the 50 U.S. states [11], which in addition to powering our
desalination system, provides the potential for American Samoa to become an energy exporter.
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Additionally, while renewable energy often meets pushback in the continental US, American Samoa has
already set internal goals of becoming 50% renewable by 2025 and 100% by 2040 [40]. They have taken
aggressive action in meeting these goals, and ocean thermal energy will help diversify their renewable
energy sources.

24. Competition

According to Fonoti Perelini Perelini, one of our industry connections who serves on the Board of
Directors to the American Samoa Power Authority (ASPA), the three renewable energy projects that are
currently being constructed are solar, wind, and waste to energy plants. Mr. Perelini highlighted that this
would take American Samoa to 80% renewable energy by 2027. The Waste to Energy plant is only 1200
KW, so the majority of the energy will be coming from solar and wind. These energy projects do not
devalue a need for our project, as ocean thermal energy still provides the American Samoa with the
possibility of being an energy exporter, even if the technology is only used for the remaining 20% of their
energy. Since our primary focus is producing fresh water, our self-sufficient system is relatively
unaffected by their current investments in renewable energies. While Mr. Perelini did say that although
they are improving the piping efficiency of their water systems, they still depend on groundwater, which
is not as sustainable as desalination.

Additionally, Katrina Mariner, a water and wells engineer at ASPA (referenced in our relevant
stakeholders section) pointed out that a small-scale desalination plant is in the pilot phase of development
that relies on diesel power to run a Reverse Osmosis system. This proof of concept project could work to
our advantage, as she pointed out that this is American Samoa's first desalination system, which will help
open the door for future desalination projects. The expedient pursuance of desalination by settling for a
diesel powered system allows for a strong argument for our project that runs on clean energy.

Our biggest challenge, as pointed out by Mr. Perelini, is that American Samoa has already begun
investing in their well systems to increase efficiency. The more money that American Samoa invests in
their wells, the harder it becomes to justify a brand new system.

2.5. Price

The price is determined based on the Levelized Cost of Water (calculated in the Financial and
Benefits analysis). For our system, the LCOW $2 to $25/ m’ depends on factors such as plant capacity,
heat source, and feed water flow rate. To provide the greatest value, we will pursue the lowest possible
cost of water which would require a large plant capacity, high flow rate, and the maximization of waste
heat. According to Wallon Young Fong, Executive Director of ASPA, American Samoa currently has a
cost of water of $1.17 m’. Additionally, the possibility of using waste heat instead of geothermal heat can
further help to reduce the cost of water to 1.3 $/m’. This analysis does not calculate the effect of a solar
input which will help to further bring the cost down.

3. Relevant Stakeholders

3.1 Overview

Our industry connections have been instrumental in informing each aspect of our project. Our goal
was to develop a large variety of connections that not only helped provide overarching support, but
provide specialized feedback, and seek out strategic partnerships. Even though we are in the proof of
concept stage with this technology, our connections with our colleagues working for ASPA have provided
a head start towards implementation, as Fonoti Perelini Perelini pointed out that their two largest
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renewable energy projects involve purchase agreements with IPP’s, which will likely be the path for our
system as well.

We wanted to make sure that we dedicated a significant amount of this report to our industry
connections, to demonstrate the level of impact their feedback has had on our project. We reached out to
over forty industry professionals to ensure robust and diverse stakeholder feedback.

3.2.  Dr Jorg Vogel
e Sector: Industry / Research and Development
e Job Title and Organization: VP Open Innovation, Aquaporin (Denmark)

e Business Takeaways: Aquaporin is a water filtration company working
towards profitability. First off, since they develop membranes, they
could become a supplier for our system upon implementation. Secondly,
Dr. Vogel was able to emphasize the importance of third party funding.
Governmental funding cannot be the only source of funding, which is why we are pursuing private
equity investors to generate the rest of the necessary capital. Additionally, he pointed out the
possibility of extracting minerals such as Lithium in the desalination process that can be sold.

3.3. Dr Carlos Michelén Stréfer
e Sector: Government

e Job Title and Organization: Marine Renewable Energy Researcher,
Sandia National Laboratories (New Mexico, USA)

e Business Takeaways: In contrast to the meeting with Dr. Vogel, Dr.
Strofer, of Sandia National Laboratories, was able to provide feedback
through the non-profit lens. Even though Dr. Strofer works in the
nonprofit sector, he pointed out that while marine energy is not currently X i
economically viable, we must focus our efforts on identifying niche economies where it is most hkely

able to compete. This feedback influenced our desire for such a robust market analysis to ensure that
our selection process was precise, and evidence based. Additionally, he highlighted the importance of
seeking out government funding and recommended investigating the Water Power Technologies
Office (WPTO), for their plethora of funding opportunities. Lastly, Dr. Strofer helped shape the value
proposition of marine energy, by pointing out that marine energy is not negatively influenced by
seasons in the same way that wind and solar are. This is an important
distinction to make, because MECC is not just about designing the best
marine energy system, but to differentiate marine energy from other
renewable energy sources.

3.4.  Peter Stricker
e Sector: Industry

e Job Title and Organization: Chief Executive Officer, SeaWell LLC
(California, USA)
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e Business Takeaways: SeaWell, like Aquaporin, is a for-profit organization. Similarly, they have yet to
become profitable, but have a five year plan that aims to push them closer to profitability. This
interview was incredibly helpful in understanding the competitive landscape as SeaWell is one of our
competitors. Mr. Stricker was able to point out SeaWell’s competitive advantage as its flexibility, and
discussed how Seawell’s buoys are easily implementable with any renewable energy source making
their technology “plug and play.” Additionally, their buoys can be quickly installed, and the capacity
can be easily adjusted. Buoys are then connected to a central water station that can be operational
within weeks of commissioning. Learning about SeaWell’s competitive advantages helped spark a
dialogue about our value proposition to ensure market differentiation.

Mr. Stricker was also able to highlight the importance of understanding the existing water
infrastructure of the community we choose. It is easy to make assumptions about the existing water
infrastructure, but he cited one unique example of an area in Mexico that relies on water trucks for the
transportation of fresh water. This insight helped inspire us to connect with experts living in American
Samoa. Additionally, he referenced the importance of aligning products with the organizational values
of the company. At SeaWell, this meant focusing on water to meet agricultural needs, as opposed to a
product like bottled water that would contrast their company value of sustainability.

