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Foreword

In the face of climate change, overpopulation and increasing demand of resources,
many cities are seeking for more space for living, working, energy, food production
and recreation. The most common and traditional way to create land has been land
reclamation. However, such methods have raised more and more questions about its
environmental impact, cost-efficiency and climate adaptability on sea level rise. An
alternative to creating land is to build floating structures that could be of use for
various types of activities. Floating development can adapt to sea level rise, can be
built fast and towed to wherever needed. It is less disruptive to the marine
ecosystems and can provide new habitats for marine life to flourish.

By creating space on water, or expanding coastal cities on water, floating
development can add value to sustainable urban development by making cities
more resilient. Through creating adaptive “land”, excessive nutrients that will
otherwise be wasted could be turned into energy and a circular urban metabolism
could be fostered. This could contribute to developing Sustainable Cities and
Communities (the SDG #11). With proper design, engineering and monitoring, our
oceans and seas could be used more responsibly and sustainably which contributes
to Life Below Water (the SDG #14).

“Paving the Waves” symbolizes the main debate in floating urban development
at present. On one hand, it refers to “paving the waves for the future”. It is a
synonym for taking the obstacles away for the wider global application of floating
development. This includes the need to deal with regulations and the encourage-
ment of standardization to bring floating solutions from experiments and
small-scale local and national solutions to mainstream urban components to
increase the livability of waterfront cities around the globe. The theme also reflects
on the open question of how cities will bring urban planning beyond the waterfront
as the question of whether we can take advantage of the space on water is still an
open discussion. Are we expanding the urban fabric of our cities to cover the water
or will new urban configurations and forms originate? Some environmentalists see
floating developments as a potential threat to marine ecosystems. For them “Paving
the Waves” might symbolize the threat that marine systems will be urbanized.
These two meanings of “Paving the Waves” are central to the debate in the Second

ix



X Foreword

World Conference on Floating Solutions (WCFS2020). In addition to the more
technical topics, the conference also covers issues related to affordability, social
impact and ecological impact. With thought leaders and entrepreneurs in floating
urban development from all over the world, WCFS2020 aims to explore how
floating solutions could contribute to climate adaptation, the energy transition and
social justice. It is essential to bring different perspectives on this topic together and
take progressive steps towards achieving a sustainable future on the water. We wish
to thank all of those who have participated to making this vision a reality.

Rutger de Graaf-van Dinther
Co-founder of Blue21 and Blue
Revolution Foundation
Rotterdam, The Netherlands

Koen Olthuis

Founder of Waterstudio.NL

On behalf of the PtW Organizing Committee
Rijswijk, The Netherlands



Preface

Summing up a passing year is rarely as easy and unambiguous as in December
2020. The COVID-19 pandemic has swept the world, unimaginably changing our
lives and, despite optimistic forecasts for the future, our everyday life is still far
from normal. The Second World Conference on Floating Solutions 2020 could not
remain isolated from this global catastrophe. Instead of being held in Rotterdam, a
symbolic place for building on water, the international academic, business, and
activist community had to meet symbolically in a virtual space to discuss the latest
developments in floating solutions.

The disruptive time of the pandemic is reflective and put the conclusions of
WCFS2020 in a new context. This year nature once again profoundly proves that
the progress of civilization has not made our existence safe and secure once and for
all. Our Anthropocene world can still be a dangerous place, and we should prepare
to face it. Doesn’t it correspond with the conference message sent by city planners,
architects and designers about the flood-resilient floating settlements and cities for a
climate-change era?

After the first shock of the virus outbreak, it was science and technology that
came to our aid. Internet connectivity enabled us to not only sustain a minimum
level of economic activity but also to protect our valuable social ties, weakened by
social distancing. Arising from scientific method and invention is a vaccine that
gives us hope for a return to normality. In these uncertain times, this conclusion
should be encouraging for all scientists and researchers, including the ones working
every day on hydrodynamics, stability, eco-engineering, aquaculture or energy for
floating solutions. We do believe that these efforts will continue towards successful
realization of many new floating projects and contribute to climate-resilient growth
and ecological progress.

Finally, in the time of lockdowns and limited mobility, we realized how flexible
an individual human being can be. We quickly adapted ourselves to the new
circumstances and regulations, which seemed impossible to implement and follow.
This must be inspiring for the conference participants working on policies, regu-
lations and guidelines, who aim at shaping a habitable floating built environment—
an environment to which humans will have to adapt. We shall see if the pandemic

xi



Xii Preface

experience will make societies and leaders more open to the innovative forms of
living and working on the water.

The structure of this book corresponds to the narrative of the three groups of
professionals active during WCFS2020: designers, researchers and policy-makers.
In the consecutive three sections, they present the state of our imagination,
knowledge and organizational capabilities in the field of floating solutions. This
way of presenting the work aims to emphasize the highly interdisciplinary nature
of the conference. Hopefully, it will appeal to the reader who will find this book
something more than a collection of papers presented at a virtual venue.

Warsaw, Poland Lukasz Piatek
Rotterdam, The Netherlands Rutger de Graaf-van Dinther
Singapore Soon Heng Lim

Brisbane, Australia Chien Ming Wang



Background

WCES was established in 2019 and was initiated by the Society of Floating
Solutions (Singapore), a group of multi-disciplinary professionals with the vision of
creating space for Singapore on water as an eco-friendlier alternative to land
reclamation. The objective of WCFS2019 was to bring international experts and
leaders together to disseminate recent research and developments in floating
structures on both inland water bodies and offshore, that are for energy harvesting,
aquaculture and farming, leisure activities, infrastructure, industrial plants, real
estates and cities. A strong emphasis of the conference was on eco-sustainability of
living, playing and working offshore. Going on from the many findings of last
year’s conference, PTW2020 aimed to bring these two worlds together;

Creating conversations between the urban and the offshore and exploring how
floating solutions could create a common ground for the two in the face of 21st
century urban challenges.

The Netherlands was chosen to host the Second World Conference on Floating
Solutions. Despite the eventual digital form of the conference, it was an honour to
be selected as host nation. The Netherlands is a country which holds a long and
fascinating history with water. It is home to the world’s largest floating community
and has wide expertise and knowledge in maritime engineering, water management
and innovations in sustainable urban development.
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Mega Floating City “Green Float”: M)
Concept and Technology Innovations St

Masaki Takeuchi and Ikuo Yoshida

Abstract The world is currently facing the sea level rise due to climate change. And
we are facing many sorts of problems of energy, water, food, garbage, air pollution
and so on. Fortunately, however, 70% of the earth’s surface is covered with the
ocean. The ocean has a tremendous capacity and a big influence on the global
environment and the sustainability of human beings. We Shimizu are heading new
challenges for the better future utilizing the potential of the ocean. “Green Float” is a
new model for eco friendly Mega Floating City. The Green Float concept embodies
two areas of innovation. The one is “Green innovation” and the other is “Float
innovation”. By integrating “Green Innovation” and “Float Innovation”, a super high
value-added Mega Floating City can be realized. In order to perform a basic veri-
fication of the technology, several hydraulic float model experiments and numerical
computations about wind waves and tsunamis were conducted. We got a public third
party’s certification concerning about “structural safety of floating building”. In
addition, we continue to research and development the “City Grid System (city Cell,
Module, Unit) of mega float city” based on Green Float.

Keywords Mega floating city - Green float + Zero carbon + Zero emissions

1 Qutline of Mega Floating City “Green Float”

The man-made island is 3000 m in diameter and actually floats on the ocean. There is
a 500-m-wide lagoon around the periphery, so the net land area has a diameter of
2000 m. The skyscraper city is 1000 m tall, and the city in the sky begins 700 m
above sea level. The middle levels comprise a plant factory that makes the island city
self-sufficient in food. The ground level supports such facilities as a natural farm, a

M. Takeuchi (X)) - 1. Yoshida
Shimizu Corporation, Tokyo, Japan
e-mail: michaeltakeuchi2020@ gmail.com

I. Yoshida
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playground, and a beach resort. The peripheral area of the city in the sky is a resi-
dential zone that is inhabited by 30,000-50,000 people. The central area is a business
zone and commercial zone. The business zone is intended mainly for the research,
development, and branch offices of companies engaged in biotechnology, renewable

The environmental Island GREEN FLOAT

~ Proposing botanical cities starting from the equatorial Pacific ~

The GREEN FLOAT concept consists of two areas of innovation

GREEN innovation FLOAT innovation

Recognize the limits of mechanized civilization Create new possibilities for locations
and studies natural systems on the ocean

Botanical City Floating City

+ Going beyond CO2 reduction to Carbon Negative - Save island nations from the rise in ocean levels
* Food Self-Sufficiency and No Waste * Immune from the impact of earthquakes and tsunamis

* 100% Renewable energy * Would not be subject to typhoons, hurricanes

b 4

Seeking New Affluence for the Era of the Global Environment

Fig. 1 Integration of GREEN & FLOAT innovations

Fig. 2 Mega floating city GREEN FLOAT
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energy, and marine enterprises. The commercial zone is intended for shopping,
restaurants, sky green parks and pools. The lagoon waterside on ground level will
afford residents the opportunity to enjoy the lagoon and green forests (Figs. 1 and 2).

2 Project Summary

Green Float is a new model for environmentally friendly Mega Floating City, under
development by Shimizu Corporation, Japan. The concept of “Green Float” embodies
two areas of innovation. The one is “Green innovation”, achieving self-efficient zero
carbon and zero emission cities by utilizing the potential of the ocean, and the other is

Fig. 3 (Top) GREEN FLOAT; (bottom left) Section; (bottom right) City in the Sky
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Fig. 4 (Left) View from a residence; (right) Lagoon resort beach

Locating Green Float at Low Float risk  Green potential
a low latitude near the Equator

Minimizes the float risk
Low height wave and no strong winds
at the Equator.

Maximizes the green potential

such as renewable energy.

Fig. 5 Float risk & Green potential

“Float innovation”, unaffected by sea-level rise and ensure high flexibility for city
growth. By integrating “Green Innovation” and “Float Innovation”, a super high
value-added Mega Floating city can be realized (Figs. 3 and 4).

2.1 FLOAT Innovation

Locating the city at a low latitude near the Equator would minimize the float risk
posed mainly by wave heights and strong winds. Because typhoons, hurricanes, and
cyclones rarely occur there, the equatorial region is considered the most advanta-
geous for a super-high-rise mega floating city that reaches beyond a certain height
(Fig. 5).
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2.1.1 New Location

For an existing large harbor city that faces difficulties in securing vacant land, it
would be possible to extend the city functions offshore far beyond the limits of
landfill. For an island country that is short of land area, new areas for development
could be secured. Compared with landfill, floating development would be possible
that is environmentally and ecologically friendly.

2.1.2 Unaffected by Rising Sea Levels Due to Climate Change

There are many island nations in the world facing the rising sea level crisis due to
climate change. A mega floating city is one way to save such countries.

2.1.3 Avoiding the Influence of Earthquakes and Tsunamis

When a tsunami reaches a shallow shore, the wave height increases. However, a
megacity floating offshore is completely immune from the impact of earthquakes
and tsunamis.

2.1.4 Transferable and Flexible City

Because of durability issues, many cities and buildings on land cease to be func-
tional within their lifetimes due to changes in the times. By contrast, a mega floating
city can be moved more offshore locations or to different regions, cities, countries
decades later. By relocating and continuing to use the lifetime of matter, the life
cycle cost can be reduced.

2.2 GREEN Innovation

Zero carbon of CO,, zero emission of resources and waste, and self-sufficiency of
water and food are essential conditions for the future cities. These missions will be
technically realized by utilizing the feature of Float City.

2.2.1 Pleasant and Comfortable Temperature

In the Pacific islands just below the equator, surface temperatures are 32 °C
year-round. With the sky city of GREEN FLOAT rising 700—1000 m above the sea
level, the temperature there would be a refreshing 26 °C all year round.
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Because the temperature drops by 0.6 °C for every 100 m of height, it will be
6 °C lower at 1000 m.

ZERO-CARBON CITY

(1) Switch to a compact city & conversion of industrial structure
(2)Energy saving

(3) Use of natural energypower

Power
plants (4) Carbon dioxide

-40%

31%
Capture and Storage

facturing A
30%
Trans port | -30%

19% .
Bldg. 13% i : 3
-30%

Others 7% . !

-30%

CO2 emissions situation in Japan (direct emissions) Approximately 10 t-CO 2 - person - year
(Based on JAPAM National Institute for Environmental Studies 2005 data, approximate numerical values)

Fig. 6 CO, reduction of GREEN FLOAT

Fig. 7 Space Solar Power &

pit ol g Stable and Continuoy
Minimized Energy Loss

Diminishing CO;
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2.2.2 Zero Carbon and Renewable Energy

The space solar power system is under development by JAXA in Japan. The system
continues to send large amounts of electricity from space for 24 h. It is sent by
microwave or laser wave. Green FLOAT, which is located on the sea, is suitable as
a base site for the safety power reception.

In addition, because the sea surface is at a much different temperature than the
seabed, the efficiency of power generation based on the Ocean Thermal Energy
Conversion also improves. Taking the CO, emissions data for Japan as a bench-
mark, Figure shows how Green Float could reduce such emissions (Figs. 6 and 7).

2.2.3 Fresh Water

The annual precipitation is high in the equatorial Pacific, but precipitation levels
differ considerably between the rainy and dry seasons. By storing water in the
high-rise mega floating city and controlling water use throughout the city, it would
be possible to supply as almost same as the amount of water required for living.
2.2.4 Food Self-sufficiency

By harnessing the power of the sun as much as possible, providing a vertical
vegetable factory would contribute positively to food self-sufficiency, food mileage,
and food traceability (Fig. 8).

2.2.5 Zero Emissions and Recycling

Human waste in the form of water, garbage, and CO, can be nutritious for plants.
By harnessing the height of the sky city to redistribute human waste to lower levels,

Sky city

seafood . [ T
rice, meat vEgElahl& .
Lagoon | used  Plant factory
MNutrient Lt o)
factory |
supply Available below /
to marine i mural o
' ¢ ~—_[7] futher J \ ' nutrition "L['-;-'_:-_.
nutrition == 5 Tl L
! Farmland

Fig. 8 (Left) Vertical vegetable factory; (right) resource recycling
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plants and other living things would be supplied with nutrition. This raises the
possibility of complete resource recycling from waste to food.

3 Validation of Float Technology

Green Float IT (200 m in diameter; Fig. 13), which is roughly one tenth the scale of
Green Float (2000 m in diameter) is taken as the latest technology-embodied
model. Assuming a bay location, which is the extension of urban area, authors have
conducted experiments and analyses of the response to tsunami and strong winds
(Fig. 9).

Safety measures against TsSUNamMi

Experiment Scale:

No damages to the structure & mooring

No furniture falling down

EXPERIMENTAL CONDITIONS WCFS 2020

Made on 1/250 Scale. Whole structure is assumed to be RIGID.

7

.(A.'.H_____.___. = =
items Full size 1/250model

\K 7/ Diameter of floating body 210m 840mm
- Height of floating body 10m 40mm

Height
1 120m Draft 9m 36mm
Displacement 320,000t 19.98kg
] Height of gravity center 19.41m 77.7mm
= Radius of gyration 60.0m 240mm
W T ", | Height of building 120m 480mm

L1 | I | I | | I | R | 1 I~ Draft

9m

Diameter 210m

Fig. 10 Tsunamis experiments of GREEN FLOAT II
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APPARATUS FOR TSUNAMI EXPERIMENTS WEES 2020

Waterway : 2 m wide and 80 mm deep
___Spring & tension gauge(x4)
PLAN —7 N

:/_5' .\ & _/I.'
\\ i ’ A
@ — Tsunami
T\
o o )
" Floating model /
Slope & Turbulence reduction device N
I\.\ b)) -ﬂ- N Ny
- A ) [T /
SECTION Tank /
§ 8m - 10m -

Fig. 11 Apparatus for tsunami experiments

Table 1 Tsunami experiment results

RESULTS: MEASURED MOORING FORCES e

[W:::::pe} Sight Max. height | Rise time Mamx::;:lir:gT:::;ed
Observed/ Port of Shimizu 3.6m 15min 67,172 kN
estimated | Port of Sendai 7.7m 15min 67,445 kN

wave Onagawa 13.0m 15min 67,728 kN

Tokyo bay 1.1m = 19,078 kN

Port of Shimizu 3.6m - 65,995 kN

Gl Port of Sendai 7.7m = 180,524 kN

Onagawa 13.0m - 302,024 kN

Design Condition of Fender’s Load 27,300kN

3.1 Earthquakes and Tsunamis

Authors assume the meteorological and oceanic conditions of a large Japanese city.
Buildings and structures with floating isolation are extremely safe because they
experience very little seismic force in the event of an earthquake. In addition,
authors found experimentally that the tsunami does not exceed the breakwater of
1 m even with the tsunami of 10 m or more, which far exceeds the tsunami
assumption in the assumed location. This is because the water level gradually
increases due to the tsunami inside the bay. Of course, the structure itself is
extremely safe (Figs. 10, 11 and Table 1).
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WCFS 2020

Safety measures against TyphOOI‘l

Experiment design conditions:
Experiment

=
46.4m/s (10mi

it 3.71m rdinary wave height)

No damages to the structure
No furniture falling down

EXPERIMENTAL CONDITIONS e
I T S BT
Water Depth 20m 200 mm
Wind Speed 46.4 m/s 4.6 mfs
Significant Wave Height 3.71m 37 mm
Significant Wave Period 6.1s 0.61s

Tension gauge

springs & wires

Two runs for 90s each.

-

Fig. 12 Typhoon experiments of GREEN FLOAT II

3.2 Typhoon (Waves and Winds)

Again, authors assume the meteorological and oceanic conditions of a large
Japanese city. Even assuming the direct hit of a typhoon bigger than the Ise Bay
typhoon, structural safety was secured sufficiently for the floating structure (lower
part), the skyscraper (upper part), and the mooring facilities. The acceleration also
caused no furniture to fall over (Figs. 12 and 13).
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MEASURED RESPONSE DISPLACEMENT

Return Time Horizontal
[year] Displacement [m]
At the top

1.5m: assumed to be rigid body.
= Amplified by the elastic motion.

1 0.27
10 0.77
200 1.80 |
Return Time Horizontal >
[year] Displacement [m] < L I Wlnd & Waves
1 0.21 At the center
10 0.36
| 200 0.50
WCFS 2020

MOORING FORCES
Design Condition of Fender’s Load 27,300kN

Maximum Measured Force 23,336kN

[

| |  Fender-
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Fig. 13 Typhoon experiments of GREEN FLOAT II: (above) measured response displacement;
(below) mooring forces

3.3 Certification from Olfficial Third Party

Green Float II has received AIP from Nippon Kaijikyokai as certification by a
third-party organization that is concerned with the structural safety of floating

structures (Fig. 14).
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Certification

#
e ;) NIPPON KALI KYORAI

The GREEN FLOAT II project was certified
by a public third party organization

: Approval in Principle
named Class NK. (NIPPON KAIII KYOKAI )

Technology concerning structural safety
of floating bodies was recognized. This

certification is also valid internationally.

Approval in Principle

PORATION
ran GREEN FLOAT If

Fig. 14 AIP certification of GREEN FLOAT II

GREEN FLOAT Innovation Map

@ Mega Floating City @ Space Solar Power Generation

® Sky Compact City ® Ocean Thermal Energy Conversion

@® New Structure @ Waste Recycling Circulation System
@ New air conditioning @ Drainage Recycling Circulation System
@® New Construction Method @ Carbon Dioxide Capture and Storage
® New Material @ Vertical Vegetable Factory

@ New Transportation @ New Hydroponic Culture

@ Natural Disaster countermeasure @ soenecnee

@ Fire Disaster countermeasure

@ GREEN

New global
architecture AL environment

New economic
and social
systems
® New Economic System
@® New Social System
® New Ocean International Cooperation System

Fig. 15 R&D Road Map of GREEN FLOAT
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Fig. 16 Construction STEP of GREEN FLOAT

4 Research and Develop of Technology

The GREEN FLOAT project can be the most valuable project by integrating tech-
nological innovations in many technical fields. Therefore, I believe that promotion
based on the “Comprehensive Technology Innovation Map” will be important.

4.1 R&D Road Map

After the technology has been established, the project is realized using different
variations of architectural applications and shapes. We are working with govern-
ment agencies and private projects in several countries at the schematic design and
technical demonstration level. In the future, I believe that new cities and archi-
tectural solutions can be realized by floating (Fig. 15).

4.2 Construction Method

A mega floating city requires advances in aspects such as unitization and robot
construction more so than a city on land. Although the future construction plans of
Green Float remain at the idea stage at present, authors will try to improve the
technology through future model projects (Fig. 16).
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5 Conclusion and Next Challenge

In order to realize it as a concrete city, it is desirable that it is modeled as a basic
“floating city grid system”. The cells, modules, and units that can be established as
areal city and rational as floating technology are shown below. This will be refined
and enhanced by applying it to concrete plans in the future.

5.1 Conclusion

Through technical verification with the one-tenth-scale prototype, the structural
safety of the mega floating city has been demonstrated for Japanese weather con-
ditions and the assumed bay location. In the future, we plan to create model projects
and pursue technical verification and technological development based on a specific
location and specific sea and planning conditions.

5.2 City Grid System of GREEN FLOAT

After establishing and verifying the basic technology, GREEN FLOAT has begun
the challenge as the next stage. As a floating city of a certain scale, what is a system
that seems reasonable from the viewpoints of urban planning, structural dynamics,
construction planning, and maintenance management? This is a study of the City
Grid System of GREEN FLOAT as an advanced form of GREEN FLOAT. We
believe that it will be constructed by integrating the two systems of Float System
and Green System, inheriting the idea of GREEN FLOAT. Focusing on durability,
it is premised on a concrete floating structure.

s40m

540r
40m

|

=
L
L 11
| |
L

Fig. 17 (left) City Unit Standard GRID; (right) City Grid Standard ZONING
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Fig. 18 City Unit Standard PROTOTYPE

Skyscraper Core Zone Dome Core Zone

A dome with a diameter of 200m [commercial,
lodging, amuse, etc.)
fits comfartably in the 300m x 300m Core Zone.

A skyscraper with a diameter of 200m
fits comfortabdy in the 300m x 300m Core Zone.

Fig. 19 Skyscraper/Dome PROTOTYPE
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Group of buildings Core Zone

Portland USA
Grid System © 60 * &0
Road width © 20m

Fig. 20 Buildings PROTOTYPE

5.2.1 Float System of City Grid

As a system of Floating Structure, Cell, Module, Unit and City are defined as
follows.

City Cell

Minimum unit that can be easily manufactured on docks around the world. Cell size
is 60 m x 60 m. The size of 60 m x 60 m is a little small for a land-based city
grid. However, for example, in Portland, USA, city planning is functional and
attractive with a 60 m x 60 m City Grid (Figs. 17, 18, 19 and 20).

Fig. 21 (Left) Float City Grid; (right) Float City 1st Stage
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Fig. 22 Float city final stage

City Module

Several floating City Cells are connected for the Building Site.

¢ Floating structure connected in the dock. ex 60 m x 18 m, 60 m x 240 m (1)
¢ Floating structure connected by offshore connection. ex 300 m x 300 m (2)

City Unit

It is a block consisting of multiple buildings. It consists of City Module and Road.
If the City Module is assumed to be 5 blocks square, it will be a 540 m x 540 m
City Unit. We consider this to be an approximate scale for a block. Of course, in the
actual plan, the scale is customized for each project.

City

The area surrounded by the primary embankment, which is formed by connecting
multiple City Units, is assumed to be the Floating City. The embankment will be
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constructed in advance on this scale. City Units will grow and be connected in
conjunction with the development of the city. Unlike landfill, small-scale land
growth is possible according to demand (Figs. 21 and 22).

5.2.2 Green System of City Grid

As a Green System, we are considering whether it is appropriate to implement the
following environmental items corresponding to Module, Unit and City of Floating
System.

Zero Carbon

Renewable energy supply of appropriate scale linked with the scale of Float System
proliferation and development. (Solar power generation, wind power generation,
tidal power generation for self-sufficiency and Smart Grid)

Zero Emission

Creating an appropriate scale of water supply and sewerage and resource recycling
system in conjunction with the scale of proliferation and development of the Float
System.

Flexible Infrastructure

Floating structures of water and sewage, electricity, gas infrastructure system are
easy to renew and repair by taking advantage of floating structure.

Future Activities

In parallel with technical studies, we will continue to take on the challenge of

creating concrete projects by reflecting marketability and business profitability
around the world.
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Abstract Shallow coastal groundwater is rising as sea levels rise, but most coastal
cities do not have an extensive network of pumps to handle this, and subsidence
risks can increase with additional pumping. Rising groundwater can remobilize
capped soil contaminants, bring pollutants into coastal waters, cause foundations to
heave, block sewer pipes, and increase soil liquefaction risks. Conventional
development is likely to fail, requiring floodable development strategies. Our
research analyzed the risk of rising groundwater in the San Francisco Bay Area, and
identified opportunities for floodable development within existing policy restric-
tions. We combined this spatial and policy analysis with a study of a prototypical
design for floating urban blocks in artificial ponds. Our goal was to identify a
strategy for conserving protected coastal habitat while creating sustainable urban
districts. Our proposed design uses shared decking, supported by pontoons, to
provide flexibility for placing pre-fabricated housing units on a stable platform in an
artificial, excavated pond. A series of artificial ponds could produce multiple
benefits as housing, wildlife habitat, and space for flood management. The region’s
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1 Shallow Coastal Groundwater Rising as Sea Levels Rise

Relative sea levels are rising, and the rate of this change is accelerating [1].
Governments have required consideration of this phenomenon over the last two
decades, with periodic updates to the rate and magnitude of sea level rise that public
agencies should anticipate [2]. For example, the State of California released new
guidance to public agencies in 2018, recommending that all agencies consider the
possibility of an extreme scenario of 3.1 m when planning long-term investments in
infrastructure (Fig. 1) [3].

Groundwater is also expected to rise within a kilometer or more of the shore
(Fig. 2) [4, 5]. Vulnerability studies have been used to project the need for adap-
tation to sea level rise in coastal areas since the late 1980s [6, 7]. Very few
vulnerability studies have incorporated the need to consider rising groundwater as
either a source of underground flooding of infrastructure, or emergent flooding at
the surface [8]. Most coastal cities do not have maps that represent the depth to
shallow, unconfined groundwater. This may be because it has not been recognized
as either a resource or a threat, or because it is not managed by public agencies, or
simply because no data are available. In addition to the potential for groundwater to
rise as sea levels rise, high rates of groundwater extraction have caused historical
land subsidence in many coastal cities, increasing the risk of surface flooding by a
combination of seawater, rainwater and groundwater [4]. Maps of vulnerability to
coastal flooding from sea level rise typically do not incorporate information about
land subsidence or rising groundwater, even when they are produced by data-rich

10.2 ft by 2100
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H++ (extreme)
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2
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n
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Fig. 1 Sea level rise projections provided by the State of California in guidance to public
agencies, 2018, illustrated here using a graph instead of the original tables (credit: K. Hill)
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Higher Sea Level

Fig. 2 The United States Geological Survey uses this cross-section to show that rising sea levels
will produce rising groundwater levels in coastal areas

government agencies or non-profit research entities.' In 2012, the US Geological
Survey published one of the first groundwater modeling studies of a coastal city,
New Haven, which demonstrated that the impacts of 1 m of sea level rise could
raise groundwater levels as far as 5 km from the current shoreline. Discharge to
rivers and streams would also increase, creating flooding impacts [9].

1.1 Impacts of Rising Groundwater

Coastal cities on relatively-flat nearshore topography are often at significant risk of
impacts from rising groundwater. Outside of the Netherlands, most coastal cities do
not have extensive networks of pumps that could be used to adapt to rising
groundwater. Since subsidence risks typically increase with groundwater extraction,
pumping may be a maladaptive strategy for many coastal cities [10]. In the absence
of extensive mechanical drainage networks that can be enlarged to remove more
groundwater, cities will face considerable risks from rising groundwater.

Rising groundwater can infiltrate underground stormwater pipes and sanitary
sewer pipes, as well as gas lines [11]. It can cause vertical displacement of the
foundations of buildings and roadway infrastructure [12]. Rising groundwater has
also been shown to cause roadway surfaces to require more frequent replacement

"For example, sea level rise maps produced for the San Francisco Bay Area do not yet incorporate
either land subsidence or rising groundwater. Neither does the City of New York or Miami-Dade
County. All three regions are highly vulnerable to coastal flooding.
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[13]. In seismically-active regions, rising groundwater can increase the risk of soil
liquefaction [14]. In addition, rising groundwater can cause significant health
impacts. It can remobilize legacy soil contaminants that have been capped from
above but not lined from below [15]. This remobilization can carry pollutants into
coastal waters, as well as allow the vapor components of soil pollutants to penetrate
sewer lines and enter living spaces inside buildings [16]. Shallow groundwater can
also increase humidity in buildings, which can encourage the growth of molds that
cause respiratory problems for building occupants [17]. Most importantly, rising
groundwater can cause emergent flooding at the land surface, either seasonally or
permanently [18]. This phenomenon can occur as groundwater moves upwards
through existing drainage infrastructure, or through the soil column. Since surface
flooding may also be affected by rainstorms, wind-driven waves and ocean storm
surges, it can be difficult to identify rising groundwater as a driver of surface
flooding without well data and process-based models that quantify the contribution
of rising groundwater to creek flows and local surface flooding.

The impacts of rising groundwater can occur whether or not coastal structures
have been raised to block high tides and waves, since the saltwater/freshwater
interface in groundwater exists at depths that are typically below the depth of
seawall foundations or the compacted soils under levees. Since freshwater inputs to
groundwater come from the landward side of any coastal structures, the volume
these flows add to rising groundwater would be very difficult to reduce without
extensive pump networks. Traditional coastal protection structures such as levees
and seawalls must be designed to allow stormwater and the water of rivers to
discharge to saltwater bodies. Some use tide gates to allow water to flow through,
and others use pumps to push water through or over the coastal levee or wall [19].
Both rising groundwater and more intense rainstorms must be discharged to avoid
flooding on the inland side of coastal levees. The capacity of tide gates and pump
discharge systems can be overwhelmed if they must convey an increasing volume
of groundwater [8].

1.2 Floodable Development: Living with High Water

The alternative to conventional development that is vulnerable to temporary and
permanent flooding is to consider floodable development strategies. Floodable
development strategies adapt buildings and vehicle or pedestrian circulation net-
works to emergent water that is either temporary or permanent [19]. Temporary
flooding that exceeds the capacity of urban storm drains can be accommodated with
or without mechanical pumps by using detention ponds, parking structures, and
plazas; raingardens and parks; underground tunnels, and other hybrids of conven-
tional and green infrastructure [20]. Temporary floodwalls can be installed, either
automatically or using human labor, as is done when river flooding is anticipated in
Cologne, Germany [21]. Electrical equipment in underground tunnels can be
removed before extreme flood events, as occurs in New York City before major
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storm surge events. Terraced or “tiered” development with waterproof underground
parking has been used to successfully adapt to temporary flooding in the Hafencity
district of Hamburg in Germany [22].

Rapid increases in the extent of surface and groundwater flooding are difficult to
accommodate with conventional urban district designs. Innovation in architecture
and infrastructure that responds to new permanent flooding is occurring rapidly. In
Japan and the Netherlands, underground drainage tunnels and surface canals have
been used successfully for decades and centuries, in combination with mechanical
pumps [23, 24]. Newer approaches have been developed that rely less on
mechanical pumping. Examples include floating urban residential districts, such as
the Steigereiland neighborhood of Amsterdam’s Waterbuurt, in which three-story
homes float on the existing open water body of the IJsselmeer [25]. In addition, new
artificial ponds have also been excavated to expose the groundwater surface and
convert it to a residential amenity, while using the excavated sediment to build
adjacent areas. This method was used to construct the Nesselande housing devel-
opment in Rotterdam [26].

2 San Francisco Bay Area Case Study

A recent study of current depths to groundwater estimated that 72 km? of land
adjacent to the San Francisco Bay is vulnerable to seawater flooding, with only 1 m
of sea level rise (Fig. 3) [8]. The same study showed that an additional 105 km? of
land is likely to be vulnerable to the impacts of rising groundwater, using the same
scenario for sea level rise. The estimated cost of raising all of the existing coastal
structures around the San Francisco Bay edge to protect from a sea level rise of 1 m
to be is between 37 and 77 billion USDS$ [27]. This same study showed that the
decision to provide 0.5 m of additional height on levees and seawalls to prevent
wave overtopping in extreme events would impose an additional cost of 50-75
billion USDS$. These estimates provided two useful insights: first, that the region is
quite vulnerable to rising groundwater, and second, that adding height to protective
structures to prevent flooding during extreme storm surge events could double the
cost of raising those same structures to cope with typical Bay water levels, with
only 1 m of sea level rise. Adapting to the potential for flooding by wave over-
topping and high groundwater using floodable development would be significantly
less expensive than building coastal systems to prevent all flooding (Fig. 4).

Like all US states, the State of California requires reviews of environmental
impacts for projects that would alter topography by adding levees or ponds to adapt
to flooding (mandated by the California Environmental Quality Act, CEQA). These
reviews can require expensive documentation and introduce time-consuming
delays. The State of California has provided an alternative regulatory pathway for
adaptation projects that respond to hazards driven by soil movement driven by
seismic activity. Property owners can vote to establish a Geologic Hazard
Abatement District (GHAD). Once established, the actions taken by an elected
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Fig. 3 Depth to groundwater under the cities of Alameda and Oakland, California, estimated by
interpolation among well data points [8]. Black and red areas are likely to have groundwater within
1 m of the surface during wet conditions in 2020. Orange areas are likely to have groundwater
within 2 m of the surface, and yellow are greater than 2 m in depth

board established for the GHAD are exempt from state-level environmental
reviews. This means that land can be re-graded, canals and ponds can be installed
with tide gates, and floating districts can be constructed without the costs and delays
associated with typical environmental review processes. All of those actions would
still require permits from Federal regulatory agencies, but at least one layer of
jurisdictional regulatory reviews could be bypassed by organizing as a GHAD.
GHAD:s also have access to shared insurance pools, and can establish taxes on their
members’ land value in perpetuity. Most other property taxation schemes require a
new vote every 20 years to be renewed, which introduces uncertainty into
long-range planning. To date, most GHADs have been established in hilly areas
prone to landslides, but at least two coastal examples exist in areas where sand
erosion or soil liquefaction create development hazards.”

The formation of a special governance district such as a GHAD allows local
property owners to organize urban districts that provide greater flexibility to modify
their landscape for flood adaptation. This is critical in the American system of land
use laws, where authority is vested primarily in the property owner and the local
jurisdiction, rather than in regional planning agencies. Adaptation projects at the
urban district scale may achieve greater economic efficiency by combining lower

*Property owners in Malibu Beach and Pajaro Dunes established GHADs in coastal areas.
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Fig. 4 Existing seawall along the coast of the City of Alameda, California, on San Francisco Bay
(photocredit: K. Hill)

coastal protective structures with floodable urban districts on the landward side.
Even with new coastal protection, large areas may be vulnerable to emergent
flooding from groundwater. This emergent flooding is likely to begin as a seasonal
phenomenon, becoming permanent as sea levels continue to rise [5].

Government agencies in the San Francisco Bay Area have reconstructed thou-
sands of hectares of coastal wetlands (16,000 ha, with a goal of reaching 40,000 ha)
[28]. Reconstruction of coastal wetlands is intended to support the characteristic
biodiversity of the region, including wading birds, crabs and other species endan-
gered by the loss of bayland ecosystems as coastal areas were filled for urban and
industrial development. This regional-scale conservation effort also provides pro-
tection from wave energy for coastal roads and developed areas. In 2016, a regional
ballot measure was used to establish a tax to create funding for continued wetland
restoration by a new government agency called the San Francisco Bay Restoration
Authority (SFBRA). The SFBRA will construct tidal marshes, along with ecotones
including submerged aquatic vegetation and shellfish beds. The blueprint guiding
reconstruction of coastal wetlands is known as the Baylands Ecosystem Habitat
Goals Update (BEHGU) [28]. This scientific review also notes that managed ponds
have habitat value for diving ducks, and can contribute to improved Bay water
quality through denitrification.
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Studies of sea level rise impacts on tidal marshes have indicated that these
ecosystems are vulnerable to collapse [29]. The BEHGU study identified several
areas where tidal wetlands could transition inland in the San Francisco Bay Area,
but local cities have designated the largest of these transition zones for housing
development. As sea levels continue to rise, managed ponds may provide an
armature for constructing new coastal wetlands. A band of ponds can be moved
inland, by excavating new sites, and using the excavated soil to construct tidal
wetlands within the former pond zone. This would allow complex urban land uses
to co-exist with baylands ecosystems as sea level and groundwater continue to rise.

In addition to ecological value, coastal lagoons and freshwater ponds in the Bay
Area have provided significant recreational benefits, attracting residential devel-
opment investments. For example, the City of Oakland built its downtown around a
56-ha saltwater lagoon (Fig. 5) that provides boating opportunities as well as bird
habitat. This lagoon is tidal, although tides are muted by tide gates at a pumping
station that was constructed to discharge floodwaters in an extreme rain event.
Similarly, Shoreline Lake in the city of Mountain View provides community event
spaces and boating in a 20-ha artificial pond. Saltwater is pumped from San
Francisco Bay and discharged back to the Bay via a creek. The City of Berkeley
maintains a saltwater lagoon known as the Aquatic Park, which receives stormwater

Fig. 5 The downtown area of Oakland, California, was built around a saltwater lagoon known as
Lake Merritt, which was designated as the first urban bird sanctuary in the United States in the
19th century (photocredit: K. Hill)
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discharge from the City’s urbanized watershed and has tidal openings to the Bay.
All of these existing ponds rely on pumping facilities and tide gates or other
structures to mute the natural tidal range and maintain a minimum water depth
suitable for recreation and habitat value. Ponds are a well-established element of
urban development around the Bay edge, although they occur infrequently.

3 Proposed Design: Pond Urbanism

Based on our analyses of conditions in the San Francisco Bay Area over the last
decade and longer, we separately developed elements of a prototypical design for
introducing floating urban blocks in artificial ponds. Our primary goal is to identify
a strategy for adaptation to flooding, driven by sea level rise, that creates multiple
benefits, including protection of human health and conservation of protected coastal
habitat. We were both concerned that conventional housing is likely to fail over the
next several decades as a result of surface flooding and groundwater impacts. One
of us (Kristina Hill) developed a proposal for linking canal systems to networks of
artificial ponds as a floodable development strategy for the San Francisco Bay Area,
shown in Fig. 6 [30]. She developed this idea before and during regional design
competition in 2018.3 Previously, her co-author, Greg Henderson, developed and
patented a three-part foundation system.* This system, called the SAFE Foundation
System (Self-Adjusting Floating Environment), was proposed to support an urban,
infill, mixed-use residential project in a flood plain.” We have combined these
proposals here in an effort to identify the maximum potential of a floodable district
with multiple benefits.

Our proposed design uses artificially-excavated ponds as an environment for
new mixed-use urban districts. Housing and commercial structures would be sup-
ported by the SAFE Foundation System, to provide design flexibility for where and
how to place modular, pre-fabricated units for housing and small commercial shops,
and extend networked infrastructure (sanitary sewers, drinking water, electric
power, etc.) to stable platforms inside a controlled water body. These modular
structures would be placed on shared decking to provide surface area for public
spaces as well as for light-weight buildings.

Initially developed for earthquakes, the SAFE Foundation System’s three parts
consist of a containment vessel which holds a buffer medium, which in turn sup-
ports a construction platform. The construction platform is made of prefabricated
SAFE modules, 3 ms by 6 m by 3 m in depth. These modules are then assembled

3Hill was a member of the ABC Team, which included a several professional design firms. They
proposed a floating district called the Estuary Commons for a district of the city of Oakland in
California. (website).

4US Patents: 8777519, 9103118, 9398878, 9790702, 10081960, 10711478 Additional Patents
Pending.

Shttp://arxpax.com/.
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TIDAL CITIES

Horizontal Groundwater Floating Walk-Up SLR Protected Pile Supported Mixed
Wetland Levee Table Apartments Street Berm Use Buildings

Fig. 6 This is an early conceptual sketch of one type of floating urban district that was proposed
for Oakland, California by K. Hill and the All Bay Collective, in the Resilient by Design Bay Area
Challenge in 2018 (credit: All Bay Collective). This proposal did not incorporate the SAFE
Foundation system designed by Greg Henderson and ArxPax, which was developed on a separate
schedule

into a broad, stable platform. Because floating objects rise and fall with the water
level, SAFE provides a natural method of flood protection. The limiting factor on
what can be built on the SAFE Foundation is the mass of the displaced water. Here
it is helpful to imagine a large cruise ship. The ship is in essence a mixed-use
building designed to move on the sea. The ship may house 5000 people and be
75 m tall but only draft 9 m below the water level. When optimized for stability®
rather than movement, SAFE can be much shallower and still support vast loads.”
These building and infrastructure dead loads are balanced with ballast. Relatively
light live loads including cars, people, furniture, etc. have near zero effect but can
be balanced dynamically if necessary. The buffer medium, in this case water,
separates the containment vessel from the construction platform thereby decoupling
the supported structure from the earth. This decoupling provides protection from
seismic forces much like traditional base isolation but with greater cost effective-
ness. New research on wave damping suggests that seismic seiche waves in ponds
can be reduced by “cloaking” or using baffles, making it possible to limit the impact
of seismic waves on floating structures [31].

The containment vessels themselves consist of precast concrete, drain rock and
filtration systems. They are designed to be permeable and use ground water for

SStability of a floating object, or its moment of inertia in the water plane increases by a factor of
eight when the width of the object is doubled.

"The largest floating object in the world, the SR 520 floating bridge in Seattle, Washington, USA
weighs approximately 700,000 metric tons providing more than 80,000 m* of buildable area.
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flotation. In the case of this floodable urban district proposal, a system of artificial
ponds would act as the containment vessels (Fig. 7).

To understand the technical aspects of the SAFE Foundation System one can
refer to the systems proven in the SR 520 Bridge in the State of Washington, USA.
SAFE optimizes the solutions used in the construction of the 2350 m bridge for
scalability, repeatability, and cost.

Like the bridge, the SAFE concrete pontoons are prefabricated and post ten-
sioned together into a broad raft rather than a thin linear structure. Scaled down
from 11,000 to 35 tons the SAFE modules are designed to be prefabricated and
transported short distances to the building site and assembled using typical con-
struction equipment rather than floated into place over long distances.

In the bridge, 70,000 tons of ballast was prepositioned during construction to
maintain a level construction platform. Ballast is added or moved once construction
is complete to best accommodate final design loads. Designed for a magnitude 9.0
earthquake, the utility connections on the bridge are designed to be flexible at the
two transition spans that connect the floating portion of the bridge with the sta-
tionary bridgeheads fixed to the shore. Anchorage is achieved using opposing
spring lines, technology borrowed from the marine industry that allows vertical but
not horizontal position changes for ships docked along piers. The ground water is
circulated using pumps and a filtration system to maintain water quality and prevent
stagnation.

For urban areas at risk of flooding, the economics are very compelling. SAFE
has a cost goal of $1000 per m>. This is a lower cost than conventional deep piers,
grade beams and mat slab required in poor soil conditions in a seismically-active
zone like the San Francisco Bay Area. In addition, it allows developers to use land
that would otherwise be considered unbuildable, and provides a sustainable tax base
for a municipality even as sea levels rise.

The SAFE Foundation System is designed to float in water that is less deep than
the structure itself, so that it presents no risk of flooding from sinking (Figs. 8 and 9).

4 Multiple Benefits of a New Coastal System of Artificial
Ponds

Our proposal is for floating urban districts to be one of several uses for excavated
ponds that form a new landscape type with a hybrid of land and water, separated by
wide earthen levees that support marshes as well as local roads. While floating
structures and artificial ponds are not new, the use of an extensive landscape of
managed ponds to produce multiple benefits in an urban coastal region is a novel
proposal in the US. A honeycomb pattern of ponds that are managed with tide gates
can provide zones for safe housing, benefits to water quality, habitat, recreation, and
opportunities for flood management. Our intention is for the ponds to be con-
structed with a greenbelt of vegetated parks on the landward side, which can filter
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A-8.00

ARX PAX - SAFE PROJECT 1
1641 Eldorado Street
San Jose, CA 95002

Fig. 9 Perspective drawing of the proposed ArxPax floating development in San Jose, California
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stormwater runoff and remove some contaminants before they reach the ponds.
Tributaries can pass through these pond landscapes, and overflow into the ponds
during flood events when the discharge volumes exceed the capacity of openings
and pumps in coastal protection structures. Ponds can be designed to receive up to a
meter of floodwater from tributaries or from overtopping of coastal structures in an
extreme event.

Floating structures could provide protection from damage associated with
earthquakes. The network of levees that separate the ponds would need to be
designed to perform during soil liquefaction events, or to fail in ways that minimize
risks to life and property. A system of small canals or underground drainage pipes
could be used on the landward side of the ponds to convey groundwater to the pond
system, protecting existing housing from rising groundwater for several additional
decades (Fig. 10).

Major transportation routes along the coast of the Bay are likely to be raised on
berms or causeways as sea levels rise, which will create new barriers to stormwater
and groundwater discharge from the inland side of these roadways. Pond systems

COLISEUM NEIGHBORHOOD
CONMECTING THE MEKGHBOR

HOOD TO THE WATER

Fig. 10 These plan sketches illustrate the concept of a tidal city. The plan on the left proposes a
series of floating platforms on the edge of an artificial pond, with canals to drain high groundwater
from the land behind that would allow people to stay in existing homes as long as possible (Juanita
Ballesteros, Sarah Abrams, and Greta Aalborg). The plan on the right proposes a floating urban
district at the mouth of a tributary (Yuling Chen and Daria Kiefer)



38 K. Hill and G. Henderson

can be used to manage the freshwater flooding that would result from these con-
straints on discharge. Alternatively, roadways raised on causeways will allow
saltwater flooding to pass below and extend into existing urban districts. A series of
saltwater ponds can be used to manage these new tidal flows and create multiple
benefits. Transportation routes may also be placed underground in tunnels. In that
case, pond systems can be used to create a zone of managed floodwaters that flow
above and across these underground structures, while allowing room for ventilation
structures.

Finally, managed ponds can provide much-needed recreation opportunities for
people living and working in urban districts. Kayaking and stand-up paddle
boarding are popular activities in ponds where wave energy is low. Boardwalks and
piers can provide areas for fishing, bird watching and water access for people with
walking disabilities. Communal events such as weddings and other family cele-
brations are often held in small public event centers with a water view, in addition
to commercial businesses such as restaurants and cafes. Paths that provide walking
loops around small waterbodies are popular for lunchtime exercise on weekdays, as
well as weekend walks with family and friends. Particularly during the recent
pandemic, the ability to walk or bike outdoors in a setting with high aesthetic value
is an increasingly desirable urban experience. Tidal flushing using tide gates or
mechanical aeration using fountains may be necessary to maintain water quality in
the ponds themselves. These measures, along with human use of the pond for
recreation, may create seasonal conflicts with management for habitat value that
would need to be resolved (Fig. 11).

Fig. 11 Perspective sketch of a Tidal City proposed for Oakland, California (Illustration credit:
All Bay Collective)
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5 Conclusions

Multiple benefits can be provided by a single excavated pond that supports floating
residential units. These benefits can be generated at a regional scale using a land-
scape of independent or inter-connected ponds. If only a half or a third of the ponds
in an adapted coastal landscape are used for housing, that would still represent a
significant social and economic benefit over the total loss of conventional housing
units in a permanently-flooded environment. As sea levels continue to rise, an
original band of ponds could be filled to reconstruct tidal wetlands, using sediment
from the excavation of new ponds on the inland side of the original pond systems
(Fig. 12). Adapting urban districts using floodable development strategies, such as
ponds and canals, also allows coastal protective structures to be designed more
economically, since they could be sized for typical conditions instead of being sized
to prevent overtopping in exceptional events.

The San Francisco Bay Area’s largest city, San Jose, has expressed interest in
permitting a version of this design for floating structures on excavated ponds. That

2030 2060 2100

High groundwater zone
I Restored tidal marshlands
I Ponds with floating mixed-use districts

Fig. 12 As sea level and groundwater continue to rise, a new band of ponds can be excavated on
the inland side. The original ponds can be filled using the excavated material to establish a new
edge of reconstructed tidal marshes, eelgrass and shellfish (Illustration: Tomas McKay and
Kristina Hill)
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administrative flexibility may allow the first protoype of this design to be built.
Once it is better understood, a system of ponds and floating structures could be used
as a unique form of floodable development in many similar urban districts with
relatively-flat nearshore topography. In addition, the regional agency tasked with
developing a coordinated understanding of sea level rise vulnerability (the San
Francisco Bay Commission on Development and Conservation, known as BCDC),
has committed to developing vulnerability maps that reflect rising groundwater.
These new maps will allow many cities around the region to identify new
groundwater flooding risks that affect more land than seawater-driven flooding
alone, and could trigger a reconsideration of the role that floodable development
should play in adaptation strategies, alongside coastal structures such as levees and
floodwalls.

Conserving the biodiversity of the region’s aquatic and tidal ecosystems, the
safety and number of housing units, and human health will require an approach that
emphasizes multiple benefits, rather than flood mitigation alone. In addition, the
public and private cost of coastal adaptation must be optimized. Multiple benefits
can be achieved by using landscape-based adaptation strategies that bring blue and
green infrastructure systems together. Our conclusion is that, although they are
unconventional, floodable development that uses a landscape-scale system of ponds
and canals could allow many coastal cities to develop districts that are adapted to
more intense rainfall, higher seawater and rising groundwater. Extreme storm surge
events that are particular to geographic regions may create limits on this strategy,
such as typhoons and hurricanes. Coasts with unconsolidated bluffs or bedrock hills
may not have much space to introduce pond systems. On the other hand, regions
with high-value biodiversity resources, seismically-active coastal regions, and
relatively-flat urban coastal regions that have experienced significant land subsi-
dence may find this adaptation approach particularly useful.
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Demand and Affordability Sheck o

Jagmeet Khangura and Jason Haney

Abstract Increasing population, urbanization, and desire for coastal living creates
an annual demand for housing units in coastal cities around the world that is not
currently being met. The United States alone needs approximately 5 million new
apartments by 2030, and the problems of housing availability and affordability are
greatest in the coastal cities. These are also some of the most expensive cities in
which to build housing due to limited land and constraints on materials and labor.
The rate that housing must be produced in coastal cities is challenged with current
construction and land use practices. Globally, a few companies are producing
floating housing; none appear to be focusing on permanent, large-scale floating
housing. Black & Veatch proposes developing floating housing communities
constructed using innovative modular approaches to provide affordable and climate
resilient housing. Housing construction costs can be significantly reduced compared
to traditional, land based, “stick built” construction methods. Housing built in
low-cost locations on floating platforms can be moved to urban areas and moored at
shore or in open water to provide thousands of new housing units at affordable
costs. Although similar solutions have been successfully deployed by others, no one
appears to be addressing the affordable housing need at the scale proposed here.
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1 Introduction

The demand for affordable housing continues to rise, caused by a multitude of
social, economic, and environment factors. The current approaches to building
adequate housing is not sufficient and there is a critical need for innovative
approaches to lower costs and expedite the design and construction process of
housing resulting in more people benefitting from housing that is affordable,
healthy and climate-resilient. Large-scale, floating modular housing communities
located in protected bodies of water, such as bays and harbors, would be a
breakthrough in affordability, climate resilience and healthy living. Though a few
companies are producing floating housing, no one appears to be building at a large
enough scale to address the affordable housing need. Floating housing communities
constructed using innovative modular approaches can provide affordable and cli-
mate resilient housing. Housing construction costs can be significantly reduced by
building in low-cost locations on floating platforms that can be moved to urban
areas and moored at shore or in open water to provide new affordable housing units.
Although there are challenges and barriers to developing large-scale modular
floating housing communities, the need for housing is great enough to warrant
addressing them as a viable solution.

