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Abstract

Small tropical islands are facing major issues. Most of them rely on imported fossil fuels, which makes elec-
tricity generation both expensive and unsustainable. Moreover, small tropical islands are more vulnerable to
the consequences of climate change than the mainland. Effects of climate change can be: more and more
powerful hurricanes, shrinking fresh water resources, crop failures, land loss and coastal ecosystem change.
An Ocean Thermal Energy system can be the solution for a tropical island. Cold deep seawater can be
pumped up to generated baseload electricity in an onshore Ocean Thermal Energy Conversion power plant.
The same deep ocean water can be used to cool houses, hotels, data centers, greenhouses and more. Further-
more, fresh water can be produced in an Ocean Thermal Water Plant and aquaculture and algae farms can
use the nutrient-rich, virtually pathogen-free deep ocean water to cultivate fish and algae.

In this work, a comparison has been made for the water usage and cold water pipe diameter between a non-
integrated and a time-integrated Ocean Thermal Energy system. The cold deep seawater has to be pumped
up by a large and long pipe. To reach the depth of about 1000 m, the cold water pipe can be a few kilometers
long, depending on the slope of the seabed. To make an Ocean Thermal Energy system economically more
attractive, an optimization study can be made for the maximum water demand and cold water pipe diameter.
To do this, a modular model of an Ocean Thermal Energy system is developed in Python 2.7. The model exist
out of modules for the Ocean Thermal Energy Conversion, Sea Water Air Conditioning, data center cooling,
greenhouse cooling and fresh water production.

A case study has been conducted for an Ocean Thermal Energy system in Curacao. Based on the expected
electricity and cooling demands, a comparison has been made between a non-integrated and a time-integrated
Ocean Thermal Energy system. The results show that the maximum cold deep seawater mass flow and the
required cold water pipe diameter in case of an time-integrated Ocean Thermal Energy system are lower, but
the difference with a non-integrated system is not significant.

Peak demands can be compensated with thermal storages. The optimization with thermal storages are ap-
plied to Sea Water Air Conditioning, data center cooling, greenhouse cooling and fresh water production.
When the daily fluctuations are compensated, the decrease in maximum water demand and cold water pipe
diameter is larger compared to the time-integrated Ocean Thermal Energy system. The optimization to com-
pensate seasonal fluctuations result in an even higher decrease in cold water mass flow and pipe diameter.
However, very large storage volumes are required and it has to be researched if the reduction in cold water
pipe cost outweigh the cost of the thermal storages.

Changing the configuration of the subsystems in the Ocean Thermal energy system also decreases the max-
imum water demand and cold water pipe diameter. The results show that a significant decrease is possible
when only the Ocean Thermal Energy Conversion power plant and the Sea Water Air Conditioning are con-
nected to the cold deep seawater.

The maximum water demands of the subsystem are researched in case that the Ocean Thermal Energy system
is expanded or when the Ocean Thermal Energy Conversion power plant is shut down in favor of Sea Water Air
Conditioning or data center cooling. Furthermore the sensitivity of key parameters have been investigated to
determine the impact of a small change on the maximum water mass flow and the cold water pipe diameter
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Introduction

Solar energy is the biggest energy source that comes to earth. Without the solar energy, the temperature
on earth would be much lower [2]. The amount of solar radiation that reaches earth is about 1.73- 10> TW
[58]. Converted to TWh/yr, the solar insulation is 1.52 - 10° TWh/yr and almost 10 000 times higher than the
primary energy use of 1.57-10° TWh/yr [19]. Most of that solar energy is absorbed by the water in the oceans.
Even more, effectively all of the solar energy that reaches earth is captured within a shallow surface layer of
35 to 100 m thick. Wind and waves result in an almost uniform distribution of temperature and salinity in
the surface layer. The annual average temperature between approximately 15° north and 15° south of the
equator varies from about 27°C and 29°C. Underneath this surface layer the water temperature starts to
decrease with depth until a temperature of about 5°C is reached around 1000 meters deep. This cold water
comes from the molten ice at the arctic regions. Cold water flows along the bottom of the ocean from the poles
to the equator as a result of the higher density and minimal mixing with the warmer water above. The warm
surface layer and the cold deep sea water can be seen as large reservoirs, with a temperature difference that
varies between the 22°C and 25°C throughout the year. In figure 1.1 the areas with at least 20°C temperature
difference between warm surface layer and the cold deep sea water are colored light orange, the area’s with at
least 22°C temperature difference are colored dark orange.

Figure 1.1: Global ocean temperature difference between surface layer and cold deep sea water (image courtesy of Bluerise)

The temperature difference between the cold deep sea water and warm surface water is the moving power
of the marine renewable energy source Ocean Thermal Energy Conversion (OTEC). The OTEC process uses
this temperature difference to operate a heat engine, which produces electric energy. Because of the rela-
tively constant temperature difference throughout the year, OTEC is very useful for baseload power. This is
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a big advantage compared to other renewables that are dependent on (seasonal) weather conditions, such
as wind and photovoltaics. A recent study estimates that the maximum world wide potential of OTEC is 30
TW [53], which is about 2.63 - 10> TWh/yr. Compared to the global annual total primary energy supply of
1.57-10° TWh/yr (18 TW) in 2013 [19], this potential is almost twice as high as the annual consumption. But a
consequence of producing the maximum potential is that it influences the oceanic thermohaline circulation.
The thermohaline circulation is the motion of the ocean caused by temperature and salinity driven currents
in the deep ocean and wind-driven currents on the surface [39]. The thermohaline circulation can be seen
in figure 1.2. The maximum OTEC power production that could be achieved with little effect on the oceanic
temperature field is estimated to be of the order of 5-10 TW [53].

Figure 1.2: Thermobhaline circulation or the global conveyer belt, figure adapted from the National Oceanic and Atmospheric
Administration (NOAA) [38]

1.1. Problem description

Small Island Developing State (SIDS) or tropical islands are facing major issues. Even though the absolute
amount of greenhouse gases they emit is low, the emission per capita is high. For example, the number two
and three on the list of CO2 emission per capita are Trinidad and Tobago and Curacgao with about 34 t/person.
This is seven times higher than the global average of about 5 t/person [65]. This is because the electricity is
mainly produced by fossil fuels. Besides, energy costs are quite high because most islands do not have natural
fossil fuel resources and have to import the fuels from some place else.

Furthermore, small island states in general are more vulnerable to climate change than the mainland.
This can lead to for example shrinking fresh water resources due to variations in rainfall, crop failures due to
too much rain of too little rain, land loss due to sea level rise and coastal ecosystem change due to thermal
stress [40].

OTEC can be a solution to the energy problem on tropical islands. OTEC can function as baseload power
source in the energy mix. According to Schelleman & Van Weijsten [56] 100% renewable electricity (for tropi-
cal islands) can only be realized by using OTEC, since a combination of solar and wind energy would require
an immense amount of storage to reach 100% [67]. The downside is that the Levelized Cost Of Electricity
(LCOE) is very depending on the scale of the OTEC power plant. A small plant is relatively expensive com-
pared to a large plant, so a large plant is much more favorable. However, the power delivered by a large OTEC
power plant with a competitive LCOE might be too much for a small island.

1.2. Ocean Thermal Energy system

A solution to tackle these problems simultaneously is to develop an Ocean Thermal Energy (OTE) system.
When the OTEC power plant is placed onshore, the potential of the cold deep sea water can be exploited
in more than one way. The cold deep seawater can be used for Sea Water Air Conditioning (SWAC), a dis-
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trict cooling system. Furthermore, the effluent water that leaves the OTEC and/or SWAC installations, which
will have a temperature of about 11°C, can be used for many other applications like fresh water production,
greenhouse cooling, aquaculture and algae cultivation. With these applications, small islands can solve the
problems of existing fresh water scarcity and food insecurity or future problems due to climate change. This
can make an OTE system to be economically more attractive than just an OTEC power plant.

To make an OTE system even more economically attractive, research can be done towards the synergies
between components. A time-dependent integration of the (water) demands of an OTE system components
can lead to a lower maximum cold deep seawater mass flow then that all the maximum mass flows are added
up. A lower mass flow results in a smaller required cold water pipe (CWP) diameter and the CWP pumps
can be smaller. This can lead to a cost reduction, thus making an OTE system more attractive. Currently the
time-dependent synergies in an OTE system have not been researched, because the main focus is on OTEC.

1.3. Relevance

Bluerise is a start-up company located in Delft, the Netherlands, that develops solutions to harness the
Ocean’s power. Bluerise is a technology provider and project developer of Ocean Thermal Energy solutions.
The thermal energy stored in the tropical ocean can be used to generate sustainable electricity, cooling, and
fresh water. Bluerise is specialized in OTEC, SWAC technologies and related Deep Sea Water applications.

Bluerise provides technology and development plans for implementation of OTEC and SWAC as well as
Ocean Ecoparks that utilize the ocean resources by means of innovative technologies for desalination, agri-
culture and aquaculture among others.

Creative thinking, a sustainable mindset and a fresh 21st century look at all system components drives
Bluerise to design economical viable and technically feasible solutions. Bluerise provides consulting and
engineering services to governments, project developers, energy companies and utilities.

1.4. Research objective

The main objective of this thesis is to investigate the (water) demands of the subsystems and the time-
dependent integration of the (water) demands in an Ocean Thermal Energy (OTE) system. A comparison
can be made between a system where all the maximum water demands are added up and a system where
synergies are taken into account. This comparison will be done for the maximum cold deep seawater usage
or the cold water pipe diameter. Therefore the research question of this thesis is:

'What is the influence of time-dependent integration of the subsystems in an Ocean Thermal Energy sys-
tem on the cold deep seawater mass flow and cold water pipe diameter?’

The subquestions that will help to answer the research question are:

* What are possible (downstream) subsystems in an Ocean Thermal Energy system?

o What are the expected cold water demands or how can they be estimated for each subsystem?

o What are the benefits of having different kinds of energy storage to lower the peak of the cold water de-
mand?

* How can the time-dependent synergies in the Ocean Thermal Energy system be optimized?

o What are the key parameters in the model and what is their impact on the calculated results?

1.5. Research approach

The methodology used to answer the research question is as follows:

* A brief literature review on the history of Ocean Thermal Energy systems

* Aliterature review on the possible components for an OTE system and the associated demand curves.

¢ Development of submodels to simulate the demands per OTE component.

* Development of a model to combine the submodels to an Ocean Thermal Energy system.

¢ Select the components that are suitable for integration and optimization.

¢ Integrate and optimize the model and submodels.

* Researching the sensitivity of a few key parameters on the results.

e Comparing the results of the models with and without synergy and optimization based on the total
amount of deep seawater usage and cold water pipe diameter.
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1.6. Outline

Chapter 2 starts with the brief literature review on previous research done on Ocean Thermal Energy systems
/ Ocean Ecoparks. Thereafter the most obvious/common components of an Ocean Thermal Energy system
and their working principle will be discussed. Subsequently, in chapter 3 the demands and the modeling of
the subsystems, the model integration and possible optimization techniques for an OTE system will be dis-
cussed. Hereafter a case study for the island of Curacao will be made in chapter 4. This chapter also includes
the optimization by thermal storage and a some future growth scenarios. In chapter 5 the optimization by
changing the OTE configuration and more cases will be investigated and be discussed. Also a sensitivity anal-
ysis will be made for some of the key parameters in this chapter. Lastly, the conclusions will be drawn about
the results obtained by the base case study and the other results and further recommendations for improving
the model will be made in chapter 6.



Ocean Thermal Energy system
(OTEC, SWAC & Ecopark)

OTEC is the key technology in an Ocean Thermal Energy system. But next to OTEC, there are several other
possible subsystems that can contribute from the cold water supply in an OTE system. Also an OTE system
without an OTEC power plant is a possibility. The subs-systems that are most likely to be implemented will
be discussed in this chapter. In section 2.1 a brief historical background OTEC will be given. Subsequently,
in section 2.2 a brief history and future prospects of research and development of Deep Ocean Water (DOW)
applications and DOW research parks will be given. Thereafter, in section 2.3 the expected subsystems of an
OTE system will be discussed. For each subsystem a problem description concerning the current situation is
given and the benefits compared to the existing systems are explained. This is done in subsection 2.3.1 to 2.3.6
for SWAC, data center cooling, greenhouse cooling, fresh water production (OTWP), aquaculture cultivation
and algae cultivation, respectively.

2.1. OTEC

Early days of OTEC
The concept of OTEC is not new. In 1881, the French physicist Jacques Arsene D’Arsonval published an article
that proposed a heat engine that can derive power from low temperature sources available in nature, with a
temperature difference between evaporator and condenser as low as 15°C [2]. D’Arsonval noted that this
temperature difference is widely available in nature, especially in the oceans at the equator. In 1928, one of
D’Arsonval’s students, George Claude, experimented with an open-cycle OTEC with cooling water of a steel
power plant in Ougree-Marhaye (Belgium) of 30°C. During the experiment, the turbine generated a power
output of 50 kW [2]. The first OTEC power plant was build by Claude in Matanzas, Cuba in 1930. This plant
was able to produce 22 kW, but due to power consumed by the water pumps no net power was produced.
Even though the technical feasibility of OTEC was proven, the project was terminated after 11 days because
of failure of the cold water pipe due to a storm [2]. In 1933 the 10,000-ton cargo vessel 'Tunesie’ was converted
by Claude to a floating open-cycle OTEC power plant and moved to Brazil. Unfortunately, the ship sank before
it was ready to operate, due to the weather conditions [59]. Despite the misfortune of the 'Tunesie’ project,
Claude proposed a 40 MWe OTEC power plant at Abidjan, Ivory Coast to the French government. This site had
some favorable conditions for OTEC: the sea was calm, the water of a solar-heated lagoon could be used as
warm water source and the coastline is very steep. The government was interested in the Abidjan project and
formed a company 'Energie de Mer’ to research the development and implementation. However, in the 1955
the project was abandoned because oil-based electricity generation became cheaper due to large amounts of
cheap oil and plans were made to build a large dam with a hydroelectric power plant close to Abidjan [2],[59].
OTEC regained interest in the 1960s by J.H. Anderson and his son James H. Anderson, Jr. They developed
a closed-cycle OTEC power plant, designed to be more practical, compact and economical [46]. Although
a cost estimate showed that this system was economically competitive with other alternatives like oil, coal
or nuclear power, little attention was given to OTEC because the alternatives were seen as the energy of the
future [2].
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1970s-Now

In the 1970s new interest was shown in OTEC by the US and Japan. One of the reasons was the oil crisis of
1973, an embargo of the Organization of Arab Petroleum Exporting Countries (OAPEC) against countries that
supported Israel during the Yom Kippur War [2]. Oil prices were rising worldwide due to this embargo. By
1974, oil prices quadrupled to nearly US$12 per barrel [5]. But also the awareness for the environment rose
in the 1970s, with the report 'The limits to growth’ (1972) of the Club of Rome as best known example. In this
report a connection is made between economical growth and the impact of that growth on the environment
[34].

An overview of the most important OTEC projects and events since 1970 can be found below.

¢ 1970-1981, Japan/Nauru. The company Tokyo Electric Power Services starts researching and develop-
ing a land-based closed-cycle OTEC power plant on/for the island Nauru in the Pacific Ocean. On 14
October 1981 the power plant became operationable and was able to generate 120 kW electricity [59].

* 1974-1979, Japan. The 'Sunshine project’ was initiated by the Japanese government to develop new
energy technologies, which included OTEC. At first, OTEC was considered unlikely, but till 1979 many
experts researched the possibilities of OTEC. The conclusion was that OTEC was economically relatively
feasible compared to other large scale energy alternatives and could have an substantial contribution
to the electrical power generation of the future [59].

* 1974-1979, Hawaii. The Natural Energy Laboratory of Hawaii Authority (NELHA) is established at Kea-
hole Point on the Kona coast of Hawaii, dedicated to to the support of OTEC and other solar energy
programs. A collaboration between the State of Hawaii, Makai Ocean Engineering, Lockheed Martin,
Alfa Laval and Dillingham Corporation began to design and develop a small offshore closed-cycle OTEC
power plant [2]. The so-called 'Mini-OTEC” was able to generate about 50 kW and operate for three
months in late 1979 and was the first floating OTEC power plant with a net energy output [59].

¢ 1981-1982, Russia. The Russian engineer Dr. Alexander Kalina developed and patented a thermody-
namic cycle which uses a mixture of ammonia and water as working fluid and can be used in OTEC
power plants. This mixture has potential to improve the efficiency of OTEC [23].

¢ 1993, Hawaii. NELHA collaborates with the Pacific International Center for High Technology Research
(PICHTR) to develop an open-cycle OTEC power plant of 210 kW. Besides OTEC, the cold water is also
used for cooling and fresh water, which can be used for aquaculture or agriculture [2],[41].

* 1994, Japan. Saga University developed a 4.5 kW test setup to research the Uehara cycle. This thermo-
dynamic cycle is designed to have an even higher efficiency than the Kalina cycle [43].

* 2002, India. A 1 MW floating OTEC power plant was tested near the coast of Tamil Nadu by the National
Institute of Ocean Technology (NIOT). The project was shut down due to failure of the one kilometer
long cold water pipe [47].

e 2013, Japan. The Institute of Ocean Energy of Saga University and Japanese companies completed
the installation of a research, development and demonstration 50 kW onshore OTEC power plant on
Kumejima. The cold deep seawater is not only used for generating electricity, but also for cooling,
aquaculture and agriculture [24].

¢ 2014, Martinique. The NEMO (New Energy for Martinique and Overseas) project, a collaboration be-
tween Akuo Energy and DCNS, got a subsidy up to €72.1 million for the construction of a 16 MW off-
shore OTEC power plant at Martinique [9].

e 2015, Hawaii. A team up with Makai Ocean Engineering and Lockheed Martin resulted in world’s largest
grid connected operational OTEC power plant. The 100 kW onshore power plant is able to generate
electricity for 120 households [45].

OTEC cycles
Typically, OTEC can be separated in three different types of cycles. Open-cycle systems, closed-cycle systems
and hybrid systems. Al the three cycles are in essence a (Organic) Rankine cycle.

An open-cycle OTEC system uses seawater as working fluid, where part of the seawater is vaporized in a
flash evaporation chamber. The cycle is called 'open’ because the working fluid is not recycled to the evapo-
rator after it is condensed. The condensed vapor is free of salt and can be used as fresh water [17].

The closed-cycle OTEC system uses a working fluid with a low boiling point, which is evaporated in a heat
exchanger with the hot surface water. In the case of an closed-cycle, the liquid is returned to the evaporator
after the condenser. This way the working fluid and the environment can be separated [17].

As the name suggests, the hybrid-cycle is a combination of the open-cycle and closed-cycle OTEC system.
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The difference is that first the seawater is evaporated, whereafter the steam is used in a heat exchanger to
evaporate the working fluid of a closed-cycle system [17].

Despite the advantage that open-cycle OTEC produces fresh water, larger turbines are needed compared
to closed-cycle OTEC to compensate the relatively large volumetric flow rates of low-pressure steam to pro-
duce the same amount of power [44].

2.1.1. Advanced OTEC cycle

The Advanced OTEC cycle is a thermodynamic cycle that is inspired by the Kalina cycle. The Kalina cycle is
a specific thermodynamic cycle which uses a mixture of two fluids with different boiling points as working
fluid, developed and patented by the Russian Dr. Alexander Kalina in 1982 [23]. In this case not all working
fluid will evaporate. Therefore the Kalina cycle has an additional separator, absorber and recuperator com-
pared to a standard (Organic) Rankine cycle. This way, only the vaporized working fluid will flow through the
turbine. The advantage of a mixture as working fluid is that there is a temperature glide when evaporating
or condensing. This results in a evaporating and condensing temperature line that follows the slope of the
hot and cold water while heat is exchanged. This results in a higher cycle efficiency than with a pure fluid. A
comparison between a mixture and a pure fluid for idealized cycles can be found in figure 2.1.

Mixture

Working Fluid

Pure

Temperature

water

=51 sed

ENTROPY

Figure 2.1: Comparison of mixture (solid lines) and pure fluid (dashed lines) idealized cycles, adapted from Igbal and Starling [20]

The Advanced OTEC cycle which Bluerise is using, uses a mixture of ammonia and water as working fluid. Al-
most an increase of 80% efficiency has been claimed compared to conventional closed-cycle OTEC systems
[16]. Furthermore, only 90% of the heat transfer surface area is needed compared to a pure fluid (for equal
properties), which translates directly to a possible reduction of 10% in heat exchanger costs [20]. Since the
heat exchangers are expected to be the most expensive parts of the OTEC power plant, every percent reduc-
tion in heat exchanger costs is significant for the CAPEX (Capital Expenditures) of the OTEC power plant.

Working principle

In the Advanced OTEC cycle the working fluid is partly vaporized in the evaporator. This is done by the
heat transfer from the hot surface water. This results in a pure ammonia vapor and a liquid with a lower
ammonia content. In the separator the vapor is separated from the liquid. The vapor is expanded through
a turbine, which drives a generator to generate electrical energy. The liquid flows from the separator to the
recuperator, where it preheats the working fluid before it enters the evaporator. The streams are mixed before
the condenser. The mixture is completely liquefied and cooled in the condenser by the cold deep sea water.
After the condenser the working fluid is compressed and pumped to the evaporator. A schematic overview of
this process can be seen in figure 2.2

Thanks to its large energy potential and the fact that OTEC is a base-load power source, OTEC has the
potential to become a major player in the renewable energy market, especially for SIDS with small, isolated
electric grids.
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Figure 2.2: The Advanced OTEC cycle, based on the Kalina cycle (image courtesy of Bluerise)

2.2. OTE systems and DOW

In this section a brief history of research and development of OTE systems is given in subsection 2.2.1. A brief
history of research and development of DOW industries will be given in subsection 2.2.2. In subsection 2.2.3
the present en future OTEC and OTE projects will be discussed.