Our last business takeaway from this interview revolved around forward thinking. Despite being
in the proof of concept stage, Mr. Stricker relayed the importance of descriptive plans to receive
proper permits, as this can be a major barrier for desalination projects. He mentioned that a
desalination plant in Carlsbad, California took around twenty years to get all the necessary permits.
Having a clear and realistic permitting plan helps increase investor confidence in the project, which is
crucial for our system, since we will be pursuing private equity investors.

3.5.  Hossam EIl Rafie
e Sector: Industry

e Job Title and Organization: Area Sales Manager, Pure Aqua, Inc.
(California, USA)

e Business Takeaways: Hossam El Rafie works for Pure Aqua which is a
for-profit company specializing in designing custom water filtration
systems. This interview was incredibly impactful as he persuaded us from
being price obsessed. He noted that Pure Aqua produces products that are A .
considered mid to high end, which means that they are not the cheapest. ' [

Their specialty is custom systems, but this means increased lead time as they malntaln no stock.
However, they are adaptable to the customer base as he pointed out that they have a diverse range of
clients, including nonprofit organizations, as they just completed a project for a nonprofit organization
in El Salvador.

Throughout our project, one of our primary focuses has been cost and while cost is important, Mr.
El Rafie cautioned that, just like them, we will never win a price war. Instead, they focus on
differentiation through quality and customization. This changed our approach for our project, as we
shifted to focus on creating the best product for American Samoa, instead of the most efficient,
cost-effective product for everywhere in the world, because this just is not realistic. Quality is the
adherence to specifications, and this definition guided us to ensure that we identify American
Samoa’s needs, and we fulfill them. To be competitive with nonprofits for example, he cited how their
system is designed to meet minimum water quality standards. In contrast, their industrial systems may
need to meet significantly more stringent filtration metrics, but that comes with a cost. He emphasized
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3.6.

3.7.

that understanding the requirements of your clients has been their key to success, as their reputation
now carries their business.

Nancy Kupa ;
y Aup 2 American Samoa
Power Authority
Sector: Government

Job Title and Organization: Quality Improvement & Compliance Officer/Human Resource Manager,
ASPA (American Samoa)

Business Takeaways; Nancy Kupa works for the ASPA which is a government-run organization that
is responsible for meeting the energy needs of Samoans. Our dialogue with Ms. Kupa was split
between a brief phone conversation and an email chain. She was able to validate the prioritization of
renewable energy in American Samoa, by pointing out that on April 12th (2024), ASPA was holding a
groundbreaking for a 20 MW solar farm and she also cited a 42 MW wind energy plant that is in the
planning stage that will help meet 70% of American Samoa’s energy needs upon completion. This
information is crucial to understanding the feasibility of our project. Our main takeaway from our
conversations is how dedicated American Samoa is to becoming fully renewable. While these projects
seem to negate a need for other sources of renewable energy, it is important to keep in mind how
volatile large projects can be, and despite set deadlines, there is never a guarantee that these projects
will be successfully completed. For example: Ms. Kupa mentioned a Geothermal drilling project, that
despite receiving initial positive feedback and ASPA funding, was eventually canceled due to
unexpected challenges.

Our last takeaway revolved around funding as Ms. Kupa said that the Independent Power
Producer was funding the wind energy project. The more funding pathways that we become aware of,
the more opportunities we have to ensure the continuity of our research.

Katrina Mariner
Sector: Government
Job Title and Organization: ASPA Water and Wells System Engineer .
(American Samoa) (2B
o

Business Takeaways: Ms. Mariner works on water engineering and
construction projects for ASPA and was able to provide a clarified view on
American Samoa’s water infrastructure. She said that about 99% of their
water comes from groundwater and her main job is drilling to find new
water sources. She pointed out that while their system of wells is working
now, she is skeptical about the sustainability of these wells for long term
water production. She believes that production will have to eventually be
lowered and at present, 60% of their water is non-revenue water, which highlights significant
deficiencies. With that being said, they do have some wells that are located inland that have high
yields due to good mountain front recharge.

She mentioned that they are working with an off island vendor to develop the island's first diesel
run desalination plant on a small island called Aunu'u Island. The island is small enough that its
current wells are close to shore and during high tide all the well water becomes brackish, and
droughts result in a very salty product. The main island, despite having most of its wells inland, has
some wells closer to shore that share these same problems and will inevitably have to be replaced by
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3.8.

3.9.

new wells further inland. She discussed that the appeal of the desalination plant is consistency in
water quality. The main issue that they have encountered with similar ideas for desalination plants is a
lack of staffing. Oftentimes, the only qualified individuals are on the main island, so people from the
mainland must travel to the smaller island, to train the local staff in the operational requirements of
the plant. She believes that the lack of staffing will be quickly remedied and expects staffing to no
longer be an issue within 2-3 years. Since our plant will be stationed on the main island, staffing
should not be a problem.

Additionally, Ms. Mariner has extensive experience in permitting and has relayed the necessary
information for each permit that we will have to apply for. Even though she advised us not to apply
for permits until we had secured significant funding and a plan to travel to American Samoa, she
acknowledged that understanding the intricacies of which permits are required will help to expedite
future operations, as permitting is often the most time intensive portion of projects.

Tim Bodell

Sector: Industry / Government

Job Title and Organization: Current Utility Director of AJO ‘:‘@ N
Improvement Company (Water, Power, and Sewer Company in ;
Arizona), Former Technical Advisory Engineer for the American Samoa
Environmental Protection Agency (American Samoa)

-

Business Takeaways: Tim Bodell was able to provide a wide variety of i - i
feedback for our project based on his current work experience and experience workmg in Amerlcan
Samoa on renewable energy projects. He managed a project related to Geothermal Drilling and was
involved with the implementation of a solar project on Ta’u which is an island in the American
Samoa. Even though our system only generates water he also pointed out the potential of ocean
thermal energy production, recommending hydrogen as a storage vehicle for excess energy. This is
something to consider if we are able to pursue ocean thermal energy for applications beyond
desalinating water.

To fund our project, Mr. Bodell recommended the Hawaii National Energy Institute (HNEI) and
the Blue Planet Organization, which he has connections with from his time working in American
Samoa. Lastly, he highlighted the importance of identifying the non-economic factors of a project and
talked extensively about the importance of taking the time to learn the culture and develop
relationships with the local community to ensure the success of the project.