While the challenges of providing affordable housing are known, what is less
known is how climate change, flooding, and sea level rise will exacerbate housing
affordability. In addition to increasing availability of affordable housing in the near
term, floating housing will also ensure availability of housing in the future because
of its inherent resilience against rising seas due to climate change, seasonal
flooding, earthquakes, and other natural disasters.

The future will require new approaches to building homes, communities, and
cities. Traditional sea level rise mitigation solutions such as sea walls require major
investments. A report released by Center of Climate Integrity concluded that sea-
wall cost to protect coastal communities in the United States would be more than
$400 billion by 2040 [1]. While affluent cities will be able to pay for this infras-
tructure, disadvantaged communities will likely struggle with funding. For hun-
dreds of small coastal and tidal communities, the costs will far outstrip their ability
to pay, making retreat and abandonment the only viable option unless enormous
amounts of financing emerge in a very short time. In 178 small communities, the
cost of building basic coastal defenses is more than $100,000 per person [1].

A recent independent study by First Street Foundation that takes into account
rainfall and flooding along smaller waterbodies in addition to sea-level rise iden-
tified higher flood risk than previously determined by the United States Federal
Emergency Management Agency (FEMA). A total of 14.6 million properties across
the United States were found to be at substantial risk [2].
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2 Housing Demand

Increasing population, urbanization, and coastal living creates an annual demand
for housing units in coastal cities that is not currently being met. In the United
States alone, the national shortage of affordable housing is staggering. The United
States needs 4.6 million new apartments by 2030; no state or major metropolitan
area has an adequate supply of housing for its poorest renters [3]. The National
Low-Income Housing Coalition reports that the coastal states of Washington,
Oregon, California, Texas, and Florida have 30 or fewer affordable and available
rental homes per 100 renter households at or below 30 percent Average Median
Income (AMI)! [4].

The problems of housing availability and affordability are greatest in coastal
cities. A majority of cities with the highest cost of living are coastal cities [5].
Furthermore, 23 out of 25 cities in United States that are most densely populated
and fastest growing cities are also coastal [6]. The problem is exacerbated by
increasing urbanization and the desire to live near the coast, where the danger of
rising sea and flooding is increasing because of climate change. Three coastal
regions in California alone (Southern California-Los Angeles Region, San
Francisco Bay Area and San Diego County) need to construct over 90,000 units
annually until 2030 to meet the very low and low income housing requirements
determined by the state of California)® [7]. Globally, it is projected that land cur-
rently home to 300 million people will experience chronic flooding by 2050, and
land currently home to 200 million people will be permanently under the high tide
line by 2100. Within the United States, Zillow estimated in 2017 that 1.9 million
homes would be flooded with a 6 foot rise of sea level [8]. An internal analysis
conducted by Black & Veatch, using updated United States National Oceanic and
Atmospheric Administration (NOAA) data estimates 2.2 million homes will be lost
with a 5 feet sea level rise predicted to occur in the 21st Century [9]. Many of these
homes are in the most socially vulnerable communities. Of those homes affected,
about half are in the 40-100th percentile of the United States Centers for Disease
Control and Prevention’s (CDC) Social Vulnerability Index (SVI).3

! Average Median Income is a metric calculated by the Unites States Department of Housing and
Urban Development (HUD) to determine the income eligibility requirements of federal housing
programs. The value calculation is based on the estimated area median family income.
%Calculated based on Regional Housing Needs Allocations for Very Low and Low Income. Total
housing required for the cycle divided by number of years in cycle.

*Social vulnerability refers to the resilience of communities when confronted by external stresses
on human health, stresses such as natural or human-caused disasters or disease outbreaks.
Reducing social vulnerability can decrease both human suffering and economic loss.
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3 Floating Housing

Floating modular housing communities can be a breakthrough in resilient, sus-
tainable and affordable living. The building blocks of the communities would
include modular housing systems already being produced and proven in land-based
development by companies such as HBG.* The modular steel structures most
applicable for deployment are purpose-built, factory manufactured, structural steel
modular buildings utilizing high-grade, heavy gage structural steel and certified
products. These structural-steel modular building systems are precisely engineered,
can meet American Society for Testing and Materials (ASTM’s) steel standards and
can employ aspects such as a steel moment frame. These modules are often built to
the size of a standard shipping container to maximize the use of methods already
designed for transporting shipping containers. Additionally, these modules have the
ascetic appearance of a shipping container while negating the structural modifica-
tions necessary when using shipping containers as building materials.

These systems are a radical departure from traditional and antiquated con-
struction methods because 90% of the project takes place in a controlled factory
environment before the steel modules are delivered to the project site. Highly
resistant to fire, mold, water damage, termites, and the standard wear and tear of
traditional construction, the modules are built to last. Once delivered to the site, the
remaining ten percent of project work takes place, craning and placing living
modules into their final location and hooking up all utility connections. Floating
housing could extend the use of this innovation by deploying 10-1000 individual
living units on a floating base (“vessel”).

3.1 Resilience

Communities around the world face a variety of threats ranging from sea-level rise,
seasonal flooding, thunderstorms, hurricanes, earthquakes, wildfires, excessive heat
and droughts. The severity and frequency of these threats will continue to change in
the future thus future housing solutions need to be resilient to meet the current
challenges but also agile to meet the future needs of the communities. Though not
suitable for every natural threat, like hurricanes, floating housing is inherently
resilient to many of the regional threats faced by communities around the world. In
addition to sea-level rise, floating housing is resilient to earthquakes, wildfires,
extreme temperatures and droughts.

Floating housing is inherently adaptable to diurnal, seasonal and long-term sea
level rise. It is impacted little by seismic activity since mooring and anchoring
systems can be designed to limit movement. It is resilient to fire threats in regions

“HBG is a California based firm that designs, manufactures, and builds modular affordable
housing.
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with wildfires since the water body serves as natural fuel break, an absence of fuel
for the fire [10]. It is resilient to extreme temperatures because the high heat
capacity of water helps regulate temperature, limiting the increase and decrease in
the local ambient temperature. Floating housing will benefit from this ability and
reduce the impact of changes in the regional climate resulting in extreme heat.
Onboard water treatment would provide resiliency to regional droughts.

3.2 Sustainability

Reducing the environmental impact of housing can be a central characteristic of
floating housing; it can be incorporated into the full life cycle of the solution. One
example, if determined to be practical, is using repurposed existing marine vessels
and other materials such as structural steel to minimize the environmental impact of
new building materials.

Traditional housing construction requires transportation of materials and
equipment to each site using land-based transportation such as trucking.
Transportation via trucking produces higher pollution than marine transportation;
therefore, eliminating the need for ground-based transportation would significantly
reduce the pollution associated with housing [11].

Renewable energy and a sustainable infrastructure system can be integrated into
the design. In addition to including traditional design components such as solar
panels, solar water heaters, rain water harvesting, and energy efficient appliances,
floating housing can also incorporate more advanced components such as heat
pumps using sea water, solar shading, on-board battery system, and microgrid’
controls to optimize energy usage. The microgrid would optimize the loads, gen-
eration, and energy storage to maximize renewable energy usage while minimizing
cost of energy [12].

Efficient utilities such as on-board waste water treatment and fresh water pro-
duction similar to those used on advanced cruise ships can eliminate the need to
extend underground municipal infrastructure requiring significant capital invest-
ment to adapt to sea level rise [13].67

SA microgrid is a group of interconnected loads and distributed energy resources within clearly
defined electrical boundaries that acts as a single controllable entity with respect to the grid.
A microgrid can connect and disconnect from the grid to enable it to operate in both
grid-connected or island-mode.

SAdvanced waste water treatment process used by cruise ships provide a level of treatment similar
to municipal treatment plants [15]. Smaller systems of 200,000 gallons per day (equivalent to 730
units respectably using per capita approach) can cost up to 35% more depending on the nitrogen
removal than a small central wastewater treatment of 1.5 million gallons per day [16, 17].
Steam desalination or reverse osmosis is used to produce potable water, in addition to cruise
ships, both technologies are also used to provide water for communities with limited water
supplies. Historically the cost for reverse osmosis has been high compared with traditional pro-
cesses but they are becoming more prevalent as cities have no choice as their water supply shifts to
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3.3 Cost Reduction and Affordability

McKinsey identified ways to reduce the cost of affordable housing by 20-50%.
Increasing land availability was identified as the most effective way to reduce cost
as it is the largest real-estate expense. Use of efficient procurements, value engi-
neering (standardizing design) and industrial approaches, such as assembling
buildings from prefabricated components manufactured off-site would result
in construction cost reduction by 30% while also shortening the construction
schedule by 40% [14].

Total cost to develop housing typically includes land cost, permits and city
fees, professional services, legal fees, construction financing fees, construction
labor and materials. Depending on the jurisdiction, market rate housing develop-
ments may be required to pay additional fees to support community subsidies for
affordable housing. Furthermore, in the United States affordable housing develop-
ments receiving public funding in forms of grants and tax breaks, while having
reduced permitting and city fees, may have higher legal and professional services
fees in order to manage the complex process. Total cost for affordable housing in
California is over $500 per square foot in several markets, reaching as high as
$1170 in San Francisco, California [20].

The cost of land is highly variable and contributes a significant portion of the
final cost, being as high as 21% in San Francisco in 2019 [21]. This is likely to
increase further as the value of land used for single-family housing in the United
States increased almost four times faster than inflation between 2012 and
2017, with most coastal regions in California seeing increases of 50% and above
[22].

Floating housing would provide a large source of new affordable housing
because the cost basis is disconnected from several of the local factors that increase
housing cost such as land, labor, and materials. Floating housing eliminates land
use in high cost urban areas where the cost of land is prohibitively expensive.
A benefit of developing floating housing is that it can be fabricated and constructed
off site, using lower cost labor than the labor at the urban location where the
housing is needed. Globally sourced materials and construction labor in low-cost
locations allows labor shortages in high cost markets to be addressed. Housing can
be built in the lowest cost locations using repeatable modular designs and building
at large scale. Modular and repeatable construction enables cheaper construction
and repeatability of new locations. Disconnecting the construction of housing from

sources with increased saline content (brackish aquifers, seawater) and other pollutants that require
more advanced treatment to meet the required quality standards [18, 19]. Sandia National
Laboratories and the United States Department of Interior, Bureau of Reclamation identified cost
reduction and decentralization of the potable water supply as components of the Desalination and
Water Purification Technology Roadmap [19]. The increased use desalination in lieu of the tra-
ditional method and the move towards decentralized supply will mean that the cost to produce
potable water for floating housing will not be higher than land-based housing.
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a specific location also allows for parallel development of multiple projects, thus
reducing the risk and impact of development delay.

Floating housing vessels would be built at large-scale, cost efficient, and
high-quality global shipyards thus allowing the simultaneous construction of
multiple vessels, which could be deployed to separate locations, or to one com-
munity consisting of multiple vessels. Shipyards produce somewhat similar vessels
(e.g., cruise ships, accommodation barges), but none target the affordable housing
market. Common designs unaffected by local site constraints, leveraging a global
supply chain and logistics network, and maximizing module construction tech-
niques will lead to manufacturing economies of scale and drive down costs. The
cost-effective global shipping industry can then deliver the vessels to coastal
locations worldwide.

By eliminating land use, maximizing modular and repeatable construction, and
rapidly and flexibly deploying housing to multiple coastal markets, development
risk will ultimately be minimized, and housing delivery efficiency increased.
Significant savings are realized by reducing need for land and using efficient value
engineering and industrial approaches. The costs will decrease further with
increased production, allowing the solution to become cheaper than traditional
construction in additional coastal locations worldwide. Our internal estimates and
research with marine construction companies indicate that floating housing could be
built at a cost significantly lower than traditional housing in most high cost markets,
ranging from $200 to $320 per square foot.

4 Design and Construction

Black & Veatch specializes in innovative infrastructure development and has the
unique capability to leverage experience in various markets to integrate all aspects
of development, permitting, design, and construction and has pioneered large-scale
industrial floating infrastructure solutions. Experience and lessons learned from
previous large-scale floating infrastructure projects provide a general path forward
to address design and construction challenges of floating housing.

Several unique considerations must be addressed when planning for the devel-
opment of large-scale floating housing when compared to planning for land-based
infrastructure:

Minimizing the footprint of ancillary systems because of the lack of real estate.
Minimizing the weight.

e Minimizing interconnections between building modules and the floating system
to avoid complexity.

e Ensuring equipment is accessible for maintenance and egress.

These requirements will drive the planning decisions around the key design
criteria such as:
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Technology selection.

Equipment selection.

Hull configuration.

Marinization of design.

Selection of shipyards and topside fabrication.
Safety (fire and explosion).

Regulatory impacts (local government).
Classification society requirements.

Mooring and associated marine infrastructure.
Power and utilities.

Dredging.

Requirements for space efficient design drives reductions in the system com-
ponents as compared to land-based systems. Modular design and construction
techniques are ideal for floating applications because these techniques ensure the
fewest pieces of equipment and the smallest footprint. Additionally, less equipment
results in a better spaced layout for easy safety escape routes and maintenance.

Marinization of the land-based technology and systems for a floating environ-
ment is necessary. Floating vessels are subjected to six degrees of motion: pitch,
roll, yaw and heave, sway and surge. With motion comes acceleration and
acceleration-induced additional forces. All systems on a floating structure must be
capable of withstanding the motion-induced forces and perform safely.
Marinization requires studies to examine system operability, mechanical design,
safety, materials, and maintenance.

Hull and topside structures must seamlessly interface. Floating housing is a
combination of the building and shipping industries; these industries are different.
The topside structures are primarily a land-based building that interfaces with the
hull, which is a shipping system. Generally, shipyards design the hull system but
lack the capabilities to design the topside structures, if not standard marine topside
structures. For a successful floating housing project, significant physical and design
interfaces between the topside structures and the hull need to be managed carefully
by dedicated interface teams.

The vessel’s marine classification requirements must be determined early,
including whether the unit will be built to classification society requirements and/or
classified. Early identification is essential to the development of the basic design
and approach to be taken during construction. Although classification requires a
more complex and rigorous approach during design, construction, and final
deployment, floating housing projects may benefit from oversight by classification
societies during construction. Classification societies provide an independent
review of standards, hazard analysis, and assurances that the finished project will
conform to recognized marine industry practices established by each classification
agency.

If the structure is to be classed as a vessel under the current standards and
regulatory approach, it must be designed by a naval architect and built to relevant
marine classification society rules and regulations. Initial considerations included
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how to involve the local regulatory agencies to gain approval for the facility since it
will be classified as a vessel and not a building. Classing the floating structure as a
vessel will result in the requirement that the vessel’s license be renewed periodi-
cally, which requires the vessel to be inspected. For standard vessels, this involves
towing to a dry dock for inspection. Since this floating structure cannot be moved
easily, special arrangements must be made and planned for accordantly in the
operation of the facility.

Close communications and coordination must be maintained with all the primary
and secondary governmental agencies having regulatory and jurisdictional
responsibility over vessels or facilities sited on the water in an urban jurisdiction.
An example that is common on such projects is the intersection between the local
fire department and the federal maritime agency. For example, the federal agency
may develop rights of way with the local fire department to give the fire department
authority to provide emergency response. The local fire department may also accept
modifications to the design to comply with the rigorous fire safety code. For one
project supported by Black & Veatch in the United States, the result was an
approved fire suppression system that will use external water for fire suppression
instead of the charged pipe required in a standard land-based building

Though further analysis is necessary to quantify the specific design criteria and
maintenance requirements of the vessel, considering the local environmental con-
ditions where the units are placed, there are examples of recent projects that show
that proper design and maintenance can extend the life of vessels for up to 50 years.
The floating base of the housing vessel can be either of steel or concrete con-
struction. Steel barges are commonly used for the transportation and storage of
goods, and marine construction and maintenance activities. Concrete barges are in
limited usage and becoming popular for floating houses, offices, and kiosks and are
moored in sheltered locations on a permanent basis. Table 1 provides a simple
indicative comparison between large flat decked concrete and steel barges having
the same deck area and loading capacity per square foot.

A recently completed floating Fire Station in San Francisco is a representative
example of how a floating structure can be designed and maintained to extend
useful life up to 50 years. The project included the following design guidance and
maintenance activities for a steel barge [24]:

e Include sacrificial steel entire perimeter in contact with water. Additional sac-
rificial steel in the splash zone. Thickness variation on inside.

e Special long-lasting coating 100% solid polyurethane by Zebron. Used on
icebreakers. Could possibly last 40-50 years. Coating applied in ship yard under
controlled environment with rigorous quality control program.

Cathodic protection system to slow the steel corrosion rate.
Divers to check the steel barge condition of its surface coating and check for
corrosion every 5 years.

e Replace anodes for the cathodic protection system and clean the surface coating
every 5 years to prolong the life of the barge.
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Table 1 Comparison concrete barges versus Steel barges
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Attribute Concrete barge [23] Steel barge

Weight Heavy compared with steel Light compared with concrete

Draft Larger draft due to weight. Shallower draft when compared
Hence, increased water depth may with concrete barges
be required (compared with steel
barges)

Movability Large towing power required for Fully loaded large barges can be
large barges, and hence towed in the sea using tugs
limitations apply on the towing of
large concrete barges

Durability Well-constructed barges are more Less durable than concrete.
durable than steel barges Durability is subject to the level

of periodic maintenance

Maintenance Very low maintenance. However, Periodic maintenance required.
difficult to repair if needed The extent of onsite repairs and

maintenance activities can be
limited

Constructability Limitations regarding the Already an established industry,

construction of large barges due
to the capacity of available dry/
floating docks. Labor intensive
construction. Quality control can
be difficult

hence construction is much easier
than concrete barges. Can be built
to very high standards

Movements (roll,
yaw pitching,
sway, heave &
surge)

Less movement for waves & wind
due to bulkiness

Expect more movement than
concrete barges

Mooring Large forces likely on the Mooring loads are more favorable
mooring restraints due to than those of concrete barges due
bulkiness. Hence, larger guide/ to lightweight. Easier to modify
mooring piles than for steel the mooring points if needed
barges may be needed. There may
need to replace moving parts of
the moorings (rollers and guides)
on a regular basis

Berthing Large forces may apply on the Relative low forces when
berthing structure compared with comparing with the concrete
a steel barge barges

Other Limited experience and limited Already established industry

suppliers. Lower initial
construction costs [23]
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5 Challenges and Barriers

Although technically feasible, notable challenges and barriers will need to be
addressed for floating housing. These include regulation and permitting, desir-
ability, community acceptance, and financing. Regulation and permitting will be a
challenge in some markets as floating housing is unique to most regions and not
covered under existing rules. New regulations and permitting processes will need to
be created in conjunction with the local authorities in each market. The use of
floating housing is not culturally accepted in some parts of the world. In the United
States, for example, floating housing does not exist except for the limited use of
individual houseboats in specific locations. Financing may also be a challenge as it
is an esoteric asset class (real estate + marine), perceived future values are unclear,
and depreciation is different than traditional real estate.

Technical challenges of the proposed self-sustainability of floating housing were
assessed as less of a barrier due to the ability to use existing commercial solutions.
Although the cost of implementing commercial solutions such as those used by
modern cruise ships for power generation, water desalination, and wastewater
treatment require future study, addressing the other barriers were prioritized higher.

To specifically address and overcome the challenges and barriers to large scale
floating housing, a pilot project consisting of a small-scale housing development is
proposed. The pilot project will provide the opportunity to test design assumptions,
develop the necessary technologies and create templates for regulatory approvals.
The performance and monitoring plan, developed in conjunction with regulatory
agencies, investors, host city and other stakeholders, will improve the under-
standing of the remaining technology risks, benefits and impacts. Initial research
also highlights the need for prospective residents to see and experience the housing
solution being developed and a pilot project provides an avenue for this experience.

Potential locations for the pilot deployment include high density coastal regions
with limited available land and high housing costs. Initial deployment in protected
waters such as bays, harbors, deltas, etc. provides a location with lower risks.
Therefore, the U.S. regions of highest priority are primarily located in urban areas
such as Portland, Oregon; Seattle, Washington; San Francisco, Los Angeles, or San
Diego, California; New York, New York; Miami, Florida; Boston, Massachusetts;
or Washington D.C. Globally, this includes cities like Hong Kong and Singapore.
Other target areas include any city with access to major waterways, located on a
major river or lake, and regions exposed to rising seas and/or flooding.

6 Design Concepts

Black & Veatch developed multiple design concepts to visualize ideas for high
density modular floating housing. The design concepts offer tangible material for
communicating the feasibility and aesthetics of floating housing to potential
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residents and community planners to overcome the expected obstacles of desir-
ability and community acceptance. Initial informal, qualitive research with com-
munity planners and architects indicates a method for greater community
acceptance involves designing floating housing that fits visually into the existing
land-based architecture and is a familiar structure instead of a novel or unique
floating structure. With this premise, these initial concepts mimic land-based
high-density housing to an extent necessary to ease acceptance. Considering that
the goal of the pilot project is to study the major challenges and barriers, a sim-
plified initial design was proposed. This includes assumptions that the pilot project
will be located near public transportation, negating the need for vehicle parking,
and include shore connections for utilities.

The design concepts were developed by multiple designers using a standardized
set of design criteria. The primary objective was to create a housing solution that set
a new standard of affordability while also being aesthetically pleasing in many
locations globally. Designers were instructed to consider spatial integration (the
design must aesthetically fit into the surrounding environment and offer an inviting
place for people to live and not simply be the maximum use of allotted space to
house as many people as possible), functionality, innovation and originality, sus-
tainability, general aesthetics, and constructability (affordability). Each design was
created using some base guidelines for high density housing covering a range of
apartment sizes common in the United States. The height of the structures was
limited to comply with height restrictions that exist in some coastal regions. Typical
building code requirements for multifamily housing in California, United States
were used to ensure each design would be in line with typical land-based designs.
The design criteria included:

¢ Residential housing facility of 15-30 units.

e Max height of facility limited to 30 feet (assumed up to three stories are
allowable).

Individual housing units between 400 and 700 square feet.
A floating platform (assumed 150-300-foot length and 50-foot width).

¢ A floating platform permanently moored to the shore or jetty with connections
to land-based utilities (power, water, sewer, etc.).

e Assumed location in a harbor relatively protected from extreme weather events
thus no consideration necessary for extreme ocean weather, storm surges,
typhoons, etc. However, consideration of safety by design techniques that could
improve the resiliency of the structure to mitigate future climate or weather risks
should be considered.

e The target market is moderate income customers, most likely singles or couples.

e Include standard apartment amenities and services comparable to complexes of
similar size on land.

e Primary access to the facility will be from shore via a gangway.

e Vehicular parking and access not included on the floating structure. Assumed
location is accessed via public transit.

e Use of modular construction techniques to increase constructability.
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e Use of California, United States building codes for multifamily manufactured
and factory-built housing programs.

6.1 Design Concept 1

Design Concept 1, illustrated in Figs. 1, 2 and 3, seeks to provide sustainable
efficient accommodation for the future. A decommissioned barge is utilized to
provide a mixture of 1-bed (20 units, 400 square feet each) and 2-bed (8 units, 700
square feet each) apartments, 28 units in total. The presented apartment mix is
indicative only and can be set as needed—the modularity of the design allows for
total flexibility. Each housing unit has an external space in the form of a terrace.
The main structure is created from modular units which can be prefabricated
thus reducing time, cost and waste.

Design Concept 1 also provides a central common house with co-working and
social areas. The common house is a central facility for the use of all inhabitants
providing communal functions such as multi-purpose space as well as co-working
office space or even a coffee shop and gym. The building is in the middle of the
development facing a public plaza.

Energy efficiency, renewable generation and battery storage are key to the
energy strategy while options for rainwater harvesting, desalination and waste water
treatment provide the potential for self-sufficiency. Renewable energy and sus-
tainable infrastructure systems are an integral part of the concept. It is estimated that
the development would generate surplus energy from the solar roof that could be
fed into the grid or stored in hydrogen cells for use by the wider community e.g. for
public transport. Starting from a single barge, Design Concept 1 can be extended

Fig. 1 Design concept 1
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Fig. 2 Design concept 1 schematic layout

unyl

Fig. 3 Design concept 1 perspective view

into a community of vessels, incorporating options for plug and play commercial
units. The sustainable strategy components could include:

e Renewable energy: PV panels and solar water heating tubes
e Rain water harvesting
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Cooling strategy from the sea/heat pump
Solar shading: overhanging ‘solar roof’ also acts as louvres providing shadow
for the housing units below as well as the deep reveals on facade

e High spec insulation

e Energy efficient appliances and smart energy management within housing units

There is also an opportunity to develop a self-sufficient community scenario
where the services running below the housing units instead of feeding directly into
the grid were linked to facilities in a central plantroom. Such solution provides
additional efficiency and lack of need for connection to city-wide infrastructure
systems.

6.2 Design Concept 2

Design Concept 2, illustrated in Figs. 4, 5 and 6, is a harborside floating devel-
opment containing 30 dwelling units (1-bed, 750 square feet) on each of three
standard size commercial barges (10 units per barge). The construction is all pre-
fabricated by offsite manufacturers and transported into places via traditional
shipping practices for final outfitting at its final anchorage. Costs are minimized by

Fig. 4 Design concept 2
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Fig. 5 Design concept 2 schematic layout

Fig. 6 Design concept 2 perspective view

the reuse of materials and the reused barges in lieu of land development. The
structure is constructed of individual modular units, or repurposed shipping con-
tainers, can have overcladding as shown or be painted to fit the local environment.

The enclave is intended to be a community onto itself with amenities such as
common use spaces like the roof decks shown or additional spaces for fitness
facilities, communal gardens, common use pavilions and parking for shared vehi-
cles or rideshare services. There are also spaces provided adjacent to, or on a
separate floating structure for public functions like a farmers market or coffee shops
open to the general population.

As shown, the community also utilizes sustainable features with onboard power
generating PV panels as cladding that also have single batteries integrated for
storing power are dispersed to provide off-the-grid power to each room. The barge
hull can also house larger batteries as part of a microgrid that connect to the grid or
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make the community entirely self-sufficient. Rainwater is captured and utilized for
building systems.

This community is flexible and resilient, it can be added to or its location/
orientation modified easily. It has applications as temporary housing that can be
transported or added to over time.

6.3 Design Concept 3

Design Concept 3, illustrated in Figs. 7, 8 and 9, is initiated on the concept of
traditional Chinese Sanheyuan, a type of dwelling structure with individual units on
3 sides and a yard in the middle. This kind of dwelling unit creates an introverted
space allowing residents the ability to enjoy a peaceful time at home. To integrate
this concept into the floating house design, modular units, such as containers, are
arranged to form into the shape of a Sanheyuan, i.e. modules enclose a yard on 3
sides. A total of 3 Sanheyuans (Group A/B/C) are designed. Each group includes 6
or 9 standard living units stacked in 3 stories. A total of 24 units (1-bed, 639 square
feet) are provided in this design. The individual units can be painted different colors
or clad in different finish materials to make the entire community colorful and
vibrant. Backup power will be provided by solar panels placed on the rooftop to
provide backup power. To make some variations in each group, the yard is either
open to sea or open to land and the yard design can be further developed based on
local style preferences (e.g. Chinese, Japanese, western) to make each group
unique. Within each group, connecting corridors, outdoor stairs and yards provide a
communal space for the neighborhood to communicate and enjoy the beautiful sea
view and sunshine together.

The three groups are connected by a covered corridor and a central public space.
The public space includes a small 3 story building which can house a variety of
community spaces such as a pub, coffee shop, laundry, grocery store, gym, book
bar, etc. On each level, an outdoor terrace is designed to provide a space for
residents to enjoy the fresh air and sunshine.

6.4 Design Concept 4

Design Concept 4, illustrated in Figs. 10, 11 and 12, uses modular living units
installed within a separate free-standing structural framework on the barge. The
design incorporates common exterior circulation paths for occupants, saving con-
struction costs of numerous stairs and maintenance on excessive interior spaces.
The modular living units are sized to accommodate the use of shipping containers if
preferred and the design includes 2 different unit floor plans (1-bed) of 520 square
feet and 640 square feet each. The larger unit can accommodate a washer/dryer,
larger kitchen, desk area, additional storage closets, walk-in bedroom closet, and
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Fig. 7 Design concept 3

Fig. 8 Design concept 3 schematic layout

larger patio. The structural steel framework is completely independent of the condo
units. The modular living units can be fabricated off site while the structural
framing is installed on the barge. The modular living units are designed to be
transferable to future barges for reuse in the future. The layout of the living units
and structural framing can easily be scaled (larger or smaller).

One key element of this concept is the use of a pre-engineered metal rainscreen
and roof spanning over the living units. This structure is intended to provide some
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Fig. 9 Design concept 3 perspective views
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Boardwalk Aerial Perspective

Fig. 12 Design concept 4 perspective view

weather protection for occupants on the shared outdoor circulation walkways and
stairs. The additional screening structure will also provide another layer of weather
protection for the living units, prolonging their life expectancy. The design of the
rainscreen and the color of the modular living units can easily be changed to reflect
local architectural design aesthetics anywhere in the world.

The living units are grouped in two housing clusters with a community courtyard
in between. Within each cluster, a unit can be used for community functions such as
a gym, laundry, or leasing/maintenance office.

6.5 Design Concept 5

Design Concept 3, illustrated in Figs. 13, 14 and 15, is an eclectic configuration of
geometry using modular units atop the floating structure. To maximize a sustainable
design solution, the illustrated version of this design uses salvaged and refurbished
shipping containers and repurposed floatation structures. The units are unique
stateroom plans arranged in a split-level design and located in habitat clusters. Each
unit includes insulated interior walls to preserve the exterior corrugated appearance
with minimal cosmetics. This design focuses on scalability and uses module
stacking design relationships to allow for different layouts and provide minimal
post-engineering considerations. The structure includes multi-level decks with a
commons area to foster social integrations and the upper pedestrian promenade
deck includes green spaces, community gardens, areas for social gatherings, and
occupant exercise opportunities. The central circulation core in-between the habitat
clusters also provides for a commons area. Renewable energy sources in the facility
include artistic and sculptural styled vertical wind turbines, and photovoltaic
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Fig. 14 Design concept 5 schematic layout
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Fig. 15 Design concept 5 perspective view

assemblies integrated passively to maximize building systems efficiencies.
Daylighting is optimized with glass openings, shading deck extensions and Solar
Tubes.

7 Conclusion

Increasing population, urbanization, and desire for coastal living creates an annual
demand for housing units in coastal cities around the world that is not currently
being met. The problems of housing availability and affordability are greatest in
coastal cities which are also some of the most expensive cities in which to build
housing due to limited land and constraints on materials and labor. The rate that
housing must be produced in coastal cities is challenged with current construction
and land use practices.

Floating housing communities can help meet the housing needs in coastal cities.
Black & Veatch proposes developing floating housing communities constructed
using innovative modular approaches to provide affordable and climate resilient
housing. Large-scale floating housing offers a solution to lower costs and expedite
the design and construction process, so that more people can benefit from housing
that is affordable, healthy and climate-resilient. Housing construction costs can be
significantly reduced compared to traditional, land based, “stick built” construction
methods. Globally sourced materials and construction labor, modularity and man-
ufacturing economics of scale will drive down costs. Innovative modular con-
struction techniques can provide resilient, sustainable and affordable housing that
can be designed to meet the needs of specific geographic location. Housing built in
low-cost locations on floating platforms can be moved to urban areas and moored at
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shore or in open water to provide thousands of new housing units at affordable
costs. Floating housing is inherently resilient against rising seas due to climate
change, seasonal flooding, earthquakes, and other natural disasters. Renewable
energy and a sustainable infrastructure system can be integrated into the design with
an on-board battery system, and microgrid controls to optimize energy usage.

The experience gained from developing other floating infrastructure projects can
be applied to a proposed pilot floating housing project which offers an opportunity
to test assumptions and overcome challenges and barriers to large scale floating
housing developments.
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The Design, Construction M)
and Evaluation of a Pilot Project Shmes
of a Bahay Kubo Inspired Floating

Home

Pieter H. Ham

Abstract In the overpopulated deltas of the Philippines people live in are-as that
see floods regularly. The floods are being caused by a com-bination of tides, heavy
rainfall and land subsidence. The demand for safe and affordable housing is
immense, yet available dry land is scarce. By implementing floating homes in
vacant former rice fields, demanded new building space is becoming available. To
come to a sustainable design that fits in the Pampanga Delta, traditional building
designs as the Bahay Kubo have been analysed. Many aspects of this design
correspond with modern sustainable development goals. By means of parametric
building simulations, key aspects of the Bahay Kubo have been used to provide
the home with good performances in indoor climate and structural behavior. Now
the first pilot building has been built, the home is being tested for validating the
parametric models and to evaluate the building design. The first round of test results
has led to proper insights in indoor climate, user friendliness, and affordability.
Initial design improvements have been made and will be used in upcoming
developments such as the construction of a floating neighborhood and the con-
struction of floating classrooms.

Keywords Floating architecture - Flood events - Vernacular - Pilot building -
Affordability

1 The Pampanga Delta

The situation in coastal areas of the Pampanga Delta in the northern part of the
Manila Bay Area in the Philippines resembles many urbanized areas of Southeast
Asia. Analysing the housing situation, and generating and evaluating imple-
mentable designs of housing types can thus be translated to other regions that are
dealing with similar problems [1].
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The housing situation in the provinces Pampanga and Bulacan is highly affected
by floods which are mainly the result of incoming seawater by tidal movement and
by overflow of rivers after heavy rainfall. A worsening trend in these floods is
detected. Worsening trends are caused by a combination of channel filling by
sediments from floods and lahars, deforestation, rapid urbanisation, channel
encroachment and sea level rise. Moreover, nowadays the main impact on these
worsening trends is ground subsidence [2, 3]. Groundwater overuse causes land
around northern Manila Bay to subside with a subsidence rate of around 5 cm per
year. This land sinks relatively fast since extraction rates are higher than recharge
rates. Rapid urbanisation has a big impact since it causes an increasing demand for
groundwater. Land subsidence occurs all over large urbanized parts in Southeast
Asia (Fig. 1) [4].

Where growing rice on rice fields was once one of the biggest sources of income,
it is nowadays no longer possible due to salinization and high water levels. For this
reason, over the last decades many rice fields have been transformed into fish
ponds. Due to the increase in flood events, fish ponds overflow regularly. As a
consequence, many of the fish ponds have been abandoned, and thereby large
flooded areas currently don’t have any spatial function anymore [1] (Fig. 2).

1.1 Housing Situation in the Pampanga Delta

Another phenomenon that affects the housing situation in Bulacan and Pampanga is
rapid urbanization. In the following 30 years, more than 60% of the world’s pop-
ulation is expected be found in cities and urban areas. This fast and often unplanned
development results in serious problems due to scarcity of land, congestion and
poverty. The current deficits in housing are in the low cost sectors and the housing
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Fig. 2 Flooded streets and ground subsidence in the Pampanga delta

backlog has been estimated to will have reached over 10 million units in the
Philippines in 2030 [5]. This rapid urbanization not only occurs in Metro Manilla.
Also smaller settlements in the Manila Bay Area, like the previous described coastal
areas, face this problem.

Figure 3 shows the municipality of Hagonoy in the province of Bulacan.
Settlements are developed along the riverside. The river was of high importance for
daily life of people, since it was used for transportation, fishing industry and sewage
system. People settled in family owned compounds along those rivers. Over mul-
tiple generations this family-owned land has been divided over multiple family
members, who built their houses on these plots. Due to this rapid urbanization,
these areas are now fully occupied with buildings. Expansions to areas further away
from the city are not possible (anymore), since these areas are permanently exposed
to flooding [1].

A negative side effect is that squatters settle themselves in self-built structures
above the river. These informal settlements obstruct the waterways, which results in
an increase of the flood risk. Furthermore these provisionally built structures are
often highly vulnerable for typhoons. Due to an increase in intensity of typhoons in
the near future these structures will become even more insecure to inhabit [6].

Fig. 3 Hagonoy (Bulacan). Settlements along the riverside
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This combination of scarcity of buildable land, a relatively large housing
backlog, an increase in flood events and an increase in typhoon intensities, creates
an enormous demand for safe, sustainable and affordable housing.

2 Analyses of Vernacular Architecture

An answer to developing these safe, sustainable and affordable houses that are
suitable for the Pampanga Delta area can be found by analysing vernacular building
types. Vernacular buildings are ancient buildings which are not designed or built by
formally-schooled architects and engineers. They rely on designs, skills, crafts-
manship and traditions of local builders [1].

2.1 The Bahay Kubo

The Bahay Kubo (which literally means cube house) is a Philippine building type of
which its architectural principles were created in the pre-colonial era. This ancient
building type provides a practical template for designing sustainable,
climate-conscious, energy-efficient houses and buildings. As most vernacular
architecture in the Southeast Asian regions, the Bahay Kubo is built from low-cost,
readily and locally available materials—in this case, mostly bamboo and nipa
leaves. The Bahay Kubo is specifically designed for a tropical climate and this is
reflected in multiple design principles like a tall pitched roof, large roof overhangs,
wooden stilts and large openings in the facades [1].

Nowadays the Bahay Kubo has disappeared from the streets and a more foreign
Western-style architecture model has been adopted. These homes mainly consist of
a combination of concrete and corrugated steel plates. In contrast to the Bahay
Kubo, these contemporary buildings need air conditioning to create a comfortable
indoor climate, which entails relatively high costs for homeowners. Because of
these relatively high energy costs and growing environmental awareness, many of
today’s designers and engineers re-examine the design principles of the Bahay
Kubo and its approach to the contemporary design challenges in a simple way.

2.2 Parametric Analyses

Main vernacular design-strategies of the Bahay Kubo are a hipped roof, large roof
overhangs, (wooden) stilts, and large openings in the facades [7]. The common
goals of these design strategies are to create a comfortable indoor environmental
quality by enhancing natural ventilation and by protecting the building from direct
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sunlight. By means of parametric analyses of these four design principles, four main
‘lessons learnt from the Bahay Kubo’ have been created.

First, it is essential to create sufficient openings in the facades to increase indoor
thermal comfort by an increase of air velocity. By creating large openings in the
facade from the ground floor up to 0.85 times the facade-height, a significant
increase in thermal comfort level can be gained [7].

Secondly, by creating large overhangs an increase in comfort level can be
gained. Large overhangs or eaves influence thermal comfort by creating an increase
in air velocity and a decrease in radiant temperature. Eave lengths of 0.6 times the
floor height under an angle of 15° are giving a proper protection against direct
sunlight and thus a significant increase in thermal comfort level [7].

Thirdly, placing the building on stilts influences the thermal comfort level in a
positive way. By increasing in stilt height, the wind speed for natural ventilation
increases with an exponential decay. An optimum of the height of the stilts mainly
depends on costs and local flood levels [7].

Finally, a hipped shaped roof influences the comfort level positively. By
increasing the angle of the roof, an increase in comfort level can be gained, since it
allows heat to dissipate and it lowers the area subjected to solar radiation. As well
by adding openings in the roof, buoyancy driven ventilation can be enhanced.
Furthermore, a hipped roof improves the water drainage. An angle close to 30° is
advised to decrease wind pressures during strong winds [7] (Fig. 4).

3 The Design and Construction of the Pilot Building

These lessons from analyzing the Baha Kubo need to be translated to current
situations in order to come to a buildable design. In this paragraph these translations
and the design of the pilot building are described.

3.1 Pilot Building Design

First, building on stilts has been a proper solution for enhancing natural ventilation
and for protection against floods. However, due to increasing land subsidence, and
thus increased and more severe flood events, stilts become less advantageous.
Furthermore, available land in the coastal areas of Bulacan and Pampanga to build
the demanded new homes is nowadays scarce. A solution for this lack of available
space may come from the previously described vacant former fish ponds and rice
fields. By implementing floating structures or floating homes in these areas, there
will be new space available. Another side effect is that people do not have to move
to places far away from family or work, since these vacant fish ponds and former
rice fields are located close to currently built settlements. Furthermore, these
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Fig. 4 Vernacular design principles of the Bahay Kubo

floating houses can provide a dry and safe place for living without being vulnerable
for daily floods [1].

By constructing locally prefabricated modules of locally available renewable
materials and recyclable materials a floating foundation can be built. By prefabri-
cation, the production can take place in controlled and dry climate conditions,
without the impact of floods. This has a positive influence on the quality of the
building and can reduce building costs [8]. A number of parameters are important
for the design of the floating foundation. Due to the lack of heavy machinery and a
construction site that is relatively hard to access, it is important that the floating
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foundation consists of light weight building modules that can be carried and
transported by hand. By simply connecting these modules on the water, a stiff and
stable floating platform can be created. The intended material must be locally
available and, of course, as sustainable and affordable as possible. By making use
local, renewable and recyclable products, both the CO, emission and the costs can
be kept as low as possible. The floating foundation consists of nine timber modules
filled with recycled plastic barrels. By predicting the depth, and tilting behaviour, it
is possible to create a structure in a way that the timber elements in every load case
remain above the water level. Upon this floating foundation, prefabricated panels
can be installed and can be connected to each other. Like the lessons learnt from the
Bahay Kubo these panels can be opened to create a naturally ventilated indoor
climate [1] (Fig. 5).

On top of the wall panels, a prefabricated hipped roof can be placed. The shape
of the roof can be copied directly from the Bahay Kubo. However, large eaves will
form a weak part of the structure during strong winds. Typhoon resiliency becomes
more important, since intensities of typhoons are increasing. Openings in the roof
enhance natural ventilation and natural light. In case of typhoons they can be
closed. Eaves that protect the building from direct sunlight and from monsoon rains
can be folded inwards. Since the building is totally made of locally produced and
locally available prefabricated building parts, it can easily be repaired with new
elements in case of damages by typhoons.

A first pilot home of this design has been built in Macabebe (Pampanga) on a
vacant former rice field (Figs. 6 and 7).

Fig. 5 Design of the locally prefabricated floating pilot home
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Fig. 7 The pilot home on a former rice field in Macabebe (Pampanga)
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4 Evaluation of the Pilot Building

Within this pilot project, the floating home is evaluated in multiple ways. The
technical performance is evaluated by monitoring the indoor environmental quality.
The user experience has been evaluated by multiple families who have lived in the
pilot house.

In this paper, key lessons that follow from the evaluation of the pilot building are
elaborated and potential design improvements are generated.

4.1 Evaluation of Indoor Environmental Quality

The main parameters that determine the indoor environmental quality are thermal
quality (comfort), air quality, sound quality, lighting quality, ergonomics and
cleanliness. As the house is located in a tropical climate and the main goal is to
provide a comfortable indoor quality without using artificial air-conditioning,
thermal comfort is given priority in this study.

To evaluate the thermal comfort level, it has been measured how the indoor
temperature relates to a certain thermal comfort range. For this comfort range, the
ASHRAE adaptive comfort model for the Manila region is used. The temperature is
considered as acceptable when it is between a lower comfort limit of 22.3 °C and an
upper comfort limit of 30.5 °C. By also taking natural ventilation into account,
comfort limits increase with a number that depends on the wind speed [9].

To monitor the thermal comfort level, the following parameters are measured:

e Dry-bulb temperature measured with HOBO U12-012 data logger and IoT
Monitoring Devices

e Operative temperature measured with HOBO U12-012 data logger and IoT
Monitoring Devices
Surface temperature measured with Thermochron I-button
Relative humidity measured with HOBO U12-012 data logger and IoT
Monitoring Devices Air velocity measured with Extech SDL350 hotwire
anemometer.

The measured results show that the comfort performance of the building is
satisfactory for most of the time, except for the attic floor. During the hottest days
the attic floor exceeds the upper comfort level with relatively high numbers. From
the in situ measurements it can also be seen that the air velocity is relatively low in
the attic compared to the other spaces in the house. Figure 8 shows the dry bulb
temperature in multiple zones in the home. As well the upper comfort limit for each
zone is shown [9].
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Fig. 8 Dry bulb temperature in each zone of the pilot home [9]

4.2 User Experience

Besides the indoor environmental quality, the user experience is an important aspect
for evaluating the floating pilot home. A first test round in which a family of 4
people has inhabited the floating home for a time period of 5 months has been
completed. Through semi structured interviews, with open ended questions main
topics of the benefits and main topics of improvements of this floating home have
emerged.

The first residents of the floating home stated that they prefer living in this home
over living in their current house. The main reason for this statement is that unlike
their own home situation, this home stays dry during flood events. The interviews
also substantiate the comfortable indoor temperature, since the residents describe
the indoor climate as cool and comfortable with a pleasant airflow through the
building. Other benefits of the floating pilot home are mainly in terms of ambiance,
view and material use.

In addition to these advantages, there are also a number of points for
improvements. The first residents have been interviewed about how they experi-
enced possible motions of the floating home. Residents indicate that motions can be
felt with two different causes. The first of these is wind induced movements. Strong
tropical storms cause roll, pitch and sway motions. Sway motions have been limited
by increasing the stiffness of the bamboo mooring system, by adding bamboo
diagonals.

Secondly, movements of people on the floating foundation cause roll and pitch
motions. The resident indicates that both people induced and wind induced
movements were noticeable, but that they never made the resident feel unsafe. For
further research, it is advised to monitor the motions of the floating home.

Other points for improvements are the design of the sleeping zone in the attic
and in the design of the openings.
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4.3 Lessons Learnt for Further Developments

From the results of monitoring the thermal comfort of the pilot house it can be
stated that the comfort performance of the attic space needs to be improved. To
achieve this, a number of design improvements have been proposed. Climate
models show that with these measures a desired temperature can be achieved in
every room in the home.

Solar heat gain can be reduced by lowering the attic to the height of the ground
floor door frame and hence the attic is protected by the foldable eaves.

The air velocity in the attic can be increased by adding extra openings at the
bottom level of the attic zone.

Heat dissipation can be improved by providing openings at the top of the roof.

Air velocity can be better controlled by providing operable louvers incorporating
principles of so-called Dutch door and collapsible doors [9].

For future projects, it is advisable to build configurations of multiple interlinked
floating homes. The floating platform hereby widens, which increases the stability
of the floating object. The house will be less sensitive to wind and movements of
people. Since the foundation consists of a modular system, it is relatively simple to
expand the floating foundation without changing the design.

It is advised to include these lessons in the development of upcoming floating
projects such as envisioned floating neighborhoods and floating schools (Figs. 9, 10
and 11).

™ T

Fig. 9 Proposed design improvements [9]
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Fig. 10 Floating classroom design

Fig. 11 Configuration of connected floating homes

5 Conclusions

Analysing vernacular design principles offers a rich repertoire of architectural and
engineering knowledge in the field of design, innovations, and low-tech techniques.
It can be an useful tool to use these old-age low-tech techniques for contemporary
design challenges. By translating these vernacular principles to design, energy
efficient buildings can be created, that are perfectly suited for their location. By
testing this design with a pilot project, these vernacular design strategies are
evaluated. In the pilot home a comfortable indoor climate has been created, how-
ever there is room for improvement in the attic floor. For following projects it is
advisable to place more openings in the facades and to create openings in a way that
heat can dissipate from the rooftop.

Connecting several floating homes together makes the floating platform more
stable and less susceptible to wind and movements of people.

By incorporating the lessons from the pilot project in upcoming floating
developments, a better contribution can be made to improving living conditions for
residents of flood prone areas such as the Pampanga delta.
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Floating Architecture and Conversion M)
of Offshore Structures: A Chronicle Shmes
of Knud E. Hansen Designs

Carmelo Cascino and Francesca Arini

Abstract Alteration of the physical environment, and the scarcity of land for urban
growth in proximity of the coast as well as rising sea levels are endangering the
prosperity of entire communities around the world. These represent some of the
major challenges our society will be facing in the near future. However, water can
also provide alternative scenarios for human habitability. In this regard, floating
structures appear as a realistic solution to adapt to the ongoing transformations.
Although projects on water, ranging from a single building to entire neighborhoods,
have increased significantly in the last decade, thanks to technological advance-
ment, visions of water civilizations have been around since approximately 1950,
when research in this field was undertaken for military and economic purposes.
Therefore, interest in buoyant structures has appeared from time to time. It was
during the 80s that the Danish ship design firm Knud E. Hansen was involved by a
visionary entrepreneur in a project of conversion of an offshore platform into a
luxury resort. This experience emphasized the multidisciplinary nature of floating
structures in a hybrid of naval engineering and civil architecture.
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1 Introduction

Knud E. Hansen is a Danish ship design company located in Elsinore, in the North
East of Zealand island. Founded in 1937, Knud E. Hansen has been providing
design and consultancy services for nearly a century. More than 750 vessels have
been built based on their projects, without counting the large number of conver-
sions, hull lines development and feasibility studies. Knud E. Hansen has con-
tributed to the history of Naval Architecture with significant innovations and
pioneering concepts.

Floating Architecture is a rapidly growing industry. As a discipline, it requires
the contribution of different expertise, from Urban Design to Civil and Naval
Architecture, operating at different scales: the city and the building. The latter
condenses all the typical functions of land-based constructions with the physical
qualities of ships such as buoyancy, stability, resistance to marine elements etc.

Furthermore, within the spectrum of floating buildings, the work of Knud E.
Hansen includes a focus on the area of hospitality on water. In the 80s, the Danish
company developed several projects for hotel vessels, which even today are still
relevant and innovative, deserving to be spread and celebrated. The present study
intends also to highlight the importance of creating an anthology of Floating
Architecture; an organized and exhaustive collection of the most relevant works,
innovations and authors.

Knud E. Hansen activity in this intriguing field has touched, both directly and
indirectly, sensitive subjects such as the question of the environmental impact and
the decommissioning procedures for obsolete offshore platforms. The strategy
proposed concerns the ‘extension of their career’ by assigning a new function in
order to enhance structural qualities and materials and reduce the need of new-
builds. The concept was applied through conversion of the existing, and the con-
textual integration of the new function. Knud E. Hansen adopted this principle to
design its Hotel Vessel (KEH 87075), described within this work.

However, history shows a number of token attempts in this direction, that
provide the background scene. For instance, the unusual attempts to establish
‘micro-nations’, in truth never recognized, employing offshore structures, such as
the Principality of Sealand (Fig. la, b) in the North Sea declaring independence
from the UK in 1967 [1, 2], and the Republic of Rose Island (Fig. 1c, d, e) in the
Adriatic Sea created in 1968 [1, 3]. Similarly, in 1975, on the occasion of the
Okinawa Ocean Expo, the Aquapolis was launched (Fig. If, g), a 10,000 m*
floating city designed by the Japanese architect Kiyonori Kikutake, standing on a
crossover between an oil rig and an aircraft carrier [4—6]. Operating within the
‘Metabolism Architecture’ movement, the architect intended to explore the idea of
metropolis in the ocean, toward realization.

Converting disused drilling rigs still represents a hot topic to investigate and
experiment within new forms of architecture. Interesting visuals produced by XTU
Architects, describe a post-oil era, where rigs are transformed into habitable plat-
forms with vegetation, waterfalls, renewable energy sources etc. (Fig. 1h).
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Fig. 1 Collection of offshore structures: a principality of Sealand, world’s smallest nation
(Reproduced from dailymail.co.uk et al. 2017); b Sealand (Reproduced from BBC et al. 2015);
¢ Isola delle Rose (Reproduced from ioerimini.com 2016); d, e platform built by Giorgio Rosa
(Reproduced from Domusweb 2020); f Aquapolis Lower Hull Plan (Kiyonori Kikutake Japan
1975); g Aquapolis, Okinawa Ocean Expo 1975 (Reproduced from worldfairphotos.com);
h post-oil era, reuse of drilling rigs (XTU Architects)

2 Buoyant Accommodations from Past to Present,
Differentiation, and Main Features

The study analyzes a brief selection of floating accommodation for commercial
purpose that has appeared in the market in the last forty years. The aim is to com-
prehend the evolution that has occurred in this field and keep track of the most recent
advances and designs. It also represents the opportunity to position Knud E. Hansen’s
work to an ideal timeline and find elements of comparison with other projects.