2.2.1. Research Parks

In 1976 the Agency of Science and Technology of Japan started researching Deep Ocean Water (DOW). From
the start till 1986, an understanding of the characteristics of DOW and the technology for pumping system
was developed. Subsequently, a 5-year research program was funded by the agency, which resulted in the
establishment of the DOW pumping system in Kochi and Toyama Prefectures [37]. At the time of writing 16
sites in Japan DOW have been researched. The Okinawa Prefectures Deep Seawater Research Institute on
Kumejima is the leader in DOW research and utilization since the opening in the year 2000. On Kumejima the
DOW is utilized for different kind of applications such as SWAC, the cooling of greenhouses to grow winter
crops during summer, cultivating Kuruma Prawns and sea grapes, producing cosmetics and in a local spa and
pool [42].

In 1993 a collaboration between NELHA and PICHTR started developing an open-cycle OTEC in Hawaii
to not only produce electricity, but also for cooling and fresh water, which can be used for aquaculture and
agriculture [41]. The Hawaii Ocean Science & Technology (HOST) park is the largest DOW related park with
an area of 350 ha. The HOST park has proven that DOW can be used for a wide range of applications next to
OTEC, such as SWAC, fresh water production, producing pharmaceuticals and mariculture [44].

2.2.2. DOW industries
The concept of using DOW as cold source for a District Cooling System to supply air conditioning was first
conceived by NELHA in 1983. The first primitive Sea Water Air Conditioning was used to cool a small research
van. The system consisted of a truck radiator, a small box fan and small flow of cold water. The principle of
SWAC can also be used with other sources like cold lake water and river water. Examples of existing SWAC
installations are in Stockholm, Sweden (since 1995, seawater), Cornell University USA (since 2000, lake water),
Toronto, Canada (since 2004, lake water) and Amsterdam, Netherlands (since 2006, lake water). Examples of
proposed SWAC installations sites are Honolulu, Hawaii (seawater), Reunion Island (seawater) and Curagao
(seawater). [63].

Since the first design of the open-cycle OTEC in 1928 by Claude, the foundation of OTEC combined with
fresh water production was made. This because part of the seawater is vaporized and can be used as fresh
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water after it has left the condenser. In 1967 Gerard and Worzel [15] proposed a method to produce fresh
water by condensing moisture from humid air whereby DOW can be used as cold source. They proposed to
use windmill-driven generators to deliver electricity to pump up the DOW, but an alternative is to combine
this method with OTEC. More recently a combination of OTEC and a reverse osmosis process to produce
fresh water was proposed by Dyer and Ragan [11].

In 1994 the first Seawater Greenshouse (SWGH) was built in Tenerife, Canary Islands, Spain. With the
SWGH crops could be cultivated and seawater desalinated. Crops such as tomatoes, spinach, dwarf pea,
pepper and artichokes were cultivated in a 360 m? greenhouse. Thereafter other seawater greenhouses were
built in Al-Aryam Island, Abu Dhabi (2000), Oman (2004), Port Augusta and Australia (2010) [1]. Another
SWGH is being built in Berbera, Somaliland and should be completed in Spring 2017 [57].

Aquaculture cultivation with nutrient-rich DOW has been developed in several coastal regions since the
1970s [44]. By controlling variables like temperature, salinity and nutrient concentration, DOW can be used
for both tropical and cold water marine cultures [37]. The combination with OTEC was first proposed in the
beginning of the 1980s by Roels et al. [54] and Daniel [10].

A special kind of aquaculture is the cultivation of algae. Several companies at the HOST park in Hawaii are
growing algae with the DOW. Cyanotech Corporation is growing Spirulina which for example can be used as
food supplements or pigments. Other companies are cultivating microalgae to produce biofuels and edible
vegetables [44].

2.2.3. Present & Future

Bluerise is developing an Ocean Ecopark on the island of Curagao near the Hato International Airport. Ocean
Thermal Energy systems can have big advantages for other tropical islands as well. Therefore Bluerise is in-
vestigating the possibilities of OTEC combined with other DOW usages for other islands too. But besides the
research parks in Japan and Hawaii, Bluerise is the only company known to research and develop Ocean Eco-
parks. Most other companies are focusing only on OTEC or SWAC. This is probably because of the limitation
of onshore OTEC power plants. Estimates show that the tipping point that offshore OTEC becomes econom-
ically more attractive than an onshore OTEC plant is between 5-10 MWe. Thus, when an island has a bigger
electricity demand, offshore OTEC will be the obvious choice. Unless the demand of an island is to have an
onshore OTEC with an Ocean Thermal Energy system of course.

2.3. OTE subsystems

Small Island Developing States (SIDS) (small tropical islands) are the perfect locations for OTEC and OTE
systems. Most of them have diesel generators as base load electricity providers, they need cooling because
they are located near the equator and there is a scarcity of fresh water. OTE systems can provide the SIDS
with renewable/sustainable alternatives for the conventional technologies. In this section the most obvious
technologies that can be linked with OTEC/DOW are explained. The problem with the conventional technol-
ogy is described for each component, followed by the solution that can tackle the problem with help of DOW.
This will be done for SWAC, data center cooling, greenhouse cooling, fresh water production, aquaculture
cultivation and algae cultivation, respectively.

2.3.1. Sea Water Air Conditioning

The environmental temperature is most of the time high in regions where OTEC is feasible. The high air
temperature is the cause of the hot surface water that drives the OTEC cycle. High air temperatures are not
comfortable for humans beings. Therefore a lot of cooling capacity is needed to cool houses, school, office
buildings, hotels etcetera. Normally this is done by Air Conditioning (AC). Conventional AC is expensive to
operate due to large electrical power requirements, because this process uses evaporative cooling of a gas to
transfer heat from the heat source (the environment) to the working fluid.

A renewable alternative for conventional AC is Sea Water Air Conditioning (SWAC). SWAC uses the cold
water from the bottom of the ocean or from the bottom of a lake to cool fresh water in a heat exchanger.
Thereafter the chilled fresh water can be used in a District Cooling System (DCS) for supplying cold water to
buildings for air conditioning.

The biggest advantage of SWAC is that it can save up to 85% of energy consumed compared to conven-
tional AC systems. This reduction is a result of to the fact that no fossil fuels are used and individual AC
systems are less efficient and more expensive than a DCS [32].
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Working principle

The working principle of SWAC relies on that of a District Cooling System. But instead of a chiller, the cold
deep seawater of the effluent water coming from the OTEC is used to cool the water in a DCS. When the sea-
water replaces an existing DCS with a chiller that is designed for cooling water to a temperature of about 6°C,
the cold deep seawater should be used as cold source. First the cold deep seawater of about 5°C is pumped
to a cooling station. In that cooling station the DOW flows through a heat exchanger. On the other side of
the heat exchanger fresh water cools down to about 6°C due to the heat transfer to the cold seawater. The
chilled fresh water then flows through the DCS to the users. There the cold water is used in an air conditioner
to cool air. The heated up fresh water flows back to the cooling station where it is cooled and the cycle can be
repeated. The less cold effluent seawater can flow to the Ecopark where it can be used for other purposes.

In the case that a completely new DCS has to be built, it might be considered to connect the DCS, and
therefore the SWAC, to the effluent water of the OTEC. The effluent water of about 11°C is cold enough to be
used as a cold source for the DCS. Though, it has to be checked if the effluent water mass flow is high enough
to satisfy the SWAC demand. A schematic overview of a SWAC system connected to the cold deep seawater
via a DCS can be found in figure 2.3.
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Figure 2.3: Working principle SWAC with cold deep seawater

The cold water usage of the SWAC installation is directly coupled to the cooling demand of the DCS. When
the temperature difference between inlet and outlet of the DOW side is kept constant, this results in a higher
mass flow rate of the water with a higher cooling demand. It is important to have a good approximation of
the cooling demand, because it can be expected that the cooling demand fluctuates a lot over a year.

2.3.2. Data center cooling
A data center is a place that accommodates many computing resources that collect, store, share, manage,
and distribute a large volume of data. It consists of all necessary data center facility elements (space, power,
and cooling) and IT infrastructure elements (server, storage, and network) based on business requirements,
according to Wu and Buyya [66]. Cooling is one of the three main concerns for a data center. Without a
cooling system, a data center could not operate. The CAPEX of cooling equipment can be up to 50% for
some high density data centers. Conventionally, a chiller is used in combination with a Computer Room Air
Conditioning (CRAC) or a Computer Room Air Handling (CRAH) unit to deliver cold air to the racks with IT
equipment [66]. The cooling of water is an energy intensive process, since a chiller makes use of evaporative
cooling to reject heat to the environment, just like an AC.

Another way to cool a data center is to use liquid cooling instead of an air-cooled system. In general
liquids have a higher heat capacity than air, so a smaller liquid mass flow rate is needed compared to air
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cooling [66]. Liquid cooling can even become necessary when cooling demands of high-density racks incline
to a level that it is almost impossible to cool with air.

Both types of data center cooling can be combined with an OTE system. The data center can be cooled
with either the cold deep seawater or the effluent water coming from the OTEC. The main advantage of using
this cold water is that there is no need for a chiller. This way a lot electrical energy can be saved, which has a
positive effect on the OPEX of the data center.

Working principle

In the case of a data center different cooling strategies are possible, depending on the current equipment.
When there is an existing data center that is designed with a chiller that cools water to a certain temperature
it will be difficult to operate with a different temperature. Therefore it might be needed that the data center
has to use water with a temperature of 8°C or lower like in the case of a chiller [66]. When this is the case, the
data center needs to be included into the DCS that is connected to the cold deep seawater. The chilled water
in the DCS can be used directly to cool the air or a liquid in with a CRAH unit.

On the other hand, when a data center needs to be built or when it is no problem to change cooling equip-
ment, the cooling can be designed in such a way that it can make use of the effluent water of about 11°C that
comes from the OTEC power plant. This way it is possible to reduce the mass flow of the cold deep seawater
and still deliver the required cooling demand. With the same supply temperature of the air (or liquid in case
of liquid cooling), the effluent water mass flow needs to be higher to reach the same cooling demand com-
pared to the previous case. But this does not have to be a problem when there is sufficient effluent water from
the OTEC.

The effluent water of the OTEC can be used in a heat exchanger to cool fresh water in a DCS. The chilled
water in the DCS of about 12°C can be used to cool air in a CRAH unit or to cool another liquid when liquid
cooling is used. A schematic overview of data center cooling with the use of cold deep seawater and cool-
ing with the effluent water coming from the OTEC in combination with air cooling can be found in figures
2.4 and 2.5, respectively. The temperatures in these figures are estimates or based on maximum allowable
temperatures minus a safety factor and desired air/liquid supply temperatures by Wu and Buyya [66].
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Figure 2.4: Working principle data center cooling with cold deep seawater

The water usage of the data center can be coupled to the cooling demand of the data center. The cooling
load of the data center only depends on the operation rate of the IT equipment. Therefore the cooling load is
constant throughout the year regardless of temperature or season [7]. The operation rate of the IT equipment
can change day by and a weekly pattern can probably be made to estimate the operation rate.
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Figure 2.5: Working principle data center cooling combined with the effluent water from the OTEC

2.3.3. Greenhouse cooling

Greenhouse cultivation is a way to grow crops on locations where the climate is normally not suitable for that
crop. This way crops can be cultivated even in the desert. With greenhouses, crops can be protected from bad
weather, high temperatures and humidity levels. For tropical and subtropical regions cooling is considered
to be the most important aspect for successful crop cultivation [31]. But the existing cooling techniques are
not good enough. Refrigeration techniques to cool the air inside greenhouses are expensive and evaporative
cooling is not very effective because of the high relative humidity levels in these regions [31].

Cold deep seawater can be a solution for cheaper and sustainable greenhouse cooling. Both the cold deep
seawater and the effluent cold water from the OTEC power plant, can be used as cold source, depending on
the type of crops or time of the day.

One way to use the cold water is to cool the air in an AC unit. Compared to regular AC systems much
less electrical power is needed, because the part with evaporative cooling of a working fluid to transfer heat
is replaced by the cold water.

Another way to use the cold water is a so called Seawater Greenhouse (SWGH). This type of installation
is developed for arid conditions: climates with high temperatures and little rain. The biggest difference with
the method above is that the cold water is also used to produce fresh water, which can be used as irrigation
water [1].

A third option is cold agriculture. With this method the cold water flows through a PVC pipe system in
the soil of the crops. This way many plants can grow in a tropical climate. Three possible processes can be
pointed out to explain the working principle of cold agriculture. By cooling the roots, a large temperature
difference exist between the roots and the leaves. This enhances the transport of nutrients and fluids to the
leaves which results in enhanced growth. The second process is the condensation of water around the pipes
when the temperature is below the dew-point. The condensate is fresh water which operates as irrigation
water. The fresh water supplied by this process is at least 33% of the water demand by the crops. The last
possible process to explain this method is that nutrient flow towards the roots is enhanced by the condensed
water flow [60].

Working principle
Three possibilities to cool greenhouses have been discussed. Since the SWGH is developed for arid conditions
and the cold agriculture is only applied in experimental research, the scope of this research is limited to the
option of using cold water to cool an air conditioning unit.

Three main configurations can be distinguished for the cooling of greenhouses. The first one is to connect
the greenhouse directly to the cold deep seawater via a DCS. This way the supply temperature of the cold
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water will be around 6°C. In a heat exchanger the hot air from inside the greenhouse is cooled with the cold
water.

The second configuration is to connect the greenhouse to the effluent water coming from the OTEC. The
supply temperature of the cold water than will be around 11°C. The biggest advantage compared to the first
configuration is that less water has to be pumped up from the bottom from the ocean. A disadvantage is that
more water is needed because of the smaller temperature difference between the cold and warm side of the
heat exchanger. Furthermore, this also means that the coldest supply temperature will be higher, because it
can not go colder than the 11°C.

A third option is a hybrid system of the two configurations above. This means both a connection with
cold deep seawater / district cooling system and the effluent water of the OTEC. A reason to implement this
system can be that the desired indoor temperatures of the greenhouse can be different between daytime and
nighttime. For example, when the desired temperature during the day is about 28°C, the greenhouse can
be cooled with the effluent water of the OTEC. If then the desired indoor temperature during the night is
about 16°C, the greenhouse can be cooled with the cold deep seawater / DCS water. This can probably be
accomplished without an increase in maximum cold water mass flow, because it is expected that the cold
water mass flow at nighttime is significantly lower. So in the end, the cold water that is not used by the SWAC
during night is used to cool the greenhouse. A schematic overview of the hybrid configuration can be found
in figure 2.6. The temperatures are based on the information of Priva or estimated.
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Figure 2.6: Working principle hybrid greenhouse cooling system

The coolingload determines the water usage of a greenhouse. The cooling load depends on various variables,
such as: the outdoor temperature, desired indoor temperature, solar radiation, wind speed and the area of the
greenhouse. To calculate the cooling load, an energy balance can be made for a greenhouse. All the heat gains
added should equal the cooling load. In this calculation the heat accumulation can be neglected, because the
assumption is made that the windows of the greenhouse are very thin and does not accumulate heat.

2.3.4. Ocean Thermal Water Production
Less than 3% of the water on planet earth is fresh water. The other 97% is undrinkable (sea)water. More than
2.5% of the 3% is frozen water stored in the Arctic, Antarctica, glaciers and snow. So that leaves only 0.5% of
the total amount of water that is available for human beings. The fresh water is not equally divided over the
planet. Some places have abundant of fresh water, other places have almost no fresh water [14].

For most tropical islands it is 'feast or famine’ when it comes to rainfall. In the wet seasons there is too
much rain, while in the dry season there is too little rain. Many tropical islands already facing water scarcity
during a period of the year. With the expected climate change, the weather extremes will become bigger.



2. Ocean Thermal Energy system
14 (OTEC, SWAC & Ecopark)

Global warming can cause extreme droughts, unusually heavy rainfall and floods, especially on small tropical
islands [40]. This will lead to larger periods of water shortage for these islands.

Due to the fact that tropical islands are surrounded by seawater, desalination plants are often the obvious
solution for the lack of sufficient natural fresh water resources. 90% of these desalination plants use a thermal
process or reverse osmosis [8]. These processes are very energy intensive, using thermal heat or electrical en-
ergy. These conventional processes rely on fossil fuels as energy source, which makes these processes strongly
dependent on the fossil fuel prices. Furthermore, the waste product of these processes is brine water: water
with a higher salinity than the normal seawater. This brine water is dumped into the ocean.

A sustainable way to produce fresh water is to couple desalination techniques to renewable energy sources.
Most renewable energy sources are not suitable, because of the inconsistent nature of these sources. This
means that either the energy or fresh water should be stored, or that the desalination process should be
designed in such a way that it is able to operate perform well in transient state. Furthermore, most of the
renewable energy sources cannot compete with the costs of fossil fuel energy sources [8].

This is not a problem for Ocean Thermal Water Production (OTWP). This thermal desalination process
makes use of the effluent water coming from the outlet of the OTEC to cool humid air and condense part of
the water into liquid. This system benefits from low-cost power, which can be derived from the OTEC power
plant.
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Figure 2.7: Working principle OTWP combined with the effluent water from the OTEC

Working principle

The production of fresh water with the effluent water from the OTEC is more complex than SWAC. The pro-
duction of fresh water is accomplished by condensing part of the water present in the humid air. First the
effluent water of the OTEC or SWAC plant of about 11°C is used as heat sink for the OTWP system. Warm
fresh water is cooled to a temperature of about 12°C by the cold water in the heat exchanger. The tempera-
ture of 12°C has been chosen because the colder the fresh water, the more new fresh water could be produced
per kg cold water.

Cooled fresh water flows to the top of a direct contact condenser, while warm humid air is introduced
at the bottom. Packing material inside the column is used to increase the contact area between the water
and the humid air, which improves both the heat and mass transfer. The humid air cools down to below
the wet-bulb temperature. At this point the air is saturated (100% relative humidity). When the humid air is
cooled down even further, water vapor starts to condensate because the maximum amount of water that can
be contained by the air is exceeded. The result is that at the fresh water outlet the mass flow is higher than at
the inlet, because water vapor is converted into liquid water. Even so, the mass flow of the humid air will be
lower at the outlet of the humid air, because it contains less water. After the condenser the fresh water will be
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split in two streams. One stream, with the same mass flow as at the inlet of the condenser, flows back to the
heat exchanger to close the cycle. The remainder, the amount of water that is produced during this process,
can be used for other purposes.

The produced fresh water is almost pure water that does contain hardly any minerals and therefore is not
suitable as drink water because consumption can lead to health risks [29]. The solution is to remineralise
the water so that the health risks will disappear and the produced water can be used as drinking water. A
schematic overview of the OTWP process can be found in figure 2.7. The temperatures in this figure are based
on the results of a case study for an OTWP on Curagao by Lopez [33].

2.3.5. Aquaculture cultivation

In the report ‘Fish to 2030: Prospects for Fisheries and Aquaculture’, Msangi et al. [36] estimate that by 2030,
62% of all consumed seafood will need to be farmed, including fish for foods and fishmeal, in order to meet
demand. Demand is greatest in certain regions, particularly Asia, where approximately 70% of fish will be
consumed. The report states that aquaculture will help satisfy the world’s growing appetite for fish as human
populations continue to grow. Therefore an urgent need for sustainable aquaculture is needed.

The deep seawater that is pumped up for OTEC can be used for sustainable aquaculture. The first of three
reasons why the DOW can be used for aquaculture cultivation is that the deep seawater is nutrient-rich. This
is beneficial for the growth rate of fish or other sea animals. The second advantage of DOW is that it is virtually
pathogen-free. This means that there are almost no bacteria, no viruses and has very few viable plant cells.
The result is the possibility of cultivating very sensitive larval stages. The last advantage of the deep seawa-
ter is the temperature. Animals that cannot tolerate tropical temperatures can be cultivated. Furthermore,
temperatures can be easily be maintained by controlling the cold water flow rate or by combining DOW with
surface seawater. This way every possible temperature between the cold water and the surface water can be
obtained throughout the year [10].

Aqua farm

Figure 2.8: Schematic overview of a possible configuration of aquaculture with direct cold deep seawater and hot surface water

Working principle

The nutrient-rich, virtually pathogen-free and cold deep seawater can be used for aquaculture cultivation.
The (cold) seawater can be used in basin to grow the fish, shrimps and other sea animals. The required water
temperatures can vary between different species. Therefore the aqua farm should probably be connected to
both the cold deep seawater as the hot surface water. The deep seawater can be mixed with the hot surface
water to reach the desired temperature. Depending on which species are cultivated, it can be possible to use
the effluent water of the OTEC as cold water source. Furthermore, it also might be possible to connect it to
the effluent water of the Ecopark. A schematic overview of aquaculture with direct cold deep seawater and
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hot surface water can be seen in figure 2.8.