Fonoti Perelini Perelini
Sector: Government
Job Title and Organization: Serves on the ASPA Board of Directors,
Commission Member of the American Samoa Public Service

Commission, and former project manager at American Samoa Electric
Power Corporation.

Business Takeaways: Mr. Perelini was our first contact in American
Samoa that was familiar with ocean thermal energy, which was very
exciting since the technology is still underdeveloped. He mentioned that OTEC specifically had been
studied not just in American Samoa, but also in the Marshall Islands for power, air conditioning, and
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the production of fresh water. The study in American Samoa took place in 1986, and at the time high
costs made the technology infeasible. There have been significant advances in ocean thermal energy
since the mid 80’s, which led Mr. Perelini to recognize that the same studies may conclude different
results now.

Mr. Perelini also explained the current three renewable energy projects that are being pursued,
including a 20 MW solar plant, a 42 MW wind farm, and a 1200 KW waste to energy power plant. He
mentioned that these combined projects will allow American Samoa to reach 80% renewable energy
by 2027. He also touched on the current water infrastructure saying that their current production is 14
million gallons per day, with a significant amount of water lost as non-revenue water. They are
currently repairing old pipelines to improve efficiency by decreasing non-revenue water to 20%.

3.10. Wallon Young Fong

e Sector: Government 2 American Samoa
Power Authority

e Job Title and Organization: Executive Director of ASPA

e Business-Related Takeaways: Mr. Wallon Young Fong was able to provide our team with the current
cost of electricity per KWh in American Samoa which is USD 39 cents and the cost of water in
American Samoa which is USD $4.41 per 1,000 gallons (USD $1.17 per cubic meter). These figures
are crucial to evaluating the competitiveness of our system. Additionally, Mr. Fong was able to clarify
that the previous Ocean Thermal Energy Study did not lead to a project due to a lack of funding.

4. Development & Operations
4.1.  Permitting

As we are in the proof of concept stage, we wanted to ensure that we provide a roadmap for
implementation, including gathering information on permitting. Our industry interview with Katrina
Mariner from ASPA was incredibly helpful in understanding the permitting process and timeline. As a
Water and Wells System Engineer, Ms. Mariner is constantly working with permits, so she informed us
that our project would need “ASHPO Concurrence (Section 106 Archaeological Request to Survey),
PNRS (Land Use Permit), ASEPA Permit to Construct, Right of Way Easement, ARMY Corps Permit,
[and] DMWR Concurrence letter.” There are no costs associated with the permits themselves and Ms.
Mariner advised not to apply for these permits until we have secured significant funding. However, she
said that the ARMY Corps Permit takes the longest to get approved, as it also requires a definitive plan.
She recommended that at the time of application, we should write a letter asking if we can use ASPA’s
assistance for right of way, which will help to expedite the process. Permitting Readiness is crucial to
preventing extended wait times for permitting information to be processed.

4.2.  Environmental Considerations & Deployment

As a renewable energy source, no pollutants are given off, and only a miniscule amount of Carbon is
released into the atmosphere [41]. Additionally, the cold water (permeate) that is being continually
pumped from the deep ocean, should be released deep enough that the nutrients do not float to the surface,
as this could disrupt the local ecosystems and contribute to an algal bloom [41].

Our plant will be on shore which is preferable for American Samoa as there is a relatively short

distance from shore to get to 1000 meters in depth [4]. On shore plants are advantageous as they do not
require mooring systems or lengthy pipes to bring the desalinated water to shore [4]. Some areas of

32



consideration when preparing for implementation, is that our design must be robust to ensure durability
against wave and current activity [4]. The proximity to shore also allows for ease of access to make
adjustments.

When the project is ready to be implemented, most of the necessary equipment is available off the
shelf or will be compatible with minor modifications [41]. It is important to note that the life of the heat
exchangers and biofouling mitigation are two potential challenges that should be addressed [41]. Our
greatest advantage in addressing these challenges are the connections we have made. Specifically, our
connection with Dr. Jorg Vogel of Aquaporin serves as a valuable partnership as Aquaporin can provide
upkeep recommendations if we purchase their membranes. Additionally, Pure Aqua can also be a strategic
partnership because of their specialization in deploying desalination systems.

Lastly, to ensure ease of deployment we would assemble an experienced team by partnering with a
civil engineering firm to lead site development and construction in addition to assembling an engineering
management team. A significant opportunity of this project is to bring specialized job opportunities to
American Samoa, so it is crucial that these opportunities are also reflected in the implementation of the
system.

5. Financial & Benefits Analysis

5.1.  Levelized Cost of Water

The product of an ocean thermal energy powered desalination plant is fresh water. To measure the
efficiency of the desalination process, we will measure the levelized cost of water (LCOW). LCOW
describes the cost of producing a unit of water and is a commonly used metric for evaluating the
cost-effectiveness of different desalination technologies.

The LCOW calculation method used for our OTED analysis is adapted from the literature [42,43]. As
expressed in equation (1), LCOW is largely a function of the capital costs, energy costs, and other
operational costs throughout the life of the plant.

XCRF+C

C
_ _capEx OPEX 1
Lcow AV + Celec X Eelec, MD ( )

Where Ccapex and Coppy are the capital costs and the annual operation costs of an ocean thermal energy
driven membrane distillation plant, E,..mp 1is the electrical energy consumption associated with the
desalination plant, C,,. is the cost of electricity, and AV is the volume of freshwater permeate produced by
the RO-PRO plant.

CREF is the capital recovery factor, which is obtained from equation (2):

. N
CRF = 0+0_ )
1+ -1

Where i is the interest rate on capital, and N is the total plant life.
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Capital costs, CAPEX, are given by the equation (3).

CCAPEX - Cmembrane + Cpumps,MD + CHX,MD + CHX,OTE + Cpumps,OTE (3)

Where C,, is the membrane cost per m* of permeate produced, Cpympsmp i8 the cost of purchased pump
used in membrane distillation unit, Cyxyp cost of heat exchanger used in membrane distillation unit, ,
Cuxore cost of heat exchanger used in ocean thermal energy extraction, and , C,uore 18 the cost of
pumping ocean water to the heat exchanger for heat extraction.

Operating costs, OPEX, are given by the equation (4).

C C

OPEX = SM + Cinsurance + Clabor + CRMD (4)

Where Cgy, is the service and maintenance costs associated with the desalination system, is the
insurance costs associated, is the cost of labor and is the cost of replacing membranes in the MD system.