Surprisingly, a large variety of constructions and technical solutions have
emerged. Proposals for floating hotels; accommodation for offshore workers and
student villages; the type of foundations (barge, pontoons, concrete base, etc.); the
environment of employment (onshore, offshore, North Sea etc.); the implementa-
tion (new build, conversion); materials and dimensions. The sustainability of these
various projects is a further element of differentiation.

2.1 Four Seasons Great Barrier Reef Resort, the Pioneer
of Hospitality on Water

As mentioned previously, the present work aims to bring to light Knud E. Hansen
designs and expertise in the area of Floating Architecture. During the 80s, the
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company has developed several proposals of buoyant structures, and among them
luxury resorts. Perhaps it is not a coincidence that the world’s first floating hotel, the
‘Four Seasons Great Barrier Reef Resort’, in Townsville, was launched in 1988.
This is a decade that has seen a growing interest for floating constructions. A wide
spectrum of business opportunities was envisaged and the potential of water as the
bases of coastal cities in the future. Knud E. Hansen has a long record of innovative
and revolutionary projects. In this regard, three hotel vessels coming from the
Elsinore archives of Knud E. Hansen produced between 1986 and 1988 rate a
mention. At a brief look, they shared similarities in terms of space organization and
architectural forms. They were designed in the same period and according to the
main criteria in use. The fact that the historical framework strongly influences the
boundaries of design, should also explain the analogies between the works of KEH
and Doug Tarca, who was instrumental in the development of the Australia reef
resort described below.

Tarca was a visionary man and the town developer of Townsville, in the
northeastern coast of Australia. He believed permanent accommodation on the reef
would be a revolutionary attempt to attract tourism on the area, and a way to
enhance a unique environment inscribed in the World Heritage List from 1981.
Tarca’s idea was to create a sustainable floating building in a sensitive area, that
fulfilled all necessary requirements for the preservation of the reef marine park. The
building was placed inside a circular reef protected from damaging ocean
waves (Fig. 2a).

Overall, the construction was composed of seven storeys above the main deck.
Foundations consisted of a barge type hull, 90 m long, with an oil rig-style
anchoring system, and without a propulsion system. The five-star hotel offered about
200 guest rooms conceived like cruise ship cabins, and many attractions such as a
100 seat theater, conference center, library, restaurants and bars, sauna, gym and
floating tennis court (Fig. 2b), 50-seat underwater observatory, nightclub, and disco.
Guests could also enjoy diving, fishing, and other underwater exploration direct
from the hotel. The floatel was accessible by both helicopter and taxi boat
service (Fig. 2c, d) [7].

Below the main deck, was the “machinery space” of the hotel, with engineering
systems such as desalination plants, air-conditioning systems, diesel generators, etc.
organized along a corridor running on the center line, from side to side of the hull.
Furthermore, the resort introduced expedients to increase its environmental qualities
and fulfill all requirements to operate in a very sensitive ecosystem. For instance,
the hull was treated with nontoxic paint; sewage and other liquids were processed
on board before being discharged; trash was incinerated and taken to the mainland.
The mooring system allowed the platform to move on a circular path reducing
possible damaging effects of shading the surrounding area under the hotel. In
addition, the structure was equipped with its own marine lab, monitoring the overall
impact on the ecosystem [8, 9].

The reef resort revealed the advantages of buoyant structures, in certain areas, in
terms of landscape preservation rather than land-based constructions. It overcame
the concept of permanency of buildings in favor of moveable accommodation on
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Fig. 2 The four seasons great barrier reef resort: a John Brewer Reef on map; b resort facilities
(Reproduced from ABC Science 2018); ¢ John Brewer Floating hotel 1988 (Reproduced from
Design.tel); d view of the resort in operation (Reproduced from Traveller.com 2018)

water; in other words, ‘adaptation’ to the environment rather than transformation,
which is a basic principle of Floating Architecture.

The ‘Four Seasons Great Barrier Reef Resort” of Townsville was sold couple of
years after opening due to financial issues, and towed away to another country.

2.2 Further Attempts

In 1988, the Australia reef resort introduced a hybrid architecture, deeply related to
maritime design, and promoted the concept of ‘paving the waves.’” It acted as an
incubator of innovations of marine design and technologies, environmental stan-
dards and policy, that was essential to build up the necessary know-how to
implement further constructions.

Floating accommodations offer a different client experience and an alternative to
traditional hotels in coastal cities. The mooring location can be decisive for cus-
tomer appreciation, and consequently the business success. For instance, the NDSM
Wharf in Amsterdam is a revitalised industrial area offering cultural events and
modern life (Fig. 3a). Here, along the pier, adjacent to the old shipyard facilities,
Amstel Botel (2015) is docked (Fig. 3b), providing a unique view over the 1J river
to the historical center from the singular suites laying inside the letters on the roof
(Fig. 3c). The Botel, with its silhouette emulating ocean liners, became a charac-
teristic element of the city skyline and an attraction to all those cruising across the
1J [10].
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Fig. 3 Floating hotels: a Botel on map; b Botel view in 1J river (Reproduced from ndsm.nl);
¢ Botel suites inside the letters (botel.nl images); d Good Hotel site map; e Good Hotel London
being towed to site (Good Hotel images); f Good Hotel in Royal Victoria Dock (Reproduced from
Good Hotel images)

Similarly, England hosts the Good Hotel London, which was launched in 2017
and located at the historical Royal Victoria Dock on the river Thames (Fig. 3d). The
structure has an interesting history. A floating prison in Amsterdam before being
transformed into a boutique hotel and carried away on a submersible ship carrier
across the North Sea to the current location, it is managed by a non-profit orga-
nization within a program of social rehabilitation for the unemployed and will be
temporarily in UK (Fig. 3e, f). Overall the floatel has a capacity of 144 rooms, with
most of them overlooking the river, and the common areas are configurated in an
open plan living room of a contemporary style [11, 12].

The above two cases revealed the advantages of floating buildings specifically in
social and economic growth in certain areas. They are convertible structures,
respectively a river cruiser and a concrete-box-foundation floating prison before
refurbishment. Compared to on-land constructions, they adapt to different envi-
ronments with minimal impact, and they can always be relocated. However, the
Amstel Botel and Good Hotel are suitable in calm water rather than the open sea,
which would require elements of a much higher standard of safety and durability.

Nowadays, the interest around floating hotels is steadily increasing, evidenced
by the numerous conceptual projects appearing on the market.
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2.3 Floating Accommodations and Aquatic Communities

Hospitality represents one of the several sectors where buoyant structures are
employed. For instance, the fleets of accommodation support vessels for the oil and
gas industry operating worldwide, or the containers of the student housing com-
pound in Copenhagen harbor. These examples are remarkable not only for the
architectural solutions they offer, but also for the social models they introduce. They
are examples of ‘machine for living in’, using a Le Corbusier aphorism to describe
cruise vessels; complex organisms of people and activities functioning on water. In
other words, forms of aquatic communities [13].

Accommodations for offshore workers are commonly configured according to
barge or semi-submersible schemes. The first operates in relatively shallow and
calm waters, while the second is designed to resist the harshest environmental
conditions in the world.

The semi-submersible type consists of an operating deck located above the sea
level, away from the disturbing action of waves. It is connected through vertical
columns to pontoons floating below the ocean surface and the wave actions.
Platforms use thrusters or anchors to stay in place and ensure stability and comfort
to people onboard [14]. Among companies operating in this field, Floatel
International Group have a fleet of five semi-submersible hotels that can be
employed from moderate to harsh environment. The Triumph launched in 2016 is a
small island, 180 m long and 80 m wide, to accommodate 500 people (Fig. 4a, b).
It offers generous recreational areas, a cinema and café, gymnasium, workshops,
storage and a helideck [15]. Moreover, barges offer a similar service and amenities,
albeit often in more sheltered environs. They are autonomous living units ensuring

Fig. 4 Floating accommodation and aquatic communities: a, b the semi-submersible Floatel
Triumph in operation (Floatel International images 2018); ¢ Urban Rigger exterior details (Urban
Rigger images); d Urban Rigger interior arrangement; e Urban Rigger in Refshalevej 155
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life onboard for several days, flexible structures which are also employable for
various purposes such as hospital or temporary shelter in case of natural disasters
[16].

For example, the high demand of low-cost student housing in Copenhagen is the
driving force behind the Urban Rigger, a floating apartment block designed by the
Danish firm BIG. The unusual configuration consists of six containers fixed on a
concrete floating base, forming a two-level construction (Fig. 4c¢). It hosts twelve
fully furnished residences of 23-30 m” (Fig. 4d) with an additional kitchen, stor-
ages and laundry in the basement. The unit includes communal spaces such as the
roof terrace and the courtyard which give access to the kayak dock and the bathing
platform [17].

Overall it is a compact, fully equipped, multifamily floating building. It can
readily be replicated to a desired number in order to create a community on water.
For instance, six residential units are available at Refshalevej 155 (Fig. 4e).

Urban Rigger contributes to a larger project of revitalization of a former
industrial area, taking advantage of water as the building ground for an innovative
and sustainable residential complex.

The range of floating solutions in the market hold the promise of larger com-
munities living afloat.

3 KEH 87075

Founded in Denmark in 1937, Knud E. Hansen has left its mark on thousands of
vessels, becoming a world recognized leader in its field [18, 19]. Along the way,
KEH has been challenged with special projects; unusual structures such as floating
buildings, aiming to investigate new opportunities of human life on water.

In the 80s, the company was commissioned for a number of studies related to
hotels standing on a floating base. It is not clear what are the motivations that drove
the comparatively high number of requests during that decade, but the interest
toward aquatic settlements has always been there, arising occasionally to slowly
disappear once again. However, customers recognize KEH’s quality of being able
to look ahead, the character and expertise to undertake such designs and turn
futuristic visions into feasible projects.

During the renovation of the company archive in Lundegaarden, the
Elsinore-based headquarters in Denmark, documentation of three works came to
light (Fig. 5). Despite fragmented information, a reasonable number of drawings
related to project KEH 87075 were found, digitalized and secured.

The design of the Hotel Vessel is dated 1987, and was ordered by Sibbern
International, a trading company with Norwegian origins. There are not significant
details available about the negotiation: what we know is that the private enterprise
requested Knud E. Hansen technical assistance to develop the project. The idea,
which never left paper, was an attempt to launch an alternative business in
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Fig. 5 Sketch of an hotel vessel from the company archive, year 1998

hospitality. The hotel was intended for the Caribbean market, offering five star
comfort based on Sheraton standards.

KEH carried the design up to the ‘contract level’, and all departments were
involved, from Stability and Machinery to Structure and Industrial Design. The
collection of technical drawings related to the KEH 87075 floatel design widely
illustrates its general features to the reader.

What was Sibbern Intl. vision and challenge to KEH? their intention was to
convert a second-hand Aker-H3 mobile semi-submersible offshore drilling rig into
the groundwork for a floating building. ‘It was the first time dealing with such a
request’, commented Ole Olsen, a senior naval architect who played a role in the
project. ‘There was no design manual yet; such a project was not common, and no
specific procedures or standards were available. In general, any proposals of this
kind were analyzed case by case’, he explained further. Certainly, the design
process was characterized by an interdisciplinary approach, where Naval Design
and Civil Architecture were equally involved, bringing together their respective
know-how.

To acquire a second-hand offshore structure was relatively cheap, but what about
the entire cost of the operation? Why not to start from a new one? Why not a
vessel? Perhaps it was the size of the investment that persuaded Sibbern Intl. to later
end the project. Unfortunately, the answers to these questions have been lost to
time. The company had the intuition to make hospitality business out of an oil rig
and wanted to understand its feasibility.

Similarly, the conversion of cruise ships as floating resorts supports the Sibbern
idea. Compared to a fixed, land-based hotel of similar capacity, the regulatory and
operational standards to be met are quite different; stationary installations follow the
regulations in force in the city or area in which they are built. Furthermore, no
propulsion is required, and in most cases the supply of electricity, water etc.
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is connected to the municipal systems. Therefore, we can assume that the operating
costs are far lower, representing an additional factor of differentiation. Nevertheless,
floating buildings have to fulfil the marine requirements to remain on water,
explaining why, very often, floatels are old ships laid up and not able to sail by
themselves.

Nowadays, regenerating offshore platforms could be seen as the attempt to
encourage a ‘circular economy’ in this sector, since decommissioning costs are
extremely high. The principle of extending the lifecycle of products would have a
positive impact on the market, both for the finances of sellers and buyers. It would
also contribute to increase the quality of the natural environment, reducing waste
and the demand of raw materials to build new structures.

However, coming back to 1987, a compromise of budget and technical issues
drove Sibbern Intl. to explore and evaluate design solutions.

Knud E. Hansen’s proposal was a stationary hotel, anchored in shallow water,
and protected by the port facilities. It could withstand moderate weather conditions,
and the foundation of the building was a former offshore semi-submersible drilling
platform. Its conversion represented both the core and the hardest part of the job. It
emerged from drawings that technical solutions radically changed in just a few
months, from May to July. The issue was to integrate the existing structure,
composed of pontoons, columns and top deck, into the new building.

Designers decided to preserve the two ballasted pontoons (Fig. 6b), increasing
their volume to ensure buoyancy and stability. Later, in a second stage, due to the
need of extra space and while keeping their function, the pontoons became an
integral part of the barge, forming the new foundations (Fig. 6c).

The capacity generated inside the pontoons, was separated into a number of
technical compartments to accommodate machinery and services, essential for the

[ =

Fig. 6 KEH 87075, evolution from semi-submersible offshore platform to Hotel Vessel:
a Aker-H3; b KEH 87075 Hotel Vessel first proposal; ¢ KEH 87075 Hotel Vessel final proposal
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Fig. 7 KEH 87075, evolution from semi-submersible offshore platform to Hotel Vessel

hotel to function and be self-sufficient. It appeared to be a better solution than
having a separate ‘utility barge’.

Initially the vertical columns kept their structural purpose. Similar to land based
constructions, they sustained the existing operating deck (meanwhile transformed
into a sort of Upper Garden) and the additional storeys. The building appeared to
unfold around them (Fig. 6b). Afterwards, the structural scheme changed, transi-
tioning to a barge-like version. The exiting operating deck and vertical pillars were
cut away and a brand new superstructure was laid above the pontoons, free from the
old architectural framework (Fig. 6¢). The conversion from offshore drilling plat-
form to inshore floatel caused a significant reduction of draught and ‘air gap’ (the
distance between water surface and platform). In calm water, the columns lose their
essential function to keep the operating deck suspended and protected over the
waves. Instead, the latest configuration resulted in a twelve story building, covering
the maximum height of approx. 50 m above the construction line (Fig. 7).

Moreover, the overall weight was estimated to be 21,600 tons, similar to a
light-weight cruise vessel construction. This was comprised of the 7,500 tons
existing structure, with the extra steel, accommodation, machinery, and outfit
contributing about 14,100 tons.

3.1 Aker H-3

The offshore rig Aker H-3 was developed in 1960s by the Norwegian enterprise
Akers Mekaniske Verksted. It was the beginning of oil and gas discoveries in the
North Sea. Akers gained expertise in the conversion and preparation of drilling
platform to serve in harsh conditions, before they developed their own design,
which remains one of the most successful in the Oil and Gas history.

It belongs to the second generation of semi-submersible platforms and was
composed of two pontoons with four columns on each and the operating deck.
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Some of them have been converted to accommodation platforms or floating
production units exhibiting a high degree of flexibility and adaptation.

3.2 The Floatel Layout

The layout description is based on the examination of technical drawings, and
information extracted from the document ‘Outline Specification for Hotel vessel’
released by Knud E. Hansen on the 26th October 1987.

The design submitted to the client was a large barge hotel, extending about
148 m along the base line, and 63 m wide. The drilling platform evolved into the
new construction; some components disappeared while others remained, but were
not evident. Visually, it was composed of two volumes, the barge and the super-
structure. The profile was minimal, simply characterized by row windows inter-
rupted by horizontal elements of superstructure. In the vertical plane, it was divided
into twelve stories: the first three, counting from the bottom, were the largest,
approximately 8000 m?> each, contained technical, public and entertainment areas
and the entrance hall. Above, there were eight floors of cabins and, at the top, an
open deck, and a huge glass roof (Fig. 8).

While functioning, the hotel vessel was connected to the mainland road system
by means of permanent constructed roadway. Two access ways to the floatel were
provided: one two-lane access for taxis and guest cars with pedestrian entry at level
3, and one single-lane access for the service purposes at level 2.

The main entrance and the reception area were arranged at Level 3 in the fore
part, while the aft was occupied by the sundeck and the pool. This level was
partially open for about half of the platform, while the enclosed space sprawled out
on a surface of around 3700 m” The internal layout was organized with the
reception area dealing with the various hotel services, such as administration and
accountancy, lounge, front desk and luggage office, rentals and showcases. A large
lobby/atrium led to the restaurants and coffee shop, whit a breath-taking view of the

SEEN FROM FORE SEEN FROM STARBOARD

Fig. 8 KEH 87075, fore and starboard views from KEH archive
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sea; the English Pub and recreational areas. The lobby was characterized by a large
opening deck surrounded with decorative railing, the scenic lift and grand staircase
heading to Level 2, enhancing the connection with the exhibition area and ball-
room. The outdoor area could seat 200 guests in deck chairs and a few more in way
of the pool bar. A shading structure made of wood and thatched roof was also
planned, and planters and potted palm trees were arranged under skylights and
between sunshades (Fig. 9).

The existing towing and the new mooring arrangement were positioned on Level
2. Openings of the barge were furnished with watertight doors, whilst indoors
bulkheads with fire doors separated the different public and service spaces. The
lower lobby is connected to the upper level via an opening and as mentioned
previously, the staircase, lights and scenic lifts formed one of the main attractions of
the atrium. It also contained meeting rooms and an exhibition area on the Portside, a
theatre for 90 persons and a discotheque in Caribbean décor forward. Towards the
aft was a ballroom for about 750 persons and the Marina deck area covered with
wood and equipped with bollards etc. for the mooring of small yachts. The wall
against the deck was decorated with art and maritime objects creating a harbour
atmosphere.

The organization of the service area at Level 2 Starboard side, was crucial for
hotel management. The personnel entrance and supply zone were arranged forward,
then two distinctive flows, ‘dirty and clean’, leading respectively to duties and
utility rooms. The first by way of the galley gave access to the blocks of service
stairs and lifts; the second headed to the control office, sanitary installations,
changing rooms and employee cafeteria and lounge (Fig. 10).

Level 1 was the smallest, approximately 3400 m?. It was accessible through the
four blocks of service stair and lift arranged within the old pontoons. Along the
external edges were water ballast tanks, a desalination plant, sewage buffer tanks,
fresh-water buffer tanks etc. In the middle, across the corridor, were planned
workshops, laundry, wine and liquor room, storages, and other utilities (Fig. 11).

N\ T

LEVEL 3

Fig. 9 KEH 87075, level 3 entrance deck. Drawings from KEH archive
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Fig. 10 KEH 87075, level 2 ballroom and exhibition area. Drawings from KEH archive

i T~ r ==
4] e N =1
A ,“._\ \{\E
' .‘\ - 7
| S =
|
| —— \)
1/
T T
iy
i i —c - ) vomer | [
| 3 . s Fr—
1) e [ | |
I ! : &
Il ,.\\ LJ P 7 v - . IT
N L A o )
Al X < o —
iy -~ Vi o =
\ N N L NPT 1

existing |
LEVEL 1

Fig. 11 KEH 87075, level 1 machinery deck. Drawings from KEH archive

The typical guest cabin level consisted of a ‘ring’ of suites around an atrium,
covering an area of about 3700 m?. Each floor was provided with four service
rooms for personnel to perform their duties: these included storage of clean linen,
storage of soiled linen, pantry, ice-vending machine, trash chute and sanitary room.
They were interconnected with the other levels through the aforementioned service
block of stairs a lifts. Guests reached their suites taking the glass-enclosed elevators
in the atrium. There were eight levels of rooms, with an average of 52 per floor: 44
standard two-room suites, 4 standard single suites and 4 standard two-room corner
suites. Each suite was accessible through a large door from a hallway or a balcony
to the living room furnished with sofa bed, table with chairs and dresser. The
corridor with ample-sized closets and kitchen table and refrigerator, led to a very
large bedroom, dressing room and the bathroom. Outside the bedroom was a bal-
cony with table and chairs, accessible through a sliding door (Fig. 12).

The hotel vessel was partially self-sufficient, and designed to be environmentally
sensitive. It was equipped with a solar hot water heating system, desalination plant,
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Fig. 12 KEH 87075, level 4 typical guest cabin deck. Drawings from KEH archive

Table 1 Comparison between the Australia reef resort and Knud E. Hansen hotel vessel

Four season great barrier reef
resort, Townsville, Australia

Sibbern international
floatel KEH 87075

Year 1988 1987

Hull type/foundations Barge Semi-submersible rig
converted into a barge

L.o.a. m Approx. 89 147.4

Length superstructure m Approx. 89 Approx. 96

Breadth m Approx. 26 63

H. max N/A 47.8

Draught m N/A Approx. 4.5

Weight N/A 21.600%*

Nr. deck/storey t 7 12

Nr. cabin/room approx. 200 416

Regulatory requirements N/A Det Norske Veritas

+1A1 RS Barge
GND Hotel Barge

a. Weight of KEH floatel 21,600 tons is composed of 7,500 tons of the existing drilling platform
and 14,100 tons of the additional parts after conversion

and sewage treatment plant. There was also a trash treatment system composed of a
vacuum machine at all levels and chutes to the garbage room, where trash was
compacted, bagged and removed to a disposal site.

The principal particulars of the Sibbern International Floatel are compared to the
Four Seasons Great Barrier Reef Resort in the Table 1.
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4 Conclusions

Knud E. Hansen’s experience acquired during the 1987 conversion of the offshore
platform Aker H-3 into a Hotel Vessel, provided not only a design solution that
fulfilled all client requests and regulations, but also a way to generate benefit from
the reuse of existing structures which have reached the end of their original life. For
the previous owner the decommissioning costs were severely reduced through the
sale. For the buyer, making a new construction based on the existing platform
offered not only financial benefits, but also significant benefits to environmental
impact, by reducing the need for raw materials and resulting wastage from breaking
down the old platform. The oil rig life-cycle was altered through assigning a second
function to increase its overall longevity.

Today we could talk about strategies of Life-cycle Design pertaining to effi-
ciency and sustainability. Certainly, the issue of what to do with disused drilling
facilities, beyond scrapping, is a design field to investigate. There are 184 offshore
rigs in the North Sea, and 26 in the Mediterranean area [20] that later on might be
reemployed to a wide range of uses, such as hotel, student accommodation etc.;
from single to multiple units, offshore or protected inside a lagoon. Furthermore,
despite being thirty years old, the Knud E. Hansen Hotel Vessel still can be con-
sidered an avantgarde project, and an expression of the fundamentals of Floating
Architecture, i.e., ‘adaptation’ to the natural environment, ‘preservation’ of land-
scape from destructive actions, ‘mitigation’ of the overall impact of human activ-
ities to the Earth. Goals that the company achieved by designing a self-sufficient
floating building which used alternative sources of energy, and systems for the
waste management and treatment on board. Not least, the hotel could be towed to
different locations whenever it was required. The ‘absence of permanent founda-
tions’ is a peculiar feature of buoyant structures, allowing flexibility to adapt to
various external factors, from economic contraction to the turnover of tourism
seasons [21].

The work of ‘search and screening’ carried out in the first part of the research has
been essential in order to identify the various commercial floating buildings and
classify them according to architectural criteria. The collection also provides the
reference background to contextualize this among other projects and find elements
of comparison and details useful in describing its architectural profile.

The foundation is laid to engage in new challenges, share experiences and build
knowledge. Collaboration will surely lead to more feasible designs, enabling the
implementation of habitable structures on water in the near future.
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Abstract Very Large Floating Structures are an important part of urban floating
development and offshore food production. To increase the production of salmon in
Norway the offshore fish farm Havfarm 1 is built. The Vessel is 385 m long and has
capacity for 10,000 ton salmon. To accommodate the fish nets the structure has an
open bottom, which limits the torsional stiffness of the structure. This increases the
natural periods to be of the same order of magnitude as typical wave periods in
moderate sea states, introducing the need to capture the dynamics with coinciding
natural periods and excitation periods. A new method is developed allowing for
accurate estimation of fatigue utilization around the natural periods by including the
effects of hydroelasticity. Furthermore, the use of well-known structural details
from the oil and gas industry is incorporated in the steel-design. Together, this led
to a robust steel-design that was verified and approved by DNV-GL and built for
operation in Norway in 2020. The design of Havfarm 1 shows that structural
dynamics around the natural period can be captured and practically used in the
structural analysis. The building of Havfarm 1 provides a benchmark and oppor-
tunity for the development of other VLFS.
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1 Introduction

Floating structures are found in various forms and sizes. While medium sized
boathouses and offshore platforms are a common sight, Very Large Floating
Structures (VLFS) in offshore environments rarely leave the drawing board and
large challenges come with realizing projects of this scale. Apart from the size,
VLEFS distinguish themselves from common ships and platforms by their low
stiffness (soft) structure. This gives rise to large natural periods that can be excited
in moderate sea states and hence make the structure more susceptible to structural
dynamics. When a structure is excited in its natural period, resonance occurs which
is characterized by excessive vibrations. This phenomenon is well known from for
example the Tacoma bridge, shown in Fig. 1.

For VLFS, dynamic loading is induced by wave forces acting on the structure as
it floats in the water. Waves are characterized by an amplitude and period, with
short-wave periods roughly ranging from 2 to 20 s. Since the structural natural
periods of VLFS can be of the same magnitude as typical waves in moderate sea
states, the structure can be excited, giving rise to large dynamic loads. This may
affect the fatigue lifetime considerably.

Attention should therefore be paid to an accurate estimation of the dynamic
response. This is important for the structural design because overestimation would
lead to very large plate thicknesses. This can cause problems for manufacturing and
obviously leads to a high steel weight. The consequently high building cost can be a
major obstacle in going from concept to building stage as the project simply would
get too expensive.

Fig. 1 Tacoma bridge excessive vibrations. Source https://www.thestructuralengineer.info/
education/bridge-management/bridges/tacoma-narrow-bridge-collapse
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Furthermore, the assessment of structural dynamics is part of the global strength
documentation, which for offshore structures is to be approved or verified by a
classification society such as Lloyds, Bureau Veritas or DNV-GL. Class approval is
a necessary part (prerequisite) of the documentation required to obtain insurance
and financing (loan) in the maritime world. In fact, one of the main obstacles to
realize urban floating developments on a global scale is to be able to document a
satisfactory level of safety, as part of making these projects bankable.

2 Background

Havfarm 1 is a VLFS that is designed and built in light of the Norwegian gov-
ernment’s aim to have a five-fold increase of the production of salmon in Norway
by 2050.

Traditional fish farming is located in the fjords (see Fig. 2), where environmental
conditions are benign. However, since space in the fjords is limited and aquaculture
in sheltered water affects the local environment, solutions must be found to move
production further out at sea. This poses challenges for the structure that support the
fish-net as traditional constructions are not able to handle the large loads from
current and waves. New designs have to be developed that are able to withstand the
environmental loads at sea, while being able to accommodate large quantities of
salmon.

Fig. 2 Traditional fish farming in Norwegian fjord. Source https://businessportal-norwegen.com/
2019/02/07/fische-in-bewegung/
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Havfarm 1 is a 385 m long steel construction that is built to fulfil these
requirements. 7Waves has been contracted by NSK Ship Design to perform the
structural design and engineering of Havfarm 1.

One of the main challenges in the structural design and analysis of Havfarm 1 is
the fatigue assessment. The vessel has an open bottom structure to accommodate
the fish nets, as illustrated in Fig. 3, which decreases the global torsional stiffness.
This, together with the sheer size and weight of the structure gives rise to a natural
period around 3 s for torsion around the longitudinal axis, as illustrated in Fig. 4.
Moderate sea states are characterized by similar wave periods, and hence the
dynamic response at these periods is of importance in fatigue assessment.

To accurately estimate the fatigue utilization the hydro elastic response should
be included in the hydrodynamic analysis. This comes with major computational
challenges, as pointed out in Ng and Jiang [1] and no solid engineering practice
exists for structure like Havfarm.

Fig. 3 Havfarm 1 open bottom structure with nets
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Fig. 4 Torsional eigenmode of Havfarm 1
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Pink: Cribbing pressure

Fig. 5 Transport weight and high cribbing pressure due to overhang

Furthermore, the regulatory framework is not well suited for documenting the
global strength in a straightforward manner. However, the DNV-GL offshore
standards allow for direct calculation using finite-element methods (FEM). This
basically opens for taking any shape and documenting the safety level for an
offshore location. The offshore standards therefore create large opportunities for
development of innovative offshore structures like Havfarm 1.

Another challenge in the structural design and analysis of Havfarm 1 is the
transport from the building location to the operating site. The vessel is built in
China but will operate in the northern part of Norway. Towing the vessel is not an
option due to the large wave heights that can be encountered on this long voyage.
Transport on a heavy-lift vessel (HTV) is therefore necessary, making Havfarm 1
the largest cargo ever transported by vessel. For this, the 275 m long Boka
Vanguard from Boskalis is used, the largest HTV that exists today. Since Havfarm
1 is 110 m longer than the HTV, the structure will have a large overhang at the bow
and aft ship, posing challenges for the structure itself, as well as the wooden beams
that support it on the deck. This is illustrated in Fig. 5, showing the weight dis-
tribution of Havfarm 1 and the cribbing pressure on the deck of the HTV.

3 General Design

Havfarm 1 is a steel structure with six net areas, designed to accommodate a
maximum of 10,000 ton salmon. The net areas have a square shape and are placed
in a longitudinal arrangement. The vessel is permanently moored, and a turret is
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Table 1 Havfarm 1 main Main dimension

dimensions [2] Length over all (m) 385.0
Beam (m) 59.50
Depth (m) 37.75
Net volume (m?) 69,000 per net cage, 414,000 total
Net draught (m) 56.00

placed at the (triangular) bow section, connecting Havfarm 1 to an array of drag
anchors. This way, the vessel is free to change heading with respect to dominant
wind, current and wave directions (weathervaning). The main dimensions of the
vessel are listed in Table 1.

To support the six nets, the steel construction uses the principle of a
semi-submersible, known from oil rigs. In this configuration, most of the buoyancy
comes from the (ballasted) pontoons, that are located at the bottom of the vessel, as
shown in Fig. 6. The columns connect the pontoons to the deck structure and
provide additional buoyancy/ballast capacity. A corrugated bulkhead is placed
between the upper- and mid-pontoon, damping the waves and providing protection
for the fish inside Havfarm. Longitudinal trusses are placed between the
mid-pontoon and lower pontoon.

The connections between the different elements are similar to well-known
structural details from the oil and gas industry. This is done in order to keep the
design, which is complex in itself, as simple as possible and to ease fabrication.
Furthermore, it facilitates the structural analysis and approval process, as reference
can be made to existing documentation (Fig. 7).

Longitudinal
RRREE girder

Diagonal

girder Transverse
girder

‘ Super- Lice skirt

structure }

Columns |~
~

l Longitudinal pontoon |

Mid pontoon |

Longitudinal
truss

Bow section

Fig. 6 Havfarm 1 overview of structural elements
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Fig. 7 Typical structural details. Left: connection transverse brace and lower pontoon; Right:
connection longitudinal trusses to lower pontoon

4 Fatigue Assessment

In this chapter more details are given about the fatigue assessment used for Havfarm
1. First, an overview of existing methods is given, after which the newly developed
method using a multi-body approach is described.

4.1 Existing Methods for Fatigue Assessment

To determine the fatigue utilization close to the natural period, different methods
have been developed for various types of offshore structures.

It would therefore be natural to use the approach for oil rigs and apply it to
Havfarm 1. The geometry of Havfarm is similar to an oil rig with pontoons,
columns, braces and trusses. Also, the structural details and connections to the
different members are similar. However, this approach treats the vessel as a
rigid-body and it cannot capture the response around the structural natural periods
(bending and torsion). This is acceptable for oil rigs, which have structural natural
periods that are much smaller than typical wave periods and the fatigue contribution
is negligible. However, the natural period in torsion of Havfarm is in the same order
of magnitude as typical wave periods in the moderate sea states and fatigue con-
tribution around the natural periods cannot be neglected.

A well-known approach that is used for jacket structures is the use of Dynamic
Amplification Factor (DAF), which relates the dynamic response to the static
response [3]. Jacket structures are fixed structures for which inertia loads are of
minor influence compared to floating structures. It is therefore acceptable to assume
the structure as a rigid-body and use DAFs to account for the dynamic effects. For
Havfarm however, being a large and slender vessel with large ballasts volumes, the
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inertia loads are significant, the global stiffness is low and neglecting this would
yield wrong results.

To include inertia loads, the global deformation of the structure should be
included in the hydrodynamic analysis, i.e. the effect of the structure’s global
deformation on the wave pressure distribution. This phenomenon is known as
hydroelasticity and has previously been studied for ULCS and VLFS. However, the
method and results of these studies cannot be used for Havfarm due to its con-
figuration as a column-stabilized unit, which behaves fundamentally different than a
ship shaped vessel.

4.2 Multi-body Approach

A new method is developed that makes use of the principle of DAFs, but at the
same time includes hydroelasticity. The principles of the method are described in
this chapter.

4.2.1 Hydrodynamic Analysis

To include hydroelasticity in the hydrodynamic analysis two methods are used:

e Morison model.
e Panel model.

In the Morison approach, the excitation forces, added mass and damping effects
can be applied to beam elements so that coupled hydrodynamic analysis can be
performed. However, diffraction effects are known to be over-estimated for short
waves [4].

With the panel method, the hydrodynamic loads are directly calculated by
Wadam [5]. However, the global stiffness (hydroelasticity) cannot be represented
exactly by this method.

To perform hydrodynamic analysis with the correct global stiffness, while at the
same time not over-estimate the response for short waves, the solution is to use both
approaches together in multi-body analysis. The multi-body analysis uses a com-
bination of a panel model (Fig. 8) to determine the pressure distribution, added
mass and damping, and a beam model (Fig. 9) to include inertia and drag
contributions.

To account for different structural elements, the panel model is divided into a
large number of separate bodies, as illustrated in Fig. 10. The pressure distribution
of each body is integrated so that the excitation forces, added mass and damping are
evaluated for each body. These load effects are acting at the body centre and
transferred as point loads to the beam model used in the SIMO-Riflex time-domain
simulation [6]. Now, the dynamic response can be accurately calculated for each
body and for a given sea state and heading angle.



Design of Havfarm 1 107

Fig. 8 Panel model
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Fig. 10 Division of panel model into separate bodies
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4.2.2 Dynamic Amplification Factor

The transfer functions for each body are first calculated for a flexible model, which
represents the actual global stiffness of the structure. To determine the DAF, the
rigid-body response should be determined in addition. This is done by using the
same panel model, but an artificially stiff beam model, so as to replicate a
rigid-body. DAFs are calculated as the ratio of the standard deviations of response
between the flexible response and rigid-body response. Axial force and bending
moment are calculated for a beam element in each structural member and the
maximum DAF is used in fatigue assessment for this member, ensuring a conser-
vative approach.

The dynamic behavior is different for every sea state, wave heading and struc-
tural element. Therefore, separate DAFs are determined for each structural member
type (body), and for a large number of sea states and heading angles.

5 Transport

Havfarm 1 is transported by the HTV Boka Vanguard. This is a vessel that can
submerge to a large draught, position the cargo above the deck and lift it as it
pumps out ballast and emerges.

Since Havfarm is significantly longer than the HTV the large overhang at the
bow and aftship create large bending moment and stress concentrations in the
Havfarm structure. The vessel is supported by wooden cribbing beams that are
placed on the deck. These beams have limited compressive capacity and a too high
load during transport will cause the cribbing to crush. Furthermore, the still water
deflections of the HTV affects the stress level in the Havfarm structure: a sagging
condition is favorable for the stress level of Havfarm but gives rise to large com-
pression forces in the fore and aftmost cribbing beams. A hogging condition
relieves the pressure on the cribbing beams but increases the stress level of
Havfarm. Therefore, a balance must be found that assures the structural integrity of
Havfarm, while at the same time avoids crushing of the cribbing wood.

Shimming is therefore used in order to distribute the loads in the most optimal
way. Shimming is a well-known method to increase the height of certain cribbing
beams and thereby altering the load distribution. By creating a shimming pattern
that follows the deformation of Havfarm on the deck of the HTV, the cribbing
pressure are lowered, while the stress level of Havfarm is still within limits
(Fig. 11).
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Fig. 11 Havfarm on board of Boka Vanguard, departure from China

6 Results

The hydro elastic fatigue assessment made it possible to design Havfarm 1 for the
offshore conditions that characterize the location in the northern part of Norway.
The structure is designed for the local wind and current conditions and a significant
wave height of 6.0 m. Large fatigue utilization was observed at connections
between pontoons, braces, and columns, as well as around the lice skirt. Using the
actual wave scatter for the location in combination with the DAF approach the
fatigue life of 25 years could be documented.

The method using the DAF approach is verified internally and by DNV-GL and
is found to give reliable yet conservative results.

Since the panel model exactly reflects the vessel geometry, the dynamic struc-
tural analysis in combination with the DAFs can be used directly for global fatigue
assessment. Furthermore, the results can be used for local fatigue assessment using
a sub-modelling procedure. This has made it possible to document sufficient fatigue
life for Havfarm 1.

The design of Havfarm 1 is approved by DNV-GL and the vessel is built in
China by Yantai CIMC Raffles Offshore Ltd (YCRO). The vessel is transported to
the offshore location in Norway and operation is expected to start during the
summer of 2020 (Figs. 12 and 13).
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Fig. 12 Havfarm 1 launched at yard in China

Fig. 13 Havfarm 1 arrival in Norway after transport
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7 Conclusion and Outlook

A method has been developed that makes it possible to accurately estimate the
fatigue utilization of Havfarm 1, with special attention to the natural periods. DAFs
have been calculated using a multi-body analysis comprising of a panel model in
combination with a beam model. In addition, standard structural details from the oil
and gas industry are used that relate to existing codes and standards. The
multi-body fatigue assessment and use of well-known structural detail made it
possible to verify the fatigue calculations and ultimately approve the complete
vessel design.

The project is an example of crossover between technology originally developed
for the oil and gas industry to new marine applications and can provide a bench-
mark for future projects.

When Havfarm 1 enters operation, the wave loads will be monitored on board
the vessel with the aim of validating the results from the fatigue assessment. This is
done by measuring the wave height with wave-radars, together with the structural
response in real-time. This will give more insight into the level of conservativeness
and provides a basis for calibration of the fatigue calculations for future use.
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and Analysis of Modular, Freeform oy
Floating Island Networks, Constructed

Using Flexibly Formed Buoycrete®

Diederik Veenendaal, Marco Bovio, Oscar Sainz Avila,
and Guido Visch

Abstract A robust parametric model is presented that can generate different
polygonal regular tilings or irregular networks of freeform, modular floating islands.
The doubly curved geometry is possible by using Buoycrete, a neutrally buoyant,
non-dissolvable concrete mix. This allows for floating bodies that are designed and
optimized beyond what is traditionally possible with conventional construction.
One output from the parametric model, a single module designed for North Sea
conditions, is evaluated using diffraction and CFD analysis to inform the parametric
model and to demonstrate the potential of our approach.

Keywords Parametric modelling - Flexible formwork - Buoycrete - CFD -
Floating island

1 Introduction

The world’s growing population, coupled with sea level rise due to climate change,
has generated interest in land creation at sea. Modular floating islands can poten-
tially create such space in an affordable and sustainable manner. Other driving
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forces are the need for industrial space, logistical purposes, leisure or creating space
in international waters with its own jurisdiction. The concept of large floating cities
captured our imagination throughout history, and past decades have seen many
proposals [1, 2], including, but not limited to those from: Paul Maymont (1926—
2007); Koen Olthuis, Docklands/Waterstudio; ATDesignoffice; Blue21/DeltaSync;
Vincent Callebaut; Oceanix; the Seasteading Institute; and the Venus Project,
Jacque Fresco (1916-2017).

Their concepts consist of either single or multiple modular floating bodies, many
circular or hexagonal in shape. An ongoing study, Space@Sea, concluded that
while “a triangle shape [..] shows the highest flexibility”, “the use of deck space for
a square floater is more efficient.” (Figure 1) [3]. Recent concepts feature more
irregular networks of triangles, squares and pentagons (Fig. 2).

2 Parametric Model

A robust parametric CAD model is presented that can generate different patterns of
multiple islands; both regular tilings and irregular tessellations. The model is set up
in Grasshopper/Rhinoceros 3D.

Fig. 1 Triangular and square floating bodies: Space@Sea study by Blue21/DeltaSync with
Waterstudio, ICE Marine Design Group, 2019

Fig. 2 Floating City Project with squares and pentagons, 2013 by the Seasteading Institute with
Blue21/DeltaSync, and Blue Revolution with triangles, 2015 by Blue21/DeltaSync
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Fig. 3 Low-poly mesh, mesh from Catmull-Clark subdivision with internal deck structure, and
reconstructed polysurface of the outer body

Each island (Fig. 3) has a polygonally shaped perimeter and deck area, so that it
can be connected to its neighbors to form a network. An opening in the middle can
be used for fish farms, optional quay walls for small ships, and to allow for more
daylight entry to the seabed.

Each floater has a freeform toroidal body to form a sort of semi-submersible
shaped island. Semi-submersibles are commonly used in the offshore industry and
are characterized by lower wave loads and motions compared to full body floating
objects because of their reduced form stability. The body is made using Buoycrete:
a neutrally buoyant, non-dissolvable concrete mix.

Initially, a low-polygonal mesh is created, which is later refined through
Catmull-Clark subdivision [4]. This allows for rapid generation and iteration of the
model. The upper deck is determined by: the number of sides; the number of
columns per side; the deck clearance; and, the inner and outer radius. The radius of
the lower torus is governed by the column positions on the upper deck and the
perimeter of the deck. The columns themselves can vary in radius, as can the cross
section of the torus. The deck has ribs designed to follow lines of principal stresses
[5]. The lines of the quadrilateral mesh are then used to construct surfaces, so the
geometry is represented both as a mesh and as a polysurface (Fig. 3).

For multiple adjacent floating bodies, a tiling of regular convex polygons [6] or
tessellation of irregular polygons can be used as the basis for their arrangement. The
simplest regular tilings are triangular, square and hexagonal, and infinite combi-
nations are possible by including dodecagons. The parametric model is set up for
any tiling or tessellation to be used (Fig. 4).
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Fig. 4 An Archimedean tiling consisting of squares, hexagons and dodecagons, and an irregular
Voronoi tessellation, consisting of unique convex polygons, both generated from the same model

3 Buoycrete

The complex, freeform geometry of each module is made possible by using
Buoycrete, a neutrally buoyant, non-dissolvable concrete mix, with a patented work
technology and method [7]. There are no comparable lightweight cement mixtures
available on the market.

The high slurry pressures that arise when pouring regular concrete in a hard
formwork are not apparent with Buoycrete underwater. Thus, inflatable and other
flexible formworks made of inexpensive fabrics like geotextiles or plastic foils can
be used to form predefined (complex) concrete shapes. When a complete formwork
is inflated (filled with Buoycrete), the predefined shape becomes instantly apparent.
Figure 5 shows the result of a first inflatable demonstration in the Boskalis labo-
ratory, using a low-cost plastic formwork. After curing under water, the structure
was removed from the basin and loads could be applied on top. To manufacture
such a structure with regular concrete, above water, an expensive, milled or printed,
rigid formwork would be needed to withstand the slurry pressures and avoid col-
lapse of the formwork.

The mixture research is under constant development and with a tunable aggre-
gate weight and percentage, the density and compressive strength can be tuned to a

h_

Fig. 5 Buoycrete demonstrator and 7-days UCS load test with 100 kg static load
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Table 1 Buoycrete

properties for density equal to
that of water

117
Property Value Unit
Uniaxial compressive strength ucs 3540 MPa
Indirect tensile strength ITS >2 MPa
Young’s modulus E 5-6 GPa
Density p 1000 kg/m®

desired level. Table 1 shows properties for a density equal to that of water.

A side-effect of our lightweight aggregate is the low modulus of elasticity.

4 Benchmark Study

One specific output for a floater (Fig. 3) is analyzed in further detail (structural,
diffraction and CFD), to demonstrate the benefits of the parametric model and of
freeform bodies compared to conventional ones. A location (Fig. 6, Table 2) and
some design constraints (Table 3) are assumed for this benchmark.

d o

Fig. 6 Location for benchmark with coordinates 56° 50" N, 4° 00" E
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Table 2 Metocean data for benchmark with coordinates 56° 50’ N, 4° 00" E

Description Quantity | Value | Unit
Water depth WD 45 m
JONSWAP spectrum | Extreme wave | Wave height, peak period | H,, T, 9,15 |m,s

Extreme swell | Wave height, peak period |Hj, T, 1,25 |m,s

Surface current Ve 1.5 knots

Table 3 Main features of the

Description Value Unit
hexagonal benchmark floater Total deck load 30 e
Displacement 502 x 10° t
Deck area 50 x 10° m?
Inner, outer radius 50, 150 m
Deck clearance 15 m
Draft 30 m

4.1 Location

A remote and relatively unsheltered location in the North Sea (Puzzle Hole),
roughly between the Waddenzee and Doggersbank, is chosen for the benchmark
(Fig. 6 and Table 2). More southern, and more intensively used locations in the
North Sea will have a milder wind and wave climate.

4.2 Design Constraints

The benchmark floater is chosen to be hexagonal in shape, with six columns
between the deck and the toroidal body (Fig. 3). The outer radius is 150 m, in order
to reduce the wave motions to an acceptable level. To avoid grounding when
installing the island and during a severe storm and wave motions, a minimal keel
clearance of 15 m is assumed. This results in a maximum draft of 30 m. The deck
clearance of 15 m should be enough to avoid severe slamming during extreme
wave conditions. A mixed industrial, residential and park landscape is assumed as
the main deck use and a total average deck load is calculated at 8 t/m>. The floater’s
structural weight is estimated to be 20% of the total displacement, comparable to
other large floating objects, meaning the total load is 10 t/m”. A preliminary
structural analysis verifies that: this total load does not cause the Buoycrete’s ITS
(Table 1) to be exceeded; displacement stays within 1/125th of the deck width, in
this case 80 cm; and, the self-weight stays below the 20%.
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4.3 Design Criteria and Model Parameters

The described starting point of the floater design is established with some fast
qualitative seakeeping and current load parameter checks. To assess each floater’s
design, several criteria are defined, and translated to parameters to be maximized or
minimized. The parametric model automatically computes these parameters related
to the geometry, hydrostatics and structural performance (Table 4). Their quanti-
tative values can be evaluated and then tuned within the parametric model, the
diffraction analysis and the CFD model.

The considerations behind each design criterion and their parameters are as
follows:

e Seakeeping: Large mass moments of inertia result in lower acceleration levels
and thus better seakeeping characteristics. A low area moment of inertia, or
reduced stability, also reduces the acceleration levels and comfort on board of
floating bodies.

e [oad transfer (coupling forces): With a low stability, the wave induced pitching
moment will be smaller. Thereby, a small pitch mass moment of inertia will
reduce the needed coupling forces to counteract the rotational acceleration
levels.

Table 4 Design criteria, corresponding parameters to be maximized/minimized, and specific
values for the benchmark geometry

Criteria Objective | Parameters Quantity | Value Unit

Seakeeping Max. Radius of gyration k 70.8 m

Coupling forces Max.

Seakeeping Min. Area moment of inertia | I 6.62 x 10° |m*

Coupling forces Min.

Wave loads Min. Height of centre of ZKB -19.5 m
buoyancy

Wave loads Min. Wetted surface area Sw 72,633 m?

Drift and Min.

current forces

Drift and Min. Transverse area Apy 5600 m?

current forces

Drift and Min. Height of transverse Zc —18.0 m

current forces centroid

Global bending Max. Area moment of inertia | I 699 x 10° m*

moment transverse

Global bending Min. Circumference of Cqs 573 m

moment transverse

Amount of Min. Surface area of S 173 x 10° m?

buoycrete Buoycrete
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e Wave loads: The wave motions and pressures reduce with greater distance from
the waterplane, therefore a low centre of buoyancy generally results in lower
wave loads. In our case, with a relatively low water depth, we expect the wetted
surface area to have a negative influence on the wave loads because in high seas
the wave velocities are far from zero around the keel line.

e Dirift forces and current forces: Analogous to the wave particle velocities, the
current velocity will also reduce at a greater distance from the waterplane.
Therefore, the projected transverse area and distance from the waterline are of
influence on the drift and current forces.

e Global bending moment: Bending moment stresses are calculated with the
cross-sectional area moment of inertia of the structure. A large distance between
the deck and torus, and a large diameter of the torus itself will increase the
global stiffness and reduce the global material stresses.

e Amount of Buoycrete: Assuming an over dimensioned wall thickness of the
structure’s surface area because of impact force integrity, water intrusion and so
on, a low surface area will result in less used Buoycrete material. Large surface
curvatures, especially around the columns, will lead to smaller deformations and
material fatigue during the intensive, cyclic wave loads.

5 Diffraction Analysis

For the hydromechanical analysis, a single module generated by the parametric
model (Fig. 3), is studied in more detail as a first iteration. A lower centre of
buoyancy, a small waterline area together with an optimized underwater volume
results in reduced wave motion response and coupling forces between the island
modules. As a comparison, a cylindrical floating island is modeled with an equal
displacement, diameter, centre of gravity above waterline and radius of gyration.
Figure 7 shows the AQWA models and Table 5 the hydrostatic properties of the
freeform floating island (FFI) module and the cylindrical island (CI) floater.

The first order motions in Table 5 show the relative mild seakeeping behaviour
of the freeform floating island in survival conditions. Shallow water effects result in
the relative high surge response in comparison with heave. The low pitch response,
in combination with a small waterline area, and reduced GM, will be beneficial for

Fig. 7 Freeform floating island and cylindrical floater
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Table 5 Hydrostatic . Description Values Values Unit

properties of freeform floating FFI CI

island (FFI) and cylindrical -

island (CI) Displacement 500 500 kton
Outer diameter 300 300 m
Vertical CoG wrt 15 15 m
waterline
Mass radius of gyration 70 70 m
Vertical CoG wrt base 22 45 m
Metacentre height wrt 795 1 m
CoG
Draft 7 30 m
Waterline area 70,686 3,555 m?>
Eigenperiod heave 50 22 S
Eigenperiod pitch 400+ 16 S

the coupling forces between the different modules. Also in extreme swell conditions
the motions’ response does not show any extreme response. Even the surge
response is relatively small. The cylindrical island on the other hand, clearly shows
more heave and pitch response in both sea states. This is also clarified by the RAO’s
for pitch and heave for both floaters (Table 6, Figs. 8 and 9).