2.3.6. Algae cultivation

A special kind of aquaculture cultivation is algae production. Algae can be separated in two main categories:
macroalgae and microalgae. Macroalgae are better know as seaweed and is plant like, while microalgae are
unicellular species.

Macroalgae

Seaweeds have been used for food and nonfood purposes for thousands of years. In Southeast Asia most
countries have a long history of using edible seaweeds. For example, in Japan seaweed is used to make nori,
the dried seaweed sheets used for sushi and in Indonesia and Malaysia seaweeds are used in salads. In Eu-
rope seaweeds were not directly used for food. Seaweeds were used to feed animals since approximately 100
BC (Greece), for agricultural applications (Ireland and Scotland) or for medicinal purposes (Mediterranean
countries). Where seaweeds are taken from natural resources in Europe, seaweeds are mostly cultivated in
Asia for multiple purposes [61].

Almost 21 million tons of seaweeds are utilized worldwide (2012). More than 94% of the seaweeds are
produced by aquaculture, leaving less than 6% of the total amount of seaweeds being harvested from nature
[64]. One of the things that make seaweed farming sustainable is that no pesticides or other chemicals are
used. Compared to regular agriculture or fish farming, the production costs can be lower and the production
is more sustainable when no chemicals or pesticides are used [52].

Microalgae

Microalgae are very small plants that can live in aquatic habitats like lakes, rivers or seas/oceans. It is esti-
mated that more than one hundred thousand species of algae exist, whereof only about ten thousand have
been classified and only about 20 species are used for economic purposes [48].

Microalgae can be used in many different ways. For a long time they have been used as food supplements
like antioxidant pigments, fatty acids and proteins. Furthermore microalgae can be used as animal feed. Nor-
mally fish are fed with fish meal: a product obtained by drying and grinding or otherwise treating fish or fish
waste to which no other matter has been added (FAO, 1986). Instead of using fish meal, algae can be used as
supplement or might completely replace fish meal [48]. Another possible application for microalgae is to use
it for bioplastics and other chemicals. For example, in Germany more than 5% of the imported crude oil is
used for the production of plastics. By using microalgae instead of crude oil for the production of these prod-
ucts the plastic industry can be made (more) sustainable [48]. Likewise, microalgae can be used to produce
biofuels. The first generation of biofuels were made out of crops like sugarcane and corn. Disadvantages of
the first generation are that they rely on food crops and have low yields. The second generation biofuels are
made of nonfood crops as biomass. The net energy of the ethanol obtained by these biomass sources is higher
than the first generation, but complex fuel processing increased the cost and lowered the yield. Eventually the
third generation biofuels were developed to cope with the food versus fuel problem. This problem is solved
with algae cultivation because it is independent of agricultural production [4]. Even more, microalgae can
produce up to five times more biomass per unit area than conventional sources of biomass [48].

For the production of macro- and microalgae the DOW pumped up for OTEC can be used as water source.
Many algae species can grow in salt water [48]. Furthermore are all the advantages mentioned for aquaculture
in subsection 2.3.5 are applicable for algae cultivation. The nutrient-rich, virtually pathogen free and easily
adaptable water temperature combine the ideal growth conditions for algae. The last factor needed to grow
algae is sunlight, but that would not be a problem for tropical islands.

Cultivation techniques macroalgae
In nature, seaweeds grow typically in relatively shallow coastal waters. This is due to the fact that seaweeds
need sufficient sunlight to grow and they need to have a foundation on which they are attached to grow,
normally the sea floor. The roots of seaweeds are only used for the attachment to the substrate, like an anchor.
Contrary to land-based plants, the supply of nutrients, water and dissolved gases goes through their entire
body instead of through the roots.

Main seaweed cultivation techniques are: line cultivation, net cultivation, floating raft cultivation and
tank or pond cultivation. The first three techniques are sea-based and do not need OTEC water to grow. Tank
or pond cultivation can make use of OTEC water. The advantage of tank or pond cultivation compared to
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the other techniques is that the habitat can be controlled for optimal growth and is suitable for intensive
production. Furthermore, seaweed species that normally grow in other climate conditions can be cultivated.
Tank or pond cultivation is often considered for intensive, small scale applications but are also suitable for
large scale applications, like the Green Desert Project destined for coastal areas in the Sahara [62].

Cultivation techniques microalgae

The first way to cultivate microalgae is the Raceway Pond. A raceway pond is a closed-loop flow channel. The
algal broth is continuously mixed by a paddle wheel in a channel with a depth of approximately 25-30 cm. A
raceway pond can come in different sizes, but typically they will not exceed a surface area of 0.5 ha, although
they can be larger. The advantages of a raceway pond are that they are inexpensive and effective. However,
they suffer from a relatively low productivity and they are sensitive for weather influences and contamina-
tions, because they are not separated from the environment [6].

The other way to cultivate microalgae is to make use of a Photobioreactor (PBR). There is a diversity in
PBR configurations, such as flat panel, cylindrical or tubular systems. This variety in technologies is a con-
sequence of research in optimizing light capture, system integration, scale of production, algae species, tem-
perature, etcetera. The benefit compared to a raceway pond is that a PBRs can cultivate algae with higher
biomass yields and have significant smaller footprints. The disadvantages are that PBRs are more complex
and are more expensive than raceway ponds [50].

The working principles for both macroalgae and microalgae combined with OTEC are quite the same. The
effluent water coming from the OTEC is transported to the production facility. At the production facility the
cold water can be mixed with hot surface water to control the temperature of the water. Furthermore fresh
water can be mixed to control the salinity or the nutrient level. Then the mixture can flow into the tank, pond
or photobioreactor where the algae can grow. It might be needed to cool the mixture of water and algae for
optimal growth rates. In that case cold water can be used to cool the mixture. A schematic view of algae
cultivation combined with OTEC can be seen in figure 2.9.
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Figure 2.9: Schematic overview of a possible configuration of aquaculture with direct cold deep seawater and hot surface water

Because of the scope of this research, the biorefinery and product development part of algae will not be
investigated. Only the water usage for the cultivation of algae will be taken into account.

The water usage of algae cultivation depends on a lot of variables. The annual water input (m3/m?/yr)
needed for cultivating is the sum of all the water losses as shown in eq. 2.1 [13]:

Vinput = Vfill ’Ffreq + Vevap + Vleakage"‘ Vblowdown + Vphoto + Vharvest + Vdrying+ Vpiomass+ Vgraywater 2.1)
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In this equation V. is the total volume to be added to the system in (m3/m2/ yr). Vrip is the water re-
quired to fill up the system and F¢ .4 is the frequency of fillings per year. Vjgqrqge is the water leakage rate
per year, Vpowdown the water removed to control the system and V)¢, the water loss due to photosynthesis
(negligible). Furthermore, Vj, 4 yes: is the water loss due to the water that is carried out of the pond as a result
of harvesting. Vj;ying and Vpiomass are part of the biorefinery process and will not be taken into account
in this research. When the nutrients are perfectly recycled, the gray water footprint Vg;aywarer can also be.
However, the biggest water loss for open systems comes from evaporation. The evaporation rate is related to
the solar radiation, wind velocity, temperature and relative humidity. Since a PBR is a closed system, evapo-
ration is not a problem [13].

From all these water losses, only Vr;1;, Viarvesr and Vijowdown (Vieakage can be neglected) have to be
compensated with seawater. The other water losses, like due to evaporation, have to be compensated with
fresh water. This would imply that the water demand will not be constant, but more in batches. Only the
water usage due to blowdown, to control salinity, nutrient level and temperature, is probably quite stable but
can fluctuate by weather influences.

2.4. Integration of OTE subsystems

An OTE system is a system where all the DOW subsystems are integrated. But the integration can be done in
various ways and therefore several configurations are possible. An OTE system can be separated into two or
three layers. The primary layer contains the subsystems that are connected to the cold deep seawater. The
secondary layer contains all the subsystems that are connected to the effluent water coming from the primary
layer. In between a hybrid layer is possible for subsystems that can use both the cold deep seawater and the
effluent water from the primary layer.

A possible configuration for an OTE system can be seen in figure 2.10. This configuration has OTEC, SWAC
and data center cooling connected to the cold deep seawater and OTWP, greenhouse cooling, aquaculture
and algae cultivation connected to the effluent from OTEC, SWAC and data center cooling. Furthermore
aquaculture and algae cultivation are also connected to the warm effluent water from the OTEC. With all the
methods described in subsection 2.3.1 to 2.3.6 a lot more configurations can be made, but figure 2.10 is only
used as example of a possible configuration.
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Figure 2.10: Schematic overview of a possible configuration of an Ocean Thermal Energy system
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2.5. Boundaries

Before the model can be developed it has to be considered for each subsystem if it is relevant to model it. It
is estimated that OTEC and SWAC will use the largest amounts of cold water. Thereby it is expected that the
demand of SWAC can vary a lot per day, because the cooling demand depends on the temperature and solar
radiation. The variation of DOW usage by OTEC will not vary much per day, but seasonal changes can have
effect on the water usage. Furthermore the cooling demand of a data center can be high, so it will be modeled
too. Greenhouse cooling will also be taken into account, because it is expected that the water usage can vary
a lot per day. The fresh water production in the OTWP installation will also be modeled because the fresh
water produced can be a very valuable product for the local market.

Aquaculture and algae cultivation will be left out in the model of a OTE system. Firstly, many species can
be farmed or cultivated, all with different environmental conditions. It is not clear in advance which species
will be cultivated, so it will be difficult to make assumptions for environmental conditions. Furthermore, for
aquaculture it can probably be assumed that the water usage will be constant over day and may vary a bit
over a year. Also For algae cultivation the seawater usage can be assumed to be like a batch process. This
water usage also depends on species and intensity of cultivation and is hard to predict for a general model.

At last, the flow rates for these two subsystems is estimated to be low. For example, for a raceway pond the
evaporation rate in tropical region is estimated to be 4.59 m®/m?/yr. This is the same as 1.46-10~7 kg/s/m?.
Compared with the largest Spirulina farm of the world (2015, California, USA)[30] with a surface area of about
185,000m?2 (37 ponds of 5000m2), the evaporation rate would be 27 kg/s. Assuming that the water loss due
to evaporation is larger than water loss that has to be compensated with seawater, that on tropical islands the
algae farm will be smaller and that algae cultivation does not uses cold deep seawater and therefore does not
has an impact on the CWP diameter, it seems reasonable to not take aquaculture and algae cultivation into
account.






Modeling

In this chapter it will be explained how all the subsystems and OTE system are modeled. In section 3.1 the
method to approach all the subsystems and the integration into an OTE system will be discussed. After that
the modeling of each component will be discussed in section 3.2. The model integration into an OTE system
will be discussed in section 3.3. Lastly, three optimization methods will be discussed in section 3.4.

3.1. Method

Before the model can be developed, it has to be considered what the goal of the model is and how this goal
can be reached. The main goal of the model is to integrate all the subsystems of an OTE system, to investigate
the synergies and research if time-dependent integration of the subsystems yield significant advantages in
cold deep seawater usage compared to a non-integrated system. Therefore it is necessary to make clear what
time-integrated and non-integrated OTE system means in this context.

¢ Non-integrated: An OTE system where all the components are connected, but synergies are not taken
into account. The water demand is delivered at the moment that it is needed. The maximum water
usage is calculated as the sum of the maximum values of the subsystems.

¢ Integrated: An OTE system where all the components are connected and time-integrated. The water
demands of the subsystems are added before the maximum of the total water usage is calculated, so
synergies are taken into account. When peak demands are all at the same time, the maximum water
usage is the same as with the non-integrated OTE system. However, when the peak demands of the
subsystems are not at the same time, the maximum total water usage will be lower than in case of the
non-integrated OTE system.

The comparison between the non-integrated and the integrated OTE system will be done in a quasi-static
model. This means that for each component the water demand will be calculated with a step size of an hour
for the timespan of a year. Seasonal variations will be visible and the water demands can be added together.
The dynamic behavior is not taken into account in this way, but it is assumed that this will not have a signifi-
cant impact on the order of magnitude and the fluctuations in water demands.

The model will be written in Python version 2.7 [51]. Python is a widely used high-level programming lan-
guage for general-purpose programming. The main reason to use Python is that Bluerise makes use of Python
as programming language.

The Python model will be made in a modular way. The water usages of the subsystems will be calculated
in a module and the modules are connected in a main-file to simulate the complete OTE system. All the sub-
systems will have the same output, namely the water usage of the component for the timespan of a year. This
way it will be easy to interchange a module for an optimized module of the same component.

3.2. Components

The modeling of the components is an essential part of this master thesis. Because of the complexity and the
many components, it has been chosen to simplify the components when necessary. This way the simulation
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time is reduced. The way each component is modeled will be discussed in this section. This will be done for
OTEC, SWAC, data center cooling, greenhouse cooling and OTWP in subsections 3.2.1 to 3.2.5, respectively.

3.2.1. OTEC
There are two ways to calculate the water usage of the OTEC cycle. The first one is to look at it as a wind
turbine. It has a rated capacity, but the capacity factor is well below 1. This way the OTEC power plant will
produce the rated capacity for a certain time period per year, while for the other period it will be less.

The other way to look at an OTEC cycle is to produce the rated capacity no matter what the external con-
ditions are. This way the capacity factor is 1, but this results in larger fluctuations in water usage. Since the
purpose of OTEC is to supply base-load electricity, the OTEC module is modeled in this way.

The modeling of the thermodynamics of the OTEC can be very hard and complicated. To make this more
simple a power curve can be made. This power curve is based on the Carnot efficiency. The Carnot efficiency
can be calculated with eq. 3.1, where T¢ and Ty are the temperature of the cold deep seawater and the
temperature of the hot surface water (in K), respectively.

Tsw,C

(3.1)

Necarnot = 1—
Tsw,H

But since the Carnot efficiency is the maximum theoretical efficiency, this efficiency has to be corrected with
another factor. A rule of thumb for OTEC is that the efficiency due to all the irreversibilities is about 50% of the
Carnot efficiency. With a factor of 7;,,, = 0.47 and an expected thermal efficiency of 3-4% [26] for an OTEC
power plant, this model is quite close with a thermal efficiency of 3.2% and 4.0% for a temperature difference
0of20°C and 26°C, respectively. Therefore the thermal efficiency can be calculated with eq. 3.2, and the results
for the Carnot efficiency and the thermal efficiency versus the temperature difference between the cold deep
seawater and the hot surface water can be seen in figure 3.1.

Tc
Neh =Nirrev- |1 — 7 (3.2)
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Figure 3.1: Carnot and thermal efficiency versus temperature difference between T and Ty

Furthermore, the thermal efficiency can also be calculated as the work done by the system divided by the heat
into the system as can be seen in eq. 3.3:
W, - W,
Nip=—>— 3.3)
' Qu
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The formula to calculate the electrical power demand (P.) can be found in eq. 3.4. Since the P, and 1), are
known inputs, eq. 3.4 can be rearranged to calculate the turbine work, see eq. 3.5.

pe =TMNgen- (Wt - Wp) (3.4)
. P, .
W= —"=+W, (3.5)
Ngen

There are still two unknowns in eq. 3.5, namely the turbine work and the pumping power. The pumping
power is the power required to pump up the cold deep seawater from the bottom of the ocean and the power
required to circulate the working fluid. For OTEC the power required to pump up the DOW is quite large
and the energy losses due to pumping are estimated to be about 20-30% [24]. When it is assumed that the
pumping power is 25% of the turbine work [24], eq. 3.5 can be rewritten to eq. 3.6.

4 P,
3 Ngen

However, to calculate the mass flow of the cold water, the heat rejection in the condenser should be calcu-
lated. The heat rejection of the system (the cooling) can be calculated with the energy balance, see eq. 3.7.

W,

(3.6)

Qc=Qu-W; 3.7

By combining and rearranging eq. 3.2, 3.3, 3.6 and 3.7, the heat rejection in the condenser can be calculated
with eq. 3.8.

Qc

_‘_1 P, '(1—Tlm) 3.8)

3 Ngen Nth
Now the mass flows of the cold and hot water side can be calculated. In eq. 3.9 the formula to calculate the

cold deep seawater mass flow is show and the formula to calculate the hot surface water mass flow can be
seen in 3.10

. Qc
m = 3.9
C,0TEC Corow D smc (3.9)

. Qu
177 = 3.10
H,0TEC Corow D (3.10)

Because the temperature changes relative to the absolute temperatures are quite small, it is assumed that
the Cp sy is a constant of 4.18 kJ/kgK. The AT is the difference between the inlet temperature of the con-
denser/evaporator and the outlet of the condenser/evaporator. This temperature difference has to be taken
as input of the model. Since the inlet temperature of the condenser and evaporator are specified due to the
cold deep sea water and the hot surface water, only the outlet temperatures have to be chosen. The outlet
temperature of the OTEC is important for all the other applications that can make use of the 'waste’ water.
For this model the temperature of the waste water is set to 11°C. This is because of the restriction for SWAC,
and this will be explained in detail in subsection 3.2.2. The temperature difference of the hot water is set to
be 4°C at all time.

As an example, the calculated cold and hot water mass flows with this model for a 10 MW OTEC power plant
versus the temperature difference between the cold and hot water can be seen in figure 3.2. The temperature
inputs for this example are:

* Tcin =5°C

L TC,out =11°C

* THin =15°Cto 30°C
* THout =Tyin-4°C

In this figure it can be seen that the required hot water mass flow varies from about 25 000 kg/s to 15 000
kg/s for a temperature difference of 15°C to 30°C, respectively. The cold deep seawater mass flow varies from
about 16 000 kg/s to about 10 000 kg/s. It could be expected that the mass flow of the hot water side would be
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higher, because Qy > Q¢ (eq. 3.7) and ATy < ATc.

Furthermore it can be seen that the lines of both mass flows are not linear. This means that slope increases
with a lower AT and decreases with a higher AT between the cold and hot water side. This is an effect of the
fraction in eq. 3.2.

The inputs needed for the OTEC module are:

e Electricity demand (P,)

» Temperature cold deep seawater (T¢,; )

* Temperature hot surface water (Tq,; )

* Specific heat capacity of seawater (Cp,sw)

* Temperature of the cold effluent water (T¢,oyr)
» Temperature of the hot effluent water (T o, 1)

—
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Figure 3.2: Cold and hot water mass flows versus temperature difference between T¢ and Ty for a 10 MW OTEC power plant

3.2.2. SWAC

The difficult part of the SWAC module is to model the demand curve. For some locations with existing build-
ings the cooling demand curve can be constructed with the help of measurements. But for other locations
the cooling demand curve of the DCS might not be present. The only way to get detailed information is to
monitor the cooling demand of every single building that would be connected to the cooling network. This
would cost a lot of time to investigate, and might be impossible when the buildings are not built yet. Since
the purpose of this model is not to be very detailed but give a good overview of the interaction between the
applications, a simple method has to be developed to estimate the cooling demand curve of the SWAC.

The easiest way to develop a cooling demand curve is to use a sinusoidal function. Every day a top peak
demand can be expected somewhere around 6PM, depending on the location and end user. The bottom peak
demand should then be equal to the lowest point of the sinusoidal wave. But just like the weather, the cooling
demand is not the same every day. Therefore the seasonal changes have to be implemented in the demand
curve.

These seasonal changes can be taken into account when the cooling demand is calculated per hour with
a simple energy balance. With an desired indoor temperature, the cooling demand can be calculated as a
function of the outdoor temperature, solar radiation and total surface/volume that needs to be cooled. Since
not all buildings have the same shape, it should be investigated if different calculations have to be done for
different types of buildings or that one calculation for an average building is enough. The disadvantages of
setting up such an energy balance are that it can be very time consuming to calculate the cooling demand
for each building and that heat accumulation is not taken into account with this calculation, while this might
have a huge impact on the cooling demand.
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Therefore a model is made to predict the cooling demand as function of the temperature and the solar radia-
tion which takes heat accumulation into account. This is done with the help of measured data of the cooling
of Hato Curacao International airport by Greenvis [27]. The validation of this correlation to estimate the cool-
ing demand can be found in appendix A.

The correlation can be seen in eq. 3.11. The output of this correlation is the cooling demand in percent-
age of the maximum cooling demand in a year. In this correlation SF is the Solar Factor. The SF is a factor
consists of the monthly average solar radiation divided by the monthly average of the month with the highest
average solar radiation. The environmental temperatures are in °C. The heat accumulation is modeled by
taking the temperature measured four hours before the peak demand. This way the peak in cooling demand
happens four hours after the maximum temperature is reached. The cooling curve for Curagao 2016 can be
seen in figure 3.3.