The principal differences between this expression and one that would describe a typical MD plant are
the additional heat exchanger costs associated with extracting heat from warm surface level ocean water
and transferring it to the feed of MD plant, warm water pump costs. Additionally, if cold water from the
ocean is used to cool the distillate side of the process to increase the temperature gradient and hence the
vapor pressure difference between feed and distillate to improve the performance of MD plant, then
pumping and heat exchanger costs associated with cool water pump should also be considered.

Table 1 provides a summary of the values used for LCOW analysis, which were selected from the
literature. Unless specified, all parameters are taken from [42].

Table 1. LCOW input parameters

Feed flow rate V' 180 L/hr
Distillate flow rate V' 180 L/hr
Pump power demand, pumping ocean water, 100 KW [44]
Worg

Freshwater permeate produced AV 10000 m*/year
Cost of electricity Cqe 0.056 $/kW
Electric energy consumption of MD plant E, .. yip 2 kWh/m’® [45]
Interest rate i 8 %

Plant life N 25 years
Annual operating time At 7920 hrs/year
Specific membrane cost C,, 0.2 $/m’

Cost of pump, Cpumpsmp 6900 + 206 V%0

34



Cost of heat exchanger, Cyx

Cost of pumping ocean water Cyups ote
Service and maintenance costs , Cgy,
Insurance costs, Cpurance

Specific labor cost C,,,

Replacement cost of MD modules, Cyyp

24000 + 46(0.59)*°
700 Worg [46]
2.5% Cinestment
0.5% Cipestment
0.03 $/m*

15% C,, / year

Figure 8 shows the LCOW for ocean thermal powered desalination plant as the electric energy
consumption, cost of electricity, ocean water pump power demand and desalination plant capacity are
varied (starting from top and going from left to right). Major changes in LCOW are observed when the
ocean water pump power demand and the plant capacity change. As the plant capacity increases from
1000 to 10,000 m* the LCOW drops by 89%. Similarly, considering ocean water pump power, as this
value increases from 100 kW to 1000 kW, the LCOW increases by over 400%.
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Figure 8: LCOW for ocean thermal powered desalination plant.

The LCOW of an DCMD desalination plant can fluctuate greatly based on factors like plant capacity,
heat source, and feed water flow rate. For instance, when scaling up the plant from 1000 m*/year to 15,000
m*/year, the LCOW reduced by 70% to 2.2 $/m’ [42]. Using waste heat instead of geothermal heat, the
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LCOW was further reduced to 1.3 $/m’ also yielding environmental benefits through decreased
greenhouse gas emissions and enhanced energy efficiency.

Another study indicates that feed water flow rate significantly impacts costs. For instance, at a flow rate
of 3-5 L/hr, the LCOW can spike to 80 $/m’, while at 2630 L/hr, it is around 10 $/m’ [43]. This suggests a
decrease in LCOW as flow rate increases, but the specific energy consumption at higher flow rates must
also be factored in for efficient energy use alongside cost reduction.

In the realm of solar-powered DCMD, the LCOW spans widely from 0.3 to 56.5 $/m’ [47,48]. Results
reported for our OTED system also vary notably, ranging from $2 to $25/ m’ as different parameters are
adjusted. OTED demonstrates comparable costs to DCMD and solar-powered DCMD, indicating potential
for commercialization in this technology.

6. Conclusions

Through robust research and industry outreach, OTED has proven to have potential in American
Samoa, with connections in place that ensure a swift transition to implementation. This report did not
calculate the incorporation of a solar input which would allow for a further maximization of the
temperature gradient in the ocean and still our calculated LCOW comes within $.10 of the current cost of
water. With this solar input and further research into increasing the efficiency of our system, by
maximizing by-products like waste heat and extracted concentrates, OTED will not only be able to
compete with current water costs, but provide a more sustainable and resistant source of freshwater for the
main island. Furthermore, the introduction of ocean thermal energy will help stimulate the American
Samoan economy by bringing specialized jobs to the island, to help retain American Samoans that are
currently immigrating to other countries to find specialized work.
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Build and Test Challenge

1. Introduction

Access to clean water is a global challenge, particularly in remote regions without easy access to
transported water. Currently, about Y4 of the global population lacks access to safe drinking water. Since
freshwater resources are limited, accounting for just 3 % of all the water on earth, engineering solutions
are needed to produce freshwater from seawater and brackish water. For this reason, desalination plants
are being developed at a rapid pace, with global water production capacity now exceeding 100 million m3
per day. However, conventional desalination methods such as reverse osmosis (RO) often require
significant energy requirements to generate the pressure gradients needed for (RO). Meanwhile, at many
of these same remote locations, there is a tremendous renewable energy resource in the form of ocean
thermal gradients. These gradients result from warm surface water that is heated by solar radiation while
the deep seawater remains cool. In tropical regions, temperature differences from 20-30 °C are common
[6]. The system our team is designing aims to solve this issue by using a direct contact membrane
distillation (DCMD) system, which will work based on the ocean’s thermal gradient, to desalinate
seawater. Membrane distillation (MD) is a separation process that uses a vapor pressure difference
generated by a thermal difference to drive vapor permeate across a hydrophobic porous membrane. This
technology is promising for desalination, as it allows for high salt and solute rejection, and is well-suited
for integration with ocean thermal gradients, as it can make use of low-grade heat and operate at low
temperatures. By leveraging the insulating properties of water, the system pumps hot ocean water from
the surface and cold water from ocean depths to establish the temperature gradient necessary for the
distillation process. This bypasses the typical need to convert electricity required in conventional (RO)
desalination processes. Thus, by exploiting the natural thermal gradients found in the oceans, the system
can directly convert ocean energy to potable water. This approach offers the potential for more efficient
desalination compared to reverse osmosis. An example DCMD system is shown in Figure 1, where warm
seawater from the ocean surface is fed to the membrane module. Freshwater, cooled by the deep ocean, is
circulated on the opposite side of the membrane to induce a vapor pressure difference. This causes water
to evaporate from the feed, distill across the porous membrane, and condense on the permeate interface,
expanding the volume of clean freshwater.

membrane
pump module
SN
O r—
warm ﬁ%
seawater !:b
feed I
IS
heat
turbine i exchanger