5.1 Wave Elevation and Drift Forces

There are significant amplitudes of the wave pattern during survival conditions
(Fig. 9). Around the columns near the leeward side of the module, some peaks in
wave elevation are found around 9.5 m. With a deck height of 15 m above
waterline and a very mild heave response, the chances for severe deck slamming are
minimal. Furthermore, the amount of wave obstruction is small (Fig. 10), which

Table 6 Significant amplitudes motion response surge, heave and pitch

Significant amplitudes Units

Surge Heave Pitch
Hy=9.0m, T, =150 s FFI Ccl FFI Cl FFI Cl
Displacements 1.281 0.741 0.368 | 0.903 0.501 1.710 |m
Velocities 0599 0266 |0.184 |0.358 |- - m/s
Accelerations 0.296 0.106 0.098 0.158 - - m/s*
Hy=1.0m, T, =20.0s FFI Ccl FFI Cl FFI Cl
Displacements 0.241 0.283 0.070 |0.197 |0.077 |0.253 m
Velocities 0.074 0.083 0.022 0.061 - - m/s
Accelerations 0.027 0.025 0.009 0.020 - - m/s?
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Fig. 8 RAO’s heave, for freeform floating island (FFI) and cylindrical island (CI)

Pitch RAOs

——FFI —8—C(I

(%]
o
i

0.0 0.2 0.4 0.6 0.8 1.0 1.
w [rad/s]

Fig. 9 RAQO’s pitch, for freeform floating island (FFI) and cylindrical island (CI)

means that wave drift forces are expected to be small, contrary to the wave pattern
around the floating cylinder.

The wave drift forces show remarkable peaks and troughs between 0.3 and 0.9
radians per second. Hypothetically, the discontinuous transverse cross-section of
the floating body in wave direction, with especially the large hole in the middle,
could result in some standing wave phenomena and/or levelling out of wave forces
at certain wavelengths. These mechanisms should lead to lower drift forces com-
pared to solid box-shaped floating bodies, like the cylindrical floater (Fig. 11).
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Fig. 11 Wave drift forces per unit wave height

In general, the relatively mild seakeeping behaviour, small waterline area,
minimal wave obstruction and acceptable drift forces show the hydromechanical
feasibility of the designed freeform floating island. Furthermore, the comparison
with the cylindrical floater validates the presumed outcome of the optimization
parameters as described in Sect. 4, nevertheless this is a first iteration of the
complete analysis of the model. The expected relative low coupling forces could
further be analysed in detail in a coupled multi-body diffraction calculation model.

6 CFD Analysis

The parametric model is coupled with a RANSE CFD solver in order to evaluate
the hydrodynamic forces acting on the single floating element due to typical current
streams occurring around the North Sea coastal areas. The CFD analysis was
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carried out using FINE™/Marine 8.1, consisting of: NUMECA HEXPRESS™ for
automated all-hexahedral unstructured discretization of the flow domain; ISIS-CFD
for flow computation; and, NUMECA CFView™ for visualization of the results.
During the simulation, only the pitching and heaving motions were solved, to allow
for the floater moving to its dynamic equilibrium position. The effects of turbulence
were modelled with the k-@ SST model.

6.1 Computational Mesh

Two computational domains were used for this case study: one for a deep-water
case and a second one for a shallow water environment, which should be more
representative of a coastal installation of the floater. Particular attention has been
dedicated to the latter scenario since the flow entrained in between the floater
structure and the seabed was expected to generate strong interaction forces due to
typical shallow water effects (i.e. blockage). This peculiar situation is generally
resulting in an increment of those forces exerted by the flow on the structure—as
well as on its hydrodynamic equilibrium—due to its local acceleration, hence on the
required tension to be sustained by the mooring lines. To resolve all the relevant
flow features, the domain volume was divided into small cells to generate the
numerical mesh. Table 7 shows the relative dimensions of the computational
domain when using the maximum length of the floater of 247 m as a reference
value (L), whereas Fig. 12 shows the resulting domains. An example of the
computational mesh generated can be seen in Fig. 13.

6.2 Solver Setup

For a smoother convergence, the simulations were initialised with a zero flow speed
and slowly accelerated to an imposed current speed of 1.5 knots (0.772 m/s) as this
was deemed being representative of the tidal currents encountered in the installation
area of interest. A “Volume of Fluid” (VoF) method was used to account for the

Table 7 Relative Number of L, from origin

(c;)mp uf.atlgnal domain Domain Deep water Shallow water
imensions
Direction Min. Max. Min. Max.
X -4 4 -4
y =3 3 -3 3
z -2 1 -2
No. of cells in mesh 2.6 11.7
(millions)
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Fig. 12 Deep water (left) and shallow water (right) CFD domains

Fig. 13 Details of the computational meshes

free surface (i.e. both water and air flow are solved), for which the parameters are
given in the Table 8 in accordance with the most recent ITTC recommended values.

The solver adopts the (Unsteady) Reynolds Averaged Navier Stokes (U)RANS
equations to describe the flow motions and characteristics. These equations need a
closure model for which the two-equations k- SST Menter turbulence model was
used. The free stream turbulence quantities were initialized using the reference

Table 8 Fluid properties

Property Temperature Density Dynamic viscosity
Unit °C kg/m® 1076 Pas

Water 19 1025.07 1103

Air 19 1.20 18.5
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length and velocity of the floater as imposed. The wall functions were used to
simulate the flow in regions close to solid walls, reducing the mesh density
requirements in the boundary layer.

6.3 Results

From the results gathered for the floater in shallow waters and exposed to a tidal
current of 1.5 kn (0.772 m/s), instabilities of the floater were detected. Strong
blockage effects occur underneath (Fig. 14).

From ship design theory, it is generally accepted to consider potential shallow
water effects relative to water depth h and depth Froude number Frh = Vygh, where
Frh < 1.0 is subcritical and Frh > 1.0 is supercritical. Once operating near or
approaching Frh = 1, corrections to the resulting hydrodynamic forces due to local
flow effect will be required, usually based on water depth and current speed.
Although in the case under examination the resulting depth Froude number is far
from the critical region, however, this does not mean there are no shallow-water
effects yet (Table 9).

Even for a small depth Froude number, the ratio h/T can be rather small,
meaning the floating object has little under keel clearance. The seabed then restricts
the flow under it and forces it to pass along the side. As a result, the flow will follow
a more horizontal path, often characterised by larger curvature and, together with
the mirroring effect of the bottom, this causes larger pressure gradients.
Simultaneously, the increased flow speed past the floating object due to the prox-
imity of the bottom means a lower pressure, causing an increased dynamic sinkage
that typically must be restored by further volume immersion, as it has been shown

Vx

Fig. 14 Flow axial velocity (Vx) contour plot at the symmetry plane
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Table 9 Shallow water case  vqriable Symbol Value Unit

parameters Current speed Ve 0.722 m/s
Water depth h 45.0 m
Floated draft T 30.0 m
Depth Froude number Frh 0.037 -
Under keel clearance h/T 1.5 -

by the results. The computed dynamic trimming of the platform (5.5°) under
external perturbations is clearly unfavourable, since in case of h/T values too close
to the unity, there is a high risk of grounding events.

7 Conclusions

In this paper, a novel type of modular, freeform floating island has been proposed,
made possible through parametric modelling and Buoycrete, a neutrally buoyant,
non-dissolvable concrete mix. A parametric model allows for the rapid generation
of variations of this concept, in the form of single modules, or tilings and tessel-
lations of multiple islands. With Buoycrete such island networks become techni-
cally and financially feasible. Future research will give answers on technical aspects
of the inflatable construction method for these large floating structures. Inflatable
reinforcement integration, dimensional stability, inflatable injection methods are
some aspects which are being researched at this moment.

One output from the parametric model, a first design iteration for a single
module was evaluated using diffraction and CFD analysis. The hydromechanical
analysis regarding seakeeping, drift forces and coupling forces, shows the feasi-
bility of this initial freeform floating island design. However, more iterations of the
complete analysis, including multi-body dynamics, could further improve the
hydrodynamic characteristics and create more insights in the coupling forces. From
the CFD analyses it was seen that the floater is too sensitive to external perturba-
tions such as the hydrodynamic forces generated by the interaction with the seabed.
This resulted in an unstable platform which is not yet adequate for the intended use.

Ongoing analyses—not published in this paper—are aimed at improving the
conceptual design, such as increasing the inherent stability of the floater’s initial
configuration. This is done through a feedback loop from current results, further
informing the parametric model.

Future studies in the next stages of development can focus in detail on the
cost-effectiveness of the proposed structures, connections between modules,
mooring systems, hydrodynamic performance, as well as structural and fatigue
performance.
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Fig. 15 Artist impressions of the proposed system of freeform floating islands (Matteo Covini)

Further iterations of the design will push the limit beyond what is traditionally
possible with conventional construction, by using geometry to efficiently achieve
characteristics desirable for large floating structures and cities (Fig. 15).
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The Evolution of Aquatecture: M)
SeaManta, a Floating Coral Reef St

Joerg Baumeister

Abstract With our oceans under increasing pressure, our coral reefs are amongst
the first to suffer. Therefore, we were exploring to what extent we could merge our
skills as aquatects with those of marine engineering and marine environment to
design a floating artificial reef which provides ecological and economic stimulus to
our reefs and oceans. The transdisciplinary system-based design approach revealed
many opportunities for floating structures. Therefore, we suggest as a more general
outcome the development of the concept “aquatecture” further. The specific out-
come is a first of its kind floating structure with a total length of 60 m. Its prag-
matically shaped aquatic design is driven by hydrodynamic and wind parameters,
maximum water contact, and sufficient sunlight for the floating reef. Digital models
were cross-compared with scaled physical models in wave tanks and a wind tunnel.
The hybrid design technique was used to optimise the development process which
lead to a Manta-like form, therefore the name SeaManta. The Sea Manta is
anchored to allow to move as non-invasive structure in line with changing wind and
wave conditions. Its major component is the integrated artificial reef which can be
sustained through a process called electro-accumulation of minerals. A low voltage
current is passed through the structure to help grow a limestone-like substance from
the dissolved minerals in the water, supplemented by porous 3D printed ceramic.
This will create a very strong reef structure with high levels of dissolved oxygen,
letting the corals and fish flourish. Divers can enjoy this marine habitat below the
water surface. Above water, hospitality and dive facilities, a swimming pool and
interactive aquarium displays are inviting everybody who is thrilled by the synergy
of marine wild-life’s protection and fascination.
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1 Aquatecture

Especially under the current anthropogenic conditions, humankind should have the
aim to adapt to the changing future. One crucial question thereby is about the
relationship between humankind and the nature which has been discussed already
by philosophers of ancient Greece: “Economists are concerned with the environ-
mental constraints on human population growth; geographers and anthropologists
seeking to understand global patterns of land use and culture, and ecologists and
conservatists are concerned with human impacts on the environment” [1]. The task
of future Architecture and Design will be to consider these and more aspects.

A systemic perspective helps to understand holistically the natural environment
as dynamic interaction between biomass (like plants and animals), abiotic matter
(like minerals), sun, wind, and water. The natural elements are interconnected to
manmade built environment consisting out of system elements like structures
(buildings), transport and infrastructure, people and community, and economy. This
holistic perspective of natural and built system elements as part of one environ-
mental system allows architects and designers to create environmental-friendly and
-integrated buildings, cities, and landscapes [2].

When compared with land-based environment, the marine environment com-
prises very different conditions due to waves, buoyancy effects etc. It cannot be
handled by architects who are educated to design land-based environments. And
naval architects are focusing on the design of vessels or rigs. This is the reason why
we are suggesting to bridge this gap with the introduction of the system- and
marine-based term “aquatecture”. It derives from merging the Latin expression aqua
for water and architecture. Like architects, aquatects could operate on a smaller
scale for floating structures and on a larger scale for floating cities or urban areas
which will be flooded soon.

Since 1986, aquatecture has been used for the design of water-features in the
landscape [3] and for buildings on floating platforms. Companies for the design of
swimming-pools and bathrooms applied it too. A more holistic definition of
aquatecture has been introduced by publishing “a system of floating aquaculture,
manufacturing, transportation, and energy facilities for four water-borne structures
that explore using the water environment for producing food, moving manufac-
turing onto the water; integrating rail, air, and sea-based shipping and transportation
systems; and harnessing solar, wind, wave, and thermal energy sources for elec-
tricity” [4] for the New Tokyo Plan 2025.

The latter example can still serve as a role model to demonstrate how a specific
aquatic site can be related to the design of a diverse built system which is still a
challenging issue. Therefore, the following case-study will continue to test the
question: How can aquatecture with a system-based perspective onto the marine
environment create and apply new solutions for the anthropogenic challenges?
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2 The Problem

What has been predicted by researchers already more than 50 years ago [5] is
finally common sense: Burning of fossil fuels emits greenhouse gases which gen-
erate global warming and consequently sea level rise (SLR). Current anthropogenic
greenhouse gas concentration has reached a concentration which resulted in earlier
history in 15-25 m higher sea levels [6].

Fortunately, the melting of the north and south polar ice is a slower process than
the increase of greenhouse gases and temperature. Unfortunately, these relevant
physical ice sheet processes are still poorly understood to come up with proper
predictions. The current (always upward developing) estimations are a SLR of up to
1.40 m or more by 2100 [7].

Out of pragmatic perspective, it can be argued that change of sea levels hap-
pened constantly in Earth’s history due to the continuous change of climate (which
makes the term “Climate Change” as a description of the current anthropogenic
changes questionable). Greenhouse gas concentration changed always due to
internal events such as volcanic eruptions or events coming from outside the earth
like meteor strikes. The novelty is nowadays, that not nature-based processes but
humankind is responsible for e increasing impact of greenhouse gas and rising sea
level being responsible for endangered coastal cities, suffering refugees and climate
wars, as well as increasing shortage of food and freshwater.

The rapidly changing climate impacts organisms too, including extinction and
decreased population abundance, reduced genetic diversity, lower reproductive
success and ability to disperse, and altered interspecies interactions [8]. Reef
structures are thereby one of the most endangered living structures: Approximately
75% of the world’s reefs are under threat due to human activity [9]. Reefs feed
millions of people directly as source of food and income through tourism. The more
the biodiversity of reefs declines, the more resources and the protection of the coast
are lost [10].

Although dangers of reefs are nowadays more evident and discussed, SLR has to
be seen as even bigger danger in the near future [11]. Many reefs already suffer
from the gap between maximum growth rate of reefs and local rise of sea level. If
the sea water level rises by more than 0.5 m in 2100, more than 75% of the reefs
worldwide will perish [12]. By having the current estimations of up to 1.40 m SLR
in mind, the probability seems to be very high that many reefs will decline in the
next decades.

Experiments have shown that coral reefs could be taken out of their naturally
dynamic equilibrium to be put into an alternative state [13]. In addition to the more
general question about the future of aquaculture in Chap. 1 the following question
has to be asked therefore: How can a floating coral reef be created to adapt auto-
matically to SLR? Both questions are related because the floating reef investigation
can serve as an example for aquaculture. And vice versa, aquacultural thinking can
drive the floating reef design.
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Both questions will be examined further in four steps: First there will be an
investigation about possibilities how to grow reefs artificially (Sect. 3) and how to
make reef structures floating (Sect. 4), before a systemic design development will
lead to a proposal (Sect. 5) which will lead into a final discussion (Sect. 6).

3 Artificial Coral Reefs

Coral reefs are submerged structures that can be found almost anywhere in the deep
sea. However, their most common distribution is in tropical latitudes where they are
most visible because they are close to the surface of the sea [14].

Coral polyp organisms, living in symbiosis with algae, are extracting calcium
carbonate crystals from the sea and creating a calcareous protective exoskeleton.
The more the living colonies increase, the more the limestone deposit grows [15].
Due their mobility, the polyp larvae can spread and can attach at other submerged
locations to found new colonies [16].

The dramatic depletion of coral reefs worldwide has driven several attempts to
help to restore coral cover and reef ecosystem function. The perhaps most
promising active restoration concept is the “gardening” concept which works as a
two-step restoration process. The first step deploys mature coral larvae ex situ onto
a support material. Large stocks of coral colonies in mid-water floating nurseries are
thereby created from a coral nubbin. As soon as they reach suitable sizes, they are
transplanted in a second step either onto the degraded reef or somewhere else [17].

The transplantation from the nursery to the reef can happen with different
techniques. One technique starts with drilling holes into a substrate to attach corals
horizontally as well as vertically which allows a maximum coverage. Other
transplantation techniques use iron meshes (which are usually utilised in the con-
struction industry) or ropes which are fixed to the sea floor [18]. The transplantation
techniques have been tested at several coral reefs worldwide successfully [19]. This
is the prove that new artificial reef systems can be introduced successfully.

The materiality of the artificial reef based on a limestone structure can follow the
original slow composition process of natural limestone. But it can grow also faster
with “Biorock” where electric reefs are grown by low voltage electrolysis of sea
water. Biorock reefs have also a higher coral survival rate during natural bleaching
events compared to a natural reef. Following the manufacturer, “Biorock reefs are
growing limestone structures that get stronger with age, repair themselves, and are
cheaper than concrete.” It can protect floating steel structures also from corrosion
[20].

Can these reef structures float? If ecological systems of healthy coral reefs
(Fig. 1a) are endangered and floating nurseries for coral reefs’ larvae are already
applied (Fig. 1b) [21], there is no reason why the materials used by coral trans-
plantation techniques (substrate, the iron meshes, rope) cannot be part of a floating
structure (Fig. 1c). Principles of floating structures will be investigated in the fol-
lowing chapter to understand this better.
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Fig. 1 a Reef with corals on bottom of sea floor (leff). b Floating nurseries in use (middle) on top
of dead coral reef. ¢ Floating reef (right)

4 Floating Structures

The idea of a floating artificial reef is perhaps new. But floating structures are
widespread starting from historic floating villages, floating bridges, floating ports
and docks, offshore floating structures for oil exploration and extraction, floating
entertainment facilities, to floating utility plants. Floating structures keep auto-
matically the same distance to the water surface and have even more advantages:
They can be moved so that the location of construction can differ from the location
of deployment, they are earthquake resistant, and they can be less disruptive than
other interventions if sunlight is permitted to penetrate [22].

The intense exposure to the complex maritime environment requires special
considerations for floating structures:

e Horizontal forces of waves and wind demand proper mooring like a conven-
tional connection with anchor chain and anchor to the seabed

e The structure’s buoyancy force has to balance the static self-weight and
payloads

e Dimensions depend on environmental forces, peak loading, and the considera-
tion of possible accidental events like collisions with ships

e Either parts of the structure or the entire structure must be capable to move from
the construction site on-land to be assembled on the sea

e The corrosive sea environment demands a good corrosion protection and an
ongoing inspection [22, 23].

Preferred materials for floating structures are currently concrete or steel, the
latter especially if light-weight and flexible constructions are desired. The shift of
Additive Manufacturing (AM) from rapid prototyping to rapid manufacturing
allows also the introduction of materials which can withstand the harsh marine
environment often better. AM products out of ceramics could become for example
attractive alternatives for floating structures [24, 25].

Floating structures are different to vessels: Vessels consist out of one or more
hulls which are primarily shaped to reduce hydrodynamic drag when they move
(Fig. 2a). In the opposite to that, floating structures are often anchored with the
consequence that the shape is primarily driven by the purpose to carry payloads.
The depth-to-width ratio determines thereby the classification either as pontoon
(Fig. 2b), or as semi-submersible (Fig. 2c) floating structure. Hybrids of the dif-
ferent floating structures may unify advantages of types [22].
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Fig. 2 a Vessel (left). b Pontoon (middle). ¢ Semi-submerged (right)

In the discussed case of a floating reef, the volume needs to be semi-submerged
to enable marine life. Being anchored in a (sometimes) rough environment, the
shape of the semi-submerged structure should consider also horizontal forces of
waves and wind. Therefore, the structure will be a hybrid of

e A semi-submerged structure with integrated buoyancy bodies to keep it
sub-submerged and
¢ A hydrodynamically shaped vessel type.

These findings are giving us enough background to start the design process.

5 Design Development of SeaManta

Following the introductorily comments regarding aquatecture, the case-study of a
floating coral reef will be developed as a holistic system where elements of the
natural environment including waves, wind and the sun are relevant drivers of
design [26]:

The aquatectural design starts with the development of the hybrid floating
structure and will be shaped by the logic of three system elements of the natural
environment which are water, wind, and sun. Following a request coming from a
potential partner, the Arabic Gulf has been defined as area of operation. This
enables a specific definition of maximum wave height, maximum wind speed and a
location-based sun irradiation pattern.

Owing to the complexity of fluid dynamics, physical and digital models have
been built and improved in various design steps. Hydrodynamically, the underwater
“hull” has been developed to minimise the drag in accordance to the arrangement
and dimension of the buoyancy bodies and the position of the chain (Fig. 3a).
Aerodynamically, the structure above the water has been progressed in a way that
minimises wind resistance and reduces vorticity to avoid sedimentation of desert
sand (Fig. 3b).

The optimisation of sunlight irradiation for the underwater reef lead to two
measures: A longitudinal cut enabled central illumination and the lateral expansion
created underwater wings (Fig. 3c) which remind of the shape of a Manta, therefore
the name SeaManta.

The main target of the SeaManta is the creation of a coral reef ecosystem, which
makes Biomass to another important system element. The limestone should expose
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Fig. 3 Drivers of the design development: a Water current (leff). b Wind flow (middle).
¢ Sunlight (right)

the corals to the water and its related ecosystem as much as possible. Therefore, a
load-bearing skeleton structure either out of metal and/or ceramics is suggested.
The reef works as its infill out of limestone and reinforced by Biorock.

An “assisted colonisation” approach [27] enables the translocation of corals
within their natural range. The procedure is well known due to successfully exe-
cuted interventions such as coral nurseries and reef restoration [18]. More species
like fish, lobsters, clams, seahorses, sponges, and sea turtles as part of the
ecosystem will be provided with facilities to feed and breed and populate the reef.
Therefore, the design should include protected breeding areas, aquariums for
nurseries, elements to hide and integrated caves.

The creation of a diverse ecosystem requires a larger sized natural reef envi-
ronment. At the other hand, the floating coral reef operates in a prototypical way
which has certain risks, therefore the effort for construction and maintenance should
be limited. The best compromise between a maximised ecosystem and a minimised
structure will be in the middle. We suggest to start to test a floating reef structure
with a length of 60 m and, due to the required hydrodynamic shape, 25 m width.
This dimension of an average super-yacht allows also its construction in a dockyard
which can be moved on site after completion (Fig. 4).

So far, the proposed floating structure has been only shaped by drivers of the
natural environment. They, and the structural parameters, were also responsible for
the proposed dimension of the SeaManta. However, its size creates also opportu-
nities for functions for people. Therefore potential extra functions of the developed
spaces will be explored by focusing on the benefits for community and economy.

Different communities will be attracted by the SeaManta. The one will be the
scientific research community which will be important to improve the efficacy, and
cost-efficiency of the floating reef and to manage risks. This requires permanent
monitoring of the reef’s ecosystem performance by researchers and constant
adaptation of scientific models’ predictions [28]. Therefore, the SeaManta will be
fitted out with research facilities (1), an observation deck (2), a dive pool (3), coral
and fish nursery (4), and research aquariums (5).

Another community will be the tourists. Coral reefs are the reason for 70 million
tourist trips per year generating US$36 billion global economic value for tourism
and recreation [29]. Therefore, the experience factor and uniqueness of the
SeaManta can be considered as a potential income generator. Touristic functions for
dive and non-dive tourism in all age groups should be included, therefore following
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Fig. 4 Overall shape driven by parameters of natural environment

additional attractions are suggested: Arrival at the mooring (6), walking over a glass
bottom (7), watching the underwater exhibition (8) along the paddling pool (9).

Tourists will require a third community group which will be business operators.
Transport providers will make the SeaManta accessible and a dive school + shop
operator (10) will be as essential as a food and beverage (11) and an event space
(12). Either a research organisation or an extra operator will deal with the man-
agement of the SeaManta regarding safety, maintenance, and organisation of pro-
grams (Figs. 5, 6, and 7).

All communities together, the scientific, the tourists, and the businesses are
creating additional opportunities: Business operators can run workshops with
researchers to share research topics and experiences with tourists. At the same time
tourists can be involved in feeding and monitoring activities. This will make the
SeaManta to an ambassador promoting the co-existence of humankind with the
natural marine environment in a sustainable way.
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Fig. 5 Floor plan

Fig. 6 Reef plan (underwater)

Fig. 7 Section view
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6 Results

Two research questions were raised at the beginning. The one was asking how far a
floating coral reef can be created which adapts automatically to SLR. The findings
describe that the idea follows an existing successful concept of “assisted coloni-
sation” where corals are transferred to other locations. Therefore, the possibility of a
floating reef colony is theoretical possible and has also a higher value compared to
more radical solutions like genetic modifications or geoengineering which generate
unpredictable ecological consequences. A next step would be a reality-test fol-
lowing Mark Spalding’s comment: “It is perhaps naive to try and hold any
ecosystem in a pre-anthropocene state, but equally it is too early to proclaim the end
of coral reefs” [29].

The second research question was about the potentials of future aquatectural
developments. The described design experiment is based on logical step-by-step
process which was enabled by its system-based approach. It results in a design
proposal of a floating reef which can be developed further, constructed, and moved
to the targeted position.

The focus on the environmental parameters and the aim of a logical
decision-making process created an object which creates a diverse interface
between the parts under water and above. This balance between parts of the body
above and below water is thereby very different to land-based buildings (which are
based on a foundation and therefore oriented just upwards). The ability to move the
floating structure horizontally is also different to land-based architecture as well as
the potential to move a floating structure vertically up and down (which has not
been researched in the case of the SeaManta) (Figs. 8 and 9).

Obviously, there are various differences to land-based architecture and therefore
various opportunities to develop aquatecture forward. Marine engineering, marine
planning, and marine environment are existing fields of research and expertise, but

Fig. 8 Elevation above water surface
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Fig. 9 Perspective below water surface

there is no corresponding area for water-based architecture. Therefore, this is to
suggest an investigation how to evolve aquatecture further as a next step.
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BLUECITY Lab: A Climate Adaptation )
Amphibious Lab st

Gita Nandan, Zehra Kuz, and Tim Gilman-Sev¢ik

Abstract RETI Center, BlueCity LAB [BCL] creates a framework to transform the
City’s shoreline community with post-carbon solutions as the first off-grid,
community-based, floating climate lab in the US. This climate responsive archi-
tectural innovation deploys design principles for amphibious structures supported
by scientific climate adaptation research, with education and workforce training as
its social benefit focus. BCL envisions an organic amphibious structural prototype;
designed based on interactions with the surrounding environment and tidal flows.
This hybrid between a vessel and a building provides a laboratory-like training
atmosphere, creating net-positive loops related to energy, water, air, food, and
aquamarine habitat. It cleans environmental systems through low-carbon biophilic
concrete formwork, solar capture skins, aquatic kelp and mussel habitats, phy-
toremediation gardens, water-heat exchanger, anaerobic digestion, a desalination
system, and more. BCL moors at the shoreline of a low-income community,
extending the community’s reach into New York Harbor for social, educational,
vocational and environmental benefits, additionally serving as a model for others.
The 13-acre waterfront of GBX Terminal in Red Hook Brooklyn is secured as the
home.

Keywords Amphibious - Carbon-capture - Net-positive - Self-sustaining -
Eco-restoration
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1 What is RETI Center and the BlueCity Lab?

NYC must face the reality of climate change and develop new modes of equitable
adaptation and resilient waterfronts—not in 100 years but now. It is predicted we
will see, at minimum, six feet of sea-level rise by 2100. While political forces are
negligent in building flood barriers to protect our marginalized communities, we, as
a team of activists, planners, designers, engineers, and architects, must ask our-
selves instead: How can we design and live with water now? What is a new
paradigm for equitable urban coastal inhabitation for the next 50 years? The timing
is critical.

The Resilience Education, Training and Innovation Center (RETI) was devel-
oped to weave together businesses, local government, workforce and community
development organizations, and educational institutions, with the purpose of driv-
ing innovation and job creation to advance urban climate resilience and sustain-
ability in New York City and beyond [1, 2]. In doing so, it addresses the
socioeconomic inequity challenges that low-income coastal communities face, by
providing education, job training and placement, and improved local infrastructure.
Headquartered on a donated piece of privately-owned waterfront property in
Southwest Brooklyn, RETI Center is establishing BlueCity Lab (BCL), a
water-borne physical space and community support structure, where these entities
work together to develop technologies, products, and services to help New York
City become more sustainable and climate resilient [3]. The beneficial urban
impacts are paired with robust programs to train the workforce needed to plan, build
and operate these emerging industries. Human benefits within the built environment
are synchronized with benefits to the natural environment and local ecosystem—
promoting biodiversity, environmental advocacy, and an approach to our living
environment in accord with positive anthropogenic impacts. RETI Center offers a
substantial step forward in achieving a more resilient and equitable New York City
in the face of rising sea levels, extreme weather events and climate change (Fig. 1).

While some floating developments prioritize the isolation of the facility, BCL
cultivates a mutually beneficial relationship with the built and natural environments
of the coastline it occupies. Primarily focused on low-income urban settings, our
program will respond to local economic, environmental, and manufacturing con-
ditions with positive inputs circulating to all engaged stakeholders. Underdeveloped
resources will be leveraged to maximize positive impacts; such as to educate, train,
and employ disenfranchised human populations; to restore and protect existing flora
and fauna and support the return of greater native biodiversity; to harness natural
environmental conditions for sustainable use and biome support; and to strengthen
local supply resources for waste reduction and reuse, carbon capture and seques-
tering, waste-to-energy processes; and social justice benefits.

BCL’s mission will be framed as a site for experimentation for the eco-conscious
generation of students and young people to learn about and acquire the essential
skills for navigating an equitable, sustainable, and greener economy and society.
Drawing on foundational partnerships with public schools emphasizing
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Fig. 1 Conceptual Rendering of BCL view from the Floating Gardens, credit: thread
collective + Oasis design Lab

marginalized populations of color from early education through graduate studies,
BCL will provide a demonstration model, classroom, workshop and public meeting
venue for the community. A Green New Deal-inspired curriculum is already being
developed in cooperation with the students and their schools to ensure empower-
ment and innovation [3] (Fig. 2).

BlueCity has benefited from a plethora of educational partnerships from across
the Northeast region for current and future studies and programming. The BlueCity
Lab has already figured out the long-term planning of our school partners with PS
676 Elementary School and South Brooklyn Community High School, two
neighborhood schools incorporating RETI Center into their “Imagine Schools”
education innovation program, sponsored by the New York City Department of
Education and Lauren Powell Jobs’ XQ Super-School program. The Governor’s
Island-based Harbor School expects to expand its network of waterfront public
schools by establishing its first middle school for maritime education on site, and
Brooklyn College has launched a place-based program culminating in a
graduate-level residency fellowship at GBX through their Earth and Environmental
Sciences department. Student design input has been factored into the concept,
classroom and laboratory programming in development, as well as exhibition
materials for public outreach and education. BCL will serve as a home for applied
racial and environmental justice learning, in addition to a site for scientific research,
experimentation and development (Fig. 3).
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Fig. 2 BlueCity partnerships and stakeholders

Fig. 3 BlueCity conference and launch event, December 2018

1.1 New York

In the geological era of the Anthropocene, our planet is changing at a pace never
observed before. Pollution, natural resources exploitation, habitat fragmentation,
and climate change are only some of the threats our biosphere is facing. Living in
an urban condition, it can be challenging to comprehend the scale and impact of
such loss and the linkages to these critical ecological networks.
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New York’s (city and state) response to Sandy opened a new chapter for the
City’s coastline. Since the city’s conception, industrial development and land-use
forever changed the city’s waterfront. The shoreline’s original soft edges and
estuaries gave way to reclaimed land and hard-lined bulkheads for waterways and
transportation. Decades of neglect and abuse of natural resources and environments
has become a threat and is responsible for the physical decline and socio-economic
disparity in many of the city’s underserved and endangered coastal communities
and fragile biomes. New York City encounters serious challenges with its aging
infrastructure in the face of increasing demand and climate change (Fig. 4).

BCL sees itself as a demonstration and a microcosm, a small representative site
within much larger regional ecological networks. The experience and journey at
BCL will foster deep connections to the fertile and complex ecological systems that
support species survival on our earth.

1.1.1 New York City Site Selection Process

In collaboration with Anna Yie, a graduate student at Pratt Institute, Graduate
Center for Planning and the Environment, an in-depth analysis was conducted for
the site selection through mapping and superimposing critical factors; including
wave action, water depth, public transportation/access, local educational facilities,
waterfront usage, ownership, and edge conditions [4]. The resulting composite map
highlights optimal locations within the NYC five boroughs. Among these sites, Red
Hook, where our organization was originally founded, is the most appropriate to
host BCL. In the future, BCL outposts will be distributed across the five boroughs,
acting as drivers for coastal-edge-adaptation and transformation (Fig. 5)."

Red Hook South Brooklyn

The Red Hook neighborhood, part of Brooklyn Community District 6, was origi-
nally settled by Dutch colonists and registered as a Town of Brooklyn in the 1600 s.
The development of Brooklyn and plans to create streets began in tandem with the
shipping ports that sustained a busy and prosperous life. Paired maps below are
drawn barely 100 years apart. The later map from 1897, after the construction of the
Brooklyn Bridge, shows the complete transformation of the original low-lying
marsh land into the current, highly urbanized environment (Fig. 6).

1Capstone Presentation, Anna Yie, Pratt Institute Graduate Center for Planning and Environment,
2020, link.

%Link to historical maps Ratzer map https://redhookwaterfront.com/2016/01/red-hook-history-maps/,
1897 map, Wikimedia Commons https://commons.wikimedia.org/wiki/File:1897_Brooklyn_map.jpg.


https://redhookwaterfront.com/2016/01/red-hook-history-maps/
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Future _.fate
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Fig. 4 Red Hook South Brooklyn, 2200 predicted sea-level rise with no mitigation measures
taken approximately 12 ft
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Fig. 5 Composite Map showing best options for BCL and floating developments within the five
boroughs ([4] Reproduced from Anna Yie)
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Fig. 6 Historical maps of Red Hook left (original marshlands from the 1600 s right) 1897 From
Fluid Frontiers: stormwater management research in Red Hook Sewershed, Brooklyn: To the left
is a map of Town of Brooklyn by Bernhard Ratzer 1766, to the right is a map of Brooklyn by Rand
McNally & Co 1897

Red Hook Point became a shipping destination with the Atlantic Basin and the
Erie Basin being developed during the middle of the nineteenth century. Shipping
paved the path for the development of warehouses, catalyzing a boom in the
industry. As a port, Red Hook’s potential diminished when the Panama Canal was
enlarged and the international shipping requirements changed. Unless there is a
major commitment by the general consensus to revive and restore Red Hook as an
international port, Red Hook will ride the current trajectory of gentrification.

Currently, the Red Hook neighborhood is home to about 11,000 people, with the
vast majority residing in NYCHA public housing.” According to the most recent
census report, in the surrounding areas of Red Hook and Carroll Gardens, more
than 60% are White, nearly 20% Latino or Hispanic, 12% African American, 4.5%
Native American and the remaining population are Asian, Pacific Islanders and
other races. A full 57% of the Red Hook residents—approximately 6300—Iive in
the New York City Housing Authority Red Hook Houses East and West. The racial
makeup of NYCHA residents, by comparison, is 16.3% White, 51.8% Hispanic,
28.7% Black, 2.3% Asian, and 0.9% members of other ethnic minorities. Of those
within Red Hook, 50% of youth are unemployed, and the average household

SNYCHA Fact Sheet, www l.nyc.gov/assets/nycha/downloads/pdf/NYCHA-Fact-Sheet_2020_
Final.pdf.


http://www1.nyc.gov/assets/nycha/downloads/pdf/NYCHA-Fact-Sheet_2020_Final.pdf
http://www1.nyc.gov/assets/nycha/downloads/pdf/NYCHA-Fact-Sheet_2020_Final.pdf
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income falls below $25,500.* This is a low-income federal and state subsidized
housing complex that dominates the Red Hook landscape.’

During the catastrophic event of Superstorm Sandy in 2012, most of Red Hook
was inundated by rising sea levels. All supply and distribution chains were dis-
rupted; including electricity, gas, Wi-Fi, food, transportation, and health care ser-
vices. Elderly people with disabilities were trapped in apartments on higher floors
without elevator service. Sewers were backed up, allowing untreated wastewater
mixed with floodwater to run on the streets. In total, 3100 Red Hook businesses
employing 34,600 people were impacted by the storm. A number of retail busi-
nesses, both large and small, were also severely affected [5].

Low-lying topography, environmental pollution, and contamination resulting
from the fill that hardened the original marshy wetland predominantly makes up the
land conditions in today’s Red Hook. Generally, the fill is composed of a variety of
materials and contaminants; including building demolition debris, dredging spoils,
and byproducts of industrial activities such as slag and foundry sand. Areas of
historic fill are often contaminated with polycyclic aromatic hydrocarbons (PAHs),
heavy metals such as lead, and petroleum products. Given the nature of filling
activities, contamination is not contained within property lines and results in
area-wide environmental impairment (Fig. 7).°

2 BlueCity Lab Integrated Design Process

Ms. Gita Nandan, R.A and principal of multidisciplinary design firm thread col-
lective, and Zehra Kuz, founder of Oasis Design Lab, are leading the effort with
RETI Center’s Executive Director, Tim Gilman-Sevéik, PhD, for the conception
and realization of BlueCity Lab, through an integrated community input-based
design process. Over the past two years, community-based research has been
conducted through workshops with local residents, non-profit organizations, and
educational institutions to ensure a common vision for the design and programming
of the facility. This has yielded a clear set of guidelines for annual operations and
programming partnerships. BlueCity Lab is both a metaphorical vessel as an
amphibious structure, but also as a community gathering space—a place to hold a
core set of values and push an activist agenda for climate justice. Every discipline

“NYC Census Statistics, www.census.gov/quickfacts/redhooktowndutchesscountynewyork.
STable PL-P3A NTA: Total Population by Mutually Exclusive Race and Hispanic Origin - New
York City Neighborhood Tabulation Areas*, 2010, Population Division - New York City
Department of City Planning, March 29, 2011. Accessed July 1, 2020.

https://www1.nyc.gov/site/nycha/about/reports.page NYCHA Fact Sheet and Resident Data
Summary,2019. New York City Performance Tracking and Analytics Department. Accessed July 1,
2020.

SNYC Department of City Planning Brownfield Opportunity Area Study, 2014.
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=

Fig. 7 The site for BCL, is located along the northwestern coastal edge of Brooklyn, NY, an area,
which is once known as South Brooklyn. photo credit: William Ngo

will have a seat at the table; from architects and planners to educators, engineers,
neighborhood leaders, biologists and industrialists.

Academic partnerships are a major focus of our process, giving the younger
generation the opportunity to participate and direct research in tandem with our
efforts. The RETI Center team is currently working with a variety of higher edu-
cation institutions across the nation; including Pratt Institute, NYU, Brooklyn
College, Princeton, and University of Pennsylvania. These all have contributed to
the development of BCL and will continue to drive the design process and program
once realized.

2.1 BCL Design Principles

The framework for the concept of BlueCity Lab is primarily based on how natural
ecosystems sustain life and provide services. This can be divided into four areas, as
described by the Millennium Ecosystem Assessment 2005: provisioning, such as
the production of food and water; regulating, such as the control of climate and
disease; supporting, such as nutrient cycles and crop pollination; and cultural, such
as spiritual and recreational benefits.” These principles are in alignment with an

"Millennium Ecosystem Assessment 2005.
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overlapping series of the UN’s 17 Sustainable Development Goals (SDGs)® and
support New York’s OneNYC 2050 resolutions.

e Address relevant and predictive data available regarding SLR and climate
change impacts from local, state, federal and international agencies such as the
Intergovernmental Panel on Climate Change.’

e Design in concert with community input, community resident review through a
series of workshops and design integration sessions.

e Establish a modular type of system(s) that allows for expansion and growth over
time.

e Explore and include a variety of relationships to the water for both public
experience and RETI programming: from above, protected water areas, open
water access, and from below.

e Create a fluid yet responsive sectional design that will address natural system
flows.

e Articulate architectural elements that allow for experimenting with building
technologies and scientific means, such as an outdoor wet-lab, floating green
walls, shade systems, and integrated, innovative power-generation devices.

e Expand the notion of off-the-grid, with all aspects architecturally integrated i.e.
energy (solar, tidal, wind) water, waste, sewage: a net-positive, eco-positive
addition to the anthropocenic landscape.

e Explore material options—provide an architecture that allows for education
around waterborne and sustainable architectural materials.

e Emphasize the measurable impacts of climate change with on-site experiential
demonstrations.

e Provide flexible gathering spaces that include the ability to host a variety of
community events, and workshops.

e Create on-site habitats for biodiversity and marine life (bird nesting, fish
habitat).

¢ Create net-positive ecological conditions related to waste, water, energy, food,
and bio-habitat.

e Challenge current state and local policy, rules and regulations to scientifically
prove that floating structures can be bio-beneficial entities [6, 7].

e Achieve third-party ratings such as LEED-Platinum, Living Building Challenge,
Waterfront Alliance’s Waterfront Edge Design Guidelines (WEDG).'?

8UN Development Goals.

°IPCC, Climate Change 2007: Impacts, Adaptation and Vulnerability. Contribution of Working
Group 1II to the fourth assessment report of the Intergovernmental Panel, 2007.

OWater Front Alliance WEDG Program.
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2.1.1 Site and Environmental Analysis

Dorit Aviv, Director of the Thermal Architecture Lab at the University of
Pennsylvania, and her graduate student, Mrinalini Verma, with Forrest Meggers,
director of Princeton University’s CHAOS Lab, together they are investigating
present time local climate conditions and low-impact mechanical design options,
along with predictive models of sea level rise. Research findings and assembled
data will be fundamental in design development and will influence the architectural
form. Our aim is for it to be not only responsive to the natural context, but to also
partake in a dynamic feedback loop to restore and reinvigorate the local ecology. In
addition, ongoing site research is investigating data and metrics over an extended
period of time for wind and water salinity levels on the site [8] (Fig. 8).

2.2 Primary Lessons Learned

e Water temperatures within the Gowanus Bay remain consistent over long
durations (between 42 DegF and 70 DegF at seabed) while nearby land-surface
temperatures have greater fluctuation on a daily basis. This water body will
allow for a heat sink/heat source, minimizing energy requirements to balance
heating and cooling systems to control thermal comfort

e Wind directions, as observed at weather stations at LaGuardia and JFK airports,
are from the south in the warmer summer months and the north-west in the
cooler winter months. Hyper-localized observations are needed to further con-
firm these conditions, along with wind-speed, but natural ventilation will be a
clear asset to create longer durations of comfort within the shoulder months
without reliance on mechanical systems. This will influence the exact locations
of openings and the methods through which the skin is operable

e Solar radiation is quite abundant due to lack of shade (a beneficial characteristic
of coastal edge conditions), but a pitched south facing orientation remains to be
the most productive for PVs

e Natural daylight, and the allowance for the greatest daylight autonomy will
minimize power loads and maximize energy independence. Orientation and
atmospheric conditions greatly impacts the level of daylight autonomy and will
impact material choices, between lighter reflective options and darker absorptive
ones (Table 1, Figs. 9, 10).
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Fig. 8 Design Explorer: A study of different options based on orientation, heating/cooling loads,
daylighting, floor plate shape and solar radiation on roof. Credit: Mrinalini Verma and Dorit Aviv,
University of Pennsylvania (“Design Explorer | CORE Studio.”. https://core.thorntontomase tti.
com/design-explorer/)

Table 1 Cooling / Heating load with daylight autonomy figures for orientation study

Case Cooling Heating Total Daylight Total solar radiation
load load energy autonomy of panels (kWh)
(kWh) (kWh) (kWh) (%)

WWR = 0.28 10,070 14,440 27,930 42% 78,095

Orientation = 0
Window on shorter
side, North—South Side

2.3 BioDiversity Conditions

Marine Life and Water Quality: Gowanus Bay sits at the mouth of the Gowanus
Canal and is a protected waterbody along the eastern edge of the 153-mile Hudson
River Estuary; a man-made creation from the mid-nineteenth century transforming
local tidal wetlands and freshwater streams. By the end of the nineteenth century,
heavy industrial use had caused large amounts of pollutants to drain into the
Gowanus Canal and flow out into the Bay, and therefore Hudson Estuary. The
pollution draining from the industrial land usages has continued for over a century
with no mitigation completed. By the 1990s, the canal was recognized as one of the
most polluted bodies of water in the United States, currently listed as a Super Fund
Site, with a cleanup finally underway. Owing to pollution with high ratios of fecal
coliform, deadly quantities of pathogens, and a low concentration of oxygen, it is


https://core.thorntontomase
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Fig. 9 Cooling/heating load with daylight autonomy calculations for orientation study, credit:
Mrinalini Verma and Dorit Aviv, University of Pennsylvania (Studies performed in Ladybug/
Honeybee Roudsari, M. “Ladybug + Honeybee.” Grasshopper. Np, nd Web 5 (2015), and Diva:
Jakubiec, J. Alstan, and Christoph F. Reinhart. “DIVA 2.0: Integrating daylight and thermal
simulations using Rhinoceros 3D, Daysim and EnergyPlus.” In Proceedings of building
simulation, vol. 20, no. 11, pp. 2202-2209. 2011)
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Fig. 10 Water surface temperature across the Hudson Bay Estuary (Maps retrieved from from
“NYHOPS: Urban Ocean Observatory at Davidson Laboratory.” https://hudson.dl.stevens-tech.
edu/maritimeforecast/maincontrol.shtml) credit: Mrinalini Verma and Dorit Aviv, University of
Pennsylvania

generally seen as incompatible with marine life. The Bay and its connection to the
greater Hudson River allows for some dilution of pollutants. Despite or perhaps in
spite of the great levels of pollution, there is a variety of marine life that visit,
inhabit, and migrate through the river; such as trout, shad, bluefish, and mallard
ducks. BCL’s design addresses the need to improve water quality, cultivate salt


https://hudson.dl.stevens-tech.edu/maritimeforecast/maincontrol.shtml
https://hudson.dl.stevens-tech.edu/maritimeforecast/maincontrol.shtml
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marsh and soft edges, and provide habitat for promoting greater biodiversity.
Stimulating positive, natural feedback loops to accelerate site restoration will be key
to design decisions along the coastal edge.

Atlantic Flyway, Coastal Aviary/Waterfowl Conditions: Red Hook and the
Gowanus Bay are directly within the Atlantic Flyway, with thousands of migrating
birds stopping in backyards and our coastal edges as they seasonally migrate, both
during the daylight and nighttime. Following the Audubon Society’s mandate of
preservation, monitoring, and education, BCL will not only support such migration
patterns, but also ensure that architecturally, BCL is not an obstacle in the flight
patterns. Considerations need to be taken with glass/envelope surfaces, green space
provision, dark sky principles, and resting/nesting spaces for the migrating flocks.
Additionally, improved water quality will stimulate aquatic food sources to nourish
these flocks as they pass through.

3 BlueCity Lab Design

BCL is a composition of several materials and methods. Each building component
is designed with a specific role and performance in mind, and yet each is integrated
with the other. A post-and-beam stick frame structure sits atop a barge-like hull that
is made of biophilic concrete, and acts as the buoyant foundation and thermal mass
for heating and cooling.

The exposure of construction methodologies and connection details provides an
important teaching tool, demonstrating how systems are erected and maintained.
Echoing the design concept first conceived by Cedric Price and made famous by
Renzo Piano and Richard Rogers’ Centre Pompidou featuring building systems and
structures on display, BCL will advance this concept in the current eco-conscious
era.

The project will dive deep into Life Cycle Assessments (LCA) of multitude
material options to inform the most low-impact solutions. All decisions will con-
tinue to be made through the lens of the creation of a net-positive local environ-
ment, cultivating increased biodiversity through net-zero carbon emissions as
defined by the World Resources Institute: removing greenhouse gases from the
atmosphere in a process known as carbon removal. For example, the concrete hulls
can be manufactured by capturing and sequestering carbon dioxide, while making
the material stronger and less expensive (Fig. 11).

3.1 The Hull

The hull supports the upper structure and is semi-submerged, floating within the
tidal flow of the Gowanus Bay. 18’-8” wide x 65’ long x 10’ high, the bargelike
structure will have a waterline at 5°-0”. The thickness of the walls will allow for
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Fig. 11 Original conceptual programming/circular systems diagram for a larger iteration of BCL,
thread collective + Oasis Design Lab

insulated cavities to store mechanical piping, and will act as a critical thermal sink,
conducting heating and cooling. The shell of the hull will actively condition the
interior space to be used as the laboratory for the BCL team and interns.

Based on age-old technology and principles of buoyancy, the hull is similar to
the offshore concrete floating structures used by the navy and marine exploration
for decades. In World War II, these floating military structures were fabricated on a
large scale to form artificial harbors like Mulberry Harbour,'! providing critical
landing sites to facilitate the Allied Forces invasion in Normandy. Buoyancy,
described by the law of physics as volume of water displaced by the volume of the
object, keeps these superstructures afloat. The long life-span, corrosion resistance,
and ready-;nade simple forms make the hull a durable base for marine environments
(Fig. 12).!

""Remains of Mulberry Harbour caisson - Wikimedia Commons.

2Evans, J.; Walter, T.; Palmer, E. (2000). A Harbour Goes to War: The Story of Mulberry and the
Men Who Made It Happen. South Machars Historical Society. ISBN 1-873,547-30-7. OCLC
59,573,968.
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Fig. 12 Design of the BCL Hull in comparison to historic hulls of WWII

3.1.1 Biophilic Concrete: BlueBlock FLOATS

The selection of concrete for the hull became a challenge and motivated further
research in order to achieve our net-carbon goal. According to the Catham House
Report, cement is one of the global economy’s most carbon-polluting industries. It
is responsible for about 8% of global carbon dioxide (CO2) emissions in 2015."
One critical aspect for BCL was the creation/adaptation of a new type of concrete,
which is developed based on a technology that can neutralize the carbon footprint
and create a bio-beneficial ecological environment. Learning from leaders in this
field such as Evelyn Tickle of Grow Oyster Reefs,'* CarbonCure, ECOncrete, and
partner GBX Terminal, we are creating a financially-accessible alternative to
conventional concrete. Currently, the NY State Assembly is considering the Low
Embodied Carbon Concrete Leadership Act,' a bill which requires the use of more
ecologically sustainable concrete in State projects. BCL fabrication would embody
the diverse applications and carbon reduction limits possible in the chemical
composition and manufacturing processes [9].

In addition to its hull, BCL will be surrounded by biophilic concrete infras-
tructure, different forms of BlueBlocks, with varying uses; some are floating gar-
dens, some are pathways for waterfront access and others for soft shore
experiments. They will attract marine and marsh organisms which, in turn, engage
in and accelerate breaking down the pollutants in the water.

3.1.2 The Stick Frame: Post-And-Beam Structure

The BCL is structurally composed of a post-and-beam system that sits above a cast
biophilic concrete hull, which acts as a floating foundation. The system appears to

3Chatham House Report, Making Concrete Change, Innovations in Low-Carbon Cement and
Concrete.

Grow Oyster Reefs www.growoysterreefs.com/about.
Low Embodied Carbon Concrete Leadership Act.
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Fig. 13 Design in development BCL internal frame credit: thread collective + Oasis Design Lab

be simple, but is complex in the detailing and the methods of how it responds to
local climate conditions. The goal of a net-carbon-positive material expression
requires maximizing the efficiency of the material and the use of space while
minimizing the energy load to sustain habitable space within, and sequestering
carbon wherever possible.

Cross-Laminated Timber (CLT), a system that is rare in the urban context of
New York City but has been proven to perform better than typical metal/steel/
concrete systems in terms of Global Warming Potential (GWP) CLT is a
multi-layered structural wood product constructed by large panels made from solid
wood and glued together in alternating directions of their fibers; the average GWP
of CLT is approximately 30% better than steel/concrete, lowering our overall
embodied energy.'®

The stick frame structure allows the space between the Lab and the
Multi-purpose/classroom to be entirely open to the elements and to the surrounding
built and natural landscape. The short span between the column grid is to accom-
modate a variety of fagade systems resulting from dialectical work between the
engineers, the designers and the sponsors. This framework will create a structure for
a skin that can be malleable and experimental in nature, changing over time as
climate adaptation materials evolve, improve, and come to the marketplace (Fig. 13).