. Tenv(h—4)
Qcurveswac(h) = SF+ ——— (3.11)

Ten v,max

To calculate the actual cooling, the cooling demand curve can be multiplied by the maximum expected cool-
ing demand of the DCS, as can be seen in eq. 3.12

QC,SWAC = QSWAC,max : chrve,SWAC (3.12)

Now that the demand curve can be calculated as a function of the environmental temperature and solar
factor, the calculation for the cold deep seawater mass flow is straightforward. The fresh water in the district
cooling system is cooled with the cold deep sea water in a heat exchanger. The energy balance of a the heat
exchanger can be found in eq. 3.13.

mfw,SWAC : Cp,fw : (wa,in - wa,out) = mC,SWAC : Cp,sw . (TC,out - TC,in) (3.13)

Eventually by rewriting eq. 3.13, the deep seawater mass flow for SWAC can be calculated with eq. 3.14.

mfw,SWAC : Cp,fw . (wa,in - wa,out)

me,swac = (3.14)

Cp,sw . (TC,out - TC,in)

It can be assumed that C), 7, and Cp, 5,y are constant because of the small temperature differences.
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Figure 3.3: The cooling demand curve of the SWAC for Curagao 2016
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The inputs for the SWAC module are:

¢ Maximum cooling demand (QSWAC, max)

* Temperature of the cold water at inlet (T¢ ;)

» Temperature of the cold effluent water (T¢, oy1)
* Specific heat capacity of fresh water (Cp, £,,)

* Specific heat capacity of seawater (Cp su)

¢ Environmental temperature (Te;,)

e Solar Factor (SF)

3.2.3. Data center cooling

To model the data center cooling load, a few assumptions are made. First of all the assumption is made that
the data center cooling is independent on the outside environment. In other words, it is assumed that the
cooling load induced by the temperature difference between inside and outside the data center is very small
compared to the heat generated by the IT equipment [7].

Furthermore there is a daily fluctuation in energy consumed by the IT equipment. When more people are
using the internet, more IT equipment is used in a data center and the cooling load will be higher. The peak
demand of the internet usage can be expected at 8PM, while the bottom low point is between 4 AM and 6 AM
in the morning, as can be seen in figure 3.4.
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Figure 3.4: Daily internet traffic for North America and Europe [21]

Although the internet usage bottom point is about 50% of the peak usage, this is not the case for the cooling
demand of the data center. Low processor activity does not translate directly into low power consumption of
the server. Even in idle mode most of the server processors consume 70-85% of the peak power [7], as can be
seen in figure 3.5.
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Figure 3.5: Server power versus CPU processing time [7]

The assumed capacity factor of the bottom low peak for this model is 90%. The value of 90% is assumed
because with 40-50% bottom low internet usage, 40-50% of the servers are consuming 100% of the peak power
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and 50-60% of the servers are consuming 70-85% of the peak power. There also might be a difference between
the internet usage during the week and in the weekend, but this is not taken into account in this research.

A data center cooling curve can be constructed based on figures 3.4 and 3.5 and the assumed capacity
factor of 90% for the bottom peak demand. The cooling curve is constructed out of four parts. The first part is
from Oh to 5h, the second part is from 5h to 10h, the third part is from 10h to 21h and the last part is from 21h
to 24h. All four parts can be described as a part of a sinusoid. The functions for the four parts can be found in
eq. 3.15 and the simulated daily cooling curve generated with this equation can be seen in figure 3.6.

0.95+0.05-cos(&2.2m)  if h<5
0.96-0.06-cos(L2-2m)  if 5<h<10

) (h) = (3.15)
Qeurve,Data 0.96+0.04-sin("1%-27)  if 10<h<21
0.95+0.05-cos(22L -2)  if h>21
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Figure 3.6: The daily cooling curve for the data center cooling

The cooling curve in figure 3.6 can be repeated day after day to eventually generate an hourly cooling curve
for the timespan of a year. At the point of 2 = 10 there is a small hitch in the function. This point is continuous
but not differentiable, because the slope of the function is not the same for the limits on both sides.

The cooling demand can be calculated by multiplying the maximum cooling demand Qc, ;4. With the cooling
curve Qcurve,Data» S€€ €q. 3.16:

QC,Data = QC,max : chrve,Data (3.16)

In this equation Q¢ mayx is an input. The maximum cooling demand can be calculated in a few ways, but for
this model it is assumed that the maximum value is known. The model is made in such a way that QC, max can
be entered in both kilowatts (kW) and Refrigeration Tonnes (RT) as unit.

The cooling demand calculated in eq. 3.16 should be the load that normally is cooled by a chiller. This
means that it includes the losses due to the heat transfer of the chilled water to the cooling fluid. Furthermore
it is assumed that the heat transfer losses from the cold source (cold deep seawater of effluent water) to the
fresh water are negligible compared to the total heat transfer, which means that the heat exchanger efficiency
is assumed to be 100%. The mass flow of the cold water demand for the data center can be calculated with
eq. 3.17.

. QC Data
mC,D ta= : (3.17)
aa Cp-(Tc,our — Tc,in)
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In this formula, both T¢ ;, and T¢,,; depend on the configuration of the data center in the OTE system.
When the data center is connected to the DCS that uses the cold deep seawater as cold source, T¢,;, = 6°C
and T¢,our = 11°C. When the data center is connected to the DCS that makes use of the effluent water com-
ing from the OTEC as cold source, T¢,;, = 11°C and T¢ ,,; depends on the return temperature for the cooled
air or liquid. Furthermore the specific heat capacity, Cp, of the water is assumed to be constant, since the
temperature difference between inlet and outlet is small.

The inputs needed for this module are:

¢ Maximum cooling demand (Qc,max)

¢ Unit of maximum cooling demand (kW or RT)
* Water temperature at inlet (¢ ;)

* Water temperature at outlet (T¢, oy1)

* Specific heat capacity of water (Cp)

3.2.4. Greenhouse cooling

To calculate the cooling demand of a greenhouse, an energy balance over the greenhouse needs to be made.
This is done for a greenhouse with an area of 1 ha. It is assumed that a greenhouse with an area of x ha will
have an x times higher cooling demand than a greenhouse of 1 ha.

For the calculation of the cooling demand, only the convective and the radiative heat transfer are taken
into account. This is based on the calculations done by Priva, a company that is specialized in (sustainable)
climate control for buildings and greenhouses [49].

The convective cooling load of a greenhouse can be calculated with eq. 3.18, better known as Newton’s
law of cooling.

QC,conv =h-Ach" (Teny — TGH,desired) (3.18)

A disadvantage of this calculation is that the convective heat transfer coefficient has to be calculated. This can
be very difficult, because heat transfer correlations that depend on various dimensionless numbers should
be used to calculate the heat transfer coefficient.

Another way to calculate the convective heat transfer is to make use of an simplified correlation. The
correlation used by Priva to calculate the convective heat transfer can be found in eq. 3.19 [49]. Compared to
eq. 3.21, the heat transfer coefficient is replaced by a two factors and the wind speed. The greenhouse factor
fcr and the wind factor f, are constant, while the wind speed can be taken from environmental data. The
values of the greenhouse and wind factor are taken from the data of Priva (Bron).

100+ fuw - Vwind
100

The formula for the radiative cooling demand can be found in eq. 3.20. The global horizontal radiation
Gglobal is the power in W/m? received from the sun. The shading factor fi},44. is the fraction of radiation
that is blocked by shades and does not enter the greenhouse. The value of the shading factor is also based on
the model of Priva (bron).

QC,conv = fGH : “AcgH " (Teny — TGH,desired) (3.19)

. Gglobal .
1000
The total cooling demand does not equal the sum of the conductive and the radiative cooling demand. The
convective cooling will only be taken into accountwhen T, > TG desired, bECause otherwise the convective

cooling will be negative. The calculation of the total cooling demand Q¢ g can be found in 3.21.

QC,rad = AGH (1~ fshade) (3.20)

. (3.21)

o) _ ) Qcrad if Teny < TGH desired
C,GH — . .
Qc,conv + Qc,rad if Teny = TgH,desired

A drawback of modeling the greenhouse cooling demand this way is that thermal accumulation is not taken
into account. Since greenhouses are made from glass, this is not a problem for the building. But the heat ac-
cumulation in the soil might be present in reality. Furthermore with this calculations the inside temperature
is kept constant by cooling at the same rate as heat is coming into the greenhouse. In reality there might be a
dynamic system to control the temperature between certain limits. However, this calculation can give a good
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insight in the maximum amounts of cooling needed.

When itis assumed that the heat exchanger has an efficiency of 100%, the formula to calculate the greenhouse
water usage can be found in eq. 3.22.

. QC GH
mc,GH = : (3.22)
Cp - (Tc,our — Tc,in)

Just like the data center cooling, the greenhouse cold water demand depends on the configuration in the OTE
system. In the first configuration the greenhouse is connected to the DCS with the cold deep seawater as cold
source. In that case T¢,;, = 6°C and T¢,our = 11°C. The second configuration is to connect the greenhouse
to effluent water cooled DCS in the Ecopark. Then the T¢;, = 11°C and T¢ oy Will depend on T gesired-
A third configuration is a hybrid system, with both connections to the deep seawater and the waste water.
This might be beneficial for some crops that only have to be cooled to a low temperature during a part of the
day or night. In this case TGy gesireq becomes a variable. During daytime the greenhouse can be cooled with
waste water, when TGy, desireq i high (for example around 28°C). During the night the greenhouse can be
cooled with the deep seawater to a lower temperature (for example around 16°C).

The inputs needed for this module are:

 Total greenhouse area (Agy)

¢ Environmental temperature (T,y,)

* Water temperature at inlet (T¢,; )

¢ Water temperature at outlet (T¢, oy¢)

* Global horizontal solar radiation (Ggopar)

* Desired greenhouse indoor temperature (TG desired)
¢ Wind speed (Vying)

¢ Greenhouse factor (fGp)

e Wind factor (f;,)

¢ Shading factor (fsnade)

3.2.5.0TWP

For the calculation of the amount of fresh water that can be produced per kg of air, a h-s diagram for air (bet-
ter known as Mollier diagram or psychrometric chart) can be used. The Mollier diagram is a thermodynamic
chart for properties of humid air at constant pressure, usually the pressure at sea level. The parameters used
in this chart are the dry-bulb temperature, wet-bulb temperature, dew point temperature, relative humidity,
humidity ratio, specific enthalpy and specific volume. When two of these parameters are known, the other
parameters are fixed.

Since this chart can not be used for calculations with Python, the Humid Air Properties function of Cool-
Prop is used [3]. The equations for the Humid Air Properties implemented in CoolProp are based on a publi-
cation by Hermann et al. [18], which describes the outcome of the ASHRAE research project ASHREA-RP1485.
The same source has been used in the ASHRAE Handbook 2009 to generate reference saturation property ta-
bles. Three inputs are needed for the Humid Air Properties, compared to two for the Mollier diagram. This is
because the pressure is fixed for the Mollier diagram, while the pressure is variable for the Humid Air Proper-
ties module of CoolProp.

To make it clear how the produced amount of water is calculated with the Humid Air Properties in Coolprop,
an example is made based on the Mollier diagrams that can be found in figure 3.7. First the humidity ratio
(Q;p) of the air at the inlet is calculated. The humidity ratio is the amount of water vapor per kg dry air. The
humidity ratio at the inlet can be calculated with the environmental temperature, the relative humidity and
the environmental pressure. The values of these parameters are:

* Tairin =28°C
® Pai,in =1.01325 bar
* RHairin =70%

* Qin =17 gl/kg
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This can also be seen at point 1 in figure 3.7. The cooling of air can be best simulated as an adiabatic process.
This means that the cooling till the saturation/dew point is isenthalpic. The wet-bulb temperature corre-
sponding to the air at the inlet can be calculated with Coolprop. In the example the wet-bulb temperature at
the dew-point is 24°C, see point 2 in figure 3.7.

At the dew-point the relative humidity is 100%, which means that the air cannot absorb more water at that
point. Together with the wet-bulb temperature and the pressure, the humidity ratio at the wet-bulb point can
be determined. This is the maximum humidity ratio, and in this example Q,,» = 18.6 g/kg.
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Figure 3.7: Mollier diagram for the example with Teyy = 28°C, Pepy = 1.01325 bar, RH =70%, and Ty, oy = 15°C

The next thing to determine is the humidity ratio at the outlet. This depends on the outlet air temperature.
The outlet air temperature ;. 0, can be chosen, but depends on the pinch temperature in the heat ex-
changer. In this example the air is cooled till 15°C. With this temperature, the relative humidity of 100% and
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the environmental pressure, the humidity ratio at the outlet can be determined. The humidity ratio at the
outlet in this example is Q,,; = 11 g/kg, see point 3 in figure 3.7.

Now the difference in humidity ratio can be calculated with eq. 3.23.

AQ = Qmax — Qour (3.23)

In case of the example, AQ = 7.6 g/kg. The required air flow at the inlet that is needed to produce the de-
manded fresh water output then can be calculated with eq. 3.24 and the air mass flow at the outlet can be
calculated with 3.25 (with AQ in kg/kg).

mfw demand
rainin = — At 3.24
air,in AQ ( )
Mair,out = Mair,in* (1 —AQ) (3.25)

Eventually the required cooling demand that is needed to cool the air from point 1 to point 3 can be calcu-
lated. Therefore the enthalpies should be known for point 1 and point 3. The enthalpy at the inlet iy,
can be calculated with Ty;,in, Pair,in and RHg;r,in. The enthalpy at point 3, hgir,our, can be calculated with
Tairout» Pair,our and RHyir our = 1. For the example in figure 3.7, the enthalpies are:

* Ngirin =72kJlkg
* Nairout =42 kJjlkg

Next the cooling demand is calculated in eq. 3.26.

QC,air = mair,in . hair,in - muir,out : hair,out (3.26)

The hot air is cooled in a direct contact condenser with cold fresh water, see figure 2.7. This condensation pro-
cess is difficult to model exactly, because it depends on many variables and heat/mass transfer correlations.
Therefore it is much easier to model the condenser in an ideal situation with 100% efficiency. It is assumed
that this does not affect the cold water demand significantly, because an exact model is used to optimize the
cost and size of an OTWP, not the cold water usage. So in this case it can be assumed that the heat rejected by
the hot air equals the heat absorbed by the fresh water, which means that Q'C,a,- F= Q'C, fw-

The last part to calculate is the cold water demand of the OTWP installation. It can be assumed that the heat
rejected by the fresh water in the heat exchanger equals the heat absorbed by the effluent water in the Ecopark
(the cooling demand of the OTWP), which means that Q'c, fw= QC,OTW p. With that assumption the effluent
water demand can be calculated with eq. 3.27.

. Qc,orwp
me,oTwp = : (3.27)
Cp-(Tc,our — Tc,in)
In this formula, T¢ ;, depends on the output temperature of the OTEC/SWAC water. T, oy is a variable and
should be estimated properly. The limiting factor here is that T¢ o, cannot be higher than Ty, oy,¢, which will
be around 17°C.

The demand curve of the OTWP can be managed in two ways. The first is to adjust the cycle to have a steady
output of the demand in kg/s fresh water. This means that the cold water coming from OTEC/SWAC should
be variable. The second is to predict the temperature and relative humidity of the coming day to calculate
the average water flow coming from the OTEC/SWAC to fulfill the demand over a day. Furthermore the op-
erational hours of the OTWP can be 24/7 or just a part of the day/night. Even though at night may sound
strange, this is possible because of the relative high temperatures at night and stable relative humidity for
tropical regions. In this model the demand of the OTWP is modeled to have a fixed water production.
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The inputs of the OTWP module are:

* Fresh water demand 7y, gemana (in dL;;,)

e Environmental temperature (Ty; i)

¢ Environmental pressure (pgir,in)

* Relative Humidity (RHgir,in)

¢ Temperature air out (Tyir,our)

* Water temperature at inlet (T¢,;,)

* Water temperature at outlet (T¢,our)

* Fresh water temperature at condenser inlet (T, i)

* Fresh water temperature at condenser outlet (T, ou1)

3.3. Model integration
Now that all the subsystems are modeled, all these modules can be combine to model the OTE system. The
subsystems are modeled in such a way that they can be imported as functions in a master file. A block-chain
overview of the model can be seen in figure 3.8. First the Inputs will be loaded in the Master file. In the Input
file the demands are given for each component. But also parameters like the location, the year for which the
calculations should be made, the depth of the CWP, the maximum flow speed of the deep seawater in the
CWP, the desired indoor temperature for the greenhouse and some temperatures for the OTWP cycle. The
model is made in such a way that only inputs in the Inputs file have to be changed, to keep the model clear.
Secondly, the Seawater Temperatures and the Environmental Data modules will be loaded into the Master
file. The outputs of the Seawater Temperatures module, T, ¢ and T, i, depends on location, year and depth
of the CWP. The outputs of the Environmental Data module are the air temperature, environmental pressure,
relative humidity, solar radiation, solar factor and wind speed and are depending on the location and year.
After that the modules of the subsystems will be imported in the Master file. Each subsystem is modeled
as a function with the water usage as output. This way the function is imported in the Master file and can
be used with the inputs mentioned in section 3.2. In the Master file the total cold deep seawater usage and
Ecopark water usage is calculated. With the water usage and the maximum flow speed of the deep seawater
the CWP outer diameter can be calculated.
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Figure 3.8: Schematic overview of the OTE system model
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3.4. Optimization techniques

Since the goal of this research is to make clear if it is beneficial to optimize CWP diameter with regard to time-
dependent integration of the subsystems in an OTE system, three possible ways to optimize the water usage
will be given in this section. First the possible optimization by spreading the demands over the day will be
discussed in subsection 3.4.1. Secondly, in subsection 3.4.2 the possibility to optimize the cold water usage by
implementing (thermal) storages in the OTE system to lower the cold water peak demands of the subsystems
will be discussed. The last optimization method to discuss is to change the OTE system configuration. This
will be done in subsection 3.4.3.

3.4.1. Time-integration

One way to optimize the water usage is by time-dependent integration. This way the water usage per subsys-
tem can be shifted or spread over a period of time, to avoid that all the peak demands are at the same time.
For each component it can be checked if it is possible to shift the demand or not.

The cold water demand of the OTEC power plant cannot be shifted, because otherwise it is not generat-
ing the demanded electricity output. Even so the cold water demand of the DCS cannot be shifted, because
otherwise the SWAC and data center receive to little cold water. This can lead to houses that cannot be cooled
or data center component failure because of too high temperatures. Furthermore also the demand of the
greenhouses cannot be shifted, because this might lead to crop failure.

For the OTWP installation it can be expected that it is possible to shift the cold water demand. Tropical
islands are known for the high temperatures, also during night. Furthermore, the fluctuations in relative hu-
midity between day and night are not very high, so that the fresh water production can done at night. The
disadvantages are that the size of the installation should be larger, because the same amount of water should
be produced in a smaller time period, and that the efficiency might be lower because of the less ideal circum-
stances.

Since demand shifting is only possible for OTWP, and OTWP does not impact the cold deep seawater us-
age, time-dependent integration is not built in the model. However, when other subsystems than described
above are implemented, it should be checked if time-dependent integration is possible or not.

3.4.2. Storage

Another way to optimize the cold water usage discussed is optimization through storage. By using a storage,
the peak demands can be flattened. When this is done for a few components, this might result in a decrease
of maximum cold water usage and thus in a smaller CWP diameter.

It is assumed that the thermal storage has an efficiency of 100%. Although this might not represent the
real case, this will give a good approximation of the required size of the thermal storage. This can be seen as a
best-case scenario for thermal storage. When the result is that a 100% efficient thermal storage is not feasible,
than it will not be feasible at all. When the result is that a 100% efficient thermal storage is feasible, it should
be further investigated if a non-ideal thermal storage is feasible too.

Two kinds of storages methods will be researched in this subsection. The first storage method is daily
storage, the second one is the yearly storage method.

Daily storage

The daily storage method is to compensate for the peak demand per day. To do this, first the average water
usage is calculated. After that it can be calculated how much more cooling has to come from the storage. This
water mass flow that is needed from the storage can be calculated with eq. 3.28. In this equation Qc is the
cooling demand of the subsystem, AT is the temperature difference between the cold water input and output
and ATy, is the temperature difference between the storage and the water output of the subsystem.

. _ mavg,day'cp'AT_QC (3.28)
C,stor — Cp ATsror .

When ritgyg day - Cp- AT is lower than Qc, water will be taken out of the storage and riic 510y is negative. Other
way around when Qc is lower than 1igyg day-Cp-AT, water will be put into the storage and ric s¢or is positive.
To give a better idea of how big the storage capacity should be, the hourly volume flow in or out of the storage
can be calculated with eq. 3.29.

mC,stor -3600
P

Gv,stor = (3.29)
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The water volume in the storage can be calculated by integrating the volume flow rate. Since the volume flow
rate is calculated in mT3 this is simply done by adding the all the flow rates as can be seen in eq. 3.30.

h

Vitor(W) =Y Py stor (i) (3.30)
i=0

However, the values of Vi, can be negative. Therefore the minimum value of the storage capacity should be
added. Then the required size of the storage can be calculated as the maximum value of V.

It is assumed that the storage is partly filled at the beginning of every year. The fraction depends on the
subsystem and other conditions. It might happen that the water level in the storage is lower at the end of the
year than at the beginning. A solver is used to ensure that the water level will be the same at the beginning
and the end of the year, so that the net water usage is zero. This is done by varying rgyg day-

Yearly storage

Instead of just compensating the daily fluctuations in water usage, it can be researched what the benefits
could be of compensating seasonal fluctuations by a thermal storage. This will be modeled in the same way
as the daily storage with one difference. In eq. 3.28 7i14,¢,44y is replaced with a yearly average mass flow, as
can be seen in eq. 3.31.

mavg,year : Cp AT - QC
Cp 'ATstor

mC,stor = (3.31)

The yearly average mass flow is calculated as the mass flow that is needed in a year so that the combined mass
flow into the subsystem and the storage is constant.

The volume flow and the required storage capacity can be calculated with eq. 3.29 and eq. 3.30, just like in
the case of the daily storage. It is very likely that the required storage capacity for yearly storage will be higher
than for daily storage. Therefore it should be checked in every case what the required capacity is and if such
capacity is feasible, both technical and economical.