(optional)  fresh

permeate QEP pump
pump cool deep
ocean water
Figure 1: Desalination via membrane distillation driven by thermal gradients between warm surface seawater

and cool deep ocean water. Simultaneous power generation is optional by depressurizing the expanding permeate
volume across a turbine.
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2. Theory
2.1. Prototype Design

The overarching objective of the research is to investigate the feasibility of utilizing ocean thermal
gradients for direct contact membrane distillation of seawater. The development of the test plan
commenced with a series of discussions among the research team, focusing on delineating achievable
objectives within the constraints of scale model experimentation and available budget. Initial objectives
were established, centered on assessing the effectiveness of ocean thermal gradients as a driving force for
membrane distillation. Key data parameters such as ensuring consistent thermal gradients during testing
and calculating permeation rates, were identified to guide the design process. A mock-up of the full-scale
model was conceptualized based on identified parameters and objectives. Modifications were then made
to the full-scale system to allow for bench size testing while ensuring as much accuracy to the full-scale
model as possible. Benchmarks and examples of scaled models related to the project were researched and
utilized as references to validate the design [1]-[2]. To facilitate the construction of the bench-scaled
model within budgetary constraints, certain components were simplified. For instance, the solar panel in
the full-scale model was replaced with a predetermined voltage supply to power pumps or a set increased
temperature on the feed side. Simulated temperature gradients using temperature-controlled water tanks
were employed, and ocean temperature data were used to determine permeate line temperatures. Seawater
properties were approximated by mixing sodium chloride with distilled water in appropriate ratios. This
resulted in the finalized prototype design shown in Figure 2.
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Figure 2: Prototype direct contact distillation membrane parts and instrumentation diagram.

Figure 2 shows the placement of equipment to ensure safety and reduce friction in the pipes. The
membrane is set with counterflow to allow for greater temperature difference increasing efficiency. The
permeate is weighted to verify the permeate rate data from the flow rate sensors. The prototype is built on
three levels to ensure minimal contact between the electrical components and water. All potentially
hazardous electronics are placed on the upper layer while the liquids are placed on the lowest layer, with
required sensors and equipment for testing in the middle layer. The blue and red lines show the hot and
cold loop of the system respectively.

2.2. Scaling Factors

The scaling factors considered when creating the prototype are as the size of a membrane increases,
several factors can affect its permeation rate. These factors can broadly be categorized into intrinsic
properties of the membrane material, external operating conditions, and geometric considerations. Larger
membranes may have a wider distribution of pore sizes, which can affect the overall permeability. Pores
that are too large may allow unwanted solutes to pass through, reducing the selectivity of the membrane.
Membrane thickness has an inverse relationship with the permeate fluxes of PVDF and PTFE membranes
[2]. However, thicker membranes may be needed to increase mechanical stability. This is addressed by
selecting membranes with smaller pore sizes to account for the variance in pore size in larger membranes.
Feed spacers can be used to mimic the hydrodynamic conditions of large-scale membrane modules by
changing the flow regime and creating turbulence inside the flow channel mimicking conditions on spiral
wound elements [5]. This ensures that the scale model operates under conditions representative of the
full-scale system, minimizing potential discrepancies in permeation behavior. Ensuring that the thickness
of the membrane in the scale model is correctly scaled down from the full-scale system is important
because, by maintaining the same ratio of membrane thickness to surface area, the diffusion path is
preserved. Balancing the need for thicker membranes for mechanical stability without decreasing the
permeate rate can be done by using reinforcing materials or structural supports in the scale model to
maintain stability without significantly increasing membrane thickness. In addition, as membranes
increase in size, they are more susceptible to fouling, where particles or solutes accumulate on the
membrane surface or within its pores. Fouling can decrease the effective surface area available for
permeation and thus hinder mass transfer, reducing the permeation rate. External technologies such as
bubbling, ultrasonic, electric field, and magnetic field can be employed to actively clean and mitigate
membrane fouling without interrupting MD processes [4].

In addition to scaling down operating conditions such as pressure, temperature, and concentration
gradients in proportion to the size reduction of the membrane system. Increases in the length of the pipe
increase friction losses along the pipe walls, this is due to the greater surface area in contact with the fluid.
Frictional losses result in a decrease in fluid velocity and pressure along the pipe length, leading to a
reduction in flow rate. Larger pipe diameters generally result in lower friction losses and pressure drop
compared to smaller diameters for a given flow rate. However, larger diameters also require higher fluid
volumes to achieve the same flow velocity, which may result in increased energy consumption. The
overall layout and design of the pipeline system, including the number and arrangement of fittings, bends,
and valves, can impact fluid travel. Poorly designed systems with excessive bends or sudden changes in
direction can lead to additional pressure losses and flow disturbances. Temperature loss along long
lengths of the pipeline will lower the theoretical thermal gradient possible from the ocean. Most of these
scaling factors can be accounted for by adjusting values such as pump flow rate to match larger pipe
systems and temperature gradients used in the prototype testing.

Some assumptions are necessary due to the limitations of the current prototype setup. In a real ocean
thermal system, the thermal gradient would be around 4-20 °C. However, the current prototype is set up
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with two heated baths used to achieve the temperature difference, which makes a 4-25 °C temperature
delta not possible. These assumptions are inaccurate due to the entropy differences between the prototype
and the real system, affecting the heat transfer quality. Pumping and heat losses are assumed to be
neglectable due to designing efficient pipe layouts and calculating piping sizing and insulations to reduce
losses. Assuming other factors remain constant, the rate of permeation increases linearly with the surface
area. This relationship stems from Fick's first law of diffusion, which states that the rate of diffusion is
directly proportional to the surface area over which diffusion occurs. In a real-world system, the
conditions needed for Fick’s law are not guaranteed and testing is required to ensure this assumption
holds true. These assumptions are discussed in a later section on future improvements and changes to the
prototype made to prevent inaccuracies.

2.3. Risk Mitigation

For the prototype safety the Hazard Identification (HAZID) analysis was used for risk mitigation.
Hazard Identification (HAZID) analysis is an industry-standard process used across various sectors to
systematically identify potential hazards and risks associated with a particular activity, process, or facility.
Considering factors such as equipment, materials, procedures, and environmental conditions. By
identifying potential hazards early in the planning or design phase, appropriate control measures to
mitigate or eliminate risks before they lead to accidents or injuries. Table 1 shows some of the critical
technical risks the team considered in the design process and the actions done to address to reduce these
risks. The left side of the table describes the type of hazard along with a description and results in a risk
score, red coloring indices an unacceptable risk that needs to be addressed. The right side lists the
measures taken in increase the risk index number, where a higher number of indices less risk.