The tower is composed of the CLT framework and acts as the structural bracing
for the stick frame structure that rests atop the hull. It also hosts the base-building
core of the structure including the wet rooms, necessary storage, the vertical cir-
culation and the internal guts of the building. Supply, waste plumbing lines, power
lines as well as shafts and other necessary conduits for heating and cooling will be
integrated into the CLT tower. The infrastructural elements are surface mounted,
exposed, and color coded in order to display how the system works at a glance for
the users and the visitors. All systems will be off-grid and self-contained on the
BCL and its surrounding environment.

1Swww.sciencedirect.com/science/article/pii/S2352710219302542.
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3.1.3 The Skin

The most critical architectural element of BCL is the spatial enclosure of the third
level, the skin. Similar to the human body, these layers protect the vulnerable
interior systems and yet actively engage with its environment, to keep the systems
cool and warm based on the climatic conditions. Here, the skin, which wraps the
upper portion of the structure, is composed of three vertical parallel “membranes”
that can fluctuate with human response and are activated by human hands. This is
not a passive system but an active one—moving, growing, opening, closing,
breathing.

The outermost layer is outbound of the structural frame by three feet; a system of
cabling is suspended between the 2nd floor catwalk and a light-weight beam system
cantilevered from the roof structure. Along these cables, a shade structure system can
be hung to provide shade and prevent heat-gain at various times of the day, keeping
the solar radiation out. A planted green system will be experimented with to deter-
mine the viability of living walls in such marine environments. The catwalk also
creates a zone for movement between the outer shade layer and the central protective
layer, providing access for maintenance, measurement and experimentation.

This middle layer is the most robust and most complex, as it needs to behave as
the insulating layer, allow for seasonal air movement, and maximize natural day-
light to minimize power loads. Several options are being explored, with a combi-
nation of opaque to translucent, highly insulated walls. Customized ETFE'’
translucent panels with a solar PV capturing film surface to maximize power are
being considered. An interior layer will consist of a day-light control device and
winterizing insulation that can be moved into place when needed throughout the
day.

Natural airflow is a critical part of the solution in order to lower heating loads
and maximize comfort in the marine environment. By pushing the thermal defini-
tion of conditioned, occupiable spaces, BCL will explore the balance between
temperature, utility, and energy usage to secure maximum efficiency (Figs. 14, 15).

4 Reaching Out

BlueCity Lab reaches out into the marine landscape beyond its architectural form
through a series of BlueBlock Gardens. These are individual floating and
semi-submersible biophilic concrete structures planted with salt-tolerant
bio-beneficial ecosystems. These types of unique landscapes have been proven to
provide a variety of multiple benefits; such as improving air and water quality,

"https://www.teflon.com/en/products/resins/etfe-resins ~ Ethylene tetrafluoroethylene is a
fluorine-based plastic. It was designed to have high corrosion resistance and strength over a wide
temperature range. ETFE is a polymer and its source-based name is poly. It is also known under its
brand name: Tefzel.
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Fig. 14 Design in development, BCL north facade, credit: thread collective + Oasis Design Lab

Fig. 15 Design in development, east facade, BCL credit: thread collective + Oasis Design Lab

increasing habitat for waterfowl, and supporting the flourishing of marine life.
There are many precedents around the globe, dating as far back as 500 BCE when
the Aztecs created ‘Chinampa’, a type of floating island for growing crops and
capturing water that is now considered a world agricultural heritage.'®

The design of the BlueBlocks Garden is multilayered, mimicking an integrated
ecological system that supports life along a deep sectional column—with a
bio-beneficial concrete anchor on the seafloor; undulating underwater edges
indented to expand the marine habitat; and planted beds suspended in and above the
water, providing habitat for mammals and insects. Every level of the floating garden

"¥Chinampa, An Urban Farming Model of the Aztecs.
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Fig. 16 BlueCity conceptual diagram, credit: Space&Matter

can be activated. Over time, the development of a dangling root system will
increase water filtration of toxins and aeration by adding oxygen to the system and
contributing to the clarity of the surrounding water. The levels are designed for
habitation, as outdoor classrooms, and observation spaces, allowing people and
wildlife to occupy an otherwise very rare moment, alone in the middle of our
watery harbor.

4.1 Wet Feet

The floating structure requires stabilization. Typical anchoring systems, for con-
ventional marine application on similar-scaled vessels would be spud pilings.
The BCL will have “legs” that connect to the seafloor. These will support aquatic
kelp and mussel habitats like vertical gardens, and will be made of hollow forms
filled with waste glass provided by SIMS, the neighboring facility responsible for
all of New York City’s public waste recycling.'® Circular economy principles such
as the use of local resources and reducing waste through reuse and repurposing, will
drive design and development decisions.

“Sims Recycling.
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5 Concluding Remarks

As we plan the early phases of design and construction of BCL, we are also looking
towards the future and how BCL can influence a 100-year plan for creating and
supporting a new paradigm for New York City through waterborne structures. Our
focus builds on a desire to model a new paradigm in equitable green manufacturing
and employment opportunities [10]. In partnership with Matthijs Bouw of One
Architecture and Urbanism, and Marthijn Pool of Space and Matter,”® we are
envisioning a larger urban scale model of BlueCity. This industrial and commercial
district will be inclusive, and will expand the mission of BCL to a wider, more
regional impact to create a community of innovative partners focused on mutual
benefit and just climate adaptation (Fig. 16).
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Abstract This paper aims to contribute the final design of a cost-effective and
energy self-sufficient offshore wind operation and maintenance (O&M) platform so
called Energyhu@Sea. The Energyhub@Sea concept is one of the four applications
namely living, energy hub, farming, transport and logistic of the Space @Sea project
funded by EU’s Horizon 2020 research program. The energy hub concept integrates
four different functions within the same space such as O&M services, accommo-
dation facilities for service staffs, renewable energy extraction and smart storage
system, and housing of spare parts. The primary energy for the entire hub is
supplied from a medium sized wind turbine coupled with photovoltaic modules and
the wave energy converter. A special focus is put on the development of a modular
and standardized system, which can be easily adapted to different climates.
Moreover, the design considers the needs of future users, and health, safety and
environmental risk related issues. A final design for both the North Sea site and the
Mediterranean Sea site based on a hypothetical offshore wind farm with a capacity
of 100 units of 10 MW direct drive turbine is presented. The results indicate that
Energyhub@Sea can be a promising solution for offshore wind parks to save time
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and costs required for O&M activities. This study contributes useful inputs for
industries towards the implementation of an offshore onsite-based O&M platform.

Keywords Energyhub@Sea - Offshore wind maintenance platform - Energy
self-sufficient

1 Energy Maintenance Hub Concept

Offshore wind energy is undeniably receiving a growing attention due to its great
potential contribution to meet the global sustainable energy goals. Unprecedented
development in offshore technology has enabled the market transition continuously
to farther offshore. Despite these impressive improvements, the levelized of cost of
energy (LCOE) of offshore wind power in particular is still hampering the imple-
mentation of offshore wind farms in deeper waters. The looming challenges of
logistics and transportation posed by deeper water sites are driving solution
requirements for offshore operations and maintenance (O&M). In the future, an
offshore on-site maintenance base will be an important counterpart to the
land-based one to save transport costs and time required to the offshore wind parks
and reduce downtimes. In this regard, a maintenance hub on a floating island aims
to offer a technical solution for offshore wind O&M services targeting low LCOE.

The Energyhub@Sea concept is one of the four applications namely living,
energy hub, farming, transport and logistic of floating islands considered in the
Space@Sea project funded by EU’s Horizon 2020 research program. The major
goal is to develop a cost-effective and energy self-sufficient maintenance platform
for offshore wind farms. The design concept encompasses a multitude of O&M
services for offshore wind parks, accommodation facilities for crews and renewable
energy extractions and housing of spare parts. The design process involved an
initial site selection followed by defining the generic wind farm, anticipated off-
shore wind O&M services and required crews, successive design iterations of an
accommodation platform for crews, analysing the energy demand for the entire hub,
integrating renewable energy solutions like solar, wind and wave, developing the
energy storage system, incorporating health, safety and environment (HSE) into the
design, performing structural analyses and conducting a business case study.
Studies related to the site selections, design iterations and the economic feasibility
have been published in [1, 2]. Therefore, they will not be discussed here.

2 O&M Strategies for Offshore Wind Parks

Offshore wind turbines are complex mechanical, electrical and structural systems
operating in a highly demanding environment. An offshore wind farm is typically
designed for an average lifespan of 25 years. In accordance with relevant standards



Design and Engineering of an Energy ... 167

and guidelines such as DNVGL, BSH, IEC, etc., periodic technical inspections
must be performed during its design life to detect failures in time and prevent
unnecessary downtime of the wind farm. The following subsections explain
maintenance services which will be undertaken by the energy hub for the nearby
wind parks. These services generally include inspection, maintenance, repair and
improvement.

2.1 Reference wind park

To order to define O&M service requirements, a hypothetical wind park consisting
of 100 units of 10 MW rated capacity wind turbine was defined. A generic direct
drive 10 MW wind turbine was defined by scaling up a Siemens 8§ MW wind
turbine (Siemens SWT-8.0-154) [3]. The wind park was envisioned to be located
about 20-300 km far from the nearest harbor at the North Sea site and about 60 km
for the Mediterranean Sea site.

2.2 O0O&M Services

Energyhub@Sea will provide O&M services both for the energy hub itself and
nearby wind parks for their entire lifespan. Regarding O&M services for the energy
hub itself, the basic maintenance activities necessary for solar panels, wind energy
turbine, wave energy converter and energy storage system are primarily taken into
account. Since they are medium-sized systems, the demand for maintenance and
lifting actions are low and easy to handle. Therefore, no external equipment is
necessary. On the other hand, regarding O&M services for nearby wind parks,
handling and access demand are high, expensive and sometimes requires out-
sourcing technical expertise and equipment. The service team of O&M hub will
undertake a range of service levels from performing regular maintenance tasks like
cleaning, greasing, oiling up, underwater inspections up to major operations like
replacement of components.

Generally, regular maintenance will be performed in the period between spring
and early autumn, service and repair actions will take place in the remaining time
only if the weather permits. Planned repair or retrofit measures will take place
mainly during summer months from April to October. Depending on the size of
components to be inspected and repaired, the lifting height and the water depth, the
necessary type of cargo and equipment and repair time are different. Large com-
ponents like rotor blade, nacelle and secondary steel components like tower seg-
ment are not stockpiled on the hub because special transport vessel and equipment
will be acquired from onshore warehouse or logistic hub on demand.
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2.3 Logistic of Spare Parts

Storage of spare parts plays a critical role for effectively supporting O&M services
with continuous efficiencies when it is needed. There are many mechanical, elec-
trical and structural components in each wind turbine and sufficient replacement
parts and materials must be available at right times to minimize downtime.
Accordingly, the energy hub aims to improve spare parts availability from service
aspect and conduct a cost-effective inventory management from logistic aspects.

Essentially, some spare parts need to be repaired, while others have to be
replaced when failures happen. In practice, the demand for all spare parts is not
continuous since certain spare parts require only periodical inspection and
exchange. For instance, gear oil and generator coolant are needed to be exchanged
every 3 years while the renewal of rechargeable accumulator has inspection cov-
erage over a 5-year period. On the other hand, some parts like filters and brakes
require frequent inspection and maintenance. Nevertheless, it is not feasible and
costly to have spare parts for each individual piece of components and equipment.
Therefore, system components and failures rates of wind turbines and the regular
maintenance work needed for them were analyzed so as to manage a systematic
inventory. The storage capacity which can be stored on the hub were already
summarized in the previous paper [1].

2.4 Service Team

All crews will accommodate on board. Daily working hours and day off for each
personnel depend mainly on the region of operation, for instance, maximum con-
tinuous stay of 2 weeks is allowed for a crew who works more than 10 h per day
according to German offshore working time regulations (Offshore-ArbZV) [4].
Therefore, a total of 12 h daily working hours which includes 2 h for crew transfer
and waiting time for the service technicians with a maximum stay of 14 days was
assumed in this study. Finally, it was assumed that a total of approximately 32
persons is needed in summer to provide preventive maintenance of 100 wind
turbines and 14 persons in winter for necessary urgent maintenance at the North Sea
site, if the weather conditions permits it. The amount of operating days increases in
south European regions. The weather conditions in these regions allow nearly a
continuous operation of the O&M hub throughout the year. Therefore, it was
assumed that approximately 32 persons are enough to carry out the same activities
in the Mediterranean Sea site both in winter and summer.
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3 Final Design of Energyhub@Sea

The final design process adopted here was successively iterative as mentioned in
our previous paper on the basic design of the energy hub [1]. It involved a variety of
factors different from those customarily designed. The energy hub comprises
multiple functions and the available areas are optimized to ensure an efficient co-use
of space and deliver maximum performance in an integrated way. The high flexi-
bility, modularity and structural integrity in the design allow downsizing or
upsizing of accommodation module over time. For example, in the case of larger
accommodation complexes, it can be stacked to form a multi storey building
supplemented by coffee shops, gym etc.

In order to get the best possible efficiency, the quantity of space in terms of floor
area was calculated as a starting point. Thereby the accommodation building was
designed to meet a compromise between the architectural and engineering demands
and ensure compliance with several standards and guidelines, for instance,
American Bureau of Shipping (ABS) guide for building and classing
accommodation.

The number of users, duration of stay and the minimum necessary space for the
respective functions were properly considered. After making a benefit analysis
together with work package 7 (WP7) of the Space@Sea project which focused on
living, working and recreation from both offshore and urban perspectives, it was
assumed an area of approximately 1242 m? will accommodate comfortably around
32 persons. Moreover, other necessary functions like a spacious patio surrounded
by green area and other recreational activities were supplemented in the design to
create green atmosphere from sociological and architectural aspects. Special
attention was paid to integrate HSE in the design ensuring safe manning, emer-
gency platform evacuation, safe escape routes and etc.

3.1 Energyhub@Sea at the North Sea Site

The O&M hub itself was divided into storage building, which lies directly on the
floater and the accommodation and office building, which is supported by four
columns on top of storage building. Figure 1 depicts an impression of how an
Energyhub@Sea hub looks like in the North Sea site. All columns and the topside
building are welded structures made of steel. All walls and doors were designed to
be stable enough to withstand all environmental loads. The columns, house ele-
vators and stairs and the two-story building accommodate at least 32 people, offices,
kitchens, etc. Ships can be moored and unloaded at the quayside. Component
exchange can also be done at the quayside.

A special structural feature of the North Sea version is the length of the sup-
porting columns that position the building above the maximum wave height.
Another adaptation to this location is the more efficient heating. On the other side,
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Fig. 1 3D-model of the final design of the Energyhub@Sea concept for the North Sea site

air conditioning is probably not needed. Other minor changes in design may be
required when it comes to harsher environmental conditions. For example, other
storage concepts could be developed as detailed solutions or other logistic measures
could be better organized the processes on board. The area on the rooftop of
warehouse and at the quayside make sport activities and other free time activities
accessible to crews during the warmer months. However, year-round planting on
the module will be difficult due to the salty spray and low winter temperatures.

Regarding energy supply, photovoltaic (PV) system and a medium-sized wind
turbine are mainly considered. However, underpinning information concerning
design of wave energy converter (WEC) had shown that it is economically
unfeasible to integrate in the O&M hub, and therefore, it has not been included in
this basic design layout at the North Sea site. As can be seen in Fig 1, PV system
and 125 kW direct drive wind turbine mounted on Space@Sea floaters are inte-
grated in the O&M hub.

3.2 Energyhub@Sea at the Mediterranean Sea Site

Essentially, the Energyhub@Sea was designed to be scalable depending on the
region of operation. The weather conditions of the Mediterranean Sea are benign in
terms of wave height and wind speed as compared to those of the North Sea.
Therefore, unlike the North Sea site, the supporting columns can be omitted and the
accommodation building can be placed directly on the storage hall. Another
obvious element in the design is the leisure area. The milder conditions allow more
frequent outdoor stays throughout the year. It is therefore imperative to consider
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Fig. 2 3D-model of the final design of the Energyhub@Sea concept for the Mediterranean Sea
site

outdoor recreation areas with running tracks, plants and garden furniture. The
rooftop of the accommodation building and parts of the quay surface are available
for this purpose bringing spectacular ocean views as bonuses. Figure 2 depicts the
render of an Energyhub@Sea configuration for the Mediterranean Sea site.

Similar to the North Sea site’s version, required energy are supplied mainly from
PV system and the wind energy turbine. Additional PV systems can be mounted on
the roof of the accommodation building. A compact 125 kW wind turbine mounted
on Space@Sea floater is installed nearby O&M hub. Since WEC are economically
unfeasible to integrate in the O&M hub, it has not been included in this final design
at the Mediterranean Sea site.

4 Energy Storage System

Ensuring uninterrupted power supply is of paramount importance in the energy hub
design. For this purpose, an energy storage system which is coupled with both the
wind turbine and PV system was developed. Within this process a special focus was
put on the evaluation of a fitting electrical energy storage unit.

4.1 Determination of Load Profiles

The behavior of the developed system was simulated by using the software
Top-Energy. As a fundament for this simulation, an approach for the automated
determination of flexible load profiles in time resolutions of up to ten minutes was
developed. This load profile generator creates load profiles on basis of
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environmental conditions, technical characteristics and expected behavior of the
inhabitants. In the scope of this work two locations were considered—one in the
Mediterranean (Golfe du Lion) and one in the North Sea (Helgoland).

Figure 3 compares the electrical power consumption of the Mediterranean and
the North Sea hub. It is clear that the annual total energy demands are supposed to
be higher in the North Sea site than in the Mediterranean Sea. This behavior can be
explained with the high heating demands in the North Sea site where frequent
extreme weather conditions are expected to occur. Knowing this, it is interesting to
see that the total amount of electrical energy, which is needed in the end, is higher
at the Mediterranean location. Reasons for this are the higher occupation of the
Mediterranean Sea hub and the utilization of heat pump technology as a source of
heat and cold. Due to the high efficiency of water-based heat pumps two thirds of
the heating and cooling demands can be met through the transfer of thermal energy
with the surrounding sea water.
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Fig. 3 Visualization of the differences between the North Sea Scenario (NSS) (red) in
ten-minute-resolution and the Mediterranean Sea Scenario (MSS) (blue) in hour-resolution on
basis of the electrical demands for 2017. The demands of the MSS are straightened through the
application of load factors
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4.2 Multi-Use of Wind, Solar and Wave

A system configuration consisting of a middle-sized wind turbine generator, a
PV-system and a wave energy converter was simulated as a baseline scenario for
the energy system in the first run. For this scenario, the aim was to determine a
multi-use solution. Therefore, the nominal capacities for heating, cooling, hot water
preparation and refrigeration at both scenarios were chosen big enough to meet the
maximum demands occurring. The same applies for the energy storage systems. As
a result, it was possible to develop this system but it has to be pointed out that the
construction of a one-size-solution is neither energetically nor financially efficient.

The simulation results show that the wind turbine delivers the biggest share of
electrical energy to cover the hub’s energy consumption. Solar and wave power
each supply a much smaller share. Each of the three energy sources has a relatively
low utilization ratio. The wave energy converter exhibits the smallest utilization
ratio of the considered energy sources. It was designed as solution for the whole
Space@Sea project. Therefore, it aims to harvest as much energy as possible. This
output structure does not fit the electrical demands of the energy hub. The total
utilization ratios of both locations lie at about 10% which is one indication that the
generation side of the developed Baseline Scenario is oversized.

Through analysis of the output structure, it was evaluated that wind and wave
energy are the main energy sources in the given case. Solar power can be used to
support both of them. The combination of wind and wave power is not efficient
since the two are mostly operating at the same time. A combination leads to load
peaks, which cannot be used and load valleys which cannot be filled.

In order to enhance the efficiency of the system, three optimization scenarios
were assessed on the basis of a financial point of view both locations.
A combination of wave and solar power and two scenarios consisting of wind and
solar power were evaluated. The simulations showed, that the most promising
system is the combination of a wind turbine and a PV system on top of the roof of
the energy hub’s accommodation building. Furthermore, it must be noted that
especially the number of floaters and the dimensions of the battery have a major
influence on the financial efficiency of the system. Figure 4 visualizes a situation at
the North Sea location in January 2017. It can be seen that the electrical output of
the wind turbine generator has the main impact on the balance of the system, while
the PV system only supports. In order, to be able to compare the photovoltaic
system on the rooftop of the accommodation building (PVr) and the PV system of
the Combi-Module, the output of the Combi-Module was added to the graphic. The
figure shows that even the much bigger PV system of the Combi-Module does not
generate a high output enough to cope with the output of the wind turbine
generator.
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Fig. 4 Visualization of a situation and the resulting storage discharge. The graphic is the result of
the simulation of the WTG-PVr scenario of the year 2017 at the North Sea location. The yellow
graph represents the output of the PV-system of the Combi-floater at the same time

4.3 Detailed Design of the Storage System

The final dimensions of the baselines scenarios storage unit are 700 kWh storage
capacity and 215 kW charge/discharge. In addition to the baseline scenario three
optimization approaches of the system have been assessed. The resulting best-case
scenarios consists of the wind turbine generator and a PV System while the wave
energy converter gets excluded. The best-case scenario for the North Sea location
has a battery with 880 kWh storage capacity and 155 kW charge discharge. The
Mediterranean Sea scenario has a battery with capacity of 840 kWh and 165 kW.

Figure 5 shows a principle diagram of the electrical storage system and illus-
trates its functions. The battery storage system will be supplied from the grid
through a power management system. The distribution board contains circuit
breakers for voltage supply of the charger and inverter but also sends feedback to
power management system regarding health status of the battery skid (including
alarms, e.g. earth fault monitoring, under voltage relay). The skid will have local
instrumentation (gauges) for the important parameters to be visible and easy to read.

The power management system will be able to switch from battery charging (ca.
155-215 kW) to battery supply to grid. The command will be given automatically
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Fig. 5 Principle diagram of the storage system

through the distribution board from power management system. In case of any
blackouts together with the batteries discharged, the emergency diesel generator
will start and will feed the consumers from emergency distribution board. Even if
the emergency diesel generator will be started from the power management system,
it will run almost independent after that. The batteries’ schedule of charging and
discharging (e.g. to not decrease less than 40% of their Ah) capacity will be
indicated by the battery manufacturer and vendor to achieve a maximum perfor-
mance for their designated lifecycle [5].

To have less cables to run from the power management system to the main
switchboard and emergency switchboard the serial communication profile will be
considered. From a safety point of view the critical alarms and feedbacks from the
distribution board and the power management system will be considered hardwired.
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S Overview of the Structural Design
of the Accommodation

The accommodation building was designed with ordinary-strength hull structural
steel, or mild steel and higher-strength hull structural steels such as H32 and H36
according to American Bureau of Shipping (ABS) rules and guidance [6-9]. The
former has a minimum yield of 235 MPa and the latter have 315 MPa and 335 MPa
respectively. It is envisioned that all steels can be grade A for the North Sea site.
The mild steel is generally considered for the actual structure of the Building, as it is
foreseen a deflections-driven design. HT32 is retained for possible areas requiring
strengthening out of solely yielding criteria. The HT36 steel is only retained for the
correspondence to the actual steel selected for a set of pillars, the sections of which
will actually be provided in S355 steel according to the standard [10].

The selected solution is a typical marine/offshore steel structure comprising
stiffened plate panels, retaining the caisson design only for a base caisson and the
main upper decks supporting pillars, as possible. Also typical to marine structures,
individual plate panels including within caisson were designed with single direction
ordinary stiffener systems, which required change of system between several
neighboring panels and thus broke the modularity of the design by a certain degree.
Figure 6 depicts finite element model of the accommodation building. The struc-
tural design analyses were conducted by means of finite element methods to comply

V: Building FE Model

C: Column Bases Fixed

Fig. 6 Finite element model overview and constraints at supporting column bases
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with ABS rules and guidance. Details of the structural analyses are not presented in
this paper. The results show that the overall design is compliant with the provisions
prescribed in [8] for all load cases and limitations considered in the
Energyhub@Sea application. The bolt connections between the building and the
supported columns are also deemed feasible above TRLS.

6 Conclusions and Recommendations

The study presented herein, was the final design of the Energyhub@Sea concept.
The concept not only brings the possibility to generate renewable energy from the
energy hub components in a sustainable way but also provides affordable work-
space for service and maintenance of offshore wind parks. In compared to other
existing offshore wind maintenance bases, it offers a solution with both low capital
and operational expenses and provides the highest possible wind park availability
[2]. It is clear that the quality of the development work made within the framework
of Energyhub@Sea is very high. This well-designed super structure of offshore
onsite-based O&M hub is beneficial in many aspects for offshore wind parks. It
enhances the quality of work and living environment and reinforces O&M services
for the offshore wind farms. On the basis of the designs, constructions, calculations
and the adopted cost structure, a timely projecting of a prototype is possible. The
virtue of robustness in the design will allow the concept to be applicable to other
usage concepts like a combination of food (seaweed, mussel and fish farms) and
energy production. With the parameters derived from the Energyhub@Sea concept,
adjustments can be made accordingly with the intended functionalities and exten-
ded applications as the scope of the project or business grows. The overall dis-
cussion covers the possible use of the basic structure for other offshore applications
in areas of service and logistics, aquaculture, research, tourism and living at sea.
Thus, the innovation brought about by the Energyhub@Sea solution and its positive
impacts on offshore wind activities strengthen the goal of Space@Sea concept.
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Abstract Emissions of greenhouse gases can be rapidly reduced if nuclear energy
is deployed on a large scale. Conventional nuclear power plants are typically large
(>1000 MW) and capital intensive, and thus undesirable or unfeasible in many
regions including those characterised by numerous, disconnected power grids such
as islands. Seaborg Technologies’ Compact Molten Salt Reactor (CMSR) is an
advanced, next-generation nuclear reactor based on molten salt reactor technology
which cannot melt down, explode or be used for producing nuclear weapons. The
reactor produces 250 MW of thermal energy in the form of superheated steam and
will be installed on a Reactor Barge vessel that can be equipped with several
reactors. The produced steam can be used to generate electricity, desalinate sea-
water, or facilitate other industrial processes requiring high temperature. The reactor
is of a modular construction to facilitate shipyard assembly, and the barge is towed
to a site where the reactor can operate for up to 12 years without refueling. Due to
its small size, inherent safety features, and modularized construction, the Reactor
Barge is expected to produce low-carbon energy which is cost competitive with
fossil fuels. The lifecycle of a Reactor Barge is discussed in this paper, with a
special focus on sustainable energy production, applications of the CMSR, and
market prospects for nuclear power barges.
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1 Introduction

With the world’s population nearing eight billion [1] and continuing economic
growth, global energy needs are constantly on the rise. There are various ways to
meet the increasing demand, but the climate crisis has proven that energy sources
that are sustainable and produce considerably smaller amounts of greenhouse gases
than currently are needed.

1.1 Market Need

The modern energy market is complex. To satisfy a growing demand with
low-carbon energy, intermittent renewables such as solar and wind power are being
deployed on a large scale around the world. In order to always meet electricity
demand, full integration of power grids is required and involves coupling renew-
ables with, usually, fossil fuels that provide base load and that can be used for
system balancing (load following).

Economies in Asia are especially developing at an accelerated pace. For
instance, countries in Southeast Asia saw an average economic growth of up to
7.4% per year in 2013-2017 [2] with a substantial population growth (from approx.
600 million in 2010 to 660 million in 2019, forecast to grow to nearly 800 million
in 2050 [3]). The rapid population growth and technological advances have led to
increased urbanisation and industrialisation, resulting in more than an 80% increase
in primary energy demand since 2000—an average of 3.4% per year compared with
the global annual average of 2.0% over the same period [4].

1.2  Current Solutions

For the majority of countries worldwide, it is predominantly fossil fuels that provide
electricity [5]. There is approximately 200 GW of coal power plant capacity under
construction and 300 GW being planned in 2020 (pre corona crisis) in the world
[6], and hundreds of gas and oil projects being planned or under construction [7]. In
Indonesia 41 new coal power plants are being installed with 85 new plants being
planned, adding to an existing 150 coal plants already operating as of January 2020
[6]. See Figs. 1 and 2 for other examples from Southeast Asia.

In Southeast Asia, fossil fuels constitute a particularly important part of the
electricity mix as geographical restrictions set an upper limit for renewable gen-
eration. During the monsoon season fluctuations of the production of renewable
energy sources such as wind and solar can happen on an hourly basis, making the
balancing of supply and demand very challenging [8]. The higher degree of fluc-
tuations and variability require a greater share of non-intermittent energy sources to
ensure energy security and stability.
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Fig. 1 Coal power plants in Southeast Asia in 2020 (yellow—operating, pink—under construc-
tion, violet—planned) [6]

At the same time, fossil fuels should be avoided due to their negative impact on
the environment, both in terms of greenhouse gas emissions and local air pollution.
An alternative to fossil fuels is nuclear power. Nuclear power plants (NPPs) are able
to supply clean and reliable energy that can be used for both base load and load
following [9]. According to the Intergovernmental Panel on Climate Change,
nuclear is among the lowest carbon dioxide emitting energy technologies when
taking into account the entire lifecycle of a facility (cf. Fig. 3). Consequently,
replacing fossil fuel power plants and meeting growing energy demand with nuclear
power would greatly reduce carbon emissions. Some countries in Southeast Asia
are pursuing the development of nuclear power. With the large amount of coal
power plants being built in Indonesia, the government has stated that 23% of the
total power to be added to the national grid by 2027 should come from renewables
and has concurrently categorized nuclear energy as a renewable energy source [10].
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Fig. 2 Oil and gas projects in Southeast Asia in 2020 (brown—operating, red—under
construction, yellow—proposed) [7]

Despite the attractive features of nuclear power, the conventional nuclear
industry is facing difficulties. Conventional nuclear power plants, which are based
on solid uranium fuel cooled by highly pressurised water, require large and com-
plex systems to ensure reliable and safe operation. Consequently, and in order to
leverage an economy of scale, modern nuclear power plants are large (typically
above 1 GW of electric power) and require high upfront investments. Moreover,
nuclear power lacks public support in many countries, some of which have initiated
nuclear phase-outs following the Fukushima accident.

Small modular reactors (SMRs) are smaller and simpler nuclear reactors that aim
to reduce the upfront investment cost compared to conventional nuclear plants [11].
To be competitive, SMRs rely on mass manufacturing, that is, an economy of
multiples rather than an economy of scale. Several companies are working to
develop SMRs. There are multiple start-up companies investigating novel designs,
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Fig. 3 Median lifecycle emissions of selected electricity supply technologies, based on IPCC [14]

as well as incumbents such as Rolls-Royce [12] or GE Hitachi [13] who are
pursuing SMR concepts based on conventional reactor designs.

2 Compact Molten Salt Reactor

Seaborg Technologies, a private Danish company based in Copenhagen, is devel-
oping a next-generation nuclear reactor called the Compact Molten Salt Reactor
(CMSR). One CMSR delivers 250 MW of thermal power which can be used for
process heat and/or turned into 100 MW of electric power. It is installed into a
floating vessel, the Reactor Barge, and has a 12 year service life time during which
no refueling is required. The Reactor Barge is of modular construction and can host
up to 10 active CMSRs. It has a 24 year service life time, during which it must be
refueled once. The energy unit price is expected to be potentially lower than the one
of currently operating coal power plants.

2.1 Molten Salt Reactor Features

The CMSR is a molten salt reactor (MSR [15]). The main difference between MSRs
and conventional nuclear reactors is that the MSR fuel is a molten salt, i.e., is liquid
during operation.

In the CMSR, the fuel is a molten fluoride salt which contains fissile uranium. In
order to be in a liquid state, fluoride salts typically need to be kept well above 450 °
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C [16]. There are various advantages of high temperature heat transfer media such
as molten fluoride salts, both related to efficiency and nuclear safety.

The most important one is that radioactive material is retained within the molten
salt. Fission reactions of uranium fluoride molecules produce highly reactive free
fluorine. Most fission products in the fuel salt are chemically bound with this free
fluorine. Also, as fluoride salts keep a low solubility in water and have low vapour
pressure, resulting fluoride compounds are therefore bound within the fuel salt and
remain there even in contact with air and water.

This means that in a hypothetical event where all the containment barriers are
breached, nearly all solid and liquid radioactive elements will be contained within
the fuel [17]. At the same time, any gases that are produced are constantly removed
from the fuel. If a pipe channeling the salt breaks and the salt manages to escape,
the leaked salt solidifies and turns into a rock after it cools to below the solidifi-
cation temperature, thus posing minimum risk to operator personnel and the public.

Since molten salts do not require pressurisation to remain liquid at high tem-
peratures, there are no dispersive forces such as in conventional NPPs.

Additionally, molten salts expand when their temperature increases [16]. If the
fuel salt expands, the probability of fission is reduced which slows down the fission
rate. Therefore, a power excursion that heats up the fuel salt causes a negative
feedback. This effect in molten salt fuels makes MSRs inherently safe by alleviating
unplanned power changes.

Seaborg Technologies is investigating a freeze plug which can act as a passive
safety system for the CMSR. A salt flowing in a pipe can form a solid plug if the
liquid is kept below its solidification temperature. This plug can be intentionally
introduced in a pipe and maintained by means of active cooling. In the event that
the cooling capability is lost (e.g. during an accident), the molten salt that is above
the freeze plug causes the plug to melt, which in turn leads to the salt flowing to
another part of the circuit. If such a freeze plug is placed above a drain tank having
its geometry optimised for cooling, the salt can automatically drain into the safety
container by gravity without any actuation or power.

Because of the high temperature of the molten salts, heating water in a steam
generator and turning it into steam is more efficient [18] and brings the steam to a
superheated state that is required for many industrial applications.

An approach to safety through physics considerations is preferred to the tradi-
tional safety by engineering which is achieved with complex, redundantly engi-
neered safety systems. This approach allows for a simpler and more cost-efficient
design.

2.2 CMSR Features

Seaborg’s proprietary moderator—a material that increases the probability of fission
reactions while lowering the amount of uranium needed—unlike in the majority of
MSREs, is a liquid. The moderator is molten sodium hydroxide. Its properties enable
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the CMSR to be much more compact than if, for example, a graphite moderator was
used. The first MSRs built in the past (e.g. the Molten Salt Reactor Experiment
[19]) used solid graphite as moderator material, which also caused problems as
graphite deforms and cracks under neutron irradiation. Those problems, however,
are overcome with molten sodium hydroxide which is not structurally degraded by
radiation.

See Fig. 4 for a model of the CMSR’s primary circuit and surrounding systems,
which includes a cut-away view of the reactor core vessel on the left, drain tank at
the bottom, chemistry control unit on the right, and primary heat exchanger behind.

The reactor core is built of fuel tubes in which the fuel salt is circulated, and
which are surrounded by sodium hydroxide. The fuel salt is moved by a pump and
goes into a primary heat exchanger.

Fig. 4 Model of the
Compact Molten Salt
Reactor’s primary circuit and
surrounding systems
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Before reaching the primary heat exchanger, the fuel salt enters the chemistry
control unit, which, among other things, controls the corrosivity of the salt and
extracts noble gases produced by fission. Gaseous fission products are collected and
sent to gas processing systems.

The heat transport system in the CMSR is equipped with pumps and heat
exchangers. The fuel salt transfers fission heat to the secondary salt in the primary
heat exchanger. The secondary salt is a buffer between the radioactive fuel salt and
steam. This salt is circulated through another heat exchanger (steam generator) in
which the secondary salt transfers heat to water at high pressure which is then
converted into superheated steam.

The drain tanks are the CMSR’s main safety feature. The reactor is designed in
such a way that energy production terminates and radioactivity drastically decreases
once the draining procedure is initiated. The drained salts are cooled and can be
allowed to solidify or kept in a liquid state for immediate reloading. Both active and
passive (without the use of external power) methods of cooling can be used to
remove the residual heat generated from radioactive decay.

The CMSR produces long-lived nuclear waste, that is, used nuclear fuel (tra-
ditionally referred to as spent fuel), which is similar to that produced by conven-
tional nuclear reactors. In contrast to conventional nuclear waste, the used fuel from
the CMSR will be in solid fluoride salt form and unpressurised since the fission
gases have been continuously removed during reactor operation. Moreover, unlike
oxide fuels, fluoride salts are generally non-soluble in water. The total volume of
used fuel produced over the lifetime of the CMSR is roughly equivalent to a 10-foot
shipping container; the total volume of radio-activated components roughly to a
40-foot container. All waste streams can and will be handled within existing nuclear
decommissioning frameworks.

Importantly, the fuel cost represents a larger fraction of the total cost of the
CMSR than a conventional light-water reactor because of its high capital expen-
diture. As a result, there is an important financial incentive to reprocess and re-use
the used fuel from the CMSR. Indeed, Seaborg’s goal is to fuel the CMSR with
nuclear waste, chiefly plutonium, as soon as regulatory and supply chain obstacles
can be overcome. This will result in a reduction of the lifetime of the waste of three
orders of magnitude, to approximately 300 years.

3 CMSR Reactor Barge

Floating solutions for energy production are not new. Akademik Lomonosov [20], a
Russian floating NPP, was connected to an isolated electricity grid in Pevek
(Chukotka) in December 2019. It is designed to operate for 40 years and supply
electricity to more than 100,000 households. The reactor is a PWR with a thermal
capacity of 150 MW, requiring refueling every three years. With the first floating
nuclear power plants being commercialised, Seaborg’s Reactor Barge enters an
emerging market with an improved technology.
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3.1 Features

One Reactor Barge can house from two to ten CMSRs operating simultaneously,
with a maximum power output of 1 GW electric (2.5 GW thermal). The Reactor
Barge can deliver superheated steam and convert nuclear heat into electricity.

Table 1 shows the approximate dimensions of the Reactor Barge with two
operating reactors (500 MW thermal, 200 MW electric) that constitute one Power
Module (cf. Fig. 5). The barge’s length changes with the increased number of
Power Modules. Depending on the customer’s needs, a desired number of Power
Modules are built into the barge.

In each Power Module, two CMSRs are pre-installed in the shipyard during
construction of the Reactor Barge. The limiting factor on the service life time of the
CMSRs is the material degradation from ionising irradiation and corrosion by the
molten salts. To extend the service life time of the Reactor Barge, a Power Module
is therefore prepared with space for two additional CMSRs. After 12 years of
operation, the two original CMSRs have depleted their fuel and are shut down.
Prior to this, two new CMSRs have been delivered to the Reactor Barge, installed

Table 1 Approximate dimensions of the Reactor Barge with two operating CMSRs (one Power
Module)

Overall length Width Main deck depth Total height
98.5 m 32 m 22 m 39.5 m
ACCOMMODAT
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Fig. 5 Schematic representation of a two-module Reactor Barge. There are two active reactors in
each Power Module which add up to an electrical power of 200 MW per module. The CMSRs are
connected to turbines that produce electricity
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next to the operating CMSRs, fueled, tested, and commissioned so as to take over
power production. Consequently, the service life time of a Reactor Barge is
extended to 24 years. The initial CMSRs are left within the Reactor Barge for the
remaining 12 years. The radioactivity and radioactive decay heat production of the
CMSRs and the spent fuel decrease with time [21], which simplifies
decommissioning.

After another 12-year period of operation, the Reactor Barge is towed back to a
dedicated shipyard for decommissioning. Only the radioactive components of the
CMSR are required to undergo a nuclear-grade decommissioning scheme, whereas
the rest of the Reactor Barge will be repurposed.

The Reactor Barge will be built in certified shipyards where integration with the
Power Modules will take place. Shipyard standardisation towards construction,
inspection, and testing results in enhanced production of CMSRs and Reactor
Barges which allows for greater economy and efficiency compared to conventional
NPPs.

Floating barges can be transported by sea from the construction site to the place
of operation (the Reactor Barge is not propelled and it must be towed). This
provides the barge with excellent siting flexibility, which subsequently reduces the
financial risk incurred by asset owners and investors.

Installing CMSRs on floating Reactor Barges exerts a positive influence on
safety: nuclear reactors that float cannot be nearly affected as much by earthquakes
and tsunamis as on land. Additionally, the Reactor Barges can be placed on a single
site for a chosen amount of time and then readily moved to another site if such a
need occurs. This process of relocating a barge is simplified due to standardised
environmental assessment criteria.

Due to the high temperature of the fuel salt, the heat transfer efficiency is
increased [18], resulting in a range of new applications to which the CMSR and the
Reactor Barge can be adapted. Seaborg Technologies has prioritised the following
applications:

Electricity,

High-temperature hydrogen and ammonia production,
High-temperature synthetic fuel production,

Seawater desalination,

District heating,

Any combination thereof enabled by a customisable modular design.

Since the power produced by the CMSR is relatively small, the reactor can be
used in standalone, remote area facilities that need electricity and have access to
sea. Small islands or cities with separate electrical grids can also benefit from the
CMSR. Additionally, the CMSR can adapt to demand and follow load. All the
above features result in a great grid and siting flexibility of the Reactor Barges.
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3.2 Modularity

The CMSR will be built in modules which will be assembled in a shipyard. The
serial production of Power Modules is scalable and lowers the cost and construction
time of the reactor.

The Reactor Barge is also of a modular design. The modular approach to con-
structing Reactor Barges provides customers with a wide array of flexible power
solutions. To supply a requested amount of capacity, a Reactor Barge is assembled
from the appropriate number of Power Modules. The practice of adding lengthwise
modules to the Reactor Barge to increase capacity mirrors the traditional approach
of constructing ships. It also resembles modern strategies employed for instance in
the automotive industry in which a modular platform is equipped with battery
capacity commensurate with the driving patterns of the particular customer [22].

3.3 Current Status and Outlook

In 2020 Seaborg successfully finished the conceptual design phase and commenced
work on the basic design of the CMSR. Engineering and experimental validation
activities in the laboratory and through prototyping, as well as regulatory licensing
processes are ongoing. The first phase of regulatory approval has been successfully
completed. The Reactor Barge design is under development in cooperation with
industrial partners. The company intends to construct a first commercial prototype
in the mid-2020s and has the ambition to scale up production within a few years
thereafter.

The potential for Seaborg’s business model to make a global impact is
unprecedented. The company is focused on fast scaling, with the production of
1000 CMSRs per year by 2035 which would offset more than 2.5 billion tons of
carbon dioxide. Under this plan, the first reactors would come online in 2025 in
Southeast Asia followed by rapid scaling. This has a unique potential of trans-
forming global energy markets with significant contributions towards meeting
emission targets from the IPCC climate goals for 2050 [23] while ensuring great
returns for investors.

4 Conclusions

Seaborg will sustainably power the growing world population while combating
both the climate crisis and energy poverty. Several Compact Molten Salt Reactors,
a next-generation modular nuclear reactor that produces up to 250 MW of thermal
power and 100 MW of electrical power, are assembled in modular Reactor Barges.
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The Reactor Barge has a capacity of 200-1000 MW of low-carbon electrical power
and needs refueling only once over its 24-year service life time.

A simplified approach to safety in the CMSR and extensive modularity of the
floating Reactor Barge are some of a number of characteristics that ensure a
cost-competitive and attractive market fit. Highly flexible power solutions based on
inherently safe, low-cost, and low-carbon next-generation nuclear reactors have a
unique potential for replacing fossil fuels and reducing global greenhouse gas
emissions.
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Aquaculture in Multiple Use of Space M)
for Island Clean Autonomy s

Zoe J. Fletcher

Abstract Economic activities at sea are predicted to intensify and move further
offshore as the global demand for food and energy continues to increase, this
presents new technological and non-technological challenges. In order to ensure
this expansion in a sustainable and ecological manner, different activities can be
combined at the same location using multi-use offshore platforms. The Horizon
2020 funded MUSICA project aims to demonstrate the use of an innovative
Multiple Use Platform (MUP) infrastructure for multiple Renewable Energy
Sources, desalination and aquaculture services for small islands. Using the plat-
form, the services can share the same space and work synergistically together,
sharing Supply Chains and reducing costs associated with Operating and
Maintenance. The platform will provide 3 forms of renewable energy. Electricity
from the platform will be used to provide green support services for the island’s
aquaculture and the desalination unit on the platform will provide up to one
thousand meters cubed of water for a water stressed island. The pilot MUP will be
installed on site at Inousses Island to test and demonstrate the validity in a real
operating environment. The project will also address key non-technical barriers to
MUPs including those that are environmental, regulatory and legal.

Keywords Offshore - Aquaculture - Multi-Use - Renewable energy - Food
security

1 Introduction

As the blue economy continues to expand, competition for the use of productive
coastal space is increasing. Coastal resources are already heavily exploited,
meanwhile global population and economic growth continue to increase demand for
provisioning services such as food, power and water. By moving activities further
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offshore and reducing the spatial foot-print through multiple use of space, these
demands can be met in a more sustainable and ecological manner [1].

The global demand for high protein food sources, such as fish, is increasing. The
planet has seen a 122% rise in food fish consumption in the last 28 years. Many of
the world’s wild capture fisheries are fully or over exploited, as a result the rise in
production from global capture fisheries from 1990 to 2018 was just 14%. In the
same period, global aquaculture production has increased by 527% to meet these
demands [2]. European aquaculture has an annual production of 1.4 tonnes of live
aquatic animals [3], however Europe is still heavily dependent upon imports from
non-EU countries to satisfy its demand for fish. Increased production and com-
petitivity of the sector are needed to reduce this dependency. By moving aqua-
culture offshore we can increase production and potentially decrease environmental
impacts simultaneously.

On 18 May 2017 the European Commission, together with 14 EU countries
signed the Valetta Declaration to launch the Clean Energy for EU islands initiative.
The initiative is aimed at accelerating the clean energy transition on Europe’s more
than 2700 islands, this initiative will help islands reduce their dependency on
energy imports by making better use of their own renewable energy sources and
embracing more modern and innovative energy systems [4]. The Valletta
Declaration calls for actions in sustainable mobility, water and waste management,
citizens’ empowerment, and sustainable tourism. Marine offshore renewable energy
sources can offer a clean energy supply for islands that do not have the land
capacity to accommodate sufficient renewable energy systems.

Moving activities offshore presents new challenges, both technologically and in
terms of planning and permitting. Multi-use off offshore space can be cost saving by
sharing the burden of communications, infrastructure and planning and permitting.
The Horizon 2020 funded Multi-Use of Space for Island Clean Autonomy
(MUSICA) project implements a valuable combination of activities, suited to the
environmental characteristics of the Mediterranean. The project will demonstrate
the use of an innovative Multiple Use Platform (MUP) infrastructure for multiple
Renewable Energy Sources, desalination and aquaculture services for small islands.
Using the platform, the services can share the same space and work synergistically
together, sharing surveillance, energy, infrastructure and reducing costs associated
with Operating and Maintenance.

2 MUSICA

The MUSICA project will produce a Multi-Use Platform (MUP) and Multi-use of
Space (MUS) combination for the small island market. The MUSICA platform
offers a decarbonising solution to water, food and power security for small islands,
their marine initiatives (Blue Growth) and ecosystems. The solutions provided by
the MUSICA MUP include:
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e Three forms of renewable energy (RE) (wind, PV and wave) (total 870 kW)
providing a non-correlated supply of competitively affordable electricity.

e Innovative energy storage systems hosted on the MUP, such as compressed
water/air storage and batteries. These will be capable of providing all required
storage for power on the island and platform, in addition to electrical output
smoothening.

e A smart energy system, including demand response, modelling and forecasting.

¢ Renewable energy powered water desalination, capable of providing 1000 m® of
water.

e Support services for islands’ aquaculture, and a recharging station for electricity
and water [5].

By combining these activities in one area (Fig. 1), it will reduce losses to the
ecosystem whilst simultaneously accommodating a greater amount of economic
activity in a small area.

The MUSICA MUP is a viable infrastructure not just for multiple provisioning
services for Renewable Energy Solutions (RES), desalination and aquaculture, it
will also provide energy to contribute to cultural services, such as boating, for small
islands.

MUSICA is capable of supporting a small island with a population of up to 2000
people. Islands of this size typically do not have access to investment, expertise,
infrastructure, and economies of scale that larger islands have. Of the 2700 EU
islands referred to in the EU Atlas of Small Islands [6], 75% are ‘small’ islands
where MUSICA can replicate its smart island MUP solution. MUSICA also con-
tributes to decarbonising islands’ Blue Growth initiatives by providing “green”

Fig. 1 Image demonstration of MUSICA Platform, RES, Aquaculture, recharging station services
and shore connection (Static and Dynamic Cable combined)
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support services for island’s aquaculture, and electricity and water recharging sta-
tion services for leisure boats [5]. The Smart Islands Initiative [7] has identified that
many larger EU islands cannot have high island-based RES for several reasons
including tourism, space, agriculture and local objection. The MUSICA smart MUP
can therefore also offer a unique solution for these larger islands too. The pilot
demonstration of the MUP and MUS technology will be located off the island of
Innousses, a small island with a population of 800 people, located in the Aegean
Sea.

Containerisation of MUP components following the initial planning phase will
enable the MUP energy solution to be configured to an island’s requirements and
delivered complete.

For example, the pilot demonstrated on Innousses island will be configured to
provide up to 61% RES. Innousses requires the MUSICA MUP for 2 key reasons:

1. Innousses has 0% RES, and due to it’s remote location islanders pay 3 times the
land rate for grid electricity. Moreover, the quality and reliability of the existing
electricity supply is poor (20 kV grid connection to Chios island)

2. Innousses has no local water source. 30% of the island water is produced by a
desalination plant powered by diesel.

2.1 Agquaculture in MUSICA

Floating multi-use platforms can combine several activities into one area; therefore,
aquaculture can benefit from the use of multi-use platforms when moving into
production at remote offshore sites [8]. In order to increase food security and blue
growth aquaculture for small islands, the MUSICA pilot MUP will provide energy,
support, storage and protection for an aquaculture cage.

The pilot will produce 200 tonnes of sea bass (Dicentrarchus labrax) or sea
bream (Sparus aurata), in a single submersible cage located 50 m from the
MUSICA platform. Sea bass and sea bream are native to the Mediterranean and are
the most intensively farmed fish species in Greece, making up 99% of aquaculture
sector production value in 2018. Greece exports approximately 72% of production
to EU markets and a further 7% to third markets [9]. Globally, Greek aquaculture
accounts for around 24% of sea bass and sea bream supply. In addition, rearing of
sea bass in increased exposed conditions has been proven to be successful [10],
making them the ideal species for MUSICA MUP demonstration in Innouses.

Offshore aquaculture has potential benefits of better water quality and greater
dispersion of wastes [11], however there are complications with logistic services
and operation and maintenance due to the remote location [12]. The MUSICA MUP
offers solutions to these complications. During the project, fingerlings are stocked
between 50 and 80 g and grown between 18 and 24 months [13, 14] to a harvest
size of 400 g. The fish are fed on a formulated pellet feed, which is stored in a silo
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on the platform, and delivered to the cage via a feed pump located on the MUP. The
feed pump will be powered using RES energy from the platform.

Fish feeding will be monitored in the submersible cage using underwater camera
technology. Water parameters, such as oxygen, salinity and temperature will also be
monitored. The power for feeding and monitoring equipment for the duration of the
production cycle will be provided by the MUP RES. The platform will also offer
some wind and wave protection to the aquaculture structure and equipment.

The cage and mooring design is based on existing environmental data including
wind, waves, current, water depth and production goals. Based on available data,
the cage chosen for this project is a six-leg submersible cage, with concrete mooring
blocks. This design will also accommodate insertion of the cage into existing fish
farm for initial licensing and permitting purposes, and also allow it to be moved out
into open sea once permitting for the MUP is complete.