Assumptions

A few assumptions are made to make the modeling of the storage easier, without losing the relevance. First of
all it is assumed that the storage is perfectly isolated and therefore adiabatic. Consequently the temperatures
inside the storage are constant.

The storages are divided in two categories: storage of cold deep seawater and storage of effluent water.
Even though the maximum temperature of the deep seawater will be around 5.5°C, it is assumed that the
temperature of the cold water storage is 6°C. Furthermore the temperature of the storage of the effluent
water is assumed to be 11°C year round. This is the same temperature as the effluent water.

3.4.3. Configuration

The optimization of the water usage can be done by adapting the configuration of the OTE system. With
adapting the configuration is meant that some of the subsystems can be connected to the effluent stream
instead of a connection to the cold deep seawater. The subsystems that might be suitable to make use of
the effluent water are data center cooling, greenhouse cooling and OTWP. When the current air conditioning
is based on a chiller with supply temperature of 6°C to 8°C, SWAC cannot be used in the effluent stream
because of the requirement that the cold water should be about 5°C. Otherwise it might be possible to design
a SWAC systems that uses the effluent water as cold source. As an example, the schematic overview of the
configuration in figure 3.9 can have more optimized water usage than the configuration show in figure 2.10
because more subsystems are connected to the effluent water. The model is made in such a way that it is easy
to adapt the configuration, so that it is easy to investigate the ideal configuration.
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Figure 3.9: Schematic overview of an OTE system configuration with an optimized design







Case study: Curacao

To compare the effects of the integration and optimization of the OTE system, a case study will be made. So
for the same input parameters the differences in outputs will be discussed. The base case will be a case study
for the island of Curacao. It is assumed that an Ocean Thermal Energy system with OTEC, SWAC, OTWP, data
center cooling and greenhouse cooling will be build next to the airport of Curacao. In section 4.1 the input
parameters will be discussed. Thereafter the results will be shown for the normal Ocean Thermal Energy
system in section 4.2. The integrated OTE system and the different optimizations will be discussed in section
4.3.

4.1. Inputs

Before a comparison can be made, all the input parameters have to be known for the location. The location
for the OTE system is near Hato Curacao International Airport, see figure 4.1.

Figure 4.1: The location of Hato Curacao International Airport on the island

The airport is located in the middle of the north-east side of the island. This means that the cold water pipe
has to be deployed on that side of the island.

37
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There are a lot of inputs that influence the water demands of the OTE subsystems. The inputs can be sepa-
rated in four main categories, namely:

* Seawater temperatures.

¢ Environmental properties.
* Configuration.

¢ Demands.

The seawater temperatures will be discussed in subsection 4.1.1. After that the environmental properties will
be discussed in subsection 4.1.2. Lastly, the demands of the subsystems will be discussed in subsection 4.1.4.

4.1.1. Seawater temperatures

The most important input parameters to know are the cold deep sea and the hot surface water temperature.
This is because these two inputs are the key parameters of OTEC and SWAC. OTEC and SWAC have both dif-
ferent requirements when it comes to water temperatures. For OTEC the temperature difference between the
cold deep seawater and the hot surface water should be more than 20°C. For SWAC the cold deep seawater
temperature should be lower than 5.5°C.

The seawater temperatures can be found with the Copernicus Marine Environment Monitoring Service
(CMEMS). In this case the GLOBAL_ANALYSIS_FORECAST_PHY_001_024 data is used. The outputs are de-
livered as daily means. The horizontal resolution of the map is 1/12° and 50 vertical levels ranging from 0 to
5728 meters are present in this dataset.

The first thing to do is to determine the depth of the sea around Curacao. This can give a good approximation
for the location of the CWP intake. In figure 4.2 the depth of the deepest data point of Copernicus can be
seen. So this is not the actual depth at that location, but the actual depth is between this depth and the depth
of the next data point of the CMEMS data.
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Figure 4.2: Seafloor topography Curagao - The depth of the deepest data point of Copernicus for Curacao

From figure 4.2 it can be seen that slope of the shore is not ideal on the north-east side of the island. The rule
of thumb for OTEC is that the intake of the CWP should be at a depth of 1000 m. The data point closest to the
airport with a depth of 1000 m or more is the one in the red box in figure 4.2. The location of this data point is
about 15 km offshore.

The seawater temperatures of different depths and different years can be compared with each other to
determine the depth of the CWP. In figure 4.3 the temperature difference between can be seen for the depth
of 763 meter, 902 meter, 1062 meter and 1245 meter, respectively.
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Figure 4.3: Curagao 2007 - 2016: temperature difference between cold deep seawater and hot surface water for depths 763 meter, 902
meter, 1062 meter and 1245 meter

From figure 4.3 it can be seen that a depth of 902 meter is sufficient to fulfill the requirement of at least 20°C
temperature difference for OTEC. However, when looking at cold deep seawater temperature in figure 4.4, it
can be seen that a depth of 902 meter is not sufficient to fulfill the requirement of SWAC. Even at a depth of
1062 meter the temperature of the deep seawater was above 5.5°C for a short period of time between 2007 to
2016. But since it was only a short period and the ten year average temperature is well below 5.5°C, the cold
seawater temperatures of 1062 meter depth are taken as input for this case study.
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Figure 4.4: Curagao 2007 - 2016: temperature of the cold deep seawater for depths 763 meter, 902 meter, 1062 meter and 1245 meter

4.1.2. Environmental properties

A weather station is present near the airport, but at the moment only data from the year 2015 is available.
Therefore the data source for air temperatures, environmental pressure, relative humidity, wind velocity and
solar radiation come from the software package Meteonorm [35]. Meteonorm has more than 2000 active



40 4. Case study: Curagao

users and is included in in almost every PV, solar thermal or building simulation software on the market.

The disadvantage of Meteonorm is that the environmental data are not the measured values, but cal-
culated data. This is stochastically generated interpolated data is only based on measurements. The data
represents a typical year, not a historical year. So basically, the typical year represents a hypothetical year
based on historical (interpolated) climate data for the selected location.

Despite that this might not represent the real historical values for the environmental data, it can give a
good approximation of the reality. The shortcomings of the Meteonorm data are further discussed in ap-
pendix E

For the year 2016 the values of the temperature, pressure, relative humidity, wind speed, hourly global
horizontal radiation and daily global horizontal radiation can be found in figure 4.5a to figure 4.5f, respec-
tively.
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Figure 4.5: The environmental data for Curacao from Meteonorm for the year 2016
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4.1.3. Configuration

The configuration of all the subsystems in the Ocean Thermal Energy system is the next input of the model.
For each subsystem, except OTEC, it can be chosen whether it has to use the cold deep seawater or the effluent
water. The configuration of the Curagao base case is as follows: The OTEC, SWAC and data center cooling are
connected to the cold deep seawater, the greenhouse cooling is connected to both the cold deep seawater
and the effluent water and the OTWP plant is connected to the effluent water. The schematic overview of this
configuration can be seen in figure 4.6.

In this figure it can be seen that the greenhouse has a dual connection. During the day the greenhouse is
cooled with the effluent water to a temperature of 28°C, while at night the cold deep seawater is used to cool
the greenhouse to a temperature of 16°C. Furthermore, the subsystems aqua farms and algae cultivation are
not taken into account in this model, for the reasons that are given in 2.5.
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Figure 4.6: Schematic overview of the configuration of the Ocean Thermal Energy system for Curacao

4.1.4. Demands

The last parameters that need te be known are the power demand of the OTEC, the maximum cooling de-
mands of the SWAC installation and the data center, the total area of greenhouses and the demanded fresh
water production rate for the OTWP. The demands are based on the expected demands for the first stage of
development of the OTE system in Curagao.

e OTEC: 500 kW

o SWAC: 7.5 MWy,

e OTWP: 25 m®/day

¢ Data center: 720 RT (Refrigeration Tonnes)
e Agriculture: 3 ha

These values are used as input in the model, together with the seawater temperatures and environmental
properties.

4.2. Simple demand analysis (non-integrated OTE system)

The easiest way to estimate the total cold deep seawater usage of the OTE system is to calculate the water
usage for each application and add the maximum values to calculate the maximum of the total deep seawater
usage and the pipe diameter. The disadvantage of this method is that peaks of the water usage per subsystem
are not at the same time, the estimated total water usage is too high and that a bigger cold water pipe will be
installed than needed.
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The results for the simple demand analysis for the years 2007 to 2016 can be found in figure 4.7. In this figure
the total cold deep seawater usage can be seen.
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Figure 4.7: Curagao 2007 - 2016: Maximum cold deep seawater usage per year in case of the simple demand analysis

The diameter of the CWP can be directly coupled to the water usage of the OTE system. The required outside
diameter of the CWP can be calculated with eq. 4.1:

SDR m
dour = e 4.1)
SDR-2 Z'”‘P’(pc,max

* 1M, max, the maximum cold water mass flow in kg/s

* ¢, max, the maximum cold water velocity in the CWP in m/s

* p, the density of the water in kg/m3

SDR (Standard Dimension Ratio), the ratio of pipe diameter to wall thickness

with:

In the case of the simple demand analysis the maximum cold deep seawater mass flow of the years 2007 to
2016 is 1414 kg/s, the maximum flow velocity in the cold water pipe is 1.5 m/s, the density of the cold water of
about 5°C is approximately 1000 kg/s and the ratio of the pipe diameter to wall thickness is 17. By filling out
these values, the formula to calculate the outside diameter of the cold water pipe can be found in equation

4.2.
17 1414
dour = ‘5 =1.242 m (4.2)
17-2 \/ 1.7.1000-1.5

4.3. Time-integrated OTE system

Instead of just looking at the maximum water usage per subsystem and adding the maxima, a time-integrated
approach can be used to calculate the maximum mass flow of the total cold deep seawater usage. By using
this method the disadvantage of overestimating the water demand and pipe diameter is solved.

First the cold water demands per subsystem are calculated for every hour of the day for the timespan of a
year. Then the demands can be divided in two categories, namely the category that uses the cold deep sea-
water and the category that uses the effluent water. Next the total cold deep seawater usage can be calculated
for every hour by adding the demands of the subsystems in each category. This is done for the years 2007 to
2016 and the results of the total cold deep seawater usage can be found in figure 4.8. The water usage per
subsystem for the time-integrated system can found in appendix B.
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Figure 4.8: Curagao 2007 - 2016: Total deep seawater usage in case of the time-integrated OTE system

It can be seen that there is a clear peak in water usage in 2016 (from about day 200 to 275) with a cold deep
seawater demand of 1365 kg/s, while the maximum total water usage is quite stable in all the other years
and fluctuates between 1171 and 1265 kg/s (see figure 4.9). The reason for this peak is the peak in cold deep
seawater temperature and the lowest temperature difference in the same period (see figure 4.4 and figure 4.3).
This leads to a lower thermal efficiency of the OTEC and thus in a higher cold water mass flow. Nevertheless
the difference between the daily minimum and maximum are typically around between 100 and 200 kg/s.
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Figure 4.9: Curagao 2007 - 2016: Maximum cold deep seawater usage per year in case of the time-integrated OTE system

The required cold water pipe diameter for this time-integrated OTE system can be calculated with eq. 4.1.
The filled in equation for this case can be seen in eq. 4.3

17 1365
dour = e =122 m 4.3)
17-2 \/ 1.7.1000-1.5

When the simple demand analysis and the time-integrated analysis are compared, it can be seen that for each
year the water usage is lower in case of the time-integrated analysis. The average decrease in mass flow is 99.4
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kg/s for these 10 years. However, when looking at the two highest water usages of both cases the difference
is only 49 kg/s. This is a decrease of 3.5% compared to the simple demand analysis. The required cold water
pipe outside diameter decreased 1.61% from 1.242 to 1.22 m.

It is interesting to see what the results would be when 2016 was not taken into account, so when this re-
search was done one year before. In that case the maximum water flow for the simple demand analysis would
be 1365 kg/s and for the time-integrated analysis 1265 kg/s. The decrease in maximum cold water mass flow
then would be 100 kg/s, a reduction of 7.3% compared to the simple demand analysis. The cold water pipe
diameter would be reduced from 1.22 to 1.17 m, a reduction of 4.0%. This is quite a difference compared to
the calculations which include 2016. It is the result of unusual seawater temperatures in 2016 (see figure 4.4).
With recent trends in climate change, it can be expected that more years with unusual seawater temperatures
will appear in the future. Therefore it is a good thing that the year 2016 is taken into account, so that maxi-
mum water usage is not underestimated.

The last thing to look into is the water usage of the Ecopark, in this case the effluent water usage of the
greenhouse cooling and of the OTWP installation. The needed effluent water mass flow cannot be higher
than the cold deep seawater mass flow. Therefore the Ecopark water surplus can be seen in figure 4.10. The
Ecopark water surplus is the cold deep seawater mass flow minus the needed effluent water mass flow for the
greenhouse cooling and the OTWP installation.

- mC,2007
mC,ZOOB
mC,ZOOQ
- mC,ZOlO

\n
il

I | i H\ ’ ‘ — Mc, 2011
I | I il Dl 1 .
AR A bl \““Ni Wl —— mMc 2012

I

1000 U“ [ Al

‘ Mmc,2013
|

POTIN i w,.”..w.\..,,»u

— Mc,2014
Mmc, 2015
Mmc, 2016

Water usage (kg/s)

400

200

0 50 100 150 200 250 300 350
Day of the year

Figure 4.10: Curagao 2007 - 2016: Ecopark water surplus per year in case of the time-integrated OTE system

The Ecopark water surplus is always positive, so there is sufficient effluent water to supply the demands of
the greenhouses and the OTWP installation. Even more, there is plenty effluent water that is not used in this
case. This gives possibilities for future growth of the Ecopark. Either the greenhouse cooling demand or the
fresh water production can be increased or other subsystems can make use of the effluent water.
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4.4. Optimization by storage

To optimize and reduce the maximum water demands and cold water pipe diameter, thermal storage tanks
could be added to the OTE system. This way peak demands in water usage can be lowered so that the pipe
diameter can be reduced. Two storage techniques will be discussed, namely the daily storage and the yearly
storage. The optimization by daily and yearly thermal storage will be discussed in subsection 4.4.1 and sub-
section 4.4.2, respectively.

4.4.1. Optimization by daily storage

The optimization by daily storage is done as described in section 3.4.2. The same configuration is used as for
the base case, see figure 4.6. The results for the water usage by daily storage can be seen in figure 4.11. The
daily storage is applied to each subsystem except for OTEC. The water usages per subsystem can be found in
appendix B.
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Figure 4.11: Curagao 2007-2016: Total deep seawater usage in case of optimization by daily storage

In this case the maximum water usage in the period is 1246 kg/s in the year 2016. The required CWP diameter
is 1.166 m. This is a reduction of 8.7% in maximum cold water mass flow and 4.4% in pipe diameter compared
to the base case. In figure 4.12 the required storage capacity for SWAC, data center cooling, greenhouse cool-
ing and OTWP can be found for every year.

The required storage capacities are:

SWAC: 3927 m3

* Data center: 943 m?®
 Greenhouse DOW: 14 541 m?
* Greenhouse Ecopark: 3754 m®
o OTWP: 44 m3

The storage capacity needed for the greenhouse cooling that is connected to the DOW is the highest with
about 14,500 m3. This is quite large, but not impossible. The largest thermal energy storages tanks is around
6.1 MG (mega gallon) by DN Tanks. Converted to cubic meters, this is about 23,000 m?3. Furthermore there
are also options to combine multiple smaller storage tanks to satisfy the required storage capacity.
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Figure 4.12: Required storage capacity per subsystem in case of optimization by daily storage

4.4.2. Optimization by yearly storage
The yearly storage optimization is done as described in 3.4.2. The same configuration is used as for the base
case, see figure 4.6. The results for the water usage by yearly storage can be seen in figure 4.13. The yearly stor-

age is applied to each subsystem except for OTEC. The water usages per subsystem can be found in appendix
B.
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Figure 4.13: Curagao 2007-2016: Total deep seawater usage in case of optimization by yearly storage

Compared to figure 4.11 it can be seen that the water usage curves have been flattened throughout the year.
The maximum water usage is in the year 2016 and is 1184 kg/s. The required CWP diameter, which can be
calculated with eq. 4.3, is 1.136 m. This is a reduction of 6.9% compared to the base case.

It is very interesting to see how big the storage capacity should be in this case. Since the seasonal peaks
need to be compensated instead of the daily peaks, it can expected that the SWAC storage capacity will be
very high. This is because the SWAC water usage fluctuates the most over a year compared to the data center
cooling, greenhouse cooling and OTWB, as can be seen in appendix B.
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The required storage capacity needed per subsystem in case of yearly storage can be found in figure 4.14.
The maximum storage capacities are:

o SWAC: 422 027 m®

* Data center: 50 773 m3

¢ Greenhouse DOW: 63 544 m3

* Greenhouse Ecopark: 86 098 m3
o OTWP: 1437 m®
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Figure 4.14: Required storage capacity per subsystem in case of optimization by yearly storage

The storage capacities are way higher than for the daily storage. The required storage capacity for SWAC
is a whopping 107 times higher than the required space needed for daily storage. If the combined storage
capacity is expressed in storage tanks of 6.1 MG, at least 27 of these big tanks are needed. The costs of these
27 tanks are unknown, but it can be questioned if this is a cheaper option than a 6.9% bigger CWP.

4.4.3. Conclusion optimization by storage

In this section two scenarios have been discussed, namely the optimization of the time-integrated OTE sys-
tem with daily storage and with yearly storage. Both scenarios show that reduction of peak water mass flows
can be accomplished and therefore the pipe diameter can be decreased. With the daily storage the peak de-
mand decreases from 1365 to 1245 kg/s and the pipe diameter can be reduced from 1.22 to 1.165 m. The
maximum cold deep seawater mass flow with yearly storage decreases from 1365 to 1183 kg/s so that the re-
quired cold water pipe diameter reduces from 1.22 to 1.136 m.

However, the implementation of optimization by storage means that thermal storage has to be build to
store cold water. For the daily storage the total required storage capacity based on the years 2007 to 2016 is
23,204 m?® and for the yearly storage the required volume is 621,159 m3. For both cases it should be investi-
gated if the cost savings in pipe diameter are higher than the costs of the storage capacity. The daily storage
might be feasible, but it is very likely that yearly storage is more expensive than the reduction in costs by a
smaller cold water pipe.
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4.5. Future growth scenario

The assumed demands of the base case are based on the expected demands of the first phase of the Ocean
Thermal Energy system on Curacao. But after the first phase it is planned to expand the OTE system. The dis-
trict cooling system, the data center and the OTWP can be expanded and more greenhouses might be built.
Therefore it is interesting to investigate some future growth scenarios and to see for example what the maxi-
mum demand could be for a subsystem.

In subsection 4.5.1 it will be investigated what the maximum cooling demand would be when a second
district cooling system is placed in the effluent water loop for data center cooling. After that the same will
be investigated for a second district cooling system in the effluent loop for SWAC in subsection 4.5.2. Subse-
quently it will be researched what the maximum district cooling capacity could be with the 1.22 m pipe when
the OTEC is shut down in subsection 4.5.3. In subsection 4.5.4 the same calculations will be made to deter-
mine the maximum cooling capacity of the SWAC when the OTEC is shut down. A combination of the data
center cases mentioned above will be researched in subsection 4.5.5 to determine the maximum possible
data center cooling capacity with the 1.22 m cold water pipe. The same will be investigated for a combination
of the SWAC cases in subsection 4.5.6

4.5.1. Additional data center in effluent water loop

As can be seen in figure 4.10 a lot of effluent water is unused in the base case. Furthermore the district
cooling system is connected to the cold deep seawater because the existing buildings that need to be cooled
are designed to work with a cooling water temperature of 6°C. But when buildings need to be built, they
can be designed to work with a higher cooling water temperature. This means that the effluent water can be
used as cooling source for a second district cooling system. In this subsection it will be researched what the
maximum cooling capacity of the second district cooling system would be.

To calculate the maximum cooling capacity of the second district cooling system the model is adapted so
that a second data center module is added. The fzero function of Python can be used to find the maximum
cooling demand with the restriction that the Ecopark water surplus should always be greater or equal to zero.
The fzero function is a root finding algorithm of the SciPy ecosystem within Python [22]. It is assumed that
the output temperature of the effluent water is 16°C, so that the temperature difference is 5°C between input
and output of the district cooling network.
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Figure 4.15: Curagao 2007 - 2016: Ecopark water surplus per year in case of the maximum cooling capacity for an additional data center
in the effluent water loop

The maximum cooling capacity for the additional data center is 3398 RT. This capacity is 4.7 times higher
than the data center in the base case. It can be checked if the Ecopark surplus is always greater than zero with
this cooling capacity. Therefore this value can be used as input in the model. The results can be seen in figure
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4.15. Tt can be seen that the Ecopark water surplus is always positive and that the minimum value is about
zero, which indicates that the cooling capacity of 3923 RT is indeed the maximum value for the additional
data center cooling in the effluent water loop. The water usages per subsystem can be found in appendix C.

4.5.2. Additional SWAC system in effluent water loop

The unused water in the effluent loop can also be used for an additional SWAC system. New buildings can
be designed to make use of the 11°C effluent water instead of the 5°C cold deep seawater. The same method
is used to calculate the maximum cooling capacity as in subsection 4.5.1. This means that the fzero function
in python is used to find the maximum SWAC cooling capacity with the restriction that the Ecopark water
surplus should be positive, because otherwise more water is used than that is delivered to the Ecopark.