Table 1: Improvement to prototype safety using the HAZID risk assessment
Risk After Mitigation Measures

- Risk before Mitigation Measures
Hazard Risk Elimination or
Description Severity |Likelihood| Hazard |Mitigation Measures

#| System Verification Data

Likelihood | Hazard

Test under pressure
to ensure all pipe
fitting are sealed
propertly

Off switch tested

Adjust and ensure all
fitting are properly III C
tighten before any test

L eaks from pipes or

1| Piping fittings

Short cicuit due Tnstallation of

2| Electrical | faulty equipment or I D . it E and verified all
. emergency off switch
other circumstances systems shut down
Salt mixture placed
B Electrical Fire due Using DI watelr for Ithe lower than i?n;' of
Piping & \ . permeate and isolating the electronics to
? electronics mixing I D K II E .
Electrical . salt mixture from preventing spills
with water . .
electronics from contacting
elctrical equipm ent
All high voltage
ensure all high components are
4| Blectrical Elecirocution 1 D voltage/current m D stored in a electrical

junction box which is
locked during
operation

equipment is properly
insulated

Table 2 describes the risk hazard index ranking, where the Roman numerals represent the severity and
letters represent the likelihood of occurrence.

Table 2: Risk category and level descriptions
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Description | Category Hazard Severity Description Level Individual Item
. Death or serious injury to people or major damage _ 2
Catastrophic 1 cquipment and surrounding area Frequent A likelhood of occurrence greater than 10
Critical i Major injnury or major equipment damage Probable B likebhood of eccurrence less than 107
. I . . . likelihood of less than 107 but
Marginal i Minor injury to the people or minor damage equipment. Occasiona C 00¢ ot pecurrence 65; 2
greater than 107
Unlikely but possible to occur in the life of
Improbable D an item, with a likelihood of occurrence
Nedigibl v Not serious enough to cause injury to people or less than 10~ but greater than 10°
egighle equipment damage. v So unlikely. it can be assumed occurrence
Extremdly E may not be experienced with a likelihood
Improbable s
of occurrence less than 10

Table 3 describes the acceptable risks based on the category and level description in Table 2. The red
highlighted portions are deemed high risk and immediate action is required to reduce the risk. The green
highlighted portions indicate acceptable risk but are recommended to reduce risk if the index number is
close to falling into the red zone.

Table 3: Risk acceptability matrix

Risk hazard Index
II 11 v

3. Materials and Methods

3.1. Laboratory Prototype

To demonstrate the operation and performance of the proposed MD system concept, a membrane
distillation laboratory-scale test prototype was designed and built. The prototype consists of a 4-port
flat-sheet membrane cell (CF042A, Sterlitech, Kent WA) that is supplied with feed and distillate solutions
from two variable speed pumps (GAF-T23-DE MSE, Micropump, Vancouver WA) that are controlled by
mass flow controllers (KF-F200A-SCF-S0A-KA-2X and KF-D100A-SCF-S0A-KA-2X, Alicat Scientific,
Tucson AZ). A mass flow meter mounted at the distillate outlet (KD100A-SCF-S0A-KA-2X, Alicat
Scientific, Tucson AZ) is used to establish a mass balance between flow in and out and thereby determine
water permeate rates. Pressure applied to the feed solution is controlled by a pressure controller
(PCS-100PSIG-D-PCA17/5P, Alicat Scientific, Tucson AZ) positioned at the feed outlet. Pressure losses
along channels on both sides of the membrane are measured by differential pressure sensors
(PS-30PSID-D/5P, Alicat Scientific, Tucson AZ). A commercial software package (FlowVision v2, Alicat
Scientific, Tucson, AZ) that was supplied by the flow controller and pressure controller manufacturer was
used to send input signals to the mass flow controllers and pressure controller and to acquire data from the
flow and pressure sensors. Figure 3 shows the plumbing of the built prototype following the schematic
with accompanying labels.
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Figure 3. Laboratory scale membrane distillation test prototype at Oakland University.

(@ Temperature controter ~ (3)  Data Collection & Pump Software

@ DAC @ Heating Baths

Figure 4. Optimized bench configuration for safety with labels for data acquisition and simulation equipment

Figure 4 shows the prototype layout, the sensitive electrical equipment is elevated to reduce the
likelihood of water damage. The bottom contains the liquids so that if any leak occurs, it will not
encounter any electrical equipment. The middle layer is the interlink between the two where equipment
needs to be near the pipes, with only low-voltage sensors and equipment placed in this layer for safety. A
careful design approach is necessary to ensure both functionality and safety. Placing only the necessary
low-voltage sensors and equipment near the pipes reduces the risk of electrical hazards. The sensors are
linked to the DAC and the computer for data processing and collection. On the bottom are the temperature
baths controlled by PID. The temperature controller is installed in a separate container which is locked
during testing for safety due to the 120v input for the heaters and to protect the sensitive equipment from

potential water damage.
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3.2. Temperature Control and Instrumentation

As shown in Figures 5 and 6 the temperature of the bath is controlled using an SSR-60DA switch and
an Auber SYL-2352 PID controller for each bath. The use of a PID controller allows for precise and
consistent thermal conditions needed for the tests. The proportional component responds to the present
error, the integral component integrates past errors over time, and the derivative component predicts
future error trends. By balancing these components, PID controllers effectively regulate the heating
element in the temperature bath, minimizing oscillations and achieving rapid response to disturbances.
This makes PID ideal compared to PI or PD controllers, as permeation rates are directly proportional to
the temperature gradient and any temperature variation will negatively affect the data collected. Figure 5
demonstrates the detailed wiring diagram for the temperature prototype layouttrols a 120v resistive heater
via a switch to allow for rapid heating of the temperature bath needed to maintain high temperatures for
test applications.
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Figure 5: Wiring schematics for the prototype
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Figure 6: Temperature controller in the electrical junction box.

The temperature of the feed stream is regulated by circulating fluid through the custom
PID-controlled thermal bath (WRNK-171S K-type thermocouple and SYL-2352 PID temperature
controller, Auber Instruments, Alpharetta, GA). Temperature transmitters (= 0.465 °C,
800-200-1-1-8-8-040-6 RTD, Noshok, Berea, OH) are mounted at inlet and outlet membrane ports.
Temperature data is recorded by an auto-logging system (EW-30005-35 Precision Digital, Hopkinton,
MA) connected to a PC. The concentration of the distillate at the outlet is measured using a conductivity
probe (£20uS, CDCE-90-1, Omega, Norwalk, CT). Table 4 provides a list of all instrumentation with key
specifications.