The performance trial will measure and evaluate structural performance of the
cage and interactions with the MUP. Collection of environmental data with be
assessed along with data gathered for the quantity and quality of fish produced and
the amount exported, in order to assess the real economic benefit of the structure to
the local aquaculture production potential.

2.2 MUSICA Concept and Design

The success of MUSICA will be achieved by advancing the MUP concept devel-
oped by the University of the Aegean (UoAeg) and EcoWindWater (EWW). The
EWW floating platform was successfully trialled in Heraclea in 2010 for 2 years.
This project will substantially modify and develop the EWW MUP to become the
MUSICA MUP [4].

The MUSICA project is building on the findings of the MARIBE project. The
MARIBE conducted 9 case studies on real MUS/MUP combinations, assessing
their technical viability, business plans, financial viability, and risk [15].

The EWW MUP concept case study was a wind power floating desalination
platform in the Aegean [16]. The EWW market and business case was the highest
rated project overall in MARIBE and thus, was selected as the basis for the
MUSICA innovation.

MUSICA will be 50% larger than EWW and will have advanced ICT including
EMS as well as innovative energy storage and desalination equipment. Two mul-
tiple-use of space (MUS) customers, aquaculture and electricity and water
recharging station services, will benefit from the services of the modular MUP
platform in a 1.5 year trial.

The project has been designed to meet three key objectives. The first objective of
the is to develop the pilot demonstrator of the MUSICA MUP solution and install
on site at Innousses Island. This will test and demonstrate the validity of the MUP
in a real operating environment. Therefore, the first objective will involve the
completion of all technical innovations and improvements to the EWW MUP
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required, and the installation of renewable energy systems comprised of an 800 kw
wind turbine, 60 kw solar panels and a 10 kw wave energy device.

The development will also include a complete smart energy system including a
highly integrated and digitalised smart grid. This will accommodate additional
modelling and forecasting based on high flexibility services from distributed gen-
eration, demand response, simulation software and innovative methods of storage
of electricity. The integrated ICT system will be configurable to the island
requirements and will be designed to ensure that upon commercialisation it is
possible to be delivered with the MUP as a complete unit.

In addition, completion of the MUP will involve installation of 1000 m’
desalination units and innovative energy storage facilities on the MUP for the island
energy management. This will be completed using hydro-pneumatic energy storage
(HPES) in combination with conventional batteries.

The second objective of MUSICA is to demonstrate, test and validate the
MUSICA MUP, covering functional readiness, cost reduction, shared expenditure
and value added to economic, environmental & social viability. The 1.5 year sea-
based trial period will cover demonstration requirements for Technology Readiness
Level 7 and validate the MUP in its operating environment. Performance indicators
will be generated based on analytical predictions and real-data gathered during the
trial. Results from the first test cycle will be used optimize design and imple-
mentation of required improvements. Non-functional readiness, including manu-
facturability, deployability, insurability and maintainability requirements will be
validated. Further, the shared use of services and resulting cost-savings for MUP
desalination, recharging, aquaculture and RES will be tested throughout the project
term and optimised. A full evaluation, including detailed technological and eco-
nomic, environmental and social viability, including changes made for optimisa-
tion, will be carried out at the end of the 1.5 year sea trial. The validation indicators
and targets for the full evaluation include 61% RES penetration on Innousses (up
from 0%), and demonstrated storage of 49 kWh from HPEs and 540 kWh from
lithium ion batteries, on the MUP, 100% desalinated water requirements for
Innousses from MUP (1000 m® per day), successful deployment and operation of
aquaculture cage in open sea (including validation of quantity and quality of
aquaculture produce), successful integration of wave energy into storage and RES
supply, successful operation of floating electricity and water recharging station,
supplied by MUP, for 18 months.

The third objective will support economically viable replication of the MUSICA
smart MUP solution through Exploitation and Sustainability Plans for commer-
cialisation beyond the project end. This will include market research, detailed
business plans for Innousses and 5 other islands (Telendos, Heraclea, Chios, Gozo
Malta, La Gomera Canaria Islands), skills training and workshops, and policy briefs
on technical & non-technical barriers for mass market replication.

Health and safety (H&S) plans and improvement of professional skills will also
be addressed in order to help maximise the societal acceptance and use of the
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MUSICA MUP based RES, water supply and aquaculture support service.
Successful completion of objectives will also align impacts of the project with
Sustainable Development Goals.

3  Summary

Understanding and addressing barriers to multi-use of marine space will be bene-
ficial to supporting the world’s growing population. In response to the known
challenges, innovative projects seek to find commercially viable solutions to the
provision of services for humankind. Moving offshore can lead to reduced com-
petition for space and provide better conditions for raising fish and generating
renewable energy.

The MUSICA project is working to create a containerised product for com-
mercialisation and use in offshore waters around small islands. The Multi-Use
Platform will be able to host a number of essential services for small islands such as
renewable energy generation through wind, wave and solar, desalination of sea-
water, and provision of power and shelter for offshore aquaculture activities. In
addition, the platform can contribute to sustainable tourism by providing a
recharging station for leisure boats.

The positive impacts of the MUSICA project include increased island energy
autonomy, including the potential for energy export and revenue generation, reli-
able desalinated water supply for water stressed islands, increased sustainable
aquaculture production, and reduced environmental impact in comparison to RES,
desalination and aquaculture activities carried out in coastal areas or on land.

This project will demonstrate that the MUSICA MUP is a viable enabling
infrastructure for multiple RES, desalination and Blue Growth aquaculture services
for small islands. By sharing the same space, working synergistically together,
sharing Supply Chains and reducing Operating and Maintenance costs, the
MUSICA MUP offers both private and public benefits in addition to addressing
challenges associated with the increasing demand for marine space. By 2050, a
large percent of EU small islands will have MUSICA MUPs, contributing to their
carbon neutrality and food and water security.
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Dominic Kang, Paul Ong, and Jan Roél

Abstract Domestic fish production is vital for Singapore to diversify its food
sources. In 2018, local aquaculture farms produced up to 9% of the fish stock
consumed in the country. Most of these farms operate along the Straits of Johor on
floating wooden structures (also known as kelong). These structures require con-
stant repair and maintenance, which could be costly and disruptive for farm owners.
At present, there are no formal building regulations and guidelines available on
these structures in Singapore. This paper proposes an engineered design of an
offshore aquaculture farm that is compliant with building and maritime standards.
The floating base of this new farm is constructed using expanded polystyrene and
concrete based on the design concepts developed by FlexBase. Fish will be reared
in a closed containment system, which will allow farm owners to safeguard their
livestock against pollution and unfavourable environmental conditions. The new
farm, designed to have a working life of 50 years, will require minimal mainte-
nance over its service period.
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1 Introduction

Singapore is a city-state located in South-East Asia. Being a resource scarce
country, it is heavily reliant on food imports to sustain its population. However,
domestic food production remains vital as it helps Singapore to diversify its food
sources and achieve food security.

In 2018, aquaculture farms produced up to 9% of the fish stock consumed in
Singapore [1]. Most of these farms operate offshore along the straits of Johor in
between Pulau Ubin and mainland Singapore and they rear a variety of saltwater
fish such as snappers and groupers.

These aquaculture farms operate on wooden structures, also known as kelong,
and they rely on wooden piles or air-filled plastic canisters to keep afloat at sea.
However, these kelong structures are not built according to any structural design
standards. As such, there is no formal process to assess the safety and integrity of
these structures. Additionally, they require frequent maintenance and replacement
to remain functional. At present, there is very little literature available on kelong
structures in Singapore.

2 Proposed Design for Aquaculture Farming

There is a need for an engineered solution to address the safety concerns of these
existing farms. Also, there is an operational need to build sturdy and resilient
structures for aquaculture farming, as frequent repair work can be disruptive and
costly for farm owners.

This paper proposes a new design for a floating aquaculture farm (see Fig. 1)
that is compliant with existing building and maritime standards. The structure is
designed for a service lifespan of 50 years to address the issue of frequent repair
work in existing farms. The new farm will be moored at sea to prevent environ-
mental forces from carrying it away.

The floating base of the farm is made using expanded polystyrene foam (EPS).
Traditional floating bases are generally built with conventional air-filled pontoons
to keep the entire structure afloat. In recent times, EPS has been used in place of

Fig. 1 3D view of proposed floating aquaculture farm design



Building Floating Aquaculture Farms with Expanded ... 203

air-filled pontoons for floating bases. EPS is less dense than water [2]. As such, it is
able to provide structures with buoyancy just like conventional air-filled pontoons.
Over the years, various builders have developed and patented numerous variants
and configurations of EPS floating bases. These foams are readily available on the
market and are relatively inexpensive to manufacture.

One of these builders is FlexBase, a Dutch company which specialises in the
design and construction of floating and amphibious structures. FlexBase has
developed a few types of floating bases with EPS and reinforced concrete, and the
usage of their bases ranges from residential to industrial. These bases can be
constructed directly on water. They require minimal maintenance during its entire
service life. FlexBase floating modules have been used to construct numerous
floating houses and large exhibition spaces such as the Rotterdam Floating Pavilion
(see Fig. 2).

Currently, there is no precedent in using EPS as a structural material for floating
bases in Singapore. Hence, the realisation of this farm with FlexBase will make it
the first of its kind in the country.

For standard FlexBase modules, slots are cut in the EPS layers to cast concrete
beams, as shown in Fig. 3. These concrete beams are designed to receive vertical
actions from the top structure. A concrete floor slab is cast directly on top of the
beams to spread the vertical actions. The base of the farm will be constructed
according to this configuration.

Fig. 2 Rotterdam Floating Pavilion, The Netherlands
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Concrete Floor Slab

Concrete Floor Beam

Fig. 3 Configuration of FlexBase module for farm

3 Floating Farm Dimensions

The farm consists of a single storey with no roof access, as shown in Figs. 4, 5 and
6. The allowable height in the storey is 4.5 m. The base is a square module with a
length of 30 m, making it a very large floating structure (VLES). Openings are
engineered symmetrically in the base module to host 4 water tanks. The latter will
be used to rear fish stock in a close containment system. For station keeping, the
farm will be moored out at sea.

Roof Beams
Steel Beams for Overhead Crane

r ¥ T T T T e 7 e T 1

Precast

Concrete Roller Fenders Floor Beams
f+Bamer Waler Tank /

/

Fig. 4 Elevation view of farm

Fig. 5 3D view of farm base
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30x30m
Base

8 x 8 m Opening
for Water Tanks

7x7m
Fish Tank

Fig. 6 Plan view of farm base

The structural frame components of the farm are sized based on the farm’s floor
area. For the structure above the floating base, the beams, columns, and roof are
constructed with steel sections. Reinforced concrete is used for the floor slab and
floor beams of the floating base. Lastly, EPS foam blocks are used for buoyancy.

4 Structural Design

In 2015, Singapore adopted Eurocodes as the prescribed structural design standards
in replacement of British Standards [3]. The Singapore version of Eurocodes,
denoted as “SS-EN”, is used with the corresponding national annexes denoted as
“NA to SS EN”. The entire farm structure is designed to satisfy the ultimate and
serviceability limit states, as prescribed by SS-EN and the corresponding national
annexes.
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5 Variable Actions Acting on Structural Components

The farm is designed for various variable actions throughout its service life, such as
the imposed roof and floor loads, and wind loads.

5.1 Imposed Loads

The roof of the farm is designed as a shelter with no roof access. Based on
guidelines in EN 1991-1-1, the imposed roof load shall be taken as 0.75 kN/m? [4].

The variable action on the floor is based on human traffic and the weight of
industrial machinery. In this case, the relevant machinery for the farm would be the
water purification units. These units will be placed symmetrically on the structure to
prevent unwanted tilts at sea.

For the floor area on the farm, a design imposed load of 5.0 kN/m? is assumed.
This imposed load is assumed to act on the centre of gravity of the people onboard,
since the weight and dimensions of other entities contributing to the imposed floor
load (such as industrial machinery and goods) are unknown at this stage. The
average height of a person is taken as 1.71 m and his/her centre of gravity will be
assumed at mid-height.

The various imposed loads acting on the farm are presented in Table 1.

5.2 Wind Action

Wind action is governed by guidelines set out in EN 1991-1-4 [5]. Based on past
weather data in Singapore and guidelines in the Singapore National Annex, the
wind parameters in Table 2 are assumed.

The farm is designed without external walls. However, it is possible for tarp
sheets to be installed for shade along the perimeter in the future. The wind pressure
on these surface areas could be significant. To be conservative, wind loads are
calculated by taking into consideration the placement of these sheets on all sides.

Table 1 Tmposed loads Imposed roof load 0.75 kN/m?
Imposed floor load 5.0 kN/m?

Table 2 Wind parameters Terrain Sea (0)
Basic wind velocity (vb) 20.0 m/s
Mean wind velocity (vm) 23.2 m/s
Peak velocity pressure (qp) 0.65 m/s>
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Table 3 Wind forces acting

Wind force acting on farm structure 109.4 kN
on farm structure and tank

Wind force acting on tank 9.0 kN

As the farm is symmetrical in both x and y axes, the wind loads acting on the
farm in all 4 directions (North, South, East and West) are assumed to be the same.
The maximum wind forces acting on the farm structure and the tank are presented
in Table 3.

5.3 Environmental Actions

Waves and current exert forces on the farm throughout its entire service life.
Singapore is located along the equator and it experiences 2 monsoon seasons
(northwest and southwest) that are separated by consecutive inter-monsoon periods
[6]. During the southwest monsoon season, squalls that developed over the Sumatra
island are blown by south-westerly winds towards Singapore. The presence of
squalls can result in higher than usual sea waves. A violent Sumatra squall in 2012
was modelled by a team of researchers to investigate its impact on the generation of
sea waves [7]. The wave parameters of the study interval around the vicinity of
Pulau Ubin are shown in Table 4. These values are used to determine the wave
action on the farm.

5.4 Current Force

The force exerted by the water currents is determined by the Morison Equation. By
using the significant wave height and period in Table 4, the parameters of the water
waves are obtained and presented in Table 5. The maximum inertial forces acting
on the farm and tanks are shown in Table 6.

Table 4 Wind and wave Significant wave height 0.50 m

par.ameters along Pulau Peak period 35

Ubin [7]

Table S Parameters of water  pMaximum wave height (Hmax) 1.86 m

waves Wave radian frequency (®) 1.80
Wave number (k) 0.32
Wavelength (L) 19.49 m
Maximum horizontal displacement ({max) 093 m
Maximum horizontal velocity (uHmax) 1.67 m/s
Maximum horizontal acceleration (aHmax) 3.0 m/s>
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Table 6 Maximum inertial forces

Wave propagation angle | Inertial force acting on farm | Inertial force acting on each tank
0° 220.0 kN 174.3 kN

5.5 Wave Drift Force

Wave drift forces acting on the farm and each tank are calculated and shown in
Table 7.

5.6 Total Environmental Forces on the Farm

The total horizontal force acting upon the farm is 1089.7 kN, as summarised in
Table 8.

6 Design of Structural Components

Steel materials are used for the roof sheets, beams, and columns, while reinforced
concrete and EPS are used for the construction of the base module.

6.1 Steel Corrugated Roof

Steel corrugated sheets, LCP LYCORRIB® 28, will be used for the roof structure
to shield the farm from the elements [§8]. Made of high tensile steel, these sheets are
lightweight, with a mass per unit area of 4.71 kg/m”.

Table 7 Wave drift forces Wave drift force acting on farm 13.0 kN
Wave drift force acting on each tank 3.0 kN

Table 8 . Total horizontal Wind force 109.4 kKN

force acting on farm Current force 220.0 kN
Wave drift force 13.0 kN
Environmental loads acting on all tanks 746.3 kN
Total horizontal force 1089.7 kN
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6.2 Steel Columns and Roof Beams

The structural frame above the floating base module will be constructed with S275
steel. A steel frame is preferred over a concrete frame for a lighter design. The
chosen sizes of steel sections are presented in Table 9.

6.3 Concrete Barriers

Concrete barriers are installed along the perimeter of the farm to serve as formwork
for the casting of concrete floor beams and slab, as shown in Fig. 4. Each concrete
barrier is sized with a thickness and height of 0.15 and 1.4 m, respectively.

6.4 Concrete Floor Beams and Slab

The floor beams of the structure, which are reinforced as shown in Fig. 7, will resist
all actions from the top structure. A concrete base slab of 300 mm thickness will be
cast on these floor beams to receive and transfer the imposed floor loads.

For the concrete elements of the base module, corrosion is likely to be induced
by chlorides from sea water. The exposure class designation for the concrete beams

Table 9 S275 steel proﬁles Column UKC 152 x 152 x 31
for columns and beams Beam UKB 305 x 127 x 37
Fig. 7 Concrete beam design
(reinforcement of slab
omitted) = 4H25
=
I

2H16 legs at 250 mm
spacing

500

4H25

400
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and slab is chosen to be XS3 in accordance with SS EN 206-1, which accounts for

higher local ambient conditions in Singapore [9]. For this structure, the parameters
in Table 10 are relevant for the concrete design.

6.5 Overhead Cranes

Overhead cranes will be placed over the openings to harvest the fish in the tanks as
shown in Fig. 8. These beams will be placed at 4 m above the floor to provide
sufficient clearance for the fish tanks.

6.6 Roller Fenders

Roller fenders will be installed along the sides of the openings to guide the vertical
movement of the tanks under different loading conditions. These fenders are
designed to absorb the horizontal environmental loads that act on the tanks.

Table 10 Parameters for EC2 Design

Concrete class C45/55
Density of concrete 2500 kg/m®
Characteristic compressive cylinder strength (fck) 45 MPa
Characteristic yield strength of reinforcement (fyk) 500 MPa
Nominal cover to top, bottom and side reinforcement (cnom) 40 mm
Standard fire resistance period (R) 60 min
Minimum width of beam 120 mm

Steel Beams for Overhead Crane

Fig. 8 Steel frame supporting overhead cranes



Building Floating Aquaculture Farms with Expanded ... 211

Fig. 9 Arrangement of fenders at the openings

A roller fender type, CR 35 [10], will be installed on the floating base. As shown
in Fig. 9, a total of 10 roller fenders will be installed on each side of the opening,
giving each side the capacity to resist an imposed loading of 3500 kN.

7 Stability and Buoyancy

The structure is designed against capsizing and sinking. Naval architecture prin-
ciples are applied to determine the buoyancy and stability of the structure.

According to “Guidelines and Recommendations for Moored Floating Structures
in Singapore”, stability requirements shall be governed by DNV shipping and
offshore standards [11].

The proposed farm structure has a long flat-bottomed base which makes it
similar to a barge in terms of geometry. Based on DNV-OS-C301 and DNV Rules
for Ships [12], the following conditions must be satisfied for the general stability
criteria of a “ship shaped” structure [13]: Area under the righting lever curve (GZ
curve) shall not be less than 0.055 metre-radian up to a heeling angle of 30° and not
less than 0.09 metre-radians up to a heeling angle of 40° or the angle of flooding if
this angle is less than 40°; The righting lever (GZ) shall be at least 0.20 m at an
angle of heel equal or greater than 30°; The maximum righting lever should occur at
an angle of heel preferably exceeding 30° but not less than 25°; The initial meta-
centric height, GMO, must not be less than 0.15 m.

It is important to ensure that the farm is buoyant and stable under normal
operational conditions. Therefore, the farm is designed for equilibrium and initial
stability, and statical stability.
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7.1 Equilibrium and Initial Stability

Using Archimedes Principle, the total buoyant force and the initial stability of the
farm can be determined. The coordinates of the C.O.G. of the structure are cal-
culated and presented in Tables 11 and 12 for different loading conditions.
Table 13 shows the range of free and submerged height for a total EPS volume of
1368 m’.

The calculated values for the initial metacentric height GM in Table 14 show
that the metacenter in both axes are above the centre of gravity. These values are
well above the minimum height of 0.15 m recommended in the DNV standards.

7.2 Statical Stability

Statical stability refers to a floating body’s ability to return to its upright position
when it is acted upon by a destabilising force while stationary [14]. When a

Table 11 Centre of gravity of farm under dead loads only

Loading condition Dead loads only

Centre of gravity X y z (KG)
(Distance from origin) 15.0 m 15.0 m 243 m
Table 12 Centre of gravity of farm under dead + imposed loading

Loading condition Dead + imposed loading

Centre of gravity X y z (KG)
(Distance from origin) 15.0 m 15.0 m 277 m

Table 13 Submerged heights of floating base under various loading conditions

Dead loads only Free height Submerged height
121 m 1.39 m

Dead + imposed loading Free height Submerged height
0.58 m 2.02 m

Table 14 Metacentric heights of farm structure under different loading conditions

Loading condition

Dead loads only

Dead + imposed loads

Moment of inertia of floor area (m®) 52906.3 52906.3

Volume of submerged region (m?) 882.2 1287.9

BM (m) 60.0 41.1

KM (m) 60.7 42.1

GM 58.2 m (>0.15 m) 39.3 m (>0.15 m)
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destabilising force acts upon the structure, a tilt will occur. This tilt is also known as
a heeling angle and it is a variable in the computation of the righting and heeling
arms. By comparing the righting and heeling arms, the statical stability of the
structure can be determined.

To determine the effect of movement, the shifting of equipment onboard is
simulated as shown in Fig. 10. Assuming that the total weight of the equipment is
500 kN, the heeling arm and moment are calculated by simulating movement from
the centre of the floor area to the centre of 1-half of the floor area. This movement
will result in a shift in the centre of gravity of the farm structure.

For statical stability, the heeling arms of these loading conditions are checked
against the curve of statical stability (also known as the GZ curve) to determine the
rotation of the structure when it is stationary. Following which, the angles of
rotation are checked against DNV standards to ensure that the prescribed limits are
not exceeded. An unfavourable factor of 1.5 is taken for all destabilising loads.

The heeling angles of various loading cases of heeling arms are listed in
Table 15.

Fig. 10 Movement of load from centre of floor area to centre of 1 half of floor area
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Table 15 Loading cases for statical stability analysis (angle and arms)

Loading case x-x (or y-y)
Heeling Righting Heeling
angle arm (m) arm (m)
(A): Wind action (basic wind) 0.07° 0.05 0.05
(B): Wind action (gust wind) 0.11° 0.07 0.07
(C): Movement of equipment from centre of the 1.28° 0.44 0.44
floor to centre of Y2 of the floor
(D): Combined loading of movement of equipment 1.33° 0.51 0.51
and gust wind

7.3 Dynamic Analysis

A dynamic analysis can be performed to determine the farm’s response to the
motion of waves over time. Such analysis can be done by meshing the farm’s model
and by inputting parameters of the waves using hydrodynamic software. Due to
limited resources, this analysis is not covered in this paper.

8 Tank Design

The fish tanks are designed using materials such as steel, EPS, and high strength
plastic. As such, it is important that these tanks, remain buoyant and stable
throughout its service life. Hence, the intact stability of these tanks is considered in
the design process. When all 4 tanks are full and operational, a combined volume of
282 m?> will be made available for the rearing of fish stock.

8.1 Tank Specifications

A 3.5 m high tank is designed to float independently without transferring vertical
loads to the floating base. A plastic chamber will be contained within the outer steel
chamber as shown in Fig. 11. In reference to Fig. 12, a plastic chamber will be
contained within a steel chamber. In between both chambers, EPS will be used to
fill the space to aid the tank in buoyancy. For a full tank, the maximum water level
will be set at 2.40 m, measured from the base of the plastic chamber.
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High Strength Plastic
EPS

Steel

Fig. 11 Tank design (3D)

High-Strength Plastic 55m 1.25m

Steel

35m

EPS

Fig. 12 Tank design (plan view)

8.2 Intact Stability of Tank

Calculations were done to determine the tank’s free height when it is empty,
half-filled, and full based on the maximum water level. This is summarized in
Table 16. For all tank loading conditions, the free heights of the tank must not
exceed the allowable height limit of the crane-supporting steel frames.
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Table 16 Free heights of tank under different loading conditions

D. Kang et al.

Loading condition Empty tank (m) Half-filled tank (m) Full tank (m)
Free height 2.56 1.84 1.12
Submerged height 0.94 1.66 2.38

Table 17 Metacentric heights of tanks under different loading conditions

Loading condition Empty tank Half-filled tank Full tank

KG 1.05 m 0.97 m 143 m

Moment of inertia 200.08 m* 200.08 m* 200.08 m*

BM 433 m 2.46 m 1.71 m

KB 047 m 0.83 m 1.19 m

GM 3.75 m (>0.15 m) 2.32 m (>0.15 m) 1.48 m (>0.15 m)

Like the floating base, the initial stability of the tank is also determined when it is
under different loading conditions. The various metacentric heights of the tank
under different loading conditions are satisfactory as shown in Table 17.

8.3 Forces on the Fenders
The fenders, as shown in Fig. 13, are designed to resist the combined action of
wind, current and wave drift forces as tabulated in Table 18.

9 Mooring System

Mooring lines are designed to keep the floating farm within its deployed position.
The depth of waters along the Straits of Johor is taken to be 20 m [7]. Based on the
shallow water profile, a catenary system of chain cables is proposed.

Wind Force

Fender Force

Current Force

Fig. 13 Force experienced by fenders
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Table 18 Total _ Wind force 9.3 kN
elmtv;;ﬁnmental loads acting on Current force 1743 KN
Wave drift force 3.0 kN
Total environmental loads acting on 1 tank 186.6 kN

Table 19 Chain design Force acting on floating base parallel to chain | 1089.7 kN
Chain tension at floating base 1109.0 kN
Safety factor 2.0
Design tension of chain 2217.0 kN
Chain diameter 50 mm
Minimum breaking strength of chain 2740.0 kN

Force excursion profile
2000

1500

1000

Force (kN

500

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Excursion (m)

Fig. 14 Force excursion profile

Keeping in mind a safety factor of 2.0 for quasi-static analysis, a R4 chain of
50 mm diameter is recommended. As shown in Table 19, the minimum breaking
strength of the chain satisfies the design tension of the cable.

As shown from the force excursion profile in Fig. 14, the expected offset from
the original position is 0.56 m.

10 Conclusion

This paper has presented a floating aquaculture farm built on an EPS floating base
developed by FlexBase. The farm is shown to satisfy the ultimate and serviceability
limit states, as prescribed by SS-EN and the corresponding national annexes. It is
also compliant to the maritime standards of DNV for equilibrium and stability.
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The structure will be able to meet the service lifespan of 50 years and address the
issue of frequent repair work in the existing kelong farms.

The realisation of this project will provide a safe working environment for
farmers and there will be less disruption due to maintenance work. This will allow
farmers to concentrate their efforts on fish rearing and increase domestic production.

As land is scarce in Singapore, the successful deployment of this EPS floating
base could also generate ideas and possibilities in building more of these EPS
floating bases for activities that are currently land-based. By relocating these
activities offshore, precious land space can be freed up in the country for other
meaningful purposes.
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Floating Rice Fields, The Quest ®)
for Solutions to Combat Drought, e
Floods and Rising Sea Levels

Soon Heng Lim

Abstract Amazing as it seems, there is a case for growing rice on floating plat-
forms in the sea. The capital expenditure to develop this is offset by the opportunity
to repurpose the land for a number of commercially attractive activities. It would
also eliminate crop failures due to droughts and floods soil degradation due to
higher salinity and lower water table. This paper examines ways crops have been
cultivated in the past. Crops are almost exclusively grown on land. Urban farming
in recent years have led to the development of structures enabling crops to be
produced in multi-tiers over the same plot of ground. Crops have also been grown
over water surfaces on floating and semi floating structures on freshwater bodies.
Apart from seaweeds, no vegetables have ever been successfully cultivated in the
sea. While low-salt tolerant rice is being developed, rice has never been grown in
the sea. The paper proposes a system where rice is grown on floating platforms with
freshwater fed from a freshwater storage facility founded on the seabed. The key to
success for the system is to develop a water storage system which is fed by the
runoffs from the rice fields and supplemented by lakes or rivers on land.

Keywords Rice - Drought - Flood - Salinity - Climate-resilient -
Sub-sea water storage

1 Rice Is Life

Rice is the staple food of more than half of the world’s population—more than 3.5 billion
people depend on rice for more than 20% of their daily calories. Rice provided 19% of
global human per capita energy and 13% of per capita protein in 2009. Asia accounts for
90% of global rice consumption, and total rice demand there continues to rise.

Global rice consumption is projected to increase from 450 million tons in 2011 to about 490
million tons in 2020 and to around 650 million tons by 2050. However, supply projections
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seem to agree that the global rice supply is unlikely to be able to meet this 44% projected
growth in demand. The global rice area harvested increased by 1.38% per year between
1961 and 1977, but since then slowed to just 0.33% per year.

Currently the world’s rice fields cover a total area about the size of Saudi Arabia
(2 million sq. km). With coastal erosion and rising sea levels the coverage will
decrease rather than increase. This is exacerbated by the migration of millions of
people from inland to the coast each year resulting in increasing pressure on
agricultural land.

Many today still remember Elvis’ hit “Are you lonesome tonight?” back in 1960.
Incredulously, since then the world population has more than double from 3 billion
to 7.8 billion. It is clear, growing rice the way, it has been done in the past three
thousand years is hardly sustainable.

The migration of global population towards the coast puts huge pressure on land
use. It also stresses the biodiversity of flora and fauna on the planet. The next leap is
to go beyond where the land ends.

2 Growing Food in Multi-tier Farms

The past few decades see the emergence of cultivation of crops above ground. In
cities from New York to Tokyo, residents are growing not only ornamental plants
but vegetables and fruits on roof tops and balconies, more as a pastime than with
economic objectives.

Bringing food from traditional farms to the consumer requires long and complex
logistics which add costs to the product but not its value. It requires the use of
trucks, railways, ships, and aircrafts, refrigerated containers and refrigerated
warehouses before it reaches the grocery. To reduce the cost of that supply chain
the idea of growing food on a commercial scale near to the city seems attractive.

In 1999 Columbia University professor Dr. Dickson Despommier developed the
idea of a multi-story building in which layers of crops could be grown on each floor
5. He still champions vertical farms.

The idea is good, but it cannot be easily scaled up because there is too much
competition for use of urban land. In many cities land is already too expensive for
housing, let alone farming.

Vertical farming faces many challenges. Plants need sunlight. Growing them in
the vertical direction reduces the amount of sunlight each plant receives. To
overcome this artificial light is needed. Alternatively, plants can be grown in
troughs that are rotated by a conveyor belt, but this is “dilutes” the share of sunlight
for each plant as it is moved into the shaded side in each cycle.

Plants cannot be grown in the usual way with nutrients mixed in soil, so
aquaculture is needed. The system requires nutrient loaded water to be circulated.
Pumps and pipes need to be installed. The building structure to support the plants
degrade with time. The entire system requires regular maintenance. Energy is
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needed to keep it running. The carbon footprint is naturally higher per unit of
output.

In most cases, even with the cost of transportation factored into the equation,
growing crops on land in remote locations, is still cheaper than growing them in
vertical farms in urban areas nearer the consumer.

3 Challenges to Ground-Based Crops

Many crops such as rice, wheat, potatoes, corn, and soya beans are not adaptable for
vertical farming. They are grown in vast quantities and require huge land masses.

The lands that they have been cultivating for the last two hundred years have
been severely degraded. Natural nutrients on the topsoil are washed out by floods.
Ground water is depleted by its extraction during times of drought. Coastal and
riverine lands are eroded as sea levels rise. Rising levels leads to higher soil salinity
which is detrimental to crops especially to rice.

In January 2020, the Thai ministry of agriculture declared that rice farmers in 22
provinces might not have enough water to grow rice in an area over 3600 km?” in
size (2.25 million rai). This is because the extraction of subterranean water to grow
rice is prohibited as there is insufficient water for drinking and for industries.

In 2011, 20,000 km? of the Thai nation was inundated for six months affecting
13.6 million people and resulting in economic damage worth US $46.5 billion
according to the World Bank.

A 41-month drought was recorded in India beginning in 2015.

According to Scientific American referencing Bangladesh, “A three-foot rise in
sea level would submerge almost 20 percent of the entire country and displace more
than 30 million people—and the actual rise by 2100 could be significantly more.”
Severe floods killed at least 61 people, displaced nearly 800,000 and inundated
thousands of homes across a third of Bangladesh, after two weeks of heavy
monsoon rains in July 2019 in that country.

Salt stress often causes photosynthesis decrease, plant growth inhibition, biomass loss, and
partial sterility, all of which lead to yield reduction.

Electrical conductivity (EC) of irrigation water is the attribute most often used
for monitoring the salinity of irrigation water, by the practicability of its mea-
surement and high correlation with the amount of soluble salts, since the EC is the
measure of resistance passage of electric current between electrodes in a solution
where ionic solutes (cations and anions) are present (Doneen 1975). Grattan et al.
(2002) estimate a yield loss of 50% with an EC of around 7.4 dS m ', In some
cases, however, the salinity of soil solution from 1.9 dS m s already sufficient to
significantly reduce the seedlings biomass and an EC of 3.4 dS m™' compromises
their survival according to researchers Zeng and Shannon.

Research into extraction of salt by mechanical and botanical means have not met
with measurable success. It is costly and not a satisfactory solution (Fig. 1).
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Fig. 1 The scourge of climate change, soil salinity, drought and floods can only be overcome by
moving from land to sea. The technology to enable that is at hand

3.1 Salt Tolerant Rice

“Growing rice in swamps, bogs, and clay-like or salty coastal waters, which
comprise about a third of the total arable land in China, has typically been
impossible because salt stresses the plants. That makes photosynthesis and respi-
ration a challenge for the stalks, causing them to stop growing and die. An
increasing amount of land is expected to face this problem as sea levels rise”.

China leads the world in research to genetically modify the DNA of natural rice
to produce new strains that are salt water tolerant. More than 200 strains are
experimented on with diluted salt water. The strains can tolerate up to a salt con-
centration of about “10% of the level in sea water”

To forestall undue exuberance Ren Wang, assistant director general for agri-
culture at the United Nations’ Food and Agriculture Organization said, “It’s still
only maybe 10% the level of salt in sea water,”—*“quite far” from any practical
application.

China’s legendary agronomist Yuan Longping works tirelessly to hybridize rice
since the 1970s. He is the authority on genetic manipulation of rice cultivars and the
creator of the Green Super Rice which has a yield of 17 tons per hectare, twice the
national average. He reckons commercial saltwater-tolerant rice is eight to ten years
away 10.
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4 Hydraulic Versus Genetic Engineering to Increase
Rice Yield

In the meanwhile we need to go forward with a way to grow proven strains of rice
in floating rice fields in lakes where there is fresh water and in the sea by devising
means of storing fresh water to overcome prolonged droughts and rising sea levels.

This is a mechanical solution, using hydraulic engineering rather than genetic
engineering. It is a solution that applies the principles of buoyancy known to
Archimedes more than 2000 years ago.

Rice would be a good crop for engineers, particularly naval architects, to put
their knowledge and skill to the test, as it is under imminent threats from rising sea
levels, costal erosion, droughts, and soil salinity. They should team up with agro-
nomists specializing in rice cultivation, pest infestation, harvesting and storage to
address all phases of the rice cycle.

4.1 The Economics of Relocating Rice Fields Away
Jrom Land

Is it worth the effort economically? Given that land where rice is grown is cheap,
does it make sense? Will landowners obstruct such a move for fear of losing an
income from farmers? How would it change the life of farmers and their families?
Current wholesale price of rice is about USD 600 per ton and a less than optimal
yield is about 10 tons per ha per year. Over a ten-year period, ignoring inflation, the
value of the output is USD 60,000 per hectare. It would seem that any system to be
economically viable need to be address this as the ceiling-barrier to entry.

4.1.1 Cottage Industries

That however is an oversimplified benchmark. It does not account for the fact that
every hectare of rice field on land that is replaced with a hectare of rice field floating
in water, the vacated plot on land can be put to much higher economic use. The land
can be used to keep livestock (goats, cattle, ducks, chicken), build factories to
produce goods and keep many employed, even if these factories are only cottage
industries producing clay pots or rattan furniture. The farmers would enjoy an
additional income in the long months between sowing and harvesting.

4.1.2 Eco-Tourism

Other possible revenue generating ideas include eco-tourism. In Ubud, Bali, 5-star
hotels with panoramic view of rice fields charge rates in excess of USD 1000/night.
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Villagers benefit from finding employment as hotel staff, tourist guides and selling
local handicrafts.

4.1.3 Compatible Crops

The land could also be used to grow other crops that are more climate resilient and
drought tolerant. A suitable crop to cultivate would be coconut, as it grows naturally
on the sea front with very little need for fertilizers or maintenance and copra can be
turn into cooking oil. Another is mangrove plants (Rhizophora). This plant grows
naturally in swamps, acts a defence against erosion, produces timber that is useful
as piles and provides habitats for crabs, eels and other edible creatures.

When rice is grown on floating platforms, the space beneath the platforms can be
put to good use for shellfish aquaculture to rear crabs, cockles, mussels and oysters.
See Fig. 2.

4.14 Solar Energy

With plunging prices of solar panels “by 99% over the last four decades” according
to MIT News, and the long-term escalating price of hydrocarbon fuels a point could
be reach in the future when landowners in Bangladesh and other rice growing
countries where the land is cheap may find it more financially rewarding to use the
land to harvest solar energy than growing rice. Solar energy is unaffected by the
vagaries of the weather, pests, and escalating prices of fertilizers (Fig. 3).

Instead of exporting rice landowners, in say Vietnam, may find it more profitable
to export energy by undersea cables to Singapore. Australia is already planning to

1 Rice field "

Bamboo

Fig. 2 Opysters and mussels grown under the floating rice field provide additional income for
farmers
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Fig. 3 Vacated rice fields may be repurposed to generate income in a variety of ways from
eco-tourism to solar farms

do so. Vietnam would be more competitive because of its cheaper manpower cost
and shorter distance to Singapore. Singapore has less diversity in its choice of
energy sources than it has in procuring rice.

In summary if rice is grown in floating farms in lakes or in the sea, the freeing up
of the land would bring about a higher level of wealth to the community as a whole.

5 Traditional Floating Farms

Artificial floating farms are not new. Fruits and vegetables have been cultivated
successfully and organically for many years in various parts of the world.

Cultivation of crops on floating decaying vegetable matter makes enormous
sense. It is less labour intensive, one need not plough the land, the thriving
microorganic ecosystem till the soil every hour of the year. The water is always
there so there is no need to construct irrigation systems. Boats move produce from
farms to markets without a trace of greenhouse emission.

Inle Lake in Myanmar is well known for a community whose economy is built
around the production of fruits and vegetables on floating platforms. These plat-
forms are formed by bundling masses of water hyacinths and kept in position with
bamboo stakes. There are 3000 hectares of such farms in the 260 km? lake. The
hyacinths grow in huge profusion rapidly all year round, so the locals are never in
short supply of “building material,” or organic fertilizers. Tomato is the main crop
owing to their demand, but other crops are also grown (Fig. 4).
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Chinampas still survive to this day

B

<V

14% century. Aztec chinampas

Floating vegetable gardens in Inle lake, Myanmar

Fig. 4 Traditional floating farms in freshwater lakes

The prize for the most amazing use of water bodies for growing food goes to the
Aztecs of Mexico. They famously build the chinampas as early as the fourteenth
century in the lakes in the Valley of Mexicol4. Some of these chinampas were large
with footprints measuring 90 m x 10 m. These plots of were constructed in
marshlands and the plants are sowed on compost material and silt kept in place by
timber stockade. The top of the soil is just high enough to keep the roots from being
permanently soaked in the water beneath it.

They were laid out in a rectangular grid surrounded by a network of canals
serving as “roadways.” Boats were punt around to collect the produce during
harvest time.

The chinampas still exist today. It seems chinampas ownership is legally rec-
ognized and can be passed on to succeeding generations, attesting to the durability
of the structure and its engineering excellence. According to the FAO the “chi-
nampas located in Xochimilco, Tlahuac and Milpa Alta comprise more than two
thousand hectares in which about 12 thousand people work, mainly cultivating
vegetables and flowers, including 51 domesticated agricultural species and 131
species of ornamental plants.”
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6 Floating Farms on the Sea

The floating farms mentioned above are constructed over fresh (i.e. non saline)
water. No one has attempted to construct a floating farm over the sea. This easily
explained by the fact that except for seaweeds, all plants for human consumption
requires fresh water.

Storing freshwater in the sea was the main challenge. To build a floating
reservoir up recent years would entail constructing a rigid steel or concrete box.
That is easily done except that it is not easy to hold the box down when it is empty
due to the uplift.

In 2018, College of Science and Technology, Nihon University’s Dr. Shinji
Sato, under the auspices of the Society of Floating Solutions (Singapore) presented
a paper in Singapore on an experimental project integrating solar energy, effluent
gas and algae in a floating structure in saline water. Unfortunately, we are unable to
obtain any published results.

7 Water Conservation in Paddy Fields and Pest Control

The water balance in the rice field comprises the following processes:
Into the ponded field:

Rain fall
Irrigation from river and lake sources
e Ground water by osmosis

Out of the ponded field:

Evaporation

Transpiration

Seepage into the soil

Run offs overflow the embankments nutrients for crop washed away.

The above processes are largely uncontrolled. Heavy rainfall may cause flood-
ing. Irrigation may not always be possible in dry seasons. Ground water table is
lowered each year due to human activities and extraction of water for drinking
(Figs. 5 and 6).

In land-based fields, enclosures are not often used (even as protection against
birds and insects). Evaporation is therefore uncontrolled and exacerbated by wind.
Seepage of water is exacerbated as ground water table recedes.

The above are the dilemma of rice cultivators. Floating rice fields offer oppor-
tunities to overcome these challenges. To reduce evaporation and insect and bird
attacks plastic sheets are easily spread over bamboo pole supports slotted into
sockets on concrete base. This simple solution reduce the need and cost for pes-
ticides. The devastation by marauding locust can be prevented by covering the rice
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C = Transparent enclosure to keep out pests and
reduce water loss by evaporation.

C 5= Socket for bamboo props c
T= Transpiration of rice plants
E = Evaporation from ponded water
0= Excess rain water overflows into pipe
connected to subsea pillow tank
M= Mud soil with seaweed compost
N= Netting to secure covering.
L= Waterproof g ile liner p sweater
ingress.
P=Platform floating on sea surface
V= Void spaces filled with flotation material so
platform would not capsize in event of a collision.
o]

—

Fig. 5 The transparent enclosure reduces evaporation, keeps out pests, birds, and swarms of
locust from devasting the field. A nylon netting secured to the sides of the floating dock prevents it
from being blown away

Fig. 6 Ducks efficiently control pests and weeds in rice fields and offer their droppings as
fertilizer to boot

fields with plastic sheets. When the plants are flowering, beehives may be placed in
the enclosures for pollination. Ducks18 may be kept inside enclosure to keep snails
and other under control without worry that they may fly away and never return.
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The water in the rice pond and is in a close loop and does not get flushed out of
the system. This the nutrients either organic or artificial is not wasted when a flash
flood occurs.

8 Why Might It Be Worthwhile to Explore Growing Rice
in the Sea?

As far as rice is concerned the demand will continue to grow but the land available
to cultivate it is severely being marginalized. Vertical farms for rice is not a
practical solution so the only option that remains is to use the space in the sea.

There are several challenges with using sea space:

The forces of nature: wind, waves, current have to be overcome.

A solution has to reduce water loss through run offs, and evaporation.

Water in excess of immediate requirements has to be stored.

Storing water on land (to support a floating farm) is difficult as there will be loss
through evaporation and seepage and contamination by salt laden molecules of
water. Siltation is another problem: it reduces the capacity of the reservoir over
time.

e And any plot of land set aside as a reservoir quite obviously is no longer
available to cultivate rice.

8.1 Challenges

Storing freshwater in the sea will overcome the challenges mention above.
The following are the considerations. The storage system has to fulfill the
following criteria:

e It has to be protected from damage by passing boats or flotsam or willful acts
and terrorism.

e It should not be carried away by wind, waves, or tidal currents.

e As the system is charged with water or water is extracted from it, it should
remain substantially at the same elevation relative to the seabed. That is to say it
does not float higher as it empties or lower as it is being filled.

A rigid tank is fine when it is full of water. It sinks to the seabed and remains
there. However, when water is extracted from it will start to float at some point. It
can be held down with cables. However, the tension in the cable will escalate from
zero to some value and at some point, it may exceed its capacity or the holding
capacity of its anchorage.
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9 Using Bladder Tank Under the Sea

To resolve this, a “bladder tank” (sometimes referred to as a pillow tank) is pro-
posed. This is a flexible collapsible containment bag shaped like a pillow, when
inflated, used by the military for water storage 20. It can be folded away for
transportation.

When used to store water the stress on the membrane skin is a function of the
difference in densities of the fluid inside and outside of the tank. On land water in
the tank exerts a considerable pressure on the wall of the tank as the density of
water is about 900 times larger than air. The fabric is subject to a high tensile stress.

In the sea the situation is reversed; the denser fluid, seawater, is outside and the
lighter fluid water, is outside. The water inside is incompressible.

If the tank is connected by a pipe so that the water inside has a free surface
experiencing the same atmospheric pressure as the seawater, the pressure on both
sides will equalize as the water rises. (The pressure in a liquid is the head x density.)

In seawater, the fabric of the tank experiences a low stress as the difference in
densities of the two fluid is small. The fabric itself may experience an uplift if its
density is smaller than seawater. If connected to a pipe to above the waterline the
fluid inside will automatically adjust itself so that the pressure at any given ele-
vation is equal inside and outside the tank (Fig. 7).

While pillow tanks have been used to transport water over great distances on the
sea, as storage facilities for freshwater under the sea it has never been done (at least

Fig. 7 Bladder or pillow tanks are inexpensive ways of conserving water on land and in the sea
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there is no documentary evidence of this application.) The potential of this inno-
vation has yet to capture the imagination of engineers and agricultural economists.

Flexibladder in South Nowra, Australia, manufactures bladder tanks up to
2000 m* (larger than an Olympic size swimming pool.) For subsea application, we
believe the capacities can be much higher if properly protected from mechanical
damage and from forces when empty due to its self-buoyancy. Other manufacturers
include several from Europe, the US, China, Japan, and South Korea.

9.1 Material and Fabrication

There is a whole range of polymers that may be considered for the fabrication of
these tanks: HDPE, LDPE, LLDPE are some of the common ones. The good news
is that the prices of these material is likely to decline.

Linear low-density polyethylene (LLDPE) has superior tensile strength, superior
impact, frictional, and puncture resistance. It is also UV resilient and recyclable. It
has a density of 0.910-0.925 g/cm’. It will therefore float making it simple for
recovery if necessary, for maintenance or repair. It has good durability and will
easily last ten years. The tensile strength at yield and breaking are respectively 10—
30 MPa and 25-45 MPa, which compares favourably with rubber.

It is probably an appropriate choice for our purpose. A 2000 m® tank would
require approximately 2500 m? of material. Assuming a wall thickness of 1.2 mm,
and a density of 0.92 kg/cm®, it would weigh 2760 kg (0.0012 m x 2500 m?

920 kg/m?). The material will cost USD 6900. (According to Alibaba’s website the
price is about USD 2.5 per kg.) The labour cost to fabricate the tank depends on the
local labour cost. See properties in Table 1.

The methods of joining polymers are well documented and readily available
online and in the references mentioned at the end of this paper 21. They range from
application of heat, induction current, ultrasonic, laser, and microwave. The skill
necessary to perform the bonding of the LLDPE can be easily acquired (unlike
welding steel structures.) With the supervision of the manufacturer’s engineer they
may be performed by local technicians on site.

9.2 The Undersea Water Storage Facility

The Water Storage Facility is preferably placed directly beneath the floating rice
field if there is sufficient depth to accommodate it, or a distance away if necessary if
the water is shallow. (A floating bladder tank is also an alternative. Its disadvantage
is it occupies space on the surface.)

The bladder tank is kept enclosed in a concrete chamber which is secured to a
concrete base plate as shown in Fig. 8. To prevent damage by large marine crea-
tures (crabs, sting rays, sharks etc.) the chamber has hinged gates. As the tank
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Fig. 8 Storing water under the sea allows space above to be used. The water pressure inside and
outside the bladder is equal

inflates, the displaced seawater leaves the chamber through one gate. As it deflates
seawater enters via another gate. The gates to be oriented in such a way as to induce
a scouring effect in the chamber to flush out silt. These gates can be remotely locked
if necessary.

The chamber is of concrete construction. Little reinforcement is needed as the
structure is not subject to any significant bending. The main force it will experience
is the uplift due to the lower density of the water in it relative to seawater.

It is important to consider the effect of tidal currents. Sites experiencing strong
tidal currents should be avoided.

Studies need be carried out to determine the impact of tidal forces at the selected
site, as this will affect the design of the station keeping system to keep the chamber
and tank from floating.

The base plate is sized to provide sufficient mass to ensure the chamber is not
lifted when the bladder is full.

Data relating to the permeability of LLDPE is not readily available. It is not
likely that there will be significant water loss by osmosis.

There are two pipes, one connects the bladder tank to the rice field and the other
to a source of fresh water (which may be a river or a lake) on land. Pipe 1 supplies
the rice field with water during dry periods and drains away surplus run offs when it
rains. This is a virtually close loop system, both for water and any nutrients dis-
solved in the water.

Pipe 2 replenishes the bladder tank with water from the land source during a
prolonged drought. If the land water source as depleted the crop can still be safe by
importing water from elsewhere and pumping it into the rice pond which then may
be transferred in the bladder tank.
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ral arran, nt of system in water

A= Mooring anchor for D. Catenary action restraining lateral D= Floating dock for rice cultivation (pest enclosure not depicted.)

excursion, Same for longitudinal excursion. Pl=Flexi pipe connecting to river/lake for intake of fresh water
B= Barge, operated by outboard propelier. During the planting P2= Flexd pipe connecting to D, delivers water to and from 0
season seedlings are transported by barge to fields. 5= Storage, de-husking plant, polishing, weighing and bagging
C= Concrete Chambser operation room. Buyer takes delivery of rice hare.

T= Bladder Tank for freshwater

Fig. 9 Upper graphic shows preferred layout of the field and chamber. Inset shows layout that
may be adopted if water is shallow

If water depth permits the chamber may be placed directly beneath the floating
field. If not, it may be placed at a distance away. See Fig. 9.

Depending on the weather pattern, the regularity of rain, severity of drought, the
storage capacity can be designed accordingly, bearing in mind that waste due to
evaporation and transpiration of the plant is reduced with the field being under
cover. In a prolonged abnormal drought, it is possible to barge water to replenish
the bladder tank if the water resources nearby dries up. Charging the storage
capacity is easily done by topping the field with water which is then drained into the
bladder tank beneath the sea which is not exposed to evaporation.

10 The Floating Field

Just as vegetables grow on roof tops of urban buildings, so can rice on floating
docks and be free of droughts, floods, or the salt in the ground and pestilence in the
air. Precious runoffs can be stored, and evaporation can be curtailed. All varieties
and strains of rice, long grains, short grains, medium grains, Jasmine, Basmati,
Japonica or Arborio that suit any palate can be grown in the sea all that is needed is
a dock to keep seawater and no-saline water separate.

The water level in the fields may need to be adjusted over the growing cycle
from planting seedlings to harvesting. This can easily be achieved with a floating
pond. Water is either pumped into or out off the ponded field into the undersea
storage tank. No plant nutrient is lost in the process.

Attempts to develop new salt resistant strains of rice take years for results to
show and more years for the taste buds to accept. Even though the new strains may
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tolerate some salinity in the soil, rising sea levels and coastal erosion are too costly
to fight against.