The maximum SWAC cooling capacity in this case is 16.81 M W;,. This capacity is 1.96 times higher than
the SWAC in the base case. To check if the Ecopark water surplus is always above zero, this maximum capacity
is used as input in the model. The results can be seen in figure 4.16. This figure shows clearly that the Ecopark
water surplus is greater or equal to zero for every moment. Furthermore, the minimum value is about 0 kg/s,
which means that this cooling capacity is indeed the maximum. The water usages per subsystem can be
found in appendix C.
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Figure 4.16: Curagao 2007 - 2016: Ecopark water surplus per year in case of the maximum cooling capacity for an additional SWAC
system in the effluent water loop

4.5.3. Maximum data center cooling without OTEC

OTEC uses quite a lot of cold deep seawater in proportion to the district cooling system. Running the small
OTEC power plant in Curacao might become economically less attractive than using the cold deep seawater
for the cooling network. Therefore the scenario might occur that the OTEC power plant is shut down and all
the cold deep seawater will be used for district cooling.

Therefore it is investigated what the maximum cooling capacity could be in the case that all the cold deep
seawater is used for the district cooling system. This is done for the cold water pipe diameter calculated
in section 4.3. The fzero function of Python is used to find the maximum value of the data center cooling
capacity. In the model the OTEC demand is set to zero, the data center demand as a variable and the fzero
function returns the maximum mass flow minus 1365, which is the maximum mass flow in the 1.22 m cold
water pipe.

The results can be seen in figure 4.17. It can be seen that the cold deep seawater mass flow is below or
equal the maximum of 1365 kg/s. Therefore it can be concluded that the maximum cooling capacity for the
data center without OTEC is 5817 RT, which is 8.1 times higher than the demand in the base case. The water
usages per subsystem can be found in appendix C.
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Figure 4.17: Curagao 2007 - 2016: Total deep seawater usage in case of maximum data center cooling without OTEC

4.5.4. Maximum SWAC cooling without OTEC

The same calculations as for the data center in subsection 4.5.3 can be done for the maximum cooling capac-
ity of the SWAC installation. The fzero function is used again, but this time with the SWAC demand as variable

instead of the data center demand.

The minimum value for the cooling capacity for the years 2007 to 2016 is about 26.36 M Wy,. This is a gain
of 18.86 MWy, and 3.5 times the demand of the base case. The demand of 26.36 MW}, can be used as input
in the model to check if the maximum water usage in this case is about 1365 kg/s. The results are shown in
figure 4.18. This figure shows that the maximum value of the cold deep seawater usage is never above 1365
kg/s and that this is also the maximum mass flow. This means that the cooling capacity of 26.36 MWy, is in-
deed the maximum cooling capacity in this case. The water usages per subsystem can be found in appendix

C.
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Figure 4.18: Curagao 2007 - 2016: Total deep seawater usage in case of maximum SWAC cooling without OTEC
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4.5.5. Maximum combined data center cooling
In this subsection the maximum combined data center cooling capacity is calculated, so when the OTEC is
not in operation and the Ecopark water surplus is used for an additional data center. This is not the same as
just adding the capacities calculated in subsection 4.5.1 and subsection 4.5.3. The capacity of the data center
that uses the cold deep seawater is the same, but the capacity of the data center that uses the effluent water
will be different. Again the fzero function of Python is used to calculate maximum cooling capacity, with the
data center demand as variable and the restriction that the Ecopark water surplus should always be positive.
The maximum data center cooling capacity in the Ecopark is 3810 RT. In figure 4.19 it can be seen that
the minimum value of the Ecopark water surplus is zero, which means that the cooling capacity of 3810 RT is
indeed the maximum value. So the total data center cooling capacity is 9627 RT, which is more than 13 times
the demand of the base case. The water usages per subsystem can be found in appendix C.
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Figure 4.19: Curagao 2007 - 2016: Ecopark water surplus in case of maximum combined data center cooling
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Figure 4.20: Curagao 2007 - 2016: Ecopark water surplus in case of maximum combined SWAC cooling
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4.5.6. Maximum combined SWAC cooling
In this subsection the maximum combined SWAC cooling capacity is calculated, so when the OTEC is not in
operation and the Ecopark water surplus is used for an additional SWAC system. Just like for the data center,
the capacities calculated in subsection 4.5.2 and subsection 4.5.4 cannot be added to get the maximum total
capacity. The capacity of the SWAC that uses the cold deep seawater is the same, but the capacity of the SWAC
system that uses the effluent water will be different.

The fzero function of Python is used to calculate the maximum cooling capacity, with the SWAC demand
as variable and the restriction that the Ecopark water surplus should always be positive.

The maximum data center cooling capacity in the Ecopark is 13.37 MW;y,. It can be seen that the Ecopark
water surplus is always above zero and that the minimum value is zero, which means that the cooling capacity
of 13.37 MWy, is indeed the maximum SWAC cooling capacity.

Now the maximum values from the primary layer and secondary layer SWAC cooling can be summed to
calculate the total maximum. The total SWAC cooling capacity is 32.23 MWy, which is an increase of almost
430% compared to the base case SWAC demand. The water usages per subsystem can be found in appendix
C.

4.5.7. Conclusion future growth scenario

The future growth scenarios show that the OTE system has a lot of potential to grow. When all the Ecopark
water surplus is used for an additional data center in the effluent water loop, the maximum cooling capacity
of the additional data center is 3398 RT. Even so, the maximum cooling capacity of an additional SWAC system
in the effluent water loop is 16.81 MW;j,.

In the case that the OTEC power plant is shut down in favor of expanding the data center cooling, the
maximum data center cooling capacity becomes 5817 RT. When the cold deep seawater is used for expanding
the SWAC system, the maximum SWAC cooling capacity becomes 26.36 M Wyy,.

When both the OTEC power plant is shut down and the Ecopark water surplus is used for an additional
data center, the maximum combined data center cooling capacity becomes 9627 RT. Even so, when both the
OTEC power plant is shut down and the Ecopark water surplus is used for an additional SWAC system, the
maximum combined SWAC cooling capacity becomes 32.23 MWy,.



Results & Discussion

In chapter 4 the maximum water usage and the outside pipe diameter are calculated for the Curagao base
case. The optimization by daily or and yearly storage showed that they have the potential to reduce the maxi-
mum mass flow and pipe diameter, but it is unclear if the cost reduction is larger than the cost of building the
storage. Another optimization method is to change the configuration of the OTE system. The options that
will be given in section 5.1 are only theoretical, since some subsystems cannot be placed in the Ecopark due
to restrictions of the current setup.

It will be interesting to see what the maximum cold water mass flow and the pipe diameter would be if the
a bigger OTEC plant or SWAC installation are deployed instead of the current sizes. Furthermore it would be
interesting to know what the maximum demand could be for each subsystem in the Ecopark when the other
subsystem are turned off. These cases will be discussed for the optimized configuration case in section 5.2.

Lastly a sensitivity analysis will be made in section 5.3. The sensitivity of the seawater temperature, the
Carnot efficiency and cooling demand will be investigated in this section.
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Figure 5.1: Schematic overview of the optimized configuration with the data center, greenhouse and OTWP in the Ecopark

5.1. Optimized configuration
In this section a few optimizations by configuration will be discussed and compared. The optimization by
configuration will be separated into four case. The optimization by changing the configuration will be dis-

53
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cussed in subsection 5.1.1. The combined optimization by configuration and daily or yearly storage discussed
in resp. subsection 5.1.2 and subsection 5.1.3.

5.1.1. Optimization by configuration

To optimize the water usage by the configuration of an OTE system, it is necessary to put as much subsys-
tems in the Ecopark as possible. Because of the requirements of OTEC, this subsystems should always be
connected to the cold deep seawater. This leaves SWAC, data center cooling, greenhouse cooling and OTWP
(and aquaculture and algae cultivation) as subsystems to be connected to the effluent water in the Ecopark.
The first configuration to discuss is the one where OTEC and SWAC are connected to the cold deep seawater
and the other three subsystems to the effluent water in the Ecopark. The second configuration is the case that
only OTEC is connected to the cold deep seawater and all the other components to the effluent water in the
Ecopark.

Optimized configuration: data center, greenhouse and OTWP in Ecopark

The optimized configuration for this case can be seen in figure 5.1. In this case the OTEC plant and the SWAC
installation are connected to the cold deep seawater and the data center, greenhouses and OTWP are con-
nected to the effluent water in the Ecopark.

The results of the water usage for the optimization by configuration can be found in figure 5.2. The maxi-
mum cold deep seawater usage of the years 2007 to 2016 is 1101 kg/s. This in a decrease of 19.3% compared
to the base case. The required CWP outside diameter corresponding to this water usage can be calculated
with eq. 4.1 and is 1.096 m. So by changing the configuration the CWP diameter can be reduced with 10.2%.
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Figure 5.2: Curagao 2007 - 2016: Total cold deep seawater usage by optimizing the configuration (data center, greenhouse and OTWP in
Ecopark)

Now it has to be checked if the Ecopark water surplus is always positive. The results are shown in figure 5.3. It
can be seen that Ecopark water surplus is always positive and for that reason there is never an effluent water
shortage in the Ecopark. The water usages per subsystem can be found in appendix B.

Optimized configuration: SWAC, data center, greenhouse and OTWP in Ecopark

The SWAC in Curagao is designed to deliver cooling water with a temperature of 6°C. However it would
be interesting to see if it is possible to connect the SWAC to the effluent water of the OTEC. This way the
maximum cold water mass flow would be reduced even further than in the previous case. The schematic
overview of this configuration can be seen in figure 5.4. In this figure it can be seen that only the OTEC is
connected to the cold deep seawater and that the SWAC, data center, greenhouse and OTWP are connected
to the effluent water of the OTEC in the Ecopark.
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Figure 5.4: Schematic overview of the optimized configuration with SWAC, the data center, the greenhouse and OTWP in the Ecopark

The results of the calculation of the cold deep seawater mass flow in this case can be seen in figure 5.5. Com-
pared to the base case, the maximum water usage decreased with 39.6 % from 1365 to 824 kg/s. The corre-
sponding cold water pipe outside diameter is 0.948 m, which is 0.272 m smaller compared to the base case.
The water usages per subsystem can be found in appendix B.

The next thing to do is to check the Ecopark water surplus. The water surplus is shown in figure 5.6. The
figure shows that the Ecopark water surplus is below zero for some times in some years. This means that
there would be a water shortage in the Ecopark and that not all subsystems can get enough effluent water.
This might lead to big problems for some subsystems. For example, when the greenhouse cannot be cooled
this might lead to crop failure and when the data center is not cooled enough this might lead to internet mal-

function and broken components.

The conclusion of this case is that it would not be possible to deploy an OTE system with this configura-
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tion and demands. This configuration is only possible when a larger OTEC power plant is built that uses a
higher cold deep seawater mass flow or when the subsystems in the Ecopark would use less effluent water.
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Figure 5.5: Curagao 2007 - 2016: Total cold deep seawater usage by optimizing the configuration (SWAC, data center, greenhouse and
OTWP in Ecopark)
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Figure 5.6: Curagao 2007 - 2016: Ecopark water surplus in case of optimization by configuration (SWAC, data center, greenhouse and
OTWP in Ecopark)

5.1.2. Optimization by both configuration and daily storage
In this case the water usage and therefore the CWP diameter is optimized by both changing the configuration
of the OTE system and by daily storage. The configuration is the same as the case in subsection 5.1.1.

Since with this configuration only the OTEC and SWAC subsystems are directly connected to the cold deep
seawater, the impact of the daily storage on the cold deep seawater usage is only related to SWAC. Therefore it
can be expected that the influence of the daily storage on the water usage is smaller than in the case described
in subsection 4.4.1.

The results of the optimization by both changing the configuration and the daily storage can be seen in
figure 5.7. The maximum DOW water usage in this case is 1089 kg/s. This is a reduction of 20.2% compared
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to the base case. The CWP diameter with this maximum mass flow is 1.090 m. Compared to the base case,
this is a reduction of 10.7%. But when these numbers are compared to the case where only the configuration
is changed, the reduction is only 1.1% for the mass flow and 0.5% for the diameter.

The storage capacity needed for this can be seen in figure 5.8. Compared to figure 4.12, it can be seen
that the storage capacity for the data center is reduced and the storage capacity for greenhouse connected
to DOW is zero (because the greenhouse is only connected to the effluent water). The storage capacity for
SWAC is exactly the same, which could be expected since nothing changed for this subsystem. The storage
capacity needed for the greenhouse increased a bit compared to the case in subsection 4.4.1. This is not a
big increase, but since now the greenhouse is only connected to the effluent water, the water usage is more
constant throughout the day and therefore the required storage capacity is not as big the sum of the two
greenhouse thermal storages calculated in subsection 4.4.1. First the effluent water was only used during
daytime, while in this case also during the night the effluent water is used. The average water usage of the
greenhouse is higher because of this, but less storage is needed.
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Figure 5.7: Curagao 2007 - 2016: Total cold deep seawater usage in case of optimization by both the configuration and daily storage
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Figure 5.8: Required storage capacity in case of optimization by both configuration and daily storage



58 5. Results & Discussion

Although the maximum cold water mass flow is lower than compared to the optimization by only changing
the configuration, the difference is very small and therefore it might be economically less attractive to add
storage to the optimized configuration than installing a pipe that is a fraction bigger.

The last thing to check is the Ecopark water surplus. The results of the calculation of the Ecopark water
surplus can be found in figure 5.9. Compared to figure 5.3 it can be seen that there is a lot less fluctuation in
Ecopark water surplus mass flow. Also the minimum value of the Ecopark water surplus has gone up from
430 to 540 kg/s. This means that by the daily storage the Ecopark potential has grown, because more effluent
water is available. The water usages per subsystem can be found in appendix B.
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Figure 5.9: Curacao 2007 - 2016: Ecopark water surplus in case of optimization by both configuration and daily storage
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Figure 5.10: Curacao 2007 - 2016: Total cold deep seawater usage in case of optimization by both the configuration and yearly storage

5.1.3. Optimization by both configuration and yearly storage
The last case to investigate is the optimization by both changing the configuration and the yearly storage.
From what has been seen in the case discussed in subsection 4.4.2 subsection 5.1.2, it can be expected that



5.1. Optimized configuration 59

this optimization technique might not reduced the required CWP diameter a lot compared to only changing
the configuration and that the storage capacity needed for this reduction is very high.

The results of this optimization method are shown in figure 5.10. The maximum water usage occurs in
2016 and is 1042 kg/s. This is an decrease of 23.7% compared to the base case. The CWP diameter corre-
sponding to the maximum water usage is 1.066 m. Compared to the base case this is a reduction of approx-
imately 12.6%. But compared to the optimization by only changing the configuration this reduction is only
5.4% in mass flow and 2.7% in pipe diameter.

The reduction in diameter comes from the added storage of the SWAC. The required storage capacity for
SWAC (and other subsystems) to obtain this reduction can be seen in figure 5.11.

It can be seen that the required storage capacity for SWAC is about 422,000 m® and is the same as the re-
quired capacity for only yearly storage. More than 18 storage tanks of 6.1 MG are needed to fulfill this storage
demand. It is very likely that the costs for 18 storage tanks are higher than installing a CWP that has a 2.7%
bigger diameter.
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Figure 5.11: Required storage capacity in case of optimization by both configuration and yearly storage

The last thing to do is to check if the Ecopark water surplus is positive for every hour in the period from 2007
to 2016. The results of this calculation can be found in figure 5.12. As can be seen, the Ecopark water surplus
is never negative in this case. The minimum value is 548 kg/s, which is higher than the minimum in case of
optimization by both configuration and daily storage, but the difference is only 8 kg/s. So the potential of the
Ecopark does not go up significantly compared to the case discussed in subsection 5.1.2. The water usages
per subsystem can be found in appendix B.

5.1.4. Conclusion optimization by configuration

It can be seen that optimization by configuration shows significant reduction in maximum cold water mass
flow and cold water pipe diameter. Theoretically the cold water mass flow could be reduced with 19.3% and
the cold water pipe with 10.2%. The optimized configuration with also the SWAC system in the Ecopark is not
possible with the Curacao specific demands, because then there will be a effluent water shortage.

The daily and yearly thermal storage combined with the optimized configuration show that further opti-
mization is possible, but the benefits in maximum cold deep seawater usage compared to the case with only
optimized configuration are small. On the other side, the benefits in effluent water mass flow in the Ecopark
are significant whereby the potential of the Ecopark is larger in case of daily and yearly thermal storage.



60 5. Results & Discussion

—— Mc,2007
800 mMc, 2008
mc, 2009
—— Mc,2010
; m
v b gty i c,2011
™ \‘l(,”ﬂﬂf‘y’|hwﬂ“ﬂw MM%AWM‘, [ y y . :
” i y, e i i A mc, 2012
600 i //WVMWW%MKWMNMWWMWW“‘\ i i e .
0 W e mc,2013
2 .
g Mmc, 2014
g Mmc, 2015
2 .
m
9 400 C,2016
@
2
@©
=
200
0
0 50 100 150 200 250 300 350

Day of the year

Figure 5.12: Curagao 2007 - 2016: Ecopark water surplus in case of optimization by both configuration and yearly storage

5.2. Cases

It is interesting to research the behavior of the water usage when some of the demands are changed or what
the maximum demand could be for each subsystem in the Ecopark. In subsection 5.2.1 the water usage of
the OTE system with a 10 MW OTEC power plant will be researched. After that the water usage with a SWAC
demand of 20 MWy, will be investigated in subsection 5.2.2. Subsequently the maximum possible demand of
the data center cooling (with and without storage) will be researched when there are no other subsystems in
the Ecopark (no greenhouse cooling an no OTWP) in subsection 5.2.3. The same will be done for greenhouse
cooling in subsection 5.2.4 and for OTWP in subsection 5.2.5. The calculations for the 10 MW OTEC and 20
MW, SWAC will be done for the base case configuration as shown in figure 4.6. The other three calculations
will be done for the optimized configuration as shown in figure 5.1.

5.2.1. 10 MW OTEC power plant

A 500 kW OTEC power plant is planned for Curagao. However, this will be pilot OTEC power plant. It is
estimated that on shore OTEC power plants of about 5 to 15 MW will be economically feasible. Therefore it
is interesting to know what the water usage of a bigger OTEC is, to compare the water usage with the other
subsystems and what the diameter of the cold water pipe would be in that case. For that reason the Ocean
Thermal Energy system with a 10 MW instead of a 500 kW OTEC power plant is researched. The results for
the DOW water usage can be found in figure 5.13.

As can be expected, the deep seawater usage has increased. The maximum daily water usage is 16860 kg/s,
which is 12.4 times greater than the OTE sytem with a 500 kW OTEC power plant. The required outside pipe
diameter should be 4.29 m, which is a 3.5 times bigger than the pipe needed for an OTE system with a 500 kW
OTEC plant. A cold water pipe with a outside diameter of 4.29 m seems very big, but the answer found with
this model corresponds to the outcomes of previous research done for 10 MW OTEC [55],[28].

With such high cold deep seawater mass flow, the effluent water mass flow coming from the OTEC cold
water output will also be very high. The Ecopark water surplus, so the effluent water from OTEC and SWAC,
data center minus the water used in the Ecopark, can be found in figure 5.14. This gives much possibilities
for the Ecopark subsystems. For example, when all the effluent water is used for fresh water production,
the OTWP plant could theoretically produce 6345 m®/day (without storage). This is more than 250 times
the production with the normal configuration. This is enough to replace 25% of the reverse osmosis drink
water supply of the island and to supply 16% of the daily average drinking water consumption [25]. The water
usages per subsystem can be found in appendix D.
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Figure 5.13: Curacgao 2007 - 2016: Total cold deep seawater usage in case of a 10 MW OTEC power plant
18000 .
— Mc,2007
m‘“"ﬂﬂm m
16000 1 i Lt W:”‘ ’ Wit 1wI‘ML‘!\h‘ﬂ'v,'\!\""\“r‘v\'f,“ IC,2008
s , me ty *, “ Mc,2009
e Al i I
14000 WIWWWM% n?c, 2010
i ~ Mc20n1
T mC,ZOlZ
o 12000 me, 2013
3 mC, 2014
o 10000 ’
> n?C,ZOlS
& mc, 2016
>
+ 8000
]
@©
=
6000
4000
2000
00 50 100 150 200 250 300 350
Day of the year
Figure 5.14: Curacao 2007 - 2016: Ecopark water surplus in case of a 10 MW OTEC power plant
5.2.2. 20 MWy, SWAC

The cooling capacity of 7.5 MWy, is based on the cooling needed for Hato Curacao Airport. When other big
(new) buildings are connected to the district cooling system, the water usage of the SWAC installation will in-
crease. To see what the impact is on the total water usage of the OTE system, it is researched what the effects
are when a 20 MW, instead of a 7.5 MW,;, SWAC system is installed. The results for the cold deep seawater
usage can be found in figure 5.15.

The maximum water usage of the OTE system increases from 1365 kg/s to 1882 kg/s. The outside diam-
eter of the required cold water pipe should be 1.432 m, compared to 1.22 m in the case of a 7.5 MW}, SWAC
system. Furthermore it can be seen when figure 5.15 is compared to figure 4.11, that the daily fluctuations
have become bigger with the 20 MW,;, SWAC. This is a behavior that could be expected since the daily fluc-
tuation in water usage of the SWAC is bigger that the daily fluctuation of OTEC.