Table 4. Instrumentation list and specifications.

Instrument

Supplier

Model #

Full Scale + Uncertainty

Feed mass

flow controller

Alicat Scientific

(Tucson, AZ)

KF-F200A-SCF-S0A-

KA-2X

10 kg/h + greater of 0.2 % full scale or

0.6 % reading

Distillate mass

flow controller

Alicat Scientific

(Tucson, AZ)

KF-D100A-SCF-S0A-

KA-2X

1 kg/h + greater of 0.2 % full scale or

0.6 % reading

Mass flow meter

Alicat Scientific

(Tucson, AZ)

KD100A-SCF-S0A-K

A-2X

1 kg/h £ 0.2 % full scale or 0.6 %

reading
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Noshok 800-200-1-1-8-8-040-6

Temperature sensor 93.33£0.465 °C
(Berea, OH) RTD
Applied pressure Alicat Scientific PCS-100PSIG-D-PCA
21 bar + 0.25 % full scale
controller (Tucson, AZ) 17/5P
Differential pressure Alicat Scientific
PS-30PSID-D/5P 1 bar + 0.25 % full scale
sensor (Tucson, AZ)

Omega (Norwalk,
Conductivity probe CDCE-90-1 10000 + 20uS
CT)

3.3. Membrane Selection

As shown in Figure 7, a commercial PTFE Flat Sheet Membrane, Unlaminated, 0.45 Micron was
selected for this study. This membrane has the potential for increased performance with preparation using
Poly (1,4-phenylene ether ether-sulfone) and zinc oxide nanoparticles, combining the prepared membrane
and DCMD results in a reduction of various components of seawater. The elimination of ions like sodium,
magnesium, and potassium, in the range of 90-99% [3]. Flat-sheet membrane coupons were mounted in
the clear acrylic module accommodating samples with an effective surface area of 42 cm2 (107 mm
length x 39 mm width). Characteristic membrane properties including water permeability, salt
permeability, and effective thickness for this membrane were experimentally evaluated and the results are
reported in Table 5. To facilitate operation at the desired flow velocities and provide support to the
membrane, shims were inserted into both the feed and distillate channels reducing the effective depth to
0.801 mm. The feed channel was also equipped with a 31-mil diamond-shaped spacer to provide support
and mimic conditions of spiral wound membranes mentioned in a previous section.

Figure 7: Sterlitech counter flow direct contact membrane module with 42 cm? active contact area
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Table 5: Membrane and module parameters.

Membrane properties

Supplier Sterlitech (Auburn, WA)
. Polytetrafluoroethylene

Material (PTFE)

Water permeability 0.42 + 0.01 Imh/bar

Salt permeability 0.40 = 0.05 Imh

Structure parameter

0.607 + 0.01 mm

Module properties

Configuration flat sheet
Dimensions 107 mm x 39 mm
Area 42 cm?

Channel depth 0.801 mm

Feed channel spacer

31-mil diamond-shaped

o
3.4. Test Plan

Extensive testing was conducted to evaluate the performance of the DCMD system. Feed and
distillate concentrations of 35 and 0 g/l were used to approximate the use of seawater and DI water. The
feed solution was prepared using sodium chloride NaCl (> 99% purity, Fisher Scientific, Hampton, NH)
dissolved in deionized water. Solutions are supplied to the membrane cell at circulation rates of 0.15 m/s.
Performance was evaluated across a range of feed and temperatures from 21-46 °C and applied pressures
from 0. The distillate is maintained at room temperature of 20 °C. A summary of test conditions is

provided in Table 6.

Table 6: Experimental test conditions.

Flow configuration

Counter flow

Flow velocity 0.15 m/s

Salt NaCl

Feed concentration 35 g/l

Feed temperature 20-45 °C
Distillate concentration 0 (deionized)
Distillate temperature 20 °C
Applied pressure 0
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3.5. Data Analysis and Uncertainty

Water permeate flux and concentration of distillate at the outlet were experimentally evaluated in
real-time as operating conditions were varied by the maximum power point tracking algorithm and
controller. Testing was conducted on a laboratory scale PRO bench at Oakland University. Table 7
provides a detailed description of how measured data is analyzed to calculate water permeate flux along
with propagation of experimental uncertainty. As shown, the permeate flux is calculated with the mass
flow rate gathered from the inlet and outlet of the distillate side. The water quality is measured using a
conductivity probe to ensure potability of the distillate. The temperature readings are also gathered to
correlate the effects of temperature on permeate flux. Paired with inlet temperatures of the hot and cold
flows, a graph of the effect of temperature on permeate rate can be obtained. These results will signify
whether ocean thermal energy is a viable energy source to drive distillation of seawater.

Table 7: Data analysis and propagation of experimental uncertainty.

Parameter Value Measurement or Analysis

Preparation of feed solution

Feed water mass mg,, 5276.0+02¢g Mass balance, AX8201, Ohaus (Parsippany, NJ), 8000 + 0.2 g
Feed salt mass mg; 182+02¢g Mass balance, AX8201, Ohaus (Parsippany, NJ), 8000 £ 0.2 g
. mD,s 8CD SmD,w ? 8‘m'D,s 2
Feed concentration cg 3505+£0.04g1 ¢ b= "m,, P, c, . + ]
p = 1000 kg/m®
Measurements at steady state
4.4530 Mass flow controller, KF-F200A-SCF-SOA-KA-2X, Alicat

+0.0267 kg/h Scientific (Tucson, AZ), 10 + 0.06 kg/h or 0.6 % reading

Mass flow controller, KF-D100A-SCF-SOA-KA-2X, Alicat

Inlet distillate flow rate mp;, 0.5998 Scientific (Tucson, AZ), 1 + 0.006 kg/h or 0.6 % reading (greater
+0.0036 kg/h
of the two)
Outlet distillate flow rate 0.5702 Mass flow meter, K-D100A-SCF-SOA-KA-2X, Alicat Scientific
mp o, +0.0034 kg/h (Tucson, AZ), 1 + 0.006 kg/h or 0.6 % reading
Feed temperature T 36.155 Temperature transmitter, 800-200-1-1-8-8-040-6 RTD, Noshok
P F +0.465 °C (Berea, OH), 200 + 0.837 °F
Distillate temperature T 23.494 Temperature transmitter, 800-200-1-1-8-8-040-6 RTD, Noshok
p D +0.465 °C (Berea, OH), 200 + 0.837 °F
Distillation rate at steady state
7.127 _ mD,uu[_mD,in _ : 2 ° 2
Water permeate flux J, £ 1.182 1 fmfh J, === -8,= \/SWD’OM tom, .