To address seawater intrusion and salinity ingress, every year villagers create an
embankment, but the structure is unable to keep the sea at bay and breaches regularly. “The
rate at which the sea is coming close to us makes us believe that soon it will engulf our
entire village. Our farming has already gone kaput,” laments K. Kannan, 55-year-old
secretary of the local farmers’ association. According to him, villagers have been
demanding a permanent cement embankment from the public works department (PWD) to
keep the village safe from the sea. But no action has been taken on that front.

10.1 Construction

The dock for floating field may be of any practical size. 50 m wide and 100 m long
(1/2 hectare) would be a handy side from the viewpoint of construction, launching,
towing, and mooring at its designated site. The moulded depth has to ensure that its
freeboard is large enough to overcome the splash of the sea in a storm. The section
is shown in Fig. 10. (It does not show the full width due to the aspect ratio.) The
same design can be replicated and of course there is economy of scale if more are
manufactured.

10.1.1 Dock Body

Of what material can the dock be fabricated? It all depends on the environment
where the dock is to be located. It can be of timber, or HDPE (high density
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Fig. 10 Water in the pond of the floating field is maintained at a desired level by draining
rainwater to the bladder or replenishing it from it by pumping. Marine nylon ropes are used to
maintain position but allows field to float up and down with tidal change
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polyethylene) or light weight reinforced concrete, respectively in order of cost,
strength, rigidity, and durability. In the case of concrete, and HDPE void spaces are
filled with buoyancy material so that seawater will not fill them when a leak occurs.

The dock may not have the rigidity of a steel dock that is used to lift ships for
maintenance but there is no need for such a high standard of structural integrity in
the interest of affordability. Under sheltered conditions where waves are less than
1.5 m and wind speeds less than 20 m/sec, the simple construction will suffice. In
the worse case scenario, the dock can be submerged so that it is filled with more
water from bladder tank to provide better stability and refloated after the storm has
abated. By submerging, the sides are less exposed to wind, the mass is increased,
and the center of gravity is lowered which all converged to keep the dock safe.

The design of the dock should be simple, basic, and intuitive. It need not be
subject to the many rules and regulation that governs the design and construction of
ocean-going vessels. It is a sustainable structure. The cultivation of rice does not
pollute the sea. Under heavy weather no one will be working so no lives will be in
danger.

The load on the dock consists of the soil to support the roots, the water, and the
rice plant when fully grown and bearing rice. The level of water in the dock is kept
constantly at the desired level. When water rises beyond the set level it overflows
into a sea chest which is connected by a flexible Pipe 1 as illustrated in Fig. 8 in the
previous section. When it falls to a set level, the pump automatically cuts into
transfer water from the bladder tank via Pipe 2. The pipes are of inexpensive HDPE
material, flexible and corrosion free and easily replaced if damaged. A 150 mm
diameter size would be adequate. The length and flexibility allow for some degree
of motion without unduly straining the pipe.

To keep the dock in position against tidal currents, waves and wind, some form
of mooring system is needed. The system should allow the dock to rise and fall with
the tide. This can be achieved with tubular steel pipes, but it would require a piling
machine for its installation. We recommend for simplicity the anchor and cable
catenary system. The anchor can be replaced by a large boulder if it is difficult to
procure. Instead of steel cables, nylon marine mooring ropes may be just as
effective. Ropes should be class approved. The mooring rope runs beneath the dock
to the opposite side at the forward and after end of the dock. To prevent longitudinal
drift, the rope should be inclined at about 30° to the longitudinal center line of the
dock. The upper end of the rope is lashed to a bollard or bitt with the necessary
precaution to avoid damaging the rope at sharp edges. 60 mm dia. (50 ton) marine
mooring ropes would suffice. These ropes float in water and may require sinkers to
configure the catenary geometry.

The inside surface of the dock (bottom and sides) are lined with geotextile sheets
to keep out the seawater. These sheets may be glued easily on site in hours with a
small crew of men within hours, easily with spray-on glue such as 3 M HoldFast
70. The bonding strength of the glue is as good as the strength of the textile. The
liner further enhances the strength of the bonding between the modules (timber or
HDPE) used to form the geometry of the dock.
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No painting is necessary on the exterior of the dock. Rubber tires or timber may
be used as fenders to protect the side against barges that may come alongside. Some
void spaces may be used as stores for tools and ploughing machines, shelters for
farmers in bad weather, as well as stores for seeds and fertilizers.

10.1.2 Hydrostatics of the Rice Floating Dock

Hydrostatically, the floating rice field is similar to a floating swimming pool but
with one main difference. The swimming pool is filled with water to a level that is
close to the level of the water outside the pool. It means that each of the four walls
of the pool is experiencing similar (though not necessarily identical) pressure dis-
tribution inside and outside. This is not the case with the floating rice field.

Another floating structure that has somewhat similar shape is the floating dock
commonly used to lift ships out of water for maintenance. It consists of two “wing
walls” erected on a flat top pontoon. By ballasting its tanks, the dock is submerged
so that a ship can be maneuvered into it between the walls. By subsequently
deballasting the same tanks the dock is floated lifting the ship in it above water. In
both cases (afloat or submerged) the wing walls experience the same pressure
distribution. Because of this identical water pressure distribution on each side, each
wall experiences zero tipping moment.

The situation in the floating rice field is rather different. The water pressure
distribution acting on each wall is unsymmetrical as shown in the diagram C in
Fig. 11. The wall needs a reaction, R to keep it in equilibrium. That reaction is
provided by the pontoon.

A good location for developing a cluster of floating fields would be in a sheltered
bay. Breakwaters if necessary, can be constructed with concrete tetrapods.

inal section of flgating rige fi

c & =)

Pressure distribution on interior of

dock by fresh water of dock \,

,': " Pressure distribution on

¢ = outside wall of dock
- R

Pressure distribution on
bottom of dock

A s a swimming pool. Water pressure is symmetrical on all four sides sides.
B is a floating ship repair dock. Water pressure is symmetrical on both sides (afloat and submerged.}

Cis a floating rice field. Water pressure is unsymmetrical inside and outside.

Fig. 11 The pressure distribution diagram on the sides and bottom of the field
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However, it is worthwhile considering floating breakwaters with pillow tanks
tethered by marine ropes to rocks. These floating breakwaters double up as addi-
tional water reservoirs.

All the hydrostatic forces for the floating field are moderate as the structure and it
load are light. The water in the pond may vary unlikely to overstress the structure.
This of course can be confirmed by FEM (finite element method).

11 Financing

Finding the necessary capital is of course crucial for small time farmers. However,
if he owns the land on which he grows his rice he can pledge that as a collateral for
a loan and if that is not sufficient to cover the cost of the floating rice field the field
itself may also be collateralized until the loan is redeemed. Even if the land is under
threat of sinking under rising sea levels, it can be economically productive for
instance as fish or seafood farms or as mangrove forest. A floating structure for
planting rice can be designed to last for several decades and can be easily repos-
sessed, relocated, repurposed, and sold so it is a low risk collateral.

12 Concluding Remarks

There are two unrelated but fundamental reasons why floating rice fields may lead
to the betterment of marginalized farmers. The first is an existential one for many
farmers as well as consumers of rice. Vast areas of coastal land are so degraded by
ground water extraction, increased levels of salinity and drought that its viability for
rice cultivation is undermined. Most rice fields are not short of water but short of
reservoirs to harvest and store water for use during the dry seasons. That problem
has never been adequately addressed but can be now.

The second reason is that relocating rice farms to the sea frees up land that can
be used to produce goods and services and provide employment for thousands more
people benefiting the local economy. Growing mangrove swamps for example
protects land from erosion and the trunk (bakau wood) is useful as piles in low rise
buildings and monsoon drains. It is also a natural habitat for a variety of shell fishes
including crabs. Another crop worth considering is coconut, the mother of all
plants. It grows well in coastal areas, requires little maintenance. Every part of it has
a value in one way or another.

The ways to repurpose the land are only limited by the imagination. From
rearing animals for meat to producing bamboo furniture the land can provide more
employment for villagers to supplement income from rice.
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Abstract Floating structures have raised interest in the recent years for different
applications, from living and farming at sea to renewable energy production. To
support the logistics on the floating structures, floating cranes are necessary and
their designs are constantly improved. Increasing developments in the automation
industry paved the way for automated crane operations. In this work, motion control
of a smart crane is presented with particular attention to the performance under
wave motion. In this research, a scaled down, two-dimensional mathematical model
of a gantry crane is derived using Lagrangian mechanics and DC motors dynamics.
This results in a nonlinear system that is capable of simultaneous traversing and
hoisting a container. The system is simulated in MATLAB Simulink environment
and a proportional-derivative control and a state feedback control are designed and
implemented. Their robustness is explored by modelling sensor behavior, external
disturbances and floating platform dynamics. Both control strategies were able to
keep stability in a disturbed system. During simulation, the sway angles never
exceed 10°. Smaller oscillations occurred using the state feedback control.
Therefore, it creates a smoother response compared to the proportional derivative
control, which ultimately translates to increased safety, turnover rate and durability
of the crane.
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1 Introduction

The off-shore engineering industry is quickly growing and innovating to meet cur-
rent societal demands. Transport of goods utilizes cranes to move containers from or
to ships in off-shore fixed and floating platforms. The challenges in the logistics can
be addressed by adding automated crane portals on the floating platforms.

One of the bottlenecks in the process of shipping containers is the handling rate
which is why multiple ship-to-shore (STS) gantry cranes are usually used to (un)
load a containership [1]. The trend in “smart” technology and automation has been
adopted in port equipment design [2, 3]. Currently, some autonomous STS gantry
cranes exist however, most are still operated by a high skilled operator who is
responsible for minimizing container sway as this is the cause for almost half of the
accidents involving containers [4, 5]. The sway angle is the rotation angle of the
hanging container due to the inertia of the container and the effects of side-to-side
and upward-downward motion as depicted in Fig. 1.

Sway angle 8

Container

Eimnmimmnmiss I EiE s el

Fig. 1 A schematic depiction of container sway
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Sway control can result in a higher harbor efficiency due to lower handling times
and improved safety. Out of the quay, on an offshore platform, the sway effects of a
crane will play an even bigger role when handling containers due the motion of
floating platforms and ships. This paper explores how sway control strategies for
STS gantry cranes perform under stress and when they are moved on a floating
platform.

In order to smartly reduce sway of STS gantry cranes, multiple control strategies
currently exist [6]. However, the performance of such systems when they are
disturbed with floating platform dynamics is not yet explored in detail. This
research investigates two sway control strategies, PD (proportional derivative) and
state feedback, on their performance under disturbances. Both feedback control
strategies are known to handle disturbances well [7]. In order to do so, a nonlinear
dynamic system with simultaneous hoisting and traversing is derived for the crane.
Motor dynamics, sensor effects, floating platform dynamics and disturbances such
as wind are taken into consideration in order to test the robustness of the proposed
control strategies. These models are simulated using MATLAB Simulink envi-
ronment. The results comparison is discussed in detail, leading to conclusions and
future work.

2 Modelling of the General System

The proposed system is a two-dimensional scale model of a STS gantry crane. The
movement space of a container is confined by a 2 x 0.5 [m] plane, with a 1.5 [kg]
container. A full-sized container crane moves in a plane of up to 150 [m] x 40 [m],
which can have a container weight up to 25,000 [kg]. Since the model is relatively
small, it is actuated by 2 DC motors, one for traversing, (x-movement) and one for
hoisting (L-movement). The system is modelled in such a way that actuators and
gearboxes will be fixed to the frame, rather than to the moving cart. The following
Fig. 2 shows a simplified CAD model of the crane and pulley system. Here, the
angle of sway in the lower image is 8°. Therefore, if the sway is confined during
movement to a maximum 310°, safety of the scale model can be guaranteed. For a
real-size STS gantry crane this value might be lower due to stricter safety and
quality constraints.

The dynamic model of the system has two components, the crane and the DC
motors. Since the actuators are non-ideal, they have certain constrains. Therefore,
they need to be modelled in order to simulate a realistic actuated system.

In order to derive the crane dynamics, the Fig. 3 has been used. It can be noted
that this system is a simplified overview of what is going on in the actual system.
Most important is that the system represents a pendulum on a cart model with
variable pendulum length.
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Fig. 2 Simplified 2 x 0.5 [m] CAD model of a scaled version STS gantry crane

> '
M, : Massof cart r !
M, : Massofload L.
Fx :  Force on cart i
F, : Forceonload :
Fy : Friction force on cart :
; : Traversing drum radius !
Ty :  Hoisting drum radius i
G, : Traversing gearbox ratio :
Gy, : Hoisting gearbox ratio
L L L : Cable length, velocity, acceleration
xR : Cart position, velocity, acceleration

6,6,0 :  Cable angle, angular velocity, acceleration

Fig. 3 Simplified diagram of the gantry cart including DC motors and pulleys systems

For example, the container and cart are simulated as point masses and friction as
well as damping is initially assumed to be zero. This system is defined by three
states, x, 0, L. To derive the equations of motion for this system, Lagrangian
mechanics was used to derive Eq. 1:

L= (Mg)'c2 + M, (v%x + v%z) +MhL2) + MgLcos 0 (1)

N —

where v, and v, represent the velocities of the load. When the Lagrangian process
is followed, the equations of motion are derived as below.
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. F.+F,sin0
=

Mg
. cos QEtbusint 4 2 1 ¢ in 6
0=— M - (2)
. F . sin O(F, + F}, sin 0
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In order to use these equations in the final controller models, they need to be put
to state space. For the PD controller they are first partly linearized under the

assumptions: sin(0) = 0, cos(0) = 1, 6> = 0.
In state space form this yields the following model:

q =Aq+ BF 3)
y = Cq+ DF

. . T
where g = {XxGGLL} &F = [F.Fg|"
This yields

00 0 0 00 o o O
10 0 0 00 0 0 0
00 % Fo0o0 i w0
_ L L — | ML ML
A=lo 0 1 0 0 0|8 0 0 “)
00 0 0 00 I S
Oo0 0 0 1 0 O O 0

The C matrix becomes the identity matrix as all states can be measured, although
when modelling the results, non-ideal sensors shall be taken into account. The D
matrix becomes the zero matrix as there is no direct output term in the equations of
motion. In order to implement the crane dynamics into a state space controller, the
complete non-linear dynamics can be used.

The actuators that control the traversing and hoisting movements are simulated
as armature-current controlled DC-motors. In case of such DC-motors, the field
current is held constant and the current is controlled through the armature voltage
[8, 9]. The transfer function from the input armature current to the resulting motor
torque is, with K, the motor torque constant.

= Kt (5)
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where

U(s) — K.a(s)

I(s) = R+ Ls

(6)

Combining these equations allows for a voltage input to result in a torque output
with a certain rotational speed depending on the load attached to the motor.

To use these motors most efficiently, a gearbox was implemented into the
system. The gear ratio is calculated knowing the optimal point of the motor through
simulating the motor characteristics. The nominal power of the motor can be
simulated for every angular velocity of the motor and by dividing this through the
losses (heat generation and motor friction) an optimal point can be found. These
gear ratios differ for each load applied to the motor.

Other elements that are in the system model are trolley friction (rolling resis-
tance), pulley efficiency (rolling resistance), pendulum friction (caused by wind
resistance), sensor delay, sensor errors and noise disturbances. The system model is
implemented in MATLAB & Simulink and solved using a variable step method.

The floating platform dynamics implemented to check the overall robustness to
oscillating disturbance, is a simplified way to simulate real waves which gives an
effect of an added sway angle and translation of the cart. The waves are modelled as
sinusoidal sources with addition of random oscillations smoothed out by a low-pass
filter as in Eq. 7. This way, the wave source has the oscillatory, and unpredictability
properties of sea waves. This is not sufficient for modelling real waves due to
disregarding properties like angular momentum and drag [10], but it is suitable for
exploring the robustness of the floating crane subjected to a ‘random’ oscillatory
disturbance.

. .1 (C, . .
¢(t) = Rppr(0, u, 1) sin(wgt) + sin™! <F |sin(wst + @g) — sin(wyt + (pA)|> (7

With ¢(¢) being the calculated wave angle and ¢, and @ being the initial phase
angles at point A and B which are both endpoints of the floating platform. wg and
w; are the angular frequencies of respectively the random wave and the sinusoidal
wave. Ry pr(0, 1t,t) is a low-pass filtered random number depending on the mean o,
variance u and time ¢. The size of the platform is given by P. C is the amplitude of
the sinusoidal wave.

3 Motion Controller Design

In order to minimize “stress” on the controller, the input is shaped using a low pass
filter. The effect of this is that the input will not be a step, rather a smoothed out
curve. When a step is the input, overshoot from the controller generally occurs,
which is in a real-life STS gantry crane could cause damage and accidents and is
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therefore to be avoided. By smoothing out the input curve to the desired (reference)
state, the feedback error becomes smaller initially and stays smaller throughout the
movement, therefore the controller is better able to follow the reference. Which
results in little to zero overshoot.

3.1 PD Control

The DC motors are controlled by the error of the desired rope length and the
container location, x + Lsin(0). Most importantly, to be able to use PD control on
this system, a separate gravity compensation is necessary. Because as the system is
reaching its target location the proportional and derivative error is zero, so no
voltages are supplied to the motor anymore, however the gravity is still pulling on
the cable, resulting in the load to descend. Clearly the motor needs an offset
minimum amount of voltage to compensate for gravity, the so called ‘holding
torque’. By adding a minimum voltage (later called holding voltage) to the motor
corresponding to this force so the rope length does not change. By modeling the
motor model with different opposing moments, the ‘holding voltages’ linked to this
torque can be found using fixed point iteration. Resulting in the following char-
acteristic Eq. 8:

12

hold — T 8
Viold = 5457 (8)

3.2 State Feedback Control

For the state feedback control, full nonlinear equations of motion can be used in the
process part. In the process block, the input u = —Kq + k,r is a voltage that is
applied to the motors, where ¢ is the state vector and r is the reference signal
containing the desired x-position of the gantry and the desired cable length.

r= % L] )

The process is separated in two parts: the motor dynamics and the crane
dynamics. The inputs to the motor are the voltages u, the outputs are the forces F
that act on the crane.

For this system, the K matrix will be of size 2 x 6, thus consisting of 12
individual values, making it impossible to tune it by hand. Instead, the method of
Linear Quadratic Regulation (LQR) will be used. With LQR, the costs of errors in
the states ¢ are described by a 6 x 6 matrix Q matrix and the costs of usage of the
inputs u is described by a 2 x 2 matrix R. Here each Q; and R; represent the cost
factor associated with i. These can be varied to tune the systems behavior.
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To determine the controller gains, the A, B and C matrices are required [11]. To
obtain these, the entire process from the voltages u to the states, including the
motors, gearboxes, pulley efficiencies etc. must be implemented into one model.
For this, the equations of motion, Eq. 2, are the starting point. A substitution for the
forces needs to be found that is expressed in terms of the applied voltages. The DC
motors however have nonlinear dynamics, which need to be linearized. When the
sum of moments around the motor shaft is taken, a formula for the motor force F,,
can be obtained.

In this formula, the current i can be substituted by the inverse Laplace transform
of Eq. 6 (rewritten for i). The angular velocity and acceleration of a motor can be
expressed in the corresponding state, using dummy g (for traversing, g = x; for
hoisting, ¢ = L), with & = # and & = ﬁ On top of that, because of the pulley
system with efficiency s the force that actually actuates the load is Fiyqq = onm.
Incorporating these and translating Fj,,q to F, for the cart and to F}, for the spreader
results in.

Kvtz + bR s 77pr %+ prKz . ’/’prtLi l./

F. = — 11
* Ty r2G\R x r)%Gxx R R (11)
K>+ bR . J. K KL ,
Fy = —np, t2+ - nzph L+ ot “Up - ot Iih (12)
r, GhR r, Gh th th

These can then be plugged into the equations of motion. The resulting equations
have to be linearized further. To solve this, four measures are taken:

e The motor inertia J is relatively small, and therefore set to zero.

e The controller gains are calculated for a constant L (and therefore also L=0).
The negative effect of this is reduced by the use of gain scheduling (explained
later).

e The controller gains are calculated for a zero degree sway angle (and therefore
also 0 = 0). This is not considered to be a problem since the desired maximum
sway angle is 8°. Which in radians is just 0.14 rad. Furthermore, this is only
maximum, and most of the time it will be lower.

The voltages receive priority to be taken into the state vector. In cases where 0,
0, L or L can be taken into the state vector, this should be done instead of setting
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them constant/to zero. When these measures are all applied, the equations of motion
can be converted to state space.

_ , _
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1 0 O 0 0 0
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The C matrix needs to be of a2 X 6 size, and is taken to givey = [x L]T, thus
becomes

0

0
¢ 1

1 00
|0 0 0 O

0
0 (15)

As said in section earlier, the cable length L is taken to be constant. However, in
the real world, the cable length is variant and never zero during operation. Choosing
a single value for L is thus improper. Therefore, controller gains have been cal-
culated for the following cable lengths.

L={010 0.15 020 ... 095 1.00} (16)

During operation, the gain scheduler monitors the current cable length using
sensors and applies the controller gain corresponding to the ones calculated for the
cable length closest to the current length.

4 Simulation Results and Discussion

To obtain useful results, tests have been performed where the task is to do one full
cycle of container transshipment. This has been tested both on a stationary and on a
floating platform with the PD controller and the state feedback controller. Each test
includes a random external disturbance on the actuator forces with a maximum
magnitude of 10% of the highest possible actuator force as seen in Fig. 4.
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Fig. 4 The 10% random disturbance size plotted against time

A full cycle can be divided in four steps:

e Step 1: The traversing from the crane center to the container pickup location on
the ship.

e Step 2: The hoisting and traversing with the container.

e Step 3: The descending and traversing with the container and

e Step 4: The hoisting and traversing without the container.

These points are shown as dots in the results. All tests include sensors that have a
delay of 10 ms and an error of 2%. The load sensor has an error of 5%. In the
tuning process of both control strategies the intention is to reach the target position
as fast as possible while keeping the maximum sway angle within £10°. On top of
that, oscillating behavior has to be kept to a minimum. In addition, an animation of
the system in real-time was made as seen in Fig. 5. This is for the case of a crane
with PD controller on a stationary platform with 2.5% disturbances. To show how
well the performance is, the containers are on a moving ship, as they would in real
life. The pulley corresponding pulley efficiency (n,,) have been roughly estimated at
75 and 86% for the hoisting cable and respectively for the translation of the cart.
The rolling resistance of the cart (steel wheels on steel rails) is estimated to be
0.0020. The pendulum damping factor of the rope is estimated to be 0.02.

In this paper, only the results of the case of the crane on a floating platform are
shown. From the results of the case of the crane on a stationary platform it became
evident that both systems performed very well and kept the sway angles within 10°.
However the state feedback executed the tasks slightly faster, with less shocks and less
oscillations. Therefore it is regarded as the better performer when the crane is stationary.



Motion Control Strategies for Smart Floating Cranes 251

Traversing

»
v

Hoisting R ) |

Fig. 5 The animation of the simulated crane system with PD control

Figures 6 and 7 show results for the case for a crane on a floating platform with
the PD controller and the state feedback controller respectively. The systems work
with input shaping, but in the graphs this is not shown.

For the crane on a floating platform, the PD control gives really good results.
Execution of tasks is fast and the sway induced by the waves is successfully
counteracted. Also, the sway angles are still suppressed within £10°, though there
is a lot of oscillation. The state feedback also performs well, but has more trouble.
Performance is about 10 s faster, but the waves cannot seem to be counteracted.
Rather, as can be seen in the cable angle plot, the exact wave pattern is present.
Still, when looking at the container location plot, the accuracy of the state feedback
is pretty good. Yet, the accuracy of the PD is even better, almost the same as for the
case of the crane on a stationary platform. Therefore, it seems like the PD is more
able to adapt to the waves, and therefore more robust than the state feedback.

The performance of the control strategy is highly related to how the system is
tuned. This is iterative work for both the PD and state feedback, though it can be
concluded that the state feedback is easier to tune. This is due to being able to
assign more importance to certain states and/or actuators, which is much more
intuitive than tuning a PD.

The system in this research is modelled as a load hanging with a single infinitely
rigid cable, whereas in a full-size STS gantry crane this would be with multiple
elastic cables. However, it is expected that the spreader would be less prone to
swaying in such a model. Assuming elastic cables do not make a big difference,
modelling the system with a single cable may therefore be regarded as a worst-case
scenario.

The noise and disturbance in the model is made by a random generator, whereas
in real life this may not be such randomly distributed. However again, the ran-
domness may be regarded as a worst-case scenario, as this is the furthest away from
monotony behavior.
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Fig. 6 The results of the PD controller with floating platform dynamics

The PD uses a partly linearized system model. Therefore, if the linearisations are
not justified, the simulation results may not represent what would happen in reality.
Since the sway angles always stay within +10°, the linearisations sin(f) — 0
and cos(0) — 1 are acceptable. On the other hand, the linearisation 0> — 0 is not
justified, as the highest angular velocity is 0.8 rad. However for about 95% of the
trajectory, it does not exceed 0.5 rad. The state feedback controller does not contain

linearisations.

The system is a scale model of a crane. Due to scale-effects, the results could be
somewhat different for a real size crane. Nevertheless, these results show the overall
robustness of a floating crane, which should be at the same level for real size crane.



Motion Control Strategies for Smart Floating Cranes 253
Angle of the cable
10
— ‘
o —
8 0 /2 - ~3 e e I .
- S \ V4 \ /
=1 L \J/
-10 L L L L L L J
0 5 10 15 20 25 30 35
time (s)
x-location of the container
T Faaai IS 3 xocation
—_ & ‘ — — — - Desired x-location
E ot ——
x o
& b /
-1t I I S . 2 I I I '
0 5 10 15 20 25 30 35
time (s)
z-location of the container
0.4+4—=2 e —_—
s b 5 o
% OB N = "3/ 3 /
5 Nl z-location
o 74 — — — - Desired z-location
L L L | L 1 J
0 5 10 15 20 25 30 35
time (s)
Trajectory of the container
0.4 -t
Eo2 : E———S e
N (]
. U
1 1 1 1 1
-1 0.5 0 05 1
x (m)

Fig. 7 The results of the state feedback controller with floating platform dynamics

5 Conclusion

This research resulted in a scale model of a ship-to-shore gantry crane system.
Crane and motor dynamics, frictional forces, external disturbances, sensor effects,
pulley efficiencies as well as any physical constraints such as maximum motor
voltages were all implemented. Next, this model was simulated and controlled by
two different motion controllers, a PD controller and a state feedback controller.

Multiple tests are performed with both controllers.

From the tests done for cases with the crane on a stationary platform it can be
concluded that both controllers handled the tasks well, however the state feedback

performed slightly better than PD.

From the tests done for cases with the crane on a floating platform it can be
concluded that still both controllers fulfilled the tasks, however the state feedback
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had more trouble to compensate for the waves than the PD. Therefore, the PD
seems to be more robust than the PD. Still, more research has to be done to be able
to conclude which is better.

Naturally, to draw conclusions for a real life and full scale gantry crane, more
research and testing has to be done. To this end, topics that could be investigated in
a follow up research could include: other types of input shaping as this noticeably
influences controller responses, a full-scale model incorporating elastic behavior,
third dimension effects and safety measures such as collision prevention. More
research in optimal trajectory determination should also be done for increased
efficiency. The implemented floating platform dynamics were simplified and
therefore, more realistic floating platform dynamics should be researched in the
future as well.
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Modular Multi-purpose Floating
Structures for Space Creation

Jian Dai, Oyvind Hellan, Arnstein Watn, and Kok Keng Ang

Abstract Modular multi-purpose floating structures (MMES) are an
approach for space creation on the sea. The basic idea is to create “land

)
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innovative
on sea” by

connecting a number of standardized modular units to form the desired size and
shape for generic applications. The research presented in this paper was part of the
multi-purpose floating structure (MPFES) project funded by the Land and Liveability
National Innovation Challenge (L2 NIC) Directorate and JTC Corporation in
Singapore. This paper presents an overview of the concept development and
evaluation of the modular units and inter-modular connectors. Results from detailed
structural and hydrodynamic analyses as well as scaled model tests show that the
proposed solution is technically feasible. The construction methodology and pre-

liminary cost estimate are also presented and discussed.
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1 Introduction

Singapore is a condensed city-state. With a land space of only 710 km?, it is home
to more than 5.8 million residents. In order to sustain the development growth,
Singapore has been making efforts to create useable space for different purposes
through various means such as high-rise buildings, land reclamation, underground
utilization, etc. Among these approaches, the very large floating structure (VLFS)
technology is also proposed as one viable way to create space on the sea.
Construction of large floating structures is technically feasible in Singapore because
of its benign sea state condition and strong offshore construction capability.
Towards exploring and implementing large floating structure applications in
Singapore, the Land and Liveability National Innovation Challenge (L2 NIC)
Directorate and Jurong Town Corporation (JTC) funded the project Multi-Purpose
Floating Structures (MPFS). The research work was carried out by the National
University of Singapore (NUS), SINTEF and the Norwegian University of Science
and Technology (NTNU) and included collaborative multidiscipline research
including theoretical analyses, laboratory testing and evaluation of construction and
maintenance costs. Besides the research institutions, Shimizu Corporation has also
been invited to participate in this project to evaluate the engineering method for
construction, installation and marine operations of the proposed floating structures,
together with the cost estimation.

The MPFS project aims to develop innovative and optimal structural and
foundation solutions, lightweight concrete recipes as well as construction methods
for (1) hydrocarbon storage, (2) floating bridges and (3) modular multi-purpose
floating structures. The research on the hydrocarbon storage focuses on the
development of the world’s first floating prestressed light-weight concrete storage
facility with a capacity of 300,000 m® [1, 2]. The research on the floating bridge
focuses on developing new design concepts for the ASEAN’s first floating bridge
spanning over 500 m of shallow waterbody [3, 4]. An overview of the research
activities on these two studies was given in [5].

The objective of the modular multi-purpose floating structures (MMES) is to
develop innovative solutions for the creation of “land on sea” of a desired shape and
size for multiple applications. Some of the identified applications include floating
aggregate storage facility, floating flatted factories, floating houses (dorms) and
floating fish farms. Space creation is to be achieved by connecting a suitable
number of modular floating units. These floating units and connectors should be
standardized and optimized to reduce costs by ease mass production and optimized
installation.

This paper presents the development of innovative design concepts for modular
multi-purpose floating structures. Innovative concept designs and evaluation of the
modular units and inter-modular connectors are presented. Results from structural
and hydrodynamic analyses as well as scaled model tests are presented and dis-
cussed. In addition, this paper also presents the construction methodology and
preliminary cost estimate of the proposed design concepts.
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2 Design Concepts

As its name suggests, the design of modular multi-purpose floating structures
should be generic with focuses on some specific applications. The specific appli-
cations are aggregate storage, flatted factories and housing properties. The concept
should however be generic and not limited to these applications. Besides, the design
shall meet a few requirements, including optimal basic shapes, sizes and connector
designs, optimized use of sea space, fulfilment of classification rules and safety
measures for floating structures, cost-effective solutions for logistics, construction
and installation. The footprint of the deployment is 10 ha. The design working life
shall be 60 years with minimum maintenance.

The design permanent and imposed loads vary with the application of the
superstructures. It may be appropriate to categorize the design payload scale into
three groups. In group 1, the average payload is smaller than 25 kPa representing
greeneries, public space and 2-storey dorms/apartments. For group 2, the average
payload ranges from 25 to 45 kPa representing typical light industrial applications
such as 2-storey flatted factories and low-rise housing properties such as 3-4 storied
dorms/apartments. Group 3 is for heavy industrial applications with average pay-
load beyond 45 kPa but limited to be less than 80 kPa. This limit is imposed in
view of the loss of the advantage of the floating structure due to large draft to
seawater depth ratios resulting in non-economical designs. Aggregate storage is one
example of heavy industrial applications.

2.1 Shape and Size of Modular Unit

The modular multi-purpose floating structures are formed by connecting several
basic modules to form the required size and global shape. The research team has
considered three options in basic shapes. Option 1 consists of rectangular modules
connected in a staggered configuration with square and triangular modules at the
edges and corners, as illustrated in Fig. 1. For convenience, this basic shape option
shall be collectively termed “RECT”. Option 2 consists of only square modules,
and thus termed “SQUARE”. Option 3 comprises hexagonal modules. It is termed
“HEXA”. For all design options, the modular units are to be made of prestressed
concrete with internal bulkheads serving as stiffeners.

From a preliminary comparison, design option 1 may provide wider choices in
connecting modules, wider choices in inter-modular connection stiffness and nat-
ural straight edges for berthing purposes. The construction and fabrication are
comparatively easier and cheaper. In addition, the regular shape enables easier
planning of the superstructure. On the other hand, design option 3 provides a single
standardized shape and size with corresponding optimal use of structural material
and rigid inter-modular connection. Both design options also face their challenges.
For example, there are three types of modular units needed in design option 1.
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Fig. 1 Design options for modular units

Design option 3 lacks natural flat edges in the global layout for easy berthing unless
half hexagonal modules are engaged. Design option 2 is considered in between in
terms of the pros and cons.

2.2 Inter-modular Connector

The design of the module to module connection is critical in the development of the
MMEFS. The connection should ideally have the capabilities such as self-alignment,
impact attenuation, easy engagement and adequate strength [6]. Besides, it is
desirable that to allow for a certain degree of rotational flexibility such that the
moment developed due to environmental loads could be greatly reduced. For
concrete floating modular units, the conventional design is based on the use of
prestressing tendons/bars and shear keys. Figure 2a illustrates one example of
connecting two concrete floating modules. The connection engages the modules
through prestressed tendons both at the top and bottom of the modules. The tendons
form a force couple that is capable of resisting moments developed at the con-
nection interface. The shear to be transferred at the connection is taken by the shear
key. Due to the prestressing of tendons, the connection is always engaged, thereby
forming a rigid connection. Figure 2b gives another example by Hyundai based on
prestressing bars that is used in the Incheon Concrete Floating Quay project [7].
It is essential to prevent the potential of water leakage and to ease the offshore
activities by having the operation only at the top surface of the floating units. The
research team brainstormed and proposed an innovative inter-modular connection
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(see Fig. 3). This connector design comprises a top part with a tension member and
a shear key. The top connector resists tension/splitting forces between connected
modules and does not transfer moment. It can be used as a winch during the
alignment of the modules. The shear key comprises a movable male part that can be
adjusted up-and-down and in-and-out to cater for the construction tolerance. The
up-and-down adjustment of the shear key is made possible through a jack. The
in-and-out adjustment can be achieved by fitting in a shim plate. An alternative
design with concrete shear keys is also proposed (see Fig. 4). Once the positioning
of concrete shear keys is achieved, they can be grouted to the module using
high-strength rapid-hardening grout.

2.3 Station-Keeping System

The development and evaluation of station-keeping solutions for floating structures
involve several factors, including soil conditions, water depth, sea environments,
sea-bed erosion and construction and maintenance costs. Based on the previous
experiences on the hydrocarbon storage facility and floating bridges, it is concluded
that mooring dolphin is a feasible foundation solution for floating structures in
Singapore. This is in view that the soils could vary from layered soil to soft marine
clay, the water depth nearshore is fairly shallow, and the sea conditions are rela-
tively calm. It is also worth noting that the intended modular multi-purpose floating
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Fig. 3 New connection design for modular multi-purpose floating units with steel shear key
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Fig. 4 Alternative connection design with concrete shear key

structure has a very similar overall geometry and thus environmental loads to the
hydrocarbon storage facility. Thus, the mooring dolphin designed for the hydro-
carbon storage facility is adapted here. An illustration of a mooring dolphin with
inclined piles is shown in Fig. 5.

Fig. 5 Illustration of
mooring dolphin
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3 Concept Evaluation

Detailed evaluations are conducted to investigate the advantages and disadvantages
of the proposed design options. These include the global analysis to evaluate the
magnitude of forces developed at the connection, structural performance of modular
units, hydrodynamic performance of truncated global layouts as well as buildability
and construction economy.

3.1 Global Analysis of Connection Force

The global performance of the three proposed design options is compared through
detailed finite element simulations. A segment of the global layout of the MMFS is
selected for the evaluation of the modules under various possible load patterns.
Figure 6 shows the selected segments of the global layouts under four different
loading patterns corresponding to the three design options. Finite element models
are constructed accordingly based on plate theory with the properties idealized from
the actual 3D modular model. Inter-modular connection stiffness is assumed to be
rigid. The modules are supported by area springs to represent the hydrostatic
pressure. Two different loading levels are considered, namely 25 and 80 kPa, which
represent the loading corresponding to a floating residential application and
heavy-duty aggregate storage, respectively. This study aims to evaluate the shear
forces and moments developed at the inter-modular connectors and how they are
affected by the modular shape and size as well as the global configuration.
Different loading patterns are considered and the one inducing the highest
connection loads for each design option is identified. This load pattern is then
employed in a detailed study on the global connection loads. The total connection
shear force, bending and twisting moments are obtained by scaling up the truncated
numerical models to an equal global footprint. The results from the analyses are,
listed in Table 1. The results show that the difference in shear force and twisting
moment between RECT and HEXA is relatively small. However, the connection
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Fig. 6 Truncated global models and examples of possible load patterns
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Table 1 Comparison of connection loads of different design options

Total connection load RECT SQUARE HEXA
Connection length 805 m 1,120 m 980 m
Shear (25 kPa) 432 MN 570 MN 450 MN
Shear (80 kPa) 1.3 GN 1.7 GN 1.3 GN
Bending (25 kPa) 11.5 GNm 14.4 GNm 8.4 GNm
Bending (80 kPa) 36.8 GNm 48.0 GNm 26.8 GNm
Twisting (25 kPa) 6.8 GNm 6.3 GNm 5.3 GNm
Twisting (80 kPa) 16.2 GNm 22.5 GNm 16.8 GNm

bending moment with HEXA is found to be 27% lower than RECT. SQUARE is
also found to have the highest connection loads due to its long total connection
length.

3.2 Structural Performance of Modular Units

This section compares the structural performance of various modular units. In the
comparative study, the highest loading level, i.e. 80 kPa representing heavy-duty
aggregate storage, is considered. Finite element models are developed for the dif-
ferent shapes using the commercial software ABAQUS. Solid brick element
(C3D20R) is used to discretize the main concrete structural components. The
floating modules are supposed to remain in the linear elastic range of behavior at the
service state. A linear elastic model is defined and the lightweight concrete density
(including steel reinforcement) is assumed as 2,000 kg/m>. The material input for
the concrete model has a Young’s Modulus, E, of 30 GPa and a Poisson’s ratio, v,
of 0.17. Through iterative structural analysis using the finite element method with
the consideration of a minimum freeboard of 2 m to ensure operational purposes,
the total height of the floating modules is found to be 18.5 m. Note that such a
heavy-duty application is meant for long-term strategic storage of aggregate.
Therefore, frequent loading and unloading which may cause significant change in
the draft of the floating modules are not expected.

Figure 7 shows the sectional view of a floating unit with considered loadings.
The load of 80 kPa is applied as a uniformly distributed loading on the top slabs of
the modular unit. The hydrostatic pressure due to seawater is taken into account.
Springs are modelled beneath the base slab in the FE models to simulate the upward
buoyancy effects. Draft values for each floating module are determined by bal-
ancing the upward buoyancy force with downward load effects.

Table 2 summarizes the required amount of concrete and steel for the three
different design options. More details regarding the finite element modelling and
analysis results can be found in [8, 9]. As it can be seen from Table 2, the three
design options have similar structural performance. More specifically, RECT and
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Fig. 7 Schematic diagram of loadings applied on arbitrary cross section
Table 2 Concrete and steel usage for different design options
Design Draft Freeboard Total concrete volume per Total steel weight
(m) (m) planar area (m3/m2) per planar area
RECT 16.1 2.4 32 0.16
SQUARE |16.38 2.12 33 0.19
HEXA 16.5 2 32 0.16

HEXA have the same amount of concrete and steel, while SQUARE requires a
slightly higher amount of the material.

3.3 Hydrodynamic Performance of Connected Units

Both physical model tests and corresponding numerical simulations are carried out
to evaluate the hydrodynamic performance of the proposed design options. In the
numerical model, a one-line configuration made of connected square or hexagonal
units is considered for the sake of simplicity, as illustrated in Fig. 8. In view of their
geometric difference, 7 square modules and 8 hexagonal units are considered,
respectively. Each modular unit is considered as a rigid body and the potential flow
theory is applied to model the fluid. In each model, hinge connectors are used for
the floating unit in connection to the quayside. Note that the model made of square
units can also be used to represent the design option of “RECT” in view of the fact
that each rectangular unit can be considered as two rigidly connected square units.

Model tests of the proposed design concept were also carried out at the wave
basin in the National University of Singapore during November 2018. The tests
focused on the hydrodynamic behavior of the modular system in waves. Due to the
limited area in the wave basin, it was not impossible to test an entire system.
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Fig. 8 Numerical models of connected modular units

Fig. 9 Experimental model of one-line system

Therefore, tests were performed only on systems comprising square units. Figure 9
shows the setup of an experimental model of 7 connected modular units at the wave
basin.

Figure 10 shows the comparison of the bending moment developed at the
connectors from the numerical and experimental models. In the comparison study,
regular waves with a wave height of 2 m and a period of 7 s in the longitudinal
direction of the system are considered. Good agreement is found between results
obtained by using the numerical model and experimental model. Although the
numerical results tend to be slightly larger than the model test results. This slight
overestimation is probably due to the uncertainty occurred during the experiment,
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such as the viscous effects or shallow-water effects. Nevertheless, the numerical
model is verified and validated.

The numerical model is next applied to investigate the difference in the
hydrodynamic performance between square and hexagonal modular units. Table 3
lists the motion of floating units and connection forces developed under a 100-year
sea state with a significant wave height of 1.8 m and peak period of 7 s. In general,
the design option HEXA has slightly smaller motions and forces under wave

Table 3 Hydrodynamic performance of one-line modular systems

Parameter SQUARE HEXA HEXA/SQUARE (%)
Pitch (°) Max 0.196 0.187 95.4
Min -0.227 -0.212 93.4
Std 0.062 0.058 05.6
Shear (kN) Max 3.20E+03 2.90E+03 90.6
Min —2.97E+03 —2.84E+03 95.6
Std 9.11E+02 8.40E+02 92.2
Moment (kNm) Max 1.34E+05 1.23E+05 91.8
Min —1.30E+05 —1.20E+05 92.3
Std 3.82E+04 3.48E+04 91.1
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actions. However, the difference between SQUARE, RECT and HEXA is rather
small. For more detailed information of the hydrodynamic study, the reader may
refer to [10, 11]. It is worth highlighting that there was a large-scale model test
conducted at SINTEF Ocean to examine the hydrodynamic performance of the
proposed hydrocarbon storage facility [12]. The experimental results are also of
important value in view of the fact that both applications have similar overall
dimensions.

3.4 Buildability and Cost Comparison

Integration of superstructure and floating substructure may help to reduce the cost
of a floating facility. Normally the design of floating structure starts with super-
structure planning, and then design the floating structure corresponding to super-
structure’s size, height, column span. Following this process, it is possible to
optimize the floating structure design and reduce the cost. However, since the
current study focused only on the floating structure, the buildability and cost
evaluation based on the schematic design are indicative only.

It is assumed that the footprint of superstructures covers 60% of the floating
structure area with a plot ratio of 2.5, i.e. the ratio of gross floor area is 250%. The
superstructure is 4-storied and a total payload of 40 kPa is assumed to be applied to
the floating units.

For the construction of the modular units, it is recommended that they are
fabricated using dry docks. There are only a few dry docks available in Singapore
and the region which have the capacity of construction a few units concurrently. In
general, all modular units can be constructed using standard methods. However, the
hexagonal units have oblique sides which tend to introduce complications of the
construction. An evaluation by Shimizu corporation shows that the buildability of
HEXA design option is about 20% lower than RECT and SQUARE [13].

For the cost comparison, only indicative overall cost is examined. This is due to
the fact that there are many uncertainties in the plan and details at the conceptual
design stage. However, this indicative cost is aimed to be utilized as the basis for
the purpose of further study of design and construction methods to reduce the cost.
It should be noted that the estimation was conducted by Shimizu corporation using
Japanese rates due to the lack of locally available information. The cost estimate
includes concrete floating work and the landing/towing work. For the latter, the
outfitting at quayside and offshore connection work as well as dock rental fee based
on Japanese rates are considered. Also note that although the Japanese rates are
used in the cost estimate, the study focuses on the relative cost between different
design options. For the detailed analysis of the construction cost, other available
fabrication facilities elsewhere may be consulted. However, this is outside the scope
of the study.

The evaluation estimates that the total construction costs for RECT and
SQUARE are virtually the same as they have a very similar geometry. HEXA has
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Table 4 Comparison between design options

Selection criteria RECT SQUARE HEXA Weightage
Global static performance 1 0.78 1.37 40%
Hydrodynamic performance 1 1 1.07 10%
Payload carrying capacity 1 0.96 0.99 50%
Efficiency of structural system 1 0.89 1.15 100%
Buildability 1 1 0.8 -
Cost-effectiveness 1 0.95 0.87 -

more modular units and the construction with oblique walls increases the cost for
each module by about 20-30%. Overall speaking, the total construction cost for
HEXA is about 15-20% higher than RECT and SQUARE [13].

3.5 Comparison of Design Options

With the studies on the global performance, structural behavior, hydrodynamic
performance and buildability and cost-effectiveness, a quantitative comparison is
made possible by assigning appropriate indices to the performance of the design
options in each of the identified selection criteria with appropriate weightage, as
shown in Table 4. Note that for all selection criteria, the performance of RECT is
set to 1 and chosen to be the basis for comparison. Higher indices refer to better
performance. In general, all design options are technically feasible. HEXA is found
to perform the best in term of the global static performance owing to the natural
interlocking mechanism with oblique connectors, followed by RECT and SQUARE
in sequence. RECT scores the best in terms of ease of cost effectiveness, structural
performance, construction, ease of marine operations and planning of
super-structure. In view of this, it may be reasonable to choose RECT for further
detailed research analysis and design.

4 Conclusions

This paper presents the development of innovative design concepts for a modular
multi-purpose floating structure. Studies on the global static behavior, structural and
hydrodynamic performance, station keeping system as well as buildability and cost
economy are carried out. The results show that construction of large floating
structures for generic applications in Singapore coastal waters is very doable
because of the benign sea state and strong offshore industry capability. The study
also reveals that all proposed design options are technically feasible. Considering
both the efficiency of the structural system and cost economy, the design option
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comprising mainly rectangular modular units appears to have the best performance
and thus can be chosen for future detailed research, analysis and design.
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A Study on Stability of Floating M)
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Toshio Nakajima, Yuka Saito, and Motohiko Umeyama

Abstract Herein, the authors describe an overall approach to the architectural
design of floating structures such as floating houses. The primary aim of this study
is not to present a method for stabilizing floating structures, but rather to provide a
design synthesis method for use when designing such structures. More specifically,
we propose an integrated procedure for use at the preliminary design stage of such
structures that systematically facilitates their overall design. As an inclining plat-
form could endanger the people on board, it is necessary to determine an adequate
metacentric height in order to prevent such occurrences. This measurement, which
is defined as the distance between the center of gravity of a floating structure and its
metacenter, quantifies the initial static stability of a floating body. Based on this
idea, we consider the associated problems as well as the methods used in practical
procedures, and combine them to introduce a unique approach called the “required
GM” method. We also discuss the different and various aspects used in basic
configuration determinations of floating architectural structures, such as the aspect
of static stability and the overall process used at the conceptual design stage. In
addition, illustrative examples of an idealized floating platform embodying the
simplest possible structures are provided to illustrate these points.
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1 Introduction

In spite of widespread movements to reduce greenhouse gas emissions, substantial
reductions have yet to be achieved, and it may already be impossible to halt the
acceleration of rising sea levels caused by the influence of global warming [1]. The
situation is worsened when we consider that many of the world’s cities are located
in low-lying areas that are in dangerous proximity to the sea and/or large rivers.
A novel remedy against such serious conditions is to modify such cities by
incorporating floating solutions into architectural structures as a way to achieve
safety and security against flooding hazards [2, 3]. Examples of such dangerous
conditions can be seen in the island nation of Singapore, which must be constantly
vigilant against flooding because most of the island is flat and very close to sea
level. Since Singapore also suffers from both shortages of both freshwater and
available land, we have previously explored a unique floating solution that involves
extensive, large-scale excavations of flat areas in order to create numerous artificial
reservoirs, on top of which pontoon-type buoyant structures with supertall and
high-density residential buildings can be constructed [4]. This method, which is
designed to transform water surfaces into floating cities, also provides potential
solutions to increased population levels (Fig. 1), and it is expected that many other
cities around the world could potentially benefit by utilizing similar structures to
avoid future flooding crises.

At the other end of the size spectrum, tremendous numbers of floating houses
have already been constructed on seaside areas and lakes all over the world [5].
However, since these floating houses are small in size, they are relatively unstable,

Fig. 1 Perspective view of “Singapore Water City”
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which means they frequently move under the influence of the winds and waves.
This can cause many people to feel uncomfortable. In contrast, large floating hotels
and/or urban condominiums built on floating foundations can provide more stable,
and thus more comfortable, alternatives to small floating houses. In all such cases,
to ensure occupant comfort and safety, the most important factors related to such
floating structures are static stability and need to prevent unfavorable listing that
could result from various loadings. Nevertheless, there will likely be an increasing
need for even more floating structures in the near future, since climate change and
rising sea-levels due to global warming will become rapidly more serious.

In a previous study, Takarada et al. [6] introduced a unique scheme called the
“Required GM” method, which can be used to minimize the large-scale listing of
semi-submersible oil rigs that might result from various environmental loads.
Herein, that method is modified for the purpose of designing the floating archi-
tectural configurations by minimizing the inclining angles that can be generated.
We believe that our proposed method is practically applicable for determining the
structural elements of pontoon-type floating structures, and can be expected to have
more practical applications when used by architects and/or designers at the pre-
liminary design stages of such structures.

2 On the Stability of Floating Architectures
2.1 General

The need for stability plays a key role in the design of floating structures. Some
items and/or elements of static stability for a floating structure are shown in Fig. 2.
Indeed, its impacts on safety and comfort make it a fundamental consideration for
architects and/or designers in their preliminary design stages. Therefore, at the
beginning of the design process, it is important to determine the size of some
principal elements, such as the length, width, and depth of the floating foundation.
For a floating structure, the most important aspect of static stability is the location of
the center of gravity (G). In this section, we discuss some fundamental studies on
static stability for a pontoon-type floating structure as well as the basic theory of
static stability. Here, the wind force is considered to be the most influential force,
since it has generally been regarded to be the main force that must be counteracted
according to the existing rules and/or regulations of classification societies. More
details on wind force as well as wind intensity change with respect to height are
shown in Appendix A.
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Fig. 2 Items of static
stability
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2.2 Fundamentals on Static Stability for Floating
Architecture

When external forces such as wind act on a floating body, the free-floating body
tilts due to the heeling (or overturning) moment introduced by forces such as
that caused by wind, with the location of the center of buoyancy (B) shifting lee-
ward and then the platform tilting in the inclining angle (¢), as is shown in Fig. 3.

Fig. 3 Inclined condition of
a platform due to winds
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At that point, the corresponding righting (or restoring) moment (Mg) is created to
cancel out this heeling moment.
The righting moment (Mg) is given by

Mg =F-GZ (1)
(F=W = pgV)

where F is buoyancy, which is equal to the weight of the floating structure (W), g is
the gravity, and p is the water density. The GZ is the horizontal distance (or lever
arm) and is expressed by the following equation as in Ref. [6].

GZ(¢) — sin¢<G—M+ LB’ ¢> 2)

When ¢ is very small, the second term of this equation can be ignored as
follows.