The Ecopark water surplus, so the effluent water that is not used when the area of greenhouse is 3 ha and
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the fresh water production is 25 m®/day, can be found in figure 5.16. The minimum water surplus is 905
kg!s. This surplus can be used to for additional SWAC, data center or greenhouse cooling, OTWP or another
additional subsystem in the Ecopark. The water usages per subsystem can be found in appendix D.
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Figure 5.15: Curagao 2007 - 2016: Total cold deep seawater usage in case of a 20 MW, SWAC installation
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Figure 5.16: Curagao 2007 - 2016: Ecopark water surplus in case of a 20 MW, ;, SWAC installation

5.2.3. Maximum data center cooling demand

Until now the optimization was mainly focused on the reduction of the cold deep seawater usage. But it is
also interesting to see what the maximum possible demands are for each subsystem in the Ecopark when
there are no other other subsystem present. Furthermore it is also interesting to see if optimization by daily
storage has impact on the maximum demands. In this subsection this will be done for the data center cooling,
while in subsection 5.2.4 and subsection 5.2.5 this will be done for the greenhouse cooling and the fresh water
production, respectively. The calculations are done for the optimized configuration as shown in figure 5.1.
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Figure 5.17: Curagao 2007 - 2016: The effluent water mass flow in case of optimization by configuration
Without storage

First of all the effluent water flow of the system has to be looked into. The water flow of the effluent water can
be seen in figure 5.17. For every year it can be calculated what the maximum data center cooling demand is
so that the Ecopark water surplus is never below zero. The lowest maximum cooling capacity is 4832 RT from
the year 2010. The Ecopark water surplus for all years with the data center cooling demand of 4832 RT can
be found in figure 5.18. It can be seen that the Ecopark water surplus is always above zero between 2007 and
2016. So the maximum data center cooling demand will be 4832 RT, which is six times higher than the current
demand. The water usages per subsystem can be found in appendix D.
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The same calculations can be made for the case when daily storage is applied to the data center. The maxi-
mum data center cooling demand with storage so that the Ecopark water storage is never negative is 4960 RT.
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Figure 5.18: Curagao 2007 - 2016: Maximum DOW water usage in case of maximum data center cooling demand
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The Ecopark water surplus for all years with storage with a maximum cooling capacity of 4960 RT can be seen
in figure 5.18b.

When the maximum cooling capacity of the case with and without storage are compared, it can be con-
cluded that daily storage has hardly any effect. Thereby, the storage capacity needed in this case would be
1116 m3. It might not be worth the effort to apply storage to the data center to improve the Ecopark water
usage. The water usages per subsystem can be found in appendix D.

5.2.4. Maximum greenhouse area

In this subsection the maximum greenhouse area will be determined for the OTE system with the optimized
configuration. Furthermore it will be researched if a daily storage capacity has an impact on the maximum
greenhouse area.

Without storage

Just like in subsection 5.2.3 the maximum greenhouse area can be calculated for each year with taken in mind
that the Ecopark water surplus should be always positive. The maximum greenhouse area can be calculated
with the fzero function in python, with the greenhouse area as variable input to find the root of the minimal
Ecopark water surplus. The lowest maximum greenhouse area of all the years is 10.4 ha. The maximum
greenhouse area for all the years can be found in figure 5.19a. Compared to the original greenhouse area, this
is 3.5 times more. This is not a high increase and can be explained by the highly fluctuating water usage of
the greenhouse cooling. The water usages per subsystem can be found in appendix D.

With storage
The same calculations can be made for this case with a storage capacity for the greenhouse cooling. For every
year the maximum greenhouse area is calculated, the results can be found in figure 5.19b.

The lowest maximum greenhouse area is 17.1 ha for the year 2010. Compared to the case without storage,
this is an increase of almost 65%. The required storage capacity would be 23885 m3, which is about 1400
m?® per hectare. Therefore daily storage might a good option to increase the possible greenhouse area in this
Ecopark, but a feasibility study has to be made to determine if the cost for the daily thermal storage are lower
than the gained benefits from a larger greenhouse area. The water usages per subsystem can be found in
appendix D.
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Figure 5.19: Curacao 2007 - 2016: Maximum DOW water usage in case of maximum greenhouse area

5.2.5. Maximum fresh water production
The last case to research is the maximum possible fresh water production when there are no other subsys-
tems. Furthermore it will be investigated if a daily storage capacity has a significant influence on the maxi-
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mum possible water production or not.

Without storage

For each year it is calculated what the maximum fresh water production is per year so that the effluent water
flow will not be exceeded. Again this is done with the fzero function in Python, with the water production
rate as variable input to find the root of the minimal Ecopark water surplus. The results can be found in
figure 5.20a. It can be seen that the lowest maximum fresh water production is approximately 393 m®/day.
So the maximum OTWP potential in case of the optimized configuration is almost 16 times higher than the
base case production. The water usages per subsystem can be found in appendix D.

With storage

For each year calculations are made to determine the maximum fresh water production rate with storage
applied. The results can be found in figure 5.20b. From this figure it can be seen that the lowest maximum
fresh water production rate is almost 398 m3/day. Compared to the case without storage, this is only an
increase of 1.3% in fresh water production. The storage capacity needed for this increase is 690 m®. This
is not much, but probably not worth the small increase in fresh water production. The water usages per
subsystem can be found in appendix D.

450 - Ve 450 g FEPRESY
208 413 413 a0 417 416
400 400
350 350
N N
g 300 g 300
m m
£ E
c 250 c 250
S S
- -
Q [}
=] =]
g 200 B 200
Q Q.
9] o}
£ 150 £ 150
= =
100 100
50 50
070 @ @ O > 0 > B o .0 070 @ @ 0 > O > B o .6
Q Q Q 2 > N\ N\ \4 2 3 Q Q Q 3 N\ N\ N\ \4 N\ 2
DA AT DT AT AT AT AT AT A DT A AT DT AT AT DT AT DT A
(a) Without storage (b) With storage

Figure 5.20: Curacao 2007 - 2016: Maximum DOW water usage in case of maximum fresh water production

5.2.6. Conclusion Cases

From the first two cases it can be concluded that the model works fine for other inputs of the OTEC and SWAC
demand than only for the base case. The case of an 10 MW OTEC power plant showed that the calculated
required pipe diameter is almost the same as the pipe diameter calculated by others. The case of a 20 MW,
SWAC showed that required pipe diameter only increases about 20 cm when the SWAC demand increases
from 7.5 MWy, to 20 MWyy,.

The last three cases showed the potential of the data center cooling demand, greenhouse area and fresh
water production when all the effluent water in the Ecopark is used by each system, with and without daily
storage. The maximum data center cooling capacity can increase from 720 to 4832 RT when all the effluent
water is used for data center cooling. Adding daily storage can increase the maximum capacity to 4960 RT,
but this difference is so small that it is estimated that it is not feasible to implement the storage.

The total greenhouse area can be expanded from 3 to 10.4 ha when the entire effluent water mass flow is
used for greenhouse cooling. In contrary to data center cooling, adding the daily thermal storage option has
a significant effect on the maximum greenhouse area. In this case the total greenhouse area can increase to
17.1 ha. However, it should be investigated if this is economically feasible.

When all the effluent water is used to produce fresh water, the water production rate can be increased 15.7
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times, namely from 25 m®/day to 393 m®/day. Just like in the case of the data center cooling, the increase in
fresh water production with thermal storage is not significant.

5.3. Sensitivity analysis

Alot of assumptions are made by developing this model. Some assumptions might be a little of, and therefore
the results of the model can deviate from the reality. A sensitivity analysis can be made for a few variables to
investigate the uncertainty in output. In subsection 5.3.1 the uncertainty of the cold deep seawater temper-
ature on the outputs is investigated. Subsequently the sensitivity of the OTEC efficiency wil be researched in
subsection 5.3.2. In subsection 5.3.3 it will be investigated what the impact is on the cold water usage and the
pipe diameter when the heat exchanger efficiency is not 100% but less.

5.3.1. Seawater temperature sensitivity

The subsystems that make use of the cold deep seawater are very dependable on the temperature of the water.
A change in cold water temperature leads to a higher or lower required mass flow. Therefore it is interesting to
investigate what the maximum mass flow and the cold water pipe outside diameter would be when the cold
water temperature is changed.

In this subsection it is investigate what the effect is on the maximum mass flow rate and the pipe diam-
eter when the seawater temperature is changed. This is done for an annual seawater temperature change of
-1.0°C, -0.5°C, +0.5°C and +1.0°C compared to the base case.

The results of this investigation can be found in figure 5.21. In subfigure 5.21a the maximum water usage
of the years 2007 to 2016 are shown. As can be expected the maximum water mass flow decreases when the
cold deep seawater is colder and the maximum water usage increases when the cold deep seawater temper-
ature goes up.

The same trend can be seen in subfigure 5.21b for the required cold water pipe outside diameter. When
the seawater temperature goes down, the pipe diameter decreases and when the seawater temperature goes
up, the required pipe diameter increases.

Furthermore it can be seen in subfigure 5.22c that the minimum Ecopark water surplus is positive for ev-
ery temperature change. The potential of the Ecopark will decrease with lower deep seawater temperatures,
but an effluent water shortage is not an issue.

From the results it can be concluded that the maximum cold water mass flow and the required pipe diam-
eter are quite sensitive for temperature changes of the cold deep seawater. This is something that could have
been expected, because all the temperature differences in subsystems are small so a temperature change of
0.5°C or 1.0°C is a relative big change.
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Figure 5.21: Maximum DOW water usage and required cold water pipe outside diameter by changing cold deep seawater temperature

5.3.2. Irreversible efficiency sensitivity

In subsection 3.2.1in eq. 3.2 itis assumed that the thermal efficiency of the OTEC cycle can be calculated with
the Carnot efficiency times an efficiency factor for the irreversible losses. It is assumed that the irreversible
efficiency is 0.47, because with this value the efficiency of the OTEC cycle varies between 3.2% and 4.0% for a
temperature difference of 20°C and 26°C, respectively.

However, the efficiency of the OTEC cycle might be different than assumed. Therefore it is interesting
to research what the impact is on the maximum water usage and pipe diameter when the value of the ir-
reversible efficiency is less or more than the assumed value of 0.47. The maximum water usage and pipe
diameter is calculated for the values +0.05 and +0.1 with respect to the original value of 0.47. The results of
these calculations can be seen in figure 5.22.

In subfigure 5.22a the maximum water usage of the years 2007 to 2016 are shown. As can be expected the
maximum water mass flow increases when the thermal efficiency decreases and the maximum water usage
decreases when the thermal efficiency increases. The same trend can be seen in subfigure 5.22b for the re-
quired cold water pipe outside diameter. When the thermal efficiency goes down, the required pipe diameter
increases and when the thermal efficiency increases, the required pipe diameter decreases.

Subfigure 5.22c shows the Ecopark water surplus. The water suprlus decreases when the irreversible losses
are lower, but stays well above zero. This means that even when the assumed value for 7., is not completely
correct, the Ecopark will not face an effluent water shortage.

From the results it can be concluded that the maximum cold water mass flow and the required pipe di-
ameter are quite sensitive for efficiency change of the OTEC cycle. When the efficiency decreases 10% point,
the maximum mass flow increases 12.7% and the pipe diameter increases 6.1%. Even so when the efficiency
decreases 5% point, the maximum mass flow increases 5.6% and the pipe diameter increases 2.8%.

On the other hand, when the efficiency increases 5% point, the maximum mass flow decreases 4.8% and
the pipe diameter decreases 2.4%. Lastly when the efficiency increases 10% point, the maximum mass flow
decreases 8.8% and the pipe diameter decreases 4.5%.

From this sensitivity analysis it can be concluded that the efficiency of the OTEC cycle has a significant
impact on the maximum water usage and pipe diameter. Therefore the efficiency should be estimated with
great care, because otherwise the cold water pipe diameter can be over- or underestimated.
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Figure 5.22: Maximum DOW water usage and required cold water pipe outside diameter by changing the irreversible efficiency

5.3.3. Heat losses sensitivity

In the model the assumption is made that there are no heat losses in the OTE system. However, this will not
be the case in reality. Therefore a sensitivity analysis is made for the heat losses. The cases with an efficiency
0f 99%, 98%, 97%, 96% and 95% are compared to the case with 100%. The heat losses are implemented in the
model as efficiency factor (heat loss factor) in the heat exchangers. The results from this sensitivity analysis
can be seen in figure 5.23.

In subfigure 5.23a the cold deep seawater usage for the efficiency from 100% to 95%. It can be seen that
per percentage point decrease of the efficiency the maximum cold water mass flow increases approximately
13 kg/s. Even so it can be seen in subfigure 5.23b that the required pipe diameter increases by approximately
0.008 m for every percent point efficiency decrease.

Furthermore it can be seen in subfigure 5.23c that an increase in heat losses (lower efficiency) even leads to a
higher Ecopark water surplus. This can be explained by the fact that the combined heat losses in the primary
layer of the OTE system are bigger than the combined heat losses in the Ecopark.
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From the heat losses sensitivity analysis it can be concluded that heat losses have a small, but not to be
neglected effect on the cold deep seawater mass flow and the cold water pipe diameter. A decrease from 100%
to 95% efficiency leads to an increase of 6.5% and 3.3% in maximum cold water usage and pipe diameter,
respectively.
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Figure 5.23: Maximum DOW water usage and required cold water pipe outside diameter by changing the heat loss factor

5.3.4. Cold water pipe flow velocity sensitivity
In the model the cold water pipe diameter is calculated with an assumed flow velocity of 1.5 m/s. However,
the cold water flow velocity might differentiate from the assumed value. Therefore the sensitivity of the flow
velocity will be investigated in this subsection.

In figure 5.24 the required pipe diameter for the velocities of 1.3, 1.4, 1.5, 1.6 and 1.7 m/s can be found.
The required pipe diameter change per step of 0.1 m/s is about 0.04 m, which is an increase or decrease of
3.3% per step of 0.1 m/s compared to the assumed diameter.
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On the other hand, the flow velocity does not influences the cold deep seawater mass flow and the effluent
water mass flow. They are the same as in the case study for Curacao.

It can be concluded that the model is quite sensitive on the cold deep seawater flow velocity. The flow
velocity should be estimated with great care, because the impact on the calculation of the required pipe di-
ameter is significant. However, the flow velocity has no influence on the cold deep seawater and effluent
mass flow.
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Figure 5.24: The required cold water pipe outside diameter by changing the cold water flow velocity



Conclusion and Recommendations

The objective of this thesis was to research the water demands of the subsystems and the time-dependent
integration of the water demands in an Ocean Thermal Energy system. The corresponding research objective
of this thesis was: 'What is the influence of time-dependent integration of the subsystems in an Ocean Thermal
Energy system on the cold deep seawater mass flow and cold water pipe diameter?’

To answer the research question, a modular model of an OTE system has been developed in Python. The
modules that have been developed as subsystems are: OTEC, SWAC, data center cooling, greenhouse cooling
and OTWP. The output of each module is the cold water demand, so that outputs can be combined in the
main-file to calculate the total cold deep seawater usage and the required cold water pipe diameter. The
model calculates the cold deep seawater mass flow for the length of one year on an hourly basis.

6.1. Conclusions

Seawater temperature fluctuation

The most important input parameters are the cold deep seawater temperature and the hot surface water tem-
perature. For the base case study for Curagao the seawater temperatures have been investigated for the years
2007 to 2016. The seawater temperature analysis gave a great insight in the fluctuation of the seawater tem-
peratures over the years. The differences in seawater temperatures between years are larger than expected.
Especially the year 2016 shows a different behavior than the years before. Therefore it can be concluded for
the seawater temperatures that it is very important to have seawater temperature data of many years. This
way peak and bottom seawater temperatures, which in the end determine the size of the cold water pipe, can
be taken into account. Otherwise it can happen that the cold water pipe diameter is too small and that the
subsystems in an OTE cannot operate.

Time-integrated OTE system

The cold deep seawater usage and the required pipe diameter of the simple demand analysis and the time-
integrated OTE system are calculated and compared. In case of the simple demand analysis the maximum
cold deep seawater mass flow was 1414 kg/s and the corresponding required pipe outside diameteris 1.242 m.
In case of the time-integrated system the maximum water usage is 1365 kg/s and the required CWP diameter
is 1.22 m. So the cold water mass flow decreased 49 kg/s (3.6%) and the required pipe outside diameter
decreased 0.022 m (1.80%). It can be concluded that the difference between the simple demand analysis and
the time-integrated OTE system is not significant and that therefore the optimization of an OTE system by
time-dependent integration is not significant.

However, when the year 2016 is excluded, the difference is more significant. In case of the simple demand
analysis the maximum mass flow would be 1365 kg/s and the required pipe diameter 1.22 m. In case of the
time-integrated system the maximum mass flow would be 1265 kg/s and the required pipe diameter 1.174 m.
This is a reduction of 7.3% and 3.8% in cold water mass flow and CWP outside diameter, respectively.

Daily and yearly thermals storage
The OTE system’s maximum cold water usage and required cold water pipe outside diameter can be opti-
mized by adding daily or yearly thermal storages. The maximum cold deep seawater mass flow is 1246 kg/s
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and the corresponding required pipe diameter is 1.166 m in case of the daily thermal storage. This is a de-
crease of 8.7% and 4.4%, respectively and the total required storage volume is 23 000 m>. In case of the yearly
thermal storage, the maximum cold water mass flow is 1184 kg/s and the CWP outside diameter is 1.136 m.
This is a decrease of 13.3% and 6.9%, respectively and the total required storage volume is about 624 000 m5.

Even though the results look promising for the maximum cold deep seawater mass flow and the pipe di-
ameter, the large required storage volume is expected to cost a lot. Therefore it should be researched if the
daily or yearly thermal storage are cheaper than a larger CWP diameter.

6.1.1. Greenhouse storage

The only subsystem where daily storage makes a significant difference is greenhouse cooling, because the
cooling demand of the greenhouse fluctuates a lot over a day. When the greenhouses are connected to the
effluent water, the maximum greenhouse area can be increased from 10.4 ha to 17.1 ha by adding a daily
thermal storage of 23 885 m5.

Move subsystems downstream

The best way to optimize an OTE system is to add as many subsystems downstream in the Ecopark, so that
they use the effluent water coming from the OTEC and SWAC. Compared to the Curacao case study, the max-
imum cold water mass flow could be reduced from 1365 to 1101 kg/s and the required CWP diameter could
be reduced from 1.22 to 1.096 m when the data center, greenhouses and OTWP are placed in the Ecopark.
This is a decrease of 19.3% and 10.2%, respectively. Adding daily or yearly thermal storages can decrease the
maximum mass flow and the pipe diameter even further, but the decrease is not significant compared to the
case of an optimized configuration.

Large-scale OTEC power plant

The calculation of the OTE system with a 10 MW instead of a 500 kW OTEC power plant showed that the
water usage of the other subsystems are almost neglectable compared to the water usage of the OTEC. Since
it is expected that other OTE systems will be combined include an 5 to 15 MW OTEC, the optimization of the
OTEC power plant is expected to be more significant than optimization by configuration of an OTE system.

Summary

It can be conclude that the optimization by time-dependent integration is not significant and that it is bene-
ficial to add as many subsystems downstream in the Ecopark that are using the effluent water to optimize the
cold deep seawater mass flow and the required cold water pipe diameter.

6.2. Recommendations

Even though the model showed great results in predicting the mass flows in the OTE system and the cold
water pipe diameter, there are plenty of opportunities to improve the model.

Less simplified subsystem modules

For future research, it is recommended to change the modules of the subsystems with less simplified ones.
This might be crucial to determine peak demands and to get an even better approximation of the maximum
water usage and CWP diameter.

Environmental data

Furthermore, it is recommended to use measured or better environmental data instead of the data of Me-
teonorm. The disadvantage of Meteonorm is that the data is generated by a model. Even though this gives a
good approximation, it can be seen that it is not measured data. It will be interesting to compare the results
of this model for the data of Meteonorm and measured data.

Economical optimization

In this research the optimization is made only in terms of cold deep seawater mass flow and cold water pipe
diameter. Therefore it will also be interesting to see an economical optimization for the Curacao base case
study. Especially in case of the daily and yearly thermal storages it would be interesting to see some real
number to compare the cost of building the storage and the savings on having a smaller CWP.
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Heat losses

In almost every case heat losses are not taken into account, but they can really make a significant difference
in water usage since the temperature differences in the subsystems are very small. Examples of heat losses
that could be taken into account are heat exchanger losses and heat losses due to transportation of the water.

Other OTE system sites

This model has only been tested for an OTE system located on Curacao. It will be interesting to see how
the model behaves for different locations and what the results will be for those locations. Furthermore, the
model could not be validated because there is no data available. When the OTE system on Curacao is built and
measured data is available, it will be interesting to see the differences between this model and the measured
data.