a=0.0042 m*, p = 1000 kg/m’

Distillation quality
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. 8¢, 80, ’ Sf 2
Permeate concentrationc,  0.23 +0.02 g/l c,=fo,.—/—= —| + (T)
P P

f=0.000452 + 0.0000278 by linear interpolation of Table 4

4. Results

Water permeate flux and concentration of distillate at the outlet were experimentally evaluated in
real-time as operating conditions were varied by the maximum power point tracking algorithm and
controller. Testing was conducted on a laboratory-scale PRO bench at Oakland University. As shown, the
moving average of sensor data is used to filter noise when evaluating water permeate rate and power,
especially related to the draw side pressure loss which shows very high variability. All experiments were
done under an inlet flow rate of 1000 g/h for the cold side, 2000 g/h for the hot side, and under 1 psi of
pressure to ensure consistent tests and ensure temperature is the main driving force for desalination. The
water permeate rate uncertainty averages around 2 liters per meter squared hour for each test. The water
conductivity of the permeate was taken to determine salt content, however, the results given the
conductivity probe were inconsistent. Conductivity equipment falls within the uncertainty range for
salinity testing. In future tests, a refractometer should be used for more consistent and precise results.

4.1. Effect of Temperature on Water Permeate Rates

The results are gathered from the average flux after reaching a steady state at a varying delta T
(temperature difference) ranging from 0 to 30 °C. Increasing the delta T beyond 20 °C shows the effect of
adding solar energy in the system to further heat the feed side. Figure 8 shows the performance of
temperature gradients as a driving force for membrane desalination. As shown, the permeate flux is
linearly correlated with delta T, however, the flux rate experiences a dip at a delta of 25 °C which might
be due to the uncertainty of 2 liters per square meter hour. The graph indicates whether using ocean
thermal energy is a viable option to convert marine energy to clean water. Resulted in acceptable water
permeate rates compared to 3-6 LMH of other membrane distillation processes [1].
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Water Permeate Flux (LMH)

Figure 8: Effect of temperature difference on water permeate rates.
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4.2. Effect of Feed Concentration on Water Permeate Rates

Testing with different feed concentrations up to 140 g/I to show the effect of different feed sources on
permeation rate. Increasing the feed concentration above 35 g/l shows the effect of recovering a lot of
water from the feed, in which case its concentration would increase. As shown in Figure 9, salt
concentration negatively affects the water permeate rate. However, at a certain point, the higher
concentrations of salt no longer affect the permeate flux rate. This result shows that salt concentration
found in seawater does not severely affect the permeation rate of the system, Indicating the proposed
system using ocean thermal gradients would be well suited for desalination purposes.

[N I O T ¢ N o)
L
1

Water Permeate Flux (LMH)

0 ; ; ; ; ; ; ;
0 20 40 60 80 100 120 140

Concentration (g/L)

Figure 9: Effect of concentration on water permeate rates.
4.3. Combined Effect of Temperature and Concentration on Water Permeate Rates

To verify the relationship between concentration temperature and permeate rates is correct, a test with
a concentration of 10 g/l at varying temperature deltas was performed. The result as shown in Figure 10,
shows that the slope is similar to Figure 8, with the permeates rate shifted higher due to the reduced salt
concentration in the feed. This falls within expectations, however, the same dip in flux rate is seen in a
delta of 25 °C, which could signify that it is not due to uncertainty. Further testing is required with higher
precision equipment to determine the cause of this dip.
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Figure 10: Effect of concentration and temperature on water permeate rates.
4.4. Durability of the System

The durability of the DCMD systems is usually limited by the product lifetime of the membrane.
Figure 11 depicts membrane fouling after several tests which is an unexpected result, especially when the
feed only consists of distilled water and salt. The likely cause could be contaminants present in the piping
system or rust buildup, which inadvertently introduced impurities into the feedwater stream, leading to
fouling. This fouling could contribute to some of the inconsistencies in the test results. Implementing an
in-line filter before the membrane unit is recommended to address this issue in future tests. This filter
would serve as an additional barrier to remove any contaminants or particulate matter present in the
feedwater, thereby preventing their accumulation on the membrane surface. Further testing should consist
of testing the effectiveness of inlet filters along with other methods to increase the durability of the
system.

Figure 11: Membrane fouling over continuous testing.

5. Conclusions

The current setup faces limitations in achieving the desired real delta T (temperature difference) of
5-20 °C. Piping and heat loss losses were not accurately considered, impacting the accuracy of the data.
To address this, improvements for future iterations are as follows. Instead of using two heated baths to
represent the delta T, which introduces inaccuracies due to entropy, a high-capacity cooler along with a
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heat exchanger could be implemented to simulate the real system’s temperature gradient more accurately.
Additionally, introducing contamination to induce fouling would allow testing of membrane life and
better cost analysis of the system, along with testing inlet filters and other methods mentioned in the
report to prevent the build-up of unwanted particulates on the membrane. Material testing for insulation
and pipe size calculations would allow for a more accurate assessment of heat losses and pump losses.
These improvements aim to enhance the accuracy of the tests, ensuring higher consistency with a real
DCMD system running about ocean thermal gradients. However, further limitations arise from
assumptions made about the system's behavior, such as assuming steady-state conditions and linear
scalability of the permeate rate to the area due to Fick's first law of diffusion. In a real system, these
assumptions may not hold true, as turbulent flows can prevent steady-state conditions, and real-world
scenarios may deviate from idealized boundary conditions. Future testing will need to verify this relation
with empirical data. Future work could focus on developing models that account for non-homogeneous
mediums, spatial variations in diffusion coefficients, and dynamic boundary conditions to refine the
underlying assumptions and improve the system's predictive accuracy. Improvements to the current
system such as a higher rated flow controller and refractometer will prevent some of the difficulties in
gathering data on the current prototype.
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