GZ(¢$) = sin¢ - GM (3)

This term also appears in the righting moment My as

Mg = GZ(¢) - F = F - sin ¢ - GM. (4)

If the vertical distances of both the center of buoyancy (KB) and KG are known
(see Fig. 2), both the KM and GM values are estimated easily by calculating the
BM value obtained from the following equation.

— I
BM = (5)

Here, I, is the moment of inertia in relation to the y axis, and is calculated by the
following equations in the case of a rectangular pontoon (see Fig. 4).

1
Iy:EBL3+l§~B-L (6)

Additionally, assuming that ¢ is sufficiently small, it can be computed by the
following equation from Appendix B:

180. " M
- GM w

(7)

o(in degrees) =

where ) . M; indicates the sum of possible overturning moments caused by various
combined loadings while W indicates the total weight of the floating structure.
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Fig. 4 Right-handed cartesian coordinate system of rectangular pontoon

2.3 Static Stability Comparisons of Floating Architectures

Several computational studies were conducted on the static stability of small-sized
floating structures. In those studies, comparisons of the inclining angles that result
from the same wind intensity (20 m/s) were carried out to show that platform
inclining angle differences occur when the KG is at different locations. The drag
coefficient (Cp) for the upper structure on the floating pontoon was assumed to be
2.0 for these computations. The configuration and dimensions of a floating house
are shown in Fig. 5 and Table 1, respectively.

Figure 6 shows a comparison of inclining angles (in degrees) resulting from
wind imposed on the non-dimensional length of pontoons (L/Lx) for four different
KG values. In each case, the inclining angle of the floating structure is calculated
when 20 m/s wind blows against the upper structure.

Lx=4.5[m]
G Hx=3[m]
Width:B
=4.5[m]
H=1.5[m
L

Fig. 5 Vertical and horizontal configuration of a floating house
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Table 1 Principal particulars of a floating house

Upper structure (house) Pontoon
Length: Lx 4.5 (m) Length: L 4.5-9.0 (m)
Width: B 4.5 (m) Width: B 4.5 (m)
Height: H 3.0 (m) Height: H 1.5 (m)
Total mass 24,300 (kg)
3
®KG=1.5[m]
g X
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p e
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Fig. 6 Inclination due to wind for different KG values
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Fig. 7 Inclination due to wind for different GM values

Generally, it is known that the KGs of most floating structures are located in
higher positions and it is largely believed that higher KG values result in platform
instability. However, this is often not the case. In fact, Fig. 7 shows that a floating
structure with a large enough GM value can be very stable, even if their KG
locations are in high positions.
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By comparing the inclination between the different KG value locations, the
following conclusions can be made:

e Inclining angles decrease along the size of non-dimensional length (L/Lx) in all
four KG cases.

e Smaller pontoon lengths (L/Lx) result in larger inclining angles for higher KG
values.
It is obvious that larger pontoon lengths (L/Lx) significantly increase stability.
The inclining angle remains almost the same for the longest length (L/Lx), even
if the KG differs in height, when compared with those for smaller pontoon
lengths.

On the other hand, Fig. 7 shows a comparison of wind-driven inclinations for
the different GM values of 0.5, 1.0, 2.0, and 3.0 m. Here, it can be seen that when
the GM is same, the inclining angle is unaffected even if the pontoon length
changes. Thus, since we can conclude that structure stability depends primarily on
the GM value, it can be said that static stability is the dominant factor for floating
structures.

3 Determination of Principal Size of Floating
Architectures

3.1 General

From previous studies, it is clearly evident that the GM value is the influential factor
in the static stability of a floating structure. Accordingly, when designing floating
structures for civil purposes, decisions regarding the appropriate dimensions are
derived using the GM value to ensure comfort as well as safety. The present method
reported in this paper is effective for determining the principal size of these
structures easily and thus can be utilized by architects and/or designers aiming at
creating superb floating architectural designs.

In this paper, the “Required GM” method [6] is used as a tool for determining
the principal elements of a floating architecture such as small houses, floating
hotels, and similar structures. Furthermore, since the floating structures considered
here are general platforms for civil purposes in moderate water environments, the
inclining angle is assumed to be sufficiently small. Based on this idea, a new
practical method of estimating of the GM value is presented in the following
section.
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3.2 The “Required GM (Req. GM)” Method

To begin with, some definitions and assumptions are made here. The simplest yet
most fail-safe approach is where the axis is fixed and the floating unit tilts around
this axis with zero trim.

In addition, assuming a wall-sided vessel, the following assumptions are made:

e The steady forces in the vertical direction are small and there are no draft
changes.

e The time averaged righting moment is the same in waves and in calm water.

e The lower edge of the platform does not raise free of the water when the unit is
in an inclined state.

The required GM value is determined in the following equations derived from
Appendix B. The GM value (Req. GM) necessary to avoid a serious inclining angle
is provided in Eq. (8). When the ¢ is sufficiently small, the required GM is derived
as follows [6]:

COSM 1800 M
Red. GM(9) =~ Gng " m0d © W )

where @d is inclining angle in degrees.

Accordingly, the GM value depends upon the sum of the overturning moments.
If there are other items to be considered, they may be added as required.

3.3 Computational Approach for a Floating Architecture

Present design methodology is based on the fact, outlined in the previous section,
that the static stability of a floating structure is mostly dependent upon its GM
value. However, since a correct KB value is not defined at the beginning, a certain
tentative value should be assigned. The design approach for a floating architecture
is shown in the computation flowchart of Fig. 8.

First, the underwater volume (V) of a floating architecture and its KG value are
computed in advance. Next, all the overturning moments due to wind, current, and
other factors are estimated while also determining the ¢ value for the floating
architecture.

e First, the “Req. GM” value is calculated using Eq. (8).

e Then, the dimensions of principal elements such as the length (tentative), draft
(tentative) and so forth for the floating structure are assumed as the first trial.

e The KB value is then tentatively calculated from these design parameters.

e Next, the moment of inertia is obtained from the calculated BM value.

e The GM, KG, and tentative KB values are used for this computation.
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Fig. 8 Flowchart of computation
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e Finally, tentative values for the length (L), draft (d), and other factors are
obtained.

e If necessary, a new KG value is computed.

e If the KG value changes, the “Req. GM” value is calculated again.

e At that point, the process returns to the previous original step (as shown by the
backward arrow on the left side in the flowchart) and the newly obtained L and d
values are used for the next trial.

e This step is repeated until the final design values of L, d, and other related
factors have converged.

4 Design Approach for Floating Architectures

4.1 Case Study of a Floating House

4.1.1 Problem

To find an appropriate length (L) and draft (d) for the pontoon of a floating house,
as shown in Figs. 9 and 10, assuming the ¢ value becomes 1.5° under the combined
conditions of wind force, pile reaction, and the simultaneous movement of eight
persons toward the leeward side.

Conditions

e The wind velocity is 20 m/s (wind force and moment are given as 6,000 N and
4,200 N m, respectively).

e The reaction force on the pile on the leeward side is given as 6,000 N.

e Eight persons (64 kg/person) shift 2.26 m towards the leeward side
simultaneously.

Lx=45m
Wind
-5 Hx = 3m A
* o e ReCEION Width:B
H=15m Fopee =" 5(m
la
L v

Fig. 9 Vertical and horizontal views of a floating house
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Fig. 10 Photo of a floating house

Other Given Data

e The building mass is 16,500 kg and the pontoon mass is 7,888 kg.

e The building height, length, and width values are 3.0, 4.5, and 5.0 m,
respectively.

e The pontoon height and width are 1.5 and 5.0 m, respectively.

e The KG location is given as 2.3 m (fixed).

e Other data: water density (p); 1,000 kg/m?, air density; 1.205 kg/m°.

Solution

Since the total mass is calculated as 24,900 kg (= 16,500 kg + 7,888 kg + 64
kg x 8), the underwater pontoon volume (V) becomes 24.9 m>. Then, the total
weight (W) is 244,020 N (24.9 m® x 1,000 kg/m® x 9.8 m/s?). The schematic
elevational view of the floating house is shown in Fig. 11.

Calculation of the Total Overturning Moment (>°; M;)

e The overturning moment around the KG due to the movement of eight persons
is

Mp = 64.0kg x 9.8 m/s> x 8 persons x 2.26m = 11,340N m  (9)
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Fig. 11 Schematic elevational view of a floating house

The wind heeling moment is (Mw) = 4,200 N m (given)

Since the total horizontal force on the platform (wind) is 6,000 N (given), the
reaction force of the pile has the same value. Then, the moment around the KG
due to the reaction force of the pile at the leeward side (Mg) becomes

Mg =6,000N x 0.8 m =4,800N m (10)

where the vertical distance between the KG and the pile reaction location (lever)
is 0.8 m (= KG — 1.5 m).
Finally, the total overturning moments (Z] Mi) are calculated as follows:

Z M; = 4,200N m (wind) + 4, 800N m (pile) + 11,340N m (people)
—20,340N m
(11)

The “Required GM” value can be obtained by using Eq. (8) as follows:
Here, the ¢ value is given as 1.5° from the beginning.

20,340N m
Req. GM (1.5°) = ’ =3.18 12
ed- GM (15) = 312 020N - sin (1.5%) m (12)
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Parameter Update Process

e First trial:
The initial length L1 (tentative) is set to 5 m and thus the draft (d1) becomes
0.996 m.
(Here, the value of underwater volume (V) is given as 24.9 m’ )
Then, the KB location 1 becomes 0.498 m.

e The KM value is then obtained by summing the KG (2.3 m) and the GM
(3.18 m), and is thus 5.48 m.
Here, for simplicity, the KG value is assumed not to change.

e Accordingly, the BM value (= KM — KB) becomes 4.982 m, and the moment
of inertia can then be calculated as follows:

I, =BM x V=4982m x 24.9m’ = 124.0518 m* (13)
e Since the moment of inertia (I,) is 124.0518 m*, L2 becomes 6.2115 m instead
of 5.0 m using the relation shown in Eq. (6) while the draft (d2) becomes

0.8017 m and the new KB location becomes 0.4009 m (see Table 2).
e The trials are repeated until convergence is obtained.

Calculations of Wind Velocity and Force
Since the wind velocity Uy is given as 20 m/s at the height of 10 m for this case

study, the wind velocity at 2.25 m high (= 1.5/2 m + 3.0/2 m) becomes 16.16 m/s
from the following computation, which is described in Appendix A.

Usas =20m/s x (2.25/10)"/7 = 20m/s x 0.808 = 16.16m/s  (14)

Next, the wind force (Fyy) is calculated assuming that the drag coefficient (Cp) is
2.034.

1
Fiy =3 x 1.205kg/m’ x (16.16m/s)*x2.034 x (3m+0.75m) x 5.0m

(15)
=6,000N

Table 2 Repeated trials for Trial L (m) d(m)
length (L) and depth (d) for a
floating house 1 5.0000 0.9960

2 6.2115 0.8017

3 6.2416 0.7979

4 6.242 0.798
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Fig. 12 Plan view of artificial reservoir

4.1.2 On the Design of Singapore Water City

If constructed, the Singapore Water City project would cover approximately
105.8 ha, have a length of 2,190 m, a width of 483 m, and an average water depth
of about 25 m (see Figs. 12 and 13). As part of this project, three 51-story high-rise
towers, in which 48 floors of each building would be residential space, would be
constructed on the same floating foundation composed of three square-shaped
pontoons (or floating modular units) (see Fig. 14).

The total number of households and the population of the three residential
towers would be nearly 2,260 and 8,100, respectively. The total living space in the
three residential towers would be approximately 372,960 m”>. We firmly believe
that building semi-floating water cities of this type, which could house numerous
high-rise towers, would effectively mitigate Singapore’s ongoing land shortage
while also alleviating the pressures of the city’s growing population. An accurate
assessment of the stability of a floating water city is a fundamental requirement for
ensuring its safety, especially when considering the construction of high-rise towers
on a floating foundation. As high-rise towers will be subjected to the highest levels
of wind intensity, calculations of the static stability and inclination of these towers
are crucially important.

The total weight of three 51-story high-rise towers that are 210 m high and 60 m
wide is estimated at approximately 529,200 ton-force (tf) by assuming the unit
weight of 1.33 tf/m”>. The deadweight sum of the three pontoons (or floating
modular units) is 146,880 tf based on the specific weight of 0.167 tf/m3, which was
obtained from measurements taken during the “Mega-float Project” [7, §]. It follows
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Fig. 14 Elevational view of high-rise towers on a floating foundation
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that the weight of the pontoon of the Singapore Water City project would be
676,080 tf, plus variable loads of approximately 39,420 tf, while the total under-
water volume (V) would be 715,500 m>. The BM and GM values for this project
are calculated as 348.2 m and 257.5 m, respectively, while the vertical location of
the center of gravity (KG) for these floating systems is 103.1 m.

Next, assuming a drag coefficient of 2.0 and a maximum wind intensity of 60 m/
s at 105 m above the water level, the total wind force on the three high-rise towers
is calculated to be 163,976.4 kN [4]. Furthermore, the corresponding total wind
heeling moment is calculated as 17,217,522 kN m [4].

The coordinate system is shown in Fig. 15 while the inclined condition of a
floating foundation is shown in Fig. 16. The pontoon freeboard is designed to be
2.0 m while the ¢ value of the floating foundation is set to be 0.55° under serious
conditions involving a wind velocity of 60 m/s. Here, the ¢ value of 0.55° is
considered to be the flooding angle at which the upper deck end of the floating
foundation reaches the maximum calm water level, and is thus chosen for safety to
be the inclination limit.

As is shown in Fig. 17, height of a super high-rise tower (condominium) is
210 m while the width is 60 m. On the other hand, the underwater volume (V) for 3
pontoons (715,500 m?) is expressed as follows:

V (underwater volume) = (L x B x D+ Vadd) x 3 pontoons (16)

Vadd =75m x 75m x 10m (17)

Here, Vadd is the volume of the additional bottom buoyancy unit (see Fig. 17),
and B = L.

Fig. 15 Coordinate system
of a floating foundation
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Fig. 16 Inclination of a floating foundation

Problem

To find the length (L) and the draft (d) of each pontoon when the ¢ value is 0.55°
under a wind velocity of 60 m/s with the following given values:

e KG: 103.115 m (fixed)
e Underwater volume (V): 715,500 m> (fixed)
e Wind heeling moment (Mw): 17,217,522 kN m (fixed)

Solution

e The “Required GM” value can be obtained by Eq. (8) as follows:
Here, the ¢ value is given as 0.55°.

17,217,522kNm

Req. GM (0.55°) = 20

e GM (055 = 775 550 m3 x 9.8 m/s? - sin 0.55° (18)
— 255.800m

Then, the KM (= KG + GM) becomes 358.915 m (= 103.115 m + 255.8 m).
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60m

210m

; fr_eebo;rd

10m

4 buoyancy unit
75m y

Fig. 17 Principal dimensions of 51-story high-rise tower on a pontoon

Parameter Update Process

e First trial: The initial length L1 (tentative) is set to 100.0 m with a underwater
volume (V) of 715,500 m3, and the draft d1 becomes 18.225 m.
Then, the KB location 1 becomes 15.7840 m.

e Accordingly, the BM (= KM — KB) becomes 343.131 m
(= 358915 m — 15.7840 m).

o Then, the moment of inertia Ix can be calculated as follows:

Ix = BM x V = 343.131 m x 715,500 m* = 245,510,230.5 m* (19)

e Since the moment of inertia (Ix) is 245,510,230.5 m4, the second estimation of
length L2 becomes 134.5092 m using the relation shown in Eq. (6), and the
draft (d2) becomes 10.0731 m. Then, the KB location 2 changes to 12.6694 m
(see Table 3).

e The trials are repeated until convergence is obtained.



A Study on Stability of Floating Architecture ... 293

Table 3 Repeated trials for

1 h (L) and depth (d) f Trial L (m) d (m)

engtl and dept or

“Singapore Water City” 1 100.0 18.225
2 134.5092 10.0731
3 134.8134 10.0277
4 134.8151 10.0274

From these computational results, the final dimensions of the L and d of a
pontoon are determined to be 135 m and 10 m, respectively.

5 Concluding Remarks

Looking a century or more into the future, the most important keyword used in
relation to urban areas will undoubtedly be “sustainability,” which is a concept that
covers all the actions of humankind and the necessity of making efforts to build
urban areas that are capable of withstanding global environmental hazards [8]. The
authors believe that the adoption of floating solutions in urban areas can provide
solutions to most water-related environmental hazards, and thus has the potential to
create a future style for cities worldwide. However, because there are major dif-
ferences in the purposes and/or missions of floating platform types, it will be
difficult to design floating platforms for civil purposes if the process is restricted to
applying current technology and established designs, such as those used in the
offshore floating platforms operated by the oil industry [9]. Therefore, to minimize
these difficulties, the authors have introduced a practical and useful process for
designing floating structures destined for civil use. In terms of safety, the most
important part of this process is avoiding large inclinations and establishing ade-
quate static stability under the various simultaneous multi-loading conditions that
floating structures can be expected to experience.

To develop a practical method for calculating the static stability of a floating
structure while aiming to ensure the comfort and safety of its residents, we for-
mulated a process based on tools of the so-called “Required GM” method, which
was originally developed for semi-submersible type oil rigs in the harsh environ-
ments of the open sea [6]. In this paper, the floating foundation problem was
considered in a general fashion, and methods used in the process were presented
and discussed along with some useful studies on static stability. Finally, we pro-
posed a computation design process that adequately considers principal dimensions
(such as length, width, and draft) at the initial planning stage.

This paper presented two parts with different aspects. The first was basic
knowledge on static stability in relation to the overall design process at the con-
ceptual design stage, while the second discussed practical trials for determining the
basic configurations of two floating structure types. In the first part, the importance
of both the GM and KM values in maintaining appropriate stability levels for
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floating structures was confirmed via comparisons among calculated results. From
these results, it was found that the KG location has a considerable effect on the
inclining angle and that the GM value is the critical factor governing the inclination
of a floating platform. In the second part, two study cases, one involving
small-sized floating houses and the other showing large high-density floating res-
idences, were presented as practical trial examples. The presented results show that
our proposed basic planning and design methodology is imminently applicable to
various floating structure types. The authors hope that architects and/or engineers
will find our proposed design procedure, as well as the floating architectures studies
set forth in this paper, to be of practical use.

Acknowledgements The authors are grateful to Business Strategy Promotion Center at Chodai
Co., Ltd., for their financial support. Some of the content within this paper was quoted from work
conducted by Ms. Yuka Saito, which was carried out as research in support of her thesis presented
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Appendix A

In general, steady wind force (AFz) at z m can be obtained by the following
equation:

where P is the wind pressure (kg/mz) at z m, Cp is a drag coefficient, A is the
projected area (m?), and p is the air density.

In general, accurate Cp values are obtained via wind tunnel tests.

Here, it should be note that wind velocity is measured at the height of 10 m and
the average value over a period of 10 min is used. The wind velocity (Uz) changes
along the vertical location are shown in Fig. 18, and can be estimated by the
following equation. Note that wind velocity is lower near the ground due to friction.

Uz = UIO(%)“ (21)

where U is the wind velocity at a height of 10 m, and o is the surface roughness.
It is known that the value of o is 1/7 on the sea surface and 1/4 in an urban area.

Appendix B

According to Ref. [6], the static righting lever GZ at an inclining angle ¢ of a wall
sided vessel is expressed as follows:



A Study on Stability of Floating Architecture ... 295

Fig. 18 Schematic view of

wind speed
Wind Speed

10m Uio

Height

Surface

GZ(¢p) =sin¢ (G—M + %mtan2 ¢> (22)

Supposing an overturning moment due to the sum of various components
(Zi M,-) and the righting moment (Mg), the following expression is established:

GZ(¢) - W = Mg(¢) = ZMi(d)) (23)

Equation (22) is then multiplied by the weight of a floating foundation (W) to
give

W - GZ(¢) :ZMi((f)) :W~sinq5<G—M—|—%mtan2 d)) (24)

After rearranging, we have

W'sin¢~W:ZMi(qﬁ)f%Wﬂind%mwanzqﬁ (25)

Dividing Eq. (25) by W - sin ¢» on both sides gives

o 2iMi(¢) ot o
GM(¢p) = =F—F—=-BM x t . 26
(6) =y sing — 3B > tan’ (26)
When ¢ is small, the second term of Eq. (26) can be ignored. Thus, the value of
the GM which is required (Req. GM) for a small inclination is given by the
following equation:
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_ ZiMi

Req. GM = :
q @) =W sn 3 o
_ 180 M
- @d W
180. -M;
@d (in degrees) = oM > ZlT (28)

where @d is the inclining angle in degrees.

Thus, a “required GM” method that evaluates and compensates for various

heeling moments under a variety of combined environmental loadings is proposed.
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Towards an Understanding M)
of the Stability Assessment ke
of Floating Buildings

Artur Karczewski

Abstract One of the most important aspects of the design of floating facilities such
as ships, floating offshore structures or floating houses is stability. Its impact on
both general safety and operational aspects renders it a fundamental consideration
already in preliminary design stages. Usually, the concept of sufficient stability of
floating buildings is associated with the ability to keep an allowed heel angle and
residual freeboard, despite the action of the heeling moment. Once in the water, a
floating object has to withstand different environmental conditions. It is always
acted upon by forces from various factors. The main sources of load are wind,
waves and the shift of inhabitants. However, the challenges in the assessment of
stability are also connected to how a floating structure responds to these sources of
load and also to the method of performing a stability analysis. This paper focuses on
wind load and revisits several challenges encountered in the stability calculations
and in the prediction of the behavior of floating buildings. A review of the current
regulations was also performed in this respect. The obtained results indicate
the necessity and also direction of further considerations related to the safety of
stationary floating objects.

Keywords Stability - Method - Stationary floating object

1 Introduction

The requirements for the stability of stationary floating buildings focus on assessing
the size of the freeboard and the maximum angle of heel due to the action of the
heeling moment.

The minimum freeboard is determined for floating on an even keel. The residual
freeboard is the distance between the waterline and the deck of a floating object in
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inclination. The heeling moment is usually caused by the action of wind or a
concentrated force (e.g. movement of the people inside). It should be noted, that the
allowed heel angle is very small and that generally, the safe range for heeling is
several degrees, and it does not extend more than 4-5° in most circumstances. This
is a completely different situation from the case with ships for which large heel
angles are considered first and foremost and the initial range of stability is not a
cause for concern.

However, just as for ships, stability assessment for floating buildings is carried
out under the following assumptions:

e the object is in static equilibrium,
external forces are static (wind strength and direction are constant over time),
external forces act perpendicular to the long axis and parallel to the water
surface,

o the float is watertight and the center of mass of the object is fixed.

In practice, this means that only transverse stability (rotation along the longer
axis) is ultimately considered. In addition, it is also assumed, that the object floats
on an even keel, regardless of tilt. Indirectly, this means that the buoyancy center is
fixed so as to not translate longitudinally during the object’s heel. This is true when
the rotation is along an axis of symmetry. However, the real movement of a floating
object is three-dimensional and the buoyancy center can move longitudinally due to
the asymmetrical distribution of buoyancy relative to the plane of rotation [1].

This is especially important for objects, which are arbitrarily placed relative to
the wind and can neither change their position nor their orientation to it. This
problem has been noticed in ships and offshore structures [1-5]. Stability calcu-
lations should be made for free floating units regardless of the orientation of their
heeling axis. From the results thus obtained, the most critical axis direction should
be selected. A stability analysis should be carried out for this weakest case.

This is the first point of concern taking into consideration the technical regu-
lations currently in force (Table 1). At present, the angular movements of a free
floating object are not taken into account, and this can significantly affect the safety
of houses on the water.

Secondly, if the main factor which causes tilting of a floating building is, for
example, wind, then it can be assumed that the direction of its action relative to the
main axes of the building is usually neither perpendicular nor parallel to them. For
this reason, the external heeling moment is distributed into components with respect
to these individual axes, and the movement of the object is multidirectional.

In addition, floating buildings differ in shape, size, various dimensions and in the
relationship between these dimensions. There are cuboids (Fig. la, b), spheroids
(Fig. 1d) and buildings which can change their topology (Fig. 1c). They are not
always symmetrical. This, in itself, poses a challenge to the computational methods
used in stability analysis.

This article will consider the behavior of a stationary floating object with regard
to changing wind direction. Reducing the stability problem to a response to wind
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Table 1 Freeboard, heel angle and design wind pressure requirements according to different
guidelines

Title Region Min. Max. Min. Wind
freeboard | heel residual pressure
angle | freeboard
Fb ® Fbr q
(m) (°) (m) (Pa)
Building code for float homes [6] | Alaska, USA | 0.36 4 1/2 Fb #
(14")
Regulation of the construction California, 0.38 4 1/3 Fb 480
and maintenance of floating USA (15")
homes [7]
British Columbia float home British 0.40 5 1/2 Fb 275
standard [8] Columbia,
Canada
Technical regulation on the Denmark 0.50 4 1/3 Fb 500
stability, buoyancy, etc. of
houseboats and floating
structures [9]
Queensland development code. Queensland, |0.40 - 0.25 a
MP 3.1 floating buildings [10] Australia
NTA 8111 Drijvende Netherlands | 0.30 4 0.15 é
bouwwerken [11]

“Referenced to building standards

Fig. 1 Examples of stationary floating objects: a floodule floating house, b the floating house in
the Czerniakowski Port in Warsaw, ¢ Watervilla Middelburg, d Rotterdam Floating Pavilion
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pressure, excluding other loads, can be justified by the relatively higher influence of
this factor on stability and the aforementioned variability in relation to the main
axes of the structure. Therefore, such a reduction is assumed to be acceptable during
the theoretical research of this investigation into the relationship between safety and
the calculation method used for the assessment of stability.

The case of a free floating object has been considered. To investigate the basic
phenomena, the calculations have been carried out without taking anchoring into
consideration.

2 Stability Calculation

The basic method for determining the size of the angle of heel, ¢, and the residual
freeboard, Fbr, is the righting moment arm, GZ, as a function of the heel angle. The
effect of external forces on the object are angular displacements, corresponding to
the point of equilibrium between the heeling moment and the righting moment. GZ
is understood as the distance between the action of the buoyancy force, B, and the
force of gravity, G, in still water at a given heel angle. As the floating object is
inclined through small angles of heel, the lines of buoyant force intersect at a point
called the metacentre, M, which is the instantaneous point of rotation (Fig. 2).
For a ship, calculations are carried out on the assumption that the heeling
moment acts on the longitudinal axis of the object, while the righting moment is
related to the longitudinal balance axis. This discrepancy has little effect on the final
results with regard to ships. The reason is the size of the object itself and the large
L/B ratio, which is about 6. For a floating building, for which the L/B ratio tends
towards 1, the calculation technique is important. It significantly affects the size of
the forces that want to heel and want to trim the object at the same time. For a
square building and an oblique wind, the trimming and heeling forces are equal to
each other. The building moves in space within two degrees of freedom: it trims and

Metacentre - centr of rotation

M M
Cenire of gravity i@
G G
Y 1 GZ - righting arm

Fig. 2 The parameters using to assess a stability of stationary floating buildings
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Fig. 3 Definition of twist and heel

heels at the same time. The wind moment is parallel to the wind pressure plane
which is perpendicular to the wind direction in an upright position, and the axis of
rotation is the intersection of the waterplane and the wind pressure plane. In other
words, the object positions itself in such a way that the final potential energy is
minimal, i.e. so that the rotation work is minimal [1, 3, 4]. This movement is
illustrated by the so-called minimum stability curve. There are several methods for
determining this curve. Each of them is quite complicated and laborious. Since this
work does not discuss purely theoretical issues related to the stability of a
free-floating object and focuses mainly on safety aspects, it has been assumed that
the curves of the righting arms of objects rotating around an axis parallel to the axis
of the heeling moment are to be used for analysis; therefore, before heeling, the
object is initially twisted in the plane of floating by the angle corresponding to the
direction of the wind (Fig. 3).

3 Wind Heeling Moment

The wind causes forces on the walls of an object. In shipbuilding, only the forces on
the walls exposed directly to wind are considered. The value of the force depends
on the shape of an object, on the wall area and on the wind velocity. The gener-
alized relationship for this force can be written as follows (based on [12]):

Fy=C-q-A (1)

where C—shape coefficient; g—wind pressure; A—projected area of the ship
normal (perpendicular) to the direction of the force.

The wind heeling moment for floating buildings is expressed by the following
formula (based on [13]):
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My =F, (D+0.5-(H—T)) )

where D—depth of floating system (m), H—superstructure height (m), 7—draft
(m).

It is assumed that the value of the wind moment does not change as the heel
angle changes, because such changes are small enough to not affect the results.

The amount of wind pressure for which the stability criteria are checked is a
contractual matter. It is most often associated with the local conditions of the
geographical region for which the given regulations are in force. Therefore, the
value of wind pressure used in a design varies between 275 and 500 Pa (Table 1).

4 Shape Coefficient

One of the basic issues in calculating the total value of wind stress on the exposed
faces of an element is determining the shape coefficient. This is not a new problem,
and it has been studied for many years in many scientific papers [14, 15]. For design
purposes, the shape factors for different structures are given in Eurocode [16].
Based on this publication, the shape coefficient for smooth members with rectan-
gular cross-section with sharp edge may be taken as (Fig. 4):

Csy = (%) x sing for I<L/B<2 (3)
1.5 x sina for L/B > 2

where o—angle between the direction of the wind and the axis of the exposed
member or surface.

The shape coefficient of oblique direction can be calculated using the following
relationship:

WIND

Fig. 4 Shape coefficient on rectangular cross-sections
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C=y C5 +C5, (4)

5 Wind Area

The wind can blow in different directions relative to a floating building. The sit-
uation in which it is from a direction perpendicular to the longer axis is a special
case, although it is accepted in commonly used technical regulations. The projected
surface of the exposed elements of a floating building is treated as the wind pressure
surface. This approach comes from the shipbuilding industry where it makes sense
because the ratio of length to width of the ship is relatively large. However, it is
different in the case of floating buildings. Firstly, they don’t have to be built on a
rectangular plan which is generally a slender shape. Secondly, their proportions are
different and can vary between 1 and 6. Therefore, if the direction of the wind is
changing, it can easily be seen that the side projection area, A, will be different.
Figure 5 shows the correlation of the area, A, and the ratio L/B (for constant ratio
H/L equal to 1). The ratio L/B = 1 is typical for off-shore structures, while the ratio
L/B = 6 represents a typical seagoing vessel. The L/B ratio for floating buildings

16 H/L=const
—B=1
—B=2
—fB=3

YB=4

— /8= 5

0 10 20 30 40 50 60 7 80 s —UB=6

Fig. 5 Increase of wind area relative to twist
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typically falls between these values. For the considered, rectangular object,
depending on the L/B ratio, the wind area is assumed to be the maximum value at
the angle of rotation corresponding to the diagonal.

6 Stability Evaluation

To assess the impact of the selection of the heeling axis on the results of the stability
assessment, research scenarios were adopted for the selected theoretical model of a
floating object, including its twist to the direction of the wind in a range of hori-
zontal angles from 0° to 90° with a step of 10°.

In the research, the object consists of a rectangular floating system (floating
device, float) and an open superstructure (Fig. 6). Viewed simply, the upper part
applies loads (gravity and wind pressure), while the lower part generates reactions
(buoyancy and righting moment) in the system.

For such an object, the choice of the stability calculation method will have no
effect on the results obtained for extreme twist angles. However, it will be
noticeable at intermediate angles where heeling waterplanes are not symmetrical.

General characteristics of the object are presented in Table 2. It should be noted
that this is a relatively low draft facility, intended for very shallow waters. Due to its
relatively light weight, this construction also appears to be susceptible to external
loads such as wind, which is especially interesting in this study. At the same time,
such objects are becoming more and more popular with the expansion of both water
and amphibious construction in new geographical locations [17]. The ratio of the
main dimensions L/B, which equals 2.67, can also be regarded as representative for
this type of building [18]. This value is also close to the midpoint of the range 1-6.
Thanks to this, it is possible to examine the behavior of a typical object in the wind.

Fig. 6 Main dimensions of
examined object
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Table 2 .G.eneral . Characteristic Sym. (m) Value
characteristics of examined
Float and superstructure length L 16.0
model
Float breadth B 6.0
Float depth D 1.2
Superstructure height H 6.0
Draft T 0.75
Vertical center of gravity VCG 2.04
7 Results

The righting arm curve for individual cases of twisting is presented in Fig. 7. In
each case, the curves vanish at the angle where the extreme point of the float enters
the water. It has been assumed that flooding of the deck is not acceptable because its
immersion poses a threat to the people and things onboard. The minimum range of
stability occurs for a twist angle of 80°, which is consistent with the results of other
studies for objects with similar geometric characteristics, such as barges [3]. On the
other hand, for the initial angles (up to 30°), although the range of the allowable
angle of heel varies (for example at 0° it is 8.5 and at 30° it is 6.8), the increases in
the value of the righting arms are small. It is worth noting that at angles of 0° and
10°, the values of the righting arms are practically the same; only the safety range
changes. For 10°, the value drops by about 0.4°.

The value of wind pressure corresponding to the safety criteria for selected
regulations has been subsequently determined based on the stability characteristics

Angle of twist

10

20

GZ [m)

Fig. 7 Righting arm curves for different angle of twist
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Table 3 Wind pressure

Twist (°) Criteria

Vanish stab. | Heel—4° Heel—5° 12 Fb 1/3 Fb

Wind pressure (Pa)
0 458 213 266 293 195
10 433 212 265 284 189
20 400 210 264 259 172
30 556 325 407 345 230
40 722 484 606 415 277
50 902 727 - 465 310
60 1,123 1,123 - 499 332
70 1,377 - - 521 347
80 1,917 - - 533 355
90 3,410 - - 537 358

obtained for individual twist angles. In a few cases, the obtained results are lower
than the values indicated in individual provisions (Table 3). This is the case even if
the wind is perpendicular to the long axis of the building. However, this is more of a
design problem than a formal one and as such, it requires design changes. With
regard to regulations, it can be noted that the minimum values of the computational
wind pressure occur for the angle of 20°. This value is very close to the diagonal
angle of the tested object, which is 20.5°.

8 Discussion

This article discusses the stability of a floating buildings, taking into account the
change in the wind direction and the possibility of building rotation along an axis
which is not orthogonal to the main axes of the structure. The free-floating object
method has been adopted to assess the stability. This is a relatively new issue,
which has been studied mainly in works dealing with ships and offshore facilities by
such authors as Pawlowski [1], van Santen [2—4], Vassalos et al. [5], and others.
However, this issue has not been discussed before in relation to floating buildings.
This is most likely due to its apparent triviality (uselessness) to the maritime
industry. Often, angles of heel, that are less than 5°, are disregarded because they
coincide with the swing range of a ship (they overlap with the period of the ship’s
own sway). This phenomenon does not take floating buildings into account because
they are most often sited in shallow and sheltered waters and additionally, such
facilities are stationary.

The results obtained show that the calculation method significantly influences
the stability characteristics of a tested object, and thus its safety. The methods of
calculating the values of the wind force, which are adapted to the current
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regulations, differ significantly from those used to obtain the calculations in this
article. This indicates that, as in the case of offshore structures, the problem is not
negligible and may significantly affect safety with respect to living on floating
objects.

9 Conclusions

e Taking into account the possibility of free positioning of an object in relation to
external load in the calculations gives less favorable results than the currently
adopted heeling procedure relative to the longitudinal axis.

e Because the stability assessment is based on the principle of a free-floating
object, it significantly reduces the range of permitted movements of the object,
which means there is a reduction in the safety range.

e The current technical regulations regarding the stability of floating objects fol-
low the regulations for ships. They should be carefully assessed and possibly
refreshed to take into account the current state of knowledge and computational
possibilities.

e The design of stationary floating buildings is primarily the responsibility of
architects. Because the issue of safety, as has been shown in the article, is
neither simple nor straightforward, it is advisable that they utilize the help of
naval architects in this work. At the same time, for the same reasons, any new
stability regulations and procedures should be accompanied by an explanation
of how to perform the calculations and how to meet the various demands
encountered. This is a recommendation that has also appeared in works relating
to offshore constructions.
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Numerical Investigation of Hydroelastic M)
Effects on Floating Structures St

Changqing Jiang, Ould el Moctar, Thomas E. Schellin, and Yan Qi

Abstract Hydroelasticity effects of an offshore floating structure comprise the
combined motions and deformations of the floating body responding to environ-
mental excitations. The review of research on hydroelasticity of very large floating
structure shows that understanding the physical phenomenon has increased, but
discussions of practical implications of hydroelasticity on offshore structure design
are rare. Conventionally, floating structure designs are based on a rigid quasi-static
analysis, meaning that the hydrodynamic loads are estimated under rigid assump-
tion and then applied to the elastic structure regardless of structural inertia. Here,
the hydroelastic behavior of a standard floating module designed within the scope
of the Space@Sea project was numerically investigated, and the role of hydroe-
lasticity in the practical assessment of a large floating structure was demonstrated.
The fluid dynamics relied on a Computational Fluid Dynamics (CFD) code, and the
structural responses were computed by a Computational Structural Dynamics
(CSD) solver. The CFD-CSD solver was coupled using an implicit two-way cou-
pling approach, computing the nonlinear 6-DoF rigid body motion separately from
linear elastic structural deformations. First, the numerical model was validated
against benchmark test data, and then a standard floating module in waves was
assessed in terms of structural integrity and motions. Maximum stresses and
bending moments obtained by the coupled CFD-CSD approach and the traditional
rigid-quasi-static approach were compared, and the implication of hydroelasticity
on the floating module was assessed. The hydroelastic criterion and the validity of a
rigid a quasi-static analysis determined the effects on dynamic responses.
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1 Introduction

The majority of the world’s population lives in coastal areas where space has
always been a premium commodity because available land space is limited. On the
other hand, the waterfront may reclaim or change the utilization of large parts of
existing land spaces as the sea level rises with global warming. With the increasing
need for affordable deck space at sea, various concepts of man-made islands were
proposed. While sandy islands are based on land reclamation technology, they are
limited to shallow waters. Floating concepts have the advantage of being suitable
for deeper waters, and they can be relocated if needed. Within the Space@Sea
project, a standardized floating solution for offshore space was developed, and
modularity was one of the key elements of this project. By following the analogy of
standardization to enlarge a floating structure using a multitude of smaller struc-
tures, this project intends to significantly reduce building and installation costs and
to provide the desired flexibility of additional deck space at sea. An overall dis-
cussion of this project can be found in [1].

Because of the relatively large sizes of very large offshore floating structures
(VLES) and their deployment in near shore areas, they face extreme environmental
conditions that may differ significantly from those of smaller floating structures.
These extreme conditions involve waves, winds, and currents, which can induce
significant hydrodynamic loads on the floating structure leading to its elastic
deformation. For the linear hydroelastic response of VLFS subjected to waves, a
finite element-boundary element hybrid method is generally adopted. The fluid
dynamics are usually solved based on the potential flow theory, using the Green
function implemented in a boundary element method (BEM) to calculate the wave-
induced loads and motions. The structural dynamics can be solved using either a
dry-mode method [2] or a wet-mode method [3]. Additionally, a generalized mode
method proposed by Newman [4] can also be used to calculate the structural
dynamics, and an application of this approach can be found in [5]. For thin-plate
type VLES, its hydroelastic responses can be solved using an analytical approach
[6] or a semi-analytical approach [7]. The hydrodynamics of floating bodies are
based on the potential flow theory, which is unable to implicitly consider viscous
effects or complex free-surface topologies arising from steep or overturning waves,
appendages emerging from the water, and water on deck. A literature survey of the
research on hydroelastic analysis of pontoon-type VLFSs can be found in [8]. An
alternative is the computational fluid dynamics (CFD) approach, which can reveal
detailed information of viscous flow features. The different effects of wave loads
from potential flow and CFD solvers on fixed and floating offshore structures were
benchmarked in [9]. For moored floating offshore structures, the predicted motions
and loads from potential flow and CFD solvers were compared and discussed in
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[10]. Diverse linear and nonlinear fluid-structure interaction models are here
described from a structural, a quasi-static, and a hydrodynamic point of view.
There are several approaches to perform a structural analysis. They require the
transfer of the predicted hydrodynamic loads to the computational structural
dynamics (CSD) solver. Two approaches, namely, the one-way coupling and
two-way coupling techniques, were evaluated herein to incorporate predicted
hydrodynamic loads from a BEM solver or a CFD solver. One-way coupling required
computing wave-induced loads based on rigid-body motion using a fluid dynamics
solver and then applying these forces on a wet elastic model to predict structural
responses, whereby the structural deformations computed by the CSD solver are not
fed back to the fluid dynamic solver. Two-way coupling allows the elastic defor-
mations of the structure to be fed back to the fluid domain, which can be important
for the computation of pressures when the structure deforms during a slamming event
or when large deformations influence the flow field. Our purpose was to determine
the ability of different modeling tools (i.e., viscous and potential flow solvers) to
accurately predict the hydrodynamic loads on a standard floating module as well as
its hydroelastic deformations. The effects of body motions, structural deformations,
and nonlinearities caused by steep waves, viscosity, and green water are discussed by
comparing these approaches under moored and fixed conditions. We scrutinized the
differences between a viscous flow solver and a potential flow solver in terms of
accuracy and computational effort for assessing the hydroelasticity of the floating
module. This enabled us to better understand the applicability of these two methods.

2 Numerical Approach

To investigate effects of hydroelasticity, our numerical approach included the cal-
culation of hydrodynamic loads using a potential flow and/or a CFD solver. The
fluid dynamics solvers were coupled with structural solvers to calculate the elastic
deformations.

2.1 BEM-CSD Solver

First, the hydrodynamic analysis was conducted using the BEM solver
ANSYS AQWA [11], a commercial suite of hydrodynamic programs widely used
in the offshore industry. According to potential flow theory, the total potential of the
forces acting on a floating body can be expressed as follows:

¢(xayvz7 l) = @1(x7yazat) +¢D(xayaz7 l) + ¢R(x7y7zv t) (1)

where @; is the incident wave potential representing the incident waves, @p, is the
diffraction potential representing the disturbance of the incident waves diffracted
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from the body, and @y is the radiation potential representing the velocity potential
of the body oscillations in the absence of incident waves. In linear theory, all of the
above problems are assumed to be independent of each other if the floating body
motions are small. The total unsteady potential has to be satisfied in the fluid
domain, on the free surface, on the submerged body surface, on the sea bed, and for
far-field radiation conditions at infinity. For an incompressible, inviscid, and irro-
tational fluid flow, its velocity potential satisfies the Laplace equation everywhere in
the fluid domain:

ro Fo ro_

= 2
Ox2 + Oy? + 072 @)
The boundary condition at the sea bed of water depth h is:
0P
8_z:O for: z=—h (3)
For the free surface dynamic boundary condition is:
’Pd 0P
— —=0 for: z=—h 4
P +g B or: 7 (4)

The boundary condition at the surface of the rigid body, S, plays a very
important role. The velocity of a water particle at a point at the surface of the body
is equal to the velocity of this body point itself. The outward normal velocity, v,, at
a point P(x, y, z) at the surface of the body is given by:

0P

%:Vn@@y?@t) (5>

The radiation condition states that as the distance, R, from the oscillating body
becomes large, the potential value tends to zero:

lim & =0 (6)

R—o0

The forces F and moments M follow from an integration of the pressure, p, over
the submerged surface, S, of the body:

ﬁ:_//s(p-ﬁ)-ds
e
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The hydromechanical forces F and moments M can be split into four parts:
F=Fgr+Fy+Fp+Fs -
M = Mg + My + Mp + Mg
where, F » and A71R denote waves radiated from the oscillating body in still water;
Fy and My, approaching waves on the fixed body; Fp and Mp, diffracted waves of
the fixed body; Fs and Ms, hydrostatic buoyancy in still water. The wave-induced
hydrodynamic pressures resulting from the hydrodynamic analysis (AQWA) are
directly mapped to the structural analysis model (ANASYS STRUCTURAL) using
Workbench Interface to simulate the realistic structural behavior of a floating body

subject to wave loading. The process of the integrated analysis approach is
schematically shown in Fig. 1.

2.2 CFD-CSD Solver

Although potential flow solvers are widely used in marine hydrodynamics because
of their robustness and computational efficiency, they fail to accurately predict
oscillatory motions and high impact scenarios of floating structures at their natural
frequencies because viscous effects are not implicitly considered. Additionally, they
are also challenging to simulate complex free-surface topologies, such as steep or
overturning waves and green water flows. A reliable assessment of structural
dynamics of floating offshore structures requires an accurate prediction of hydro-
dynamic loads and nonlinear effects. An alternative is to simulate the free surface
flows by coupling the Navier-Stokes equations with a Volume of Fluid
(VOF) method. A finite volume method (FVM) discretizes the solution domain,
using a finite number of arbitrarily shaped control volumes. Navier-Stokes equa-
tions describe the dynamics of a viscous and incompressible flow. They draw upon

.............................................................................................

Fluid Dynamics

Hydrodynamic Mesh ==  AQWA Solve  —=Hydrodynamic Data ==  Wave Loading >

Hydrodynamic |
Motion & Pressure |

Inertia & Mass Pressure Mapping

Structural Dynamics | 1 """"""""""""""""""""

Structural Results

Structural Solve
Structural Mesh ~ -»  Structural Data > TUCIGESOWE == heformation & Stress

Fig. 1 The coupling procedure of the hydrodynamic and structural analysis for the BEM-CSD
solver
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the formulation of mass and momentum conservation. In integral vector notation,
they are written as follows:

g/pdVJr/pﬁ-ﬁdS:O ©)
\4 S
o[ . o L .
o | PEdV + [ pli) -jidS = [ T-7idS+ [ pbrdv (10)
\4 S N 14

where i is the fluid velocity field vector, 7 is the normal vector of S representing the

surface area of the control volume V, T is the stress tensor, and I;f is a vector
describing a body force per unit mass. The transport of turbulent momentum is
described by time averaged and fluctuating terms for the flow quantities. The
instantaneous local density, p, and viscosity, p, are expressed in terms of the water
volume fraction, «, as follows:

p=ap,+p,(l —a) (11)
= oy, + iy (1 — o) (12)

where subscripts a and w represent air and water, respectively. A linearized
momentum component is first solved using an existing pressure and mass transport
through the cell faces. Then an algorithm (SIMPLE) is used to correct the pressure.
The solid domain is discretized into finite elements, and solution to the partial
differential equation is obtained by imposing a set of boundary conditions. The
governing equations for the dynamic response of an elastic body is idealized using
finite elements, as follows:

Mii + Cii + Kii = R (13)

M, C and K are the mass, damping and stiffness matrices; I_é, the external load

vector applied; z'i 1_4' and i, the acceleration, velocity and displacement vectors of
the finite element nodes. The equation is solved using an implicit integration
scheme, whereas the equation is integrated over discretized time step Az. The
numerical fluid-structure interaction analysis is created by the fluid domain and the
solid domain through one-way coupling or two-way coupling approaches. One-way
coupling problems indicate that there is a small interaction between fluid and solid.
This means that the fluid can impose some response to the structure, but the
response is not significant enough to change the fluid flow. A sample analysis using
one-way coupling can be found in [12]. Two-way interaction indicates that the fluid
pressure and shear forces deform the solid body motion, and this deformation
changes the fluid flow. This involves iteration to achieve a satisfactory solution.
A nonlinear computational method for hydroelastic effects in extreme seas using a
two-way coupling approach can be found in [13].
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3 Validation of the CFD-CSD Solver

First, the CFD-CSD solver was validated against available benchmark experiments
to confirm its capability and accuracy to calculate the fluid dynamics as well as the
structural dynamics of a floating body.

3.1 Drop Test of a Rigid Cylinder

The accuracy of the fluid solver was verified using the water impact experiment of a
circular cylinder performed by Greenhow and Lin [14]. Some simplifications to the
experimental model were made. In the experiment, the cylindrical cylinder was a
rigid body of radius r = 0.055 m, the size of the tank was 1.168 x 0.902
0.102 m, the water depth of the tank was 0.3 m, and the cylinder fell freely into the

water from a drop height of H = 0.5 m. The initial water entry speed V =

\/2g(H — r) was designed as the impact speed. The rigid cylinder was neutrally
buoyant. This meant that the cylinder’s weight equaled the buoyancy force acting
on the totally submerged cylinder [14]. The parameters for the numerical setup are
listed in Table 1, where d is the diameter, m is the mass, Venyy is the body entry
velocity, pr is density of the fluid, and vf is kinematic viscosity of the fluid.

To determine the sensitivity of the grid, simulations were performed on three
different grids of constant CFL (Courant—Friedrichs—Lewy) number, which meant
that the same refinement factors were applied in all dimensions and that spatial and
temporal refinements were done simultaneously [15]. A refinement factor of ¢ = 2
was uniformly specified for all spatial directions. Ratios specifying the number of
cells for the coarse grid (G1), the medium grid (G2), and the fine grid (G3) were
well matched by the factor ¢ = 4. The three grids used for the convergence study
are summarized in Table 2.

Figure 2 shows the comparative penetration depths of the simulated rigid
cylinder and experimental measurements. We see that decreasing the mesh size

Table 1 Parameters of the numerical setup for the rigid cylinder

d (m) m (kg) Venury (m/s) pr (kg/m’) v (m°/s)

0.110 0.950 2.955 1.0 x 10° 1.0 x 107°
Table 2 Summary of grids Grid Ax Az At No. of cells
G1, G2, and G3 Gl Ax, Az, Aty 36,352

G2 Ax,/c Az,/c Aty/c 1,45,408
G3 Ax,/c? Az/c? Aty/c? 5,81,632
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Fig. 2 Experimental setup (left) adopted from [14], and comparative time histories of simulated
and measured penetration depths (right)

obtained a better agreement with experimental measurements and that the capability
and accuracy of the adopted CFD method to simulate a floating body impacting a
complex free surface was confirmed.

3.2 Drop Test of a Deformable Cylinder Shell

Then we simulated a drop test of a deformable cylinder shell using the coupled
CFD-CSD solver, which was based on the experiment by Arai and Miyauchi [16].
The parameters of the numerical setup for the deformable cylinder shell are listed in
Table 3, where d is diameter, ¢ is shell thickness, pg is structure density, E is
Young’s modulus, v is Poisson’s ratio, Veny is body entry velocity, pris density of
the fluid, and v¢ is kinematic viscosity of the fluid (Fig. 3).

We used an implicit two-way coupling approach, and Fig. 4 shows the com-
parison of strain at the bottom of the elastic cylindrical shell. We see that there was
a good agreement for the lower frequency strain response although small deviations
of higher frequency strain responses occurred. Refinement of the fluid domain and
solid domain might have been necessary. From a practical standpoint, the low
frequency response was more critical, and the favorable agreement between sim-
ulation and experiment confirmed the capability and accuracy of the coupled
CFD-CSD solver to analyze the hydroelastic problem of a floating body in complex
free surface flows.

Table 3 Parameters of the numerical setup for the deformable cylinder

d(m) |t(m) |ps(kg/m’) |E (Pa) v Venay (M/8) | pr (kg/m®) | ve (mofs)
0.306 |0.003 [3.04 x 10> |1.0 x 10" |0.340 [2.955 1.0 x 10> 1.0 x 10°°
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Fig. 3 Grid topology (left) of the fluid (black) and solid domain (red), and the deformation of the
bottom point when the body entry into the water (right)
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Fig. 4 Comparative time histories of strains at the bottom of the elastic cylindrical shell

4 Hydroelastic Assessment of a Standard Floating Module

We performed hydrodynamic and hydroelastic analyses for a standard floating
module, developed within the scope of Space@Sea project. The material chosen for
the modules is concrete. The driving consideration for concrete over steel were
longevity, resistance to corrosion, fatigue life and production costs. The height of
the floating module is H of 6 m, and its length equals its width, which is L of 45 m.
The service draft is a half of body height A. It was assumed tha