Graphical User Interface

The final recommendation is to develop a GUI for this model to make it more user friendly. The model is de-
veloped in such a way that the case specific inputs are in one file and the outputs are in another file. Therefore
it should not be to hard to make a GUI for this model.
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Validation SWAC cooling curve correlation

The correlation that is used to predict the cooling demand as function of the temperature and solar radiation
which takes heat accumulation into account is based on measured data of Greenvis [27]. Greenvis performed
measurements on the chiller in the old terminal of Hato Curacao International Airport from 31-01-2014 to 03-
02-2014. The calculated cooling load and the measured environmental temperature can be found in figure
A.l.
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Figure A.1: Old terminal cooling load and the measured environmental temperature

It can be seen that there is a correlation between the temperature and the cooling load. The peaks of the
cooling load maximum and minimum are shifted about four hours maximum environmental temperature.
This behavior can be explained by heat accumulation inside the building. In figure A.2 the result can be seen
when the temperature curve is shifted four hours to the right. It can be seen that now the maximum cooling
load almost perfectly concur with the maximum environmental temperature.
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Figure A.2: Old terminal cooling load and the shifted environmental temperature

Since this has to be a generic model, it is preferred to have a function that is dependable on the maximum
cooling load. Furthermore, it is obvious to include the environmental temperature as input. The last obvious
variable to include is the solar radiation. This can be done by the solar factor. The solar factor SF is the ratio
between the average monthly solar radiation and the maximum average solar radiation over a year. The solar
factor for Curacao based on the data of Meteonorm can be seen in figure A.3.
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Figure A.3: The solar factor of Curacao for the months of a year

The correlation found can be seen in eq. A.1. The cooling load depends on the solar factor SE the shifted
temperature T,,,(h —4), the maximum environmental temperature of the year T¢y,,mqx and the maximum
cooling demand of the year Q4.

Tenv(h - 4)

Tenv,max

Qcool(h) = Qmax -SF- (A.1)
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It can be checked if this leads to the right cooling curve. The solar factor in the month february is 0.803 and
the maximum temperature of the year 2014 is 35°C. The maximum cooling capacity of the chiller is not know,
but it is expected that it is about 250 kW. The result of the calculation of the cooling load with this correlation
can be found in figure A.4. It can be seen that the green line of the calculated cooling demand is almost
following the orange line of the temperature and the blue line of the measured cooling demand.
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Figure A.4: Old terminal cooling load, the shifted environmental temperature and the calculated cooling load
Now the SWAC cooling correlation can be extrapolated for the year 2014. The temperature data of the entire

year is taken from Meteonorm. In figure A.5 both the measured cooling demand and the extrapolated cooling
demand for the year 2014 based on the correlation can be seen.
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Figure A.5: Old terminal cooling load and the extrapolated calculated cooling load for the year 2014

In figure A.6 the same can be seen, but then zoomed into the period from 31-02-2014 to 03-02-2014. The
calculated cooling demand deviates a bit more compared to figure A.4, but the maximum of the measured
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and the calculated cooling demand occur on the same time. The deviation can probably be explained by
the temperature data of Meteonorm. The temperatures are not measured, but calculated based on an hourly
based climate model. Therefore te minimum and maximum temperatures might be different than the values
of the measured temperature.
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Figure A.6: Old terminal cooling load and the calculated cooling load based on eq. A.1 from 31-02-2014 to 03-02-2014



Water usages: Optimization methods

B.1. Time-integrated OTE system

In this section the water usages per sub-system can be found in case of the time-integrated OTE system. In
the top-left corner of figure B.1 the water usage of the OTEC power plant can be seen. In the top-right corner
the water usage of the SWAC connected to the DOW can be seen. Then in the left center the water usage of the
data center connected to the DOW can be found. The water usage of the DOW-connected greenhouse can be
found in right center. In the bottom-left corner the effluent water usage of the greenhouse in the Ecopark can
be found. Lastly, the effluent water usage of the OTWP in the Ecopark can be seen in the bottom-right corner.
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Figure B.1: Water usages of each sub-system in case of the time-integrated OTE system
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B. Water usages: Optimization methods

B.2. Optimization by daily thermal storage
In this section the water usages per sub-system can be found in case of the optimization by daily thermal
storage. In the top-left corner of figure B.2 the water usage of the OTEC power plant can be seen. In the
top-right corner the water usage of the SWAC connected to the DOW can be seen. Then in the left center the
water usage of the data center connected to the DOW can be found. The water usage of the DOW-connected
greenhouse can be found in right center. In the bottom-left corner the effluent water usage of the greenhouse
in the Ecopark can be found. Lastly, the effluent water usage of the OTWP in the Ecopark can be seen in the

bottom-right corner.
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Figure B.2: Water usages of each sub-system in case of optimization by daily thermal storage
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B.3. Optimization by yearly thermal storage
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B.3. Optimization by yearly thermal storage
In this section the water usages per sub-system can be found in case of the optimization by yearly thermal
storage. In the top-left corner of figure B.2 the water usage of the OTEC power plant can be seen. In the
top-right corner the water usage of the SWAC connected to the DOW can be seen. Then in the left center the
water usage of the data center connected to the DOW can be found. The water usage of the DOW-connected
greenhouse can be found in right center. In the bottom-left corner the effluent water usage of the greenhouse
in the Ecopark can be found. Lastly, the effluent water usage of the OTWP in the Ecopark can be seen in the

bottom-right corner.
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Figure B.3: Water usages of each sub-system in case of optimization by yearly thermal storage
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B. Water usages: Optimization methods

B.4. Optimized configuration
In this section the water usages per sub-system can be found in case of the optimization by changing the
configuration of the OTE sytem. In the top-left corner of figure B.4 the water usage of the OTEC power plant
can be seen. In the top-right corner the water usage of the SWAC connected to the DOW can be seen. Then in
the left center the effluent water usage of the data center connected to the Ecopark can be found. The water
usage of the DOW-connected greenhouse can be found in right center. In the bottom-left corner the effluent
water usage of the greenhouse in the Ecopark can be found. Lastly, the effluent water usage of the OTWP in
the Ecopark can be seen in the bottom-right corner.
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B.5. Optimization by both configuration and daily thermal storage

In this section the water usages per sub-system can be found in case of the optimization by both changing
the configuration of the OTE sytem and daily thermal storage. In the top-left corner of figure B.5 the water
usage of the OTEC power plant can be seen. In the top-right corner the water usage of the SWAC connected
to the DOW can be seen. Then in the left center the effluent water usage of the data center connected to the
Ecopark can be found. The water usage of the DOW-connected greenhouse can be found in right center. In
the bottom-left corner the effluent water usage of the greenhouse in the Ecopark can be found. Lastly, the
effluent water usage of the OTWP in the Ecopark can be seen in the bottom-right corner.
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B. Water usages: Optimization methods

B.6. Optimization by both configuration and yearly thermal storage

In this section the water usages per sub-system can be found in case of the optimization by both changing
the configuration of the OTE sytem and yearly thermal storage. In the top-left corner of figure B.6 the water
usage of the OTEC power plant can be seen. In the top-right corner the water usage of the SWAC connected
to the DOW can be seen. Then in the left center the effluent water usage of the data center connected to the
Ecopark can be found. The water usage of the DOW-connected greenhouse can be found in right center. In
the bottom-left corner the effluent water usage of the greenhouse in the Ecopark can be found. Lastly, the
effluent water usage of the OTWP in the Ecopark can be seen in the bottom-right corner.
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Water usages: Future growth scenario

C.1. Maximum data center cooling without OTEC

In this section the water usages per sub-system can be found in case of the maximum data center cooling
without OTEC. In the top-left corner of figure C.1 the water usage of the OTEC power plant can be seen. In the
top-right corner the water usage of the SWAC connected to the DOW can be seen. Then in the left center the
water usage of the data center connected to the DOW can be found. The water usage of the DOW-connected
greenhouse can be found in right center. In the bottom-left corner the effluent water usage of the greenhouse
in the Ecopark can be found. Lastly, the effluent water usage of the OTWP in the Ecopark can be seen in the
bottom-right corner.
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Figure C.1: Water usages of each sub-system in case of the maximum data center cooling without OTEC
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90 C. Water usages: Future growth scenario

C.2. Maximum SWAC cooling without OTEC

In this section the water usages per sub-system can be found in case of the maximum SWAC cooling without
OTEC. In the top-left corner of figure C.2 the water usage of the OTEC power plant can be seen. In the top-
right corner the water usage of the SWAC connected to the DOW can be seen. Then in the left center the
water usage of the data center connected to the DOW can be found. The water usage of the DOW-connected
greenhouse can be found in right center. In the bottom-left corner the effluent water usage of the greenhouse
in the Ecopark can be found. Lastly, the effluent water usage of the OTWP in the Ecopark can be seen in the
bottom-right corner.
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Figure C.2: Water usages of each sub-system in case of the maximum SWAC cooling without OTEC
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C.3. Additional data center in the effluent loop

The water usage per sub-system in case of the additional data center in the effluent loop is the same as in case
of time-integrated OTE system, see figure B.1. The only difference is the additional data center water usage
in the Ecopark. The water usage of the additional data center in the Ecopark can be seen in figure C.3.
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Figure C.3: Water usages of the additional data center in the effluent water loop (Ecopark)

C.4. Additional SWAC in the effluent loop

The water usage per sub-system in case of the additional SWAC in the effluent loop is the same as in case of
time-integrated OTE system, see figure B.1. The only difference is the additional SWAC water usage in the
Ecopark. The water usage of the additional SWAC system in the Ecopark can be seen in figure C.4.

900 .
—— Mc,2007
—— Mc, 2008
—— M, 2000
—— Mc,2010
—— Mc,2011
—— Mc,2012
i B n?c,2013
g — Mc,2014
g) B '7.7(:,2015
@ — Mc,2016
5
g
©
=
300
200
100
0
0 50 100 150 200 250 300 350

Day of the year

Figure C.4: Water usages of the additional SWAC system in the effluent water loop (Ecopark)
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C. Water usages: Future growth scenario

C.5. Maximum combined data center cooling
In this section the water usages per sub-system can be found in case of the maximum combined data center
cooling. In the top-left corner of figure C.5 the water usage of the SWAC connected to the DOW can be seen.
In the top-right corner the water usage of the data center connected to the DOW can be seen. Then in the
left center the water usage of the data center connected to the Ecopark can be found. The water usage of the
DOW-connected greenhouse can be found in right center. In the bottom-left corner the effluent water usage
of the greenhouse in the Ecopark can be found. Lastly, the effluent water usage of the OTWP in the Ecopark
can be seen in the bottom-right corner.
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Figure C.5: Water usages of each sub-system in case of the maximum combined data center cooling
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C.6. Maximum combined SWAC cooling

In this section the water usages per sub-system can be found in case of the maximum combined SWAC cool-
ing. In the top-left corner of figure C.6 the water usage of the SWAC connected to the DOW can be seen. In
the top-right corner the water usage of the SWAC connected to the effluent water of the Ecopark can be seen.
Then in the left center the water usage of the data center connected to the Ecopark can be found. The water
usage of the DOW-connected greenhouse can be found in right center. In the bottom-left corner the effluent
water usage of the greenhouse in the Ecopark can be found. Lastly, the effluent water usage of the OTWP in
the Ecopark can be seen in the bottom-right corner.
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Figure C.6: Water usages of each sub-system in case of the maximum combined SWAC cooling
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Water usages: Cases

D.1.10 MW OTEC power plant

In this section the water usages per sub-system can be found in case of a 10 MW instead of a 500 kW OTEC
power plant. In the top-left corner of figure D.1 the water usage of the 10 MW OTEC can be seen. In the top-
right corner the water usage of the SWAC system connected to the DOW can be seen. Then in the left center
the water usage of the data center connected to the cold deep seawater can be found. The water usage of the
DOW-connected greenhouse can be found in right center. In the bottom-left corner the effluent water usage
of the greenhouse in the Ecopark can be found. Lastly, the effluent water usage of the OTWP in the Ecopark
can be seen in the bottom-right corner.
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Figure D.1: Water usages of each sub-system in case of a 10 MW instead of a 500 kW OTEC power plant
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D.2.20 MW SWAC

In this section the water usages per sub-system can be found in case of a 20 MW instead of a 7.5 MW SWAC
system. In the top-left corner of figure D.2 the water usage of the OTEC can be seen. In the top-right corner
the water usage of the 20 MW SWAC system connected to the DOW can be seen. Then in the left center the
water usage of the data center connected to the cold deep seawater can be found. The water usage of the
DOW-connected greenhouse can be found in right center. In the bottom-left corner the effluent water usage
of the greenhouse in the Ecopark can be found. Lastly, the effluent water usage of the OTWP in the Ecopark
can be seen in the bottom-right corner.
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Figure D.2: Water usages of each sub-system in case of a 20 MW instead of a 7.5 MW SWAC system
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D.3. Maximum data center cooling demand without thermal storage
In this section the water usages per sub-system can be found in case of the maximum data center cooling
capacity when only the data center uses the effluent water in the Ecopark. In the top-left corner of figure
D.3 the water usage of the OTEC can be seen. In the top-right corner the water usage of the SWAC system
connected to the DOW can be seen. Then in the left center the water usage of the data center connected to
the effluent water can be found. The water usage of the DOW-connected greenhouse, the Ecopark-connected
greenhouse and the OTWP are zero, and can be found in the left center, bottom-left corner and the bottom-

right corner, respectively.
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Figure D.3: Water usages of each sub-system in case of the maximum data center cooling capacity when there are no other sub-systems

in the Ecopark
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D.4. Maximum data center cooling demand with thermal storage

In this section the water usages per sub-system can be found in case of the maximum data center cooling
capacity when only the data center uses the effluent water and with additional daily thermal storage. In the
top-left corner of figure D.4 the water usage of the OTEC can be seen. In the top-right corner the water usage
of the SWAC system connected to the DOW can be seen. Then in the left center the water usage of the data
center connected to the effluent water can be found. The water usage of the DOW-connected greenhouse,
the Ecopark-connected greenhouse and the OTWP are zero, and can be found in the left center, bottom-left
corner and the bottom-right corner, respectively.
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Figure D.4: Water usages of each sub-system in case of the maximum data center cooling capacity when there are no other sub-systems
in the Ecopark (with daily thermal storage)
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D.5. Maximum greenhouse area without thermal storage

In this section the water usages per sub-system can be found in case of the maximum greenhouse area when
only the greenhouses use the effluent water in the Ecopark. In the top-left corner of figure D.5 the water usage
of the OTEC can be seen. In the top-right corner the water usage of the SWAC system connected to the DOW
can be seen. Then in the bottom-left corner the water usage of the greenhouses connected to the effluent
water can be found. The water usage of the data center, the DOW-connected greenhouse and the OTWP are
zero, and can be found in the left center, right center and the bottom-right corner, respectively.
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Figure D.5: Water usages of each sub-system in case of the maximum greenhouse area when there are no other sub-systems in the
Ecopark
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D.6. Maximum greenhouse area with thermal storage

In this section the water usages per sub-system can be found in case of the maximum greenhouse area when
only the greenhouses use the effluent water and with additional daily thermal storage. In the top-left corner
of figure D.6 the water usage of the OTEC can be seen. In the top-right corner the water usage of the SWAC sys-
tem connected to the DOW can be seen. Then in the bottom-left corner the water usage of the greenhouses
connected to the effluent water can be found. The water usage of the data center, the DOW-connected green-
house and the OTWP are zero, and can be found in the left center, right center and the bottom-right corner,

respectively.
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Figure D.6: Water usages of each sub-system in case of the maximum greenhouse area when there are no other sub-systems in the

Ecopark (with daily thermal storage)
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D.7. Maximum fresh water production without thermal storage

In this section the water usages per sub-system can be found in case of the maximum fresh water production
when only the OTWP uses the effluent water. In the top-left corner of figure D.7 the water usage of the OTEC
can be seen. In the top-right corner the water usage of the SWAC system connected to the DOW can be seen.
Then in the bottom-right corner the water usage of the OTWP connected to the effluent water can be found.
The water usage of the data center, the DOW-connected greenhouse and the Ecopark-connected greenhouse
are zero, and can be found in the left center, right center and the bottom-left corner, respectively.
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Figure D.7: Water usages of each sub-system in case of the maximum fresh water production when there are no other sub-systems in
the Ecopark (With daily thermal storage)
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D. Water usages: Cases

D.8. Maximum fresh water production with thermal storage

In this section the water usages per sub-system can be found in case of the maximum fresh water production
when only the OTWP uses the effluent water and with additional daily thermal storage. In the top-left corner
of figure D.8 the water usage of the OTEC can be seen. In the top-right corner the water usage of the SWAC
system connected to the DOW can be seen. Then in the bottom-right corner the water usage of the OTWP
connected to the effluent water can be found. The water usage of the data center, the DOW-connected green-
house and the Ecopark-connected greenhouse are zero, and can be found in the left center, right center and

the bottom-left corner, respectively.
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Figure D.8: Water usages of each sub-system in case of the maximum fresh water production when there are no other sub-systems in
the Ecopark (with daily thermal storage)



The flaws of the Meteonorm data

In this research the climate data of Meteonorm is used for the environmental temperature and pressure,
relative humidity, wind speed and solar radiation. However, the data are not measured values but calculated
values based on a climate model. The drawbacks will be shown in this appendix.

E.l. Temperatures

Initially the temperature data of Meteonorm seemed very good. The temperature data for Hato Curacao
International Airport for the years 2007 to 2016 can be seen in figure E.1.
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Figure E.1: Temperatures Hato Curacao International Airport generated with Meteonorm for the years 2007 to 2016

In figure E.2 data for the same years can be seen, but now zoomed into days 277 to 281. It can be seen that for
some defects occur almost every year. That is no coincidence, that is a result of the use of the climate model.
It is also interesting to see that the lines of three years are a little different from the other years. These years
are 2008, 2012 and 2012, all three leap years. It seem like Meteonorm calculates the temperature in a different
way for leap years.
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Figure E.2: Temperatures Hato Curacao International Airport generated with Meteonorm for the years 2007 to 2016 (zoomed in)

E.2. Pressure

The environmental pressure generated with the data from Meteonorm can be found in figure E.3. What could
be noticed is that in the beginning of the year all the environmental pressures have the same value. Later
down the year some of the values start to deviate from the rest. This can be seen in figure E.4. Only the
pressures of the years 2008, 2009, 2012 and 2016 are different that the other years. But, in the end the pressure
is only used to calculate the fresh water production. The relative difference between the pressure of 1010
mbar and 1000 mbar is only 1% and the difference in fresh water production is even smaller.
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Figure E.3: Pressures Hato Curacao International Airport generated with Meteonorm for the years 2007 to 2016



E.3. Relative Humidity 105

1015.0 —— Penv,2007

— Penv,2008

—— Penv, 2000

1012.5 —— Penv,2010

— Penv,2011

1010.0 — Penv,2012

- — Peny,2013

- — Penv,2014

81007.5 Penv, 2015

% — Penv,2016

2 1005.0

o
a.

1002.5

1000.0

997.5

310.0 310.5 311.0 311.5 312.0 312.5 313.0 313.5 314.0
Day of the year

Figure E.4: Pressures Hato Curacao International Airport generated with Meteonorm for the years 2007 to 2016 (zoomed in)

E.3. Relative Humidity

The relative humidity from 2007 to 2016 can be seen in figure E.5. The relative humidity seems like it is unique
for every year. However, in figure E.6 the relative humidity can be seen for the days 54 to 57. Even though the
values are different for each year, it is very obvious that is is not measured data. For example, looking at the
time span of 55.5 to 56.0, the same patterns can be seen for each year. This can only be the result of using a
climate model instead of measured data.
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Figure E.5: Relative Humidity Hato Curacao International Airport generated with Meteonorm for the years 2007 to 2016
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Figure E.6: Relative Humidity Hato Curacao International Airport generated with Meteonorm for the years 2007 to 2016 (zoomed in)

E.4. Wind speed

In figure E.7 the wind speed on Curacao for the years 2007 to 2016 can be seen. What is noticeable is that it
seems that the wind speeds for each year are almost the same. A zoomed in figure for the days 320 to 325 can
be found in figure E.8. This confirms that indeed the wind speed for most years the same, or at least following
the same trend. This cannot be the measured data. For example, sometimes a hurricane passes Curacao, but
this cannot be noticed in figure E.7.
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Figure E.7: Wind speed Hato Curacao International Airport generated with Meteonorm for the years 2007 to 2016
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Figure E.8: Wind speed Hato Curacao International Airport generated with Meteonorm for the years 2007 to 2016 (zoomed in)

E.5. Daily global radiation

The daily global radiation for the years 2007 to 2016 can be found in figure E.9. Just like in the case of the
pressure, it seems like that the daily global radiation is exactly the same during first 30 days according to
Meteonorm. After that some of the years start to deviate from the others. A close up of the daily global
radiation for the days 321 to 335 can be seen in figure E.10. Also in this case only the values of the years 2008,
2009, 2012 and 2016 deviate from the rest. So even though the radiation is different for some years, this is not
measured data. In case of measured data each year would have different values at a specific day of the year.
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Figure E.9: Daily global radiation for Hato Curacao International Airport generated with Meteonorm for the years 2007 to 2016
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Figure E.10: Daily global radiation for Hato Curacao International Airport generated with Meteonorm for the years 2007 to 2016
(zoomed in)

E.6. Evaluation

In the end it can be concluded that the data from Meteonorm can give a good insight in the climate of a
location, but it would be better when measured data is available. As shown in this appendix, it is obvious that
Meteonorm uses a climate model (stochastically generated time series) to calculate the data, which can be
seen in either the same patterns in the data or that the values for multiple years are exactly the same.
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