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Hydro-generation, solar, electric and heat generation

MSc. M. Leslie-Miller and Dr. B. van Someren

was created by a
group of impactinvestors commited
to designing sustainable marine
travel and hospitality solutions.

Foundation® will develop knowledge and gather validation data to enable the creation of
yachts that are operated without fossil fuels on board.

The focus is on the development of technology to balance the energy production, storage
and demand, without compromising on aesthetics and comfort.

This is accomplished through multi-disciplinary R&D, aiming at cross-pollination between
different fields of expertise, with an open attitude towards possibilities and opportunities.

Foundation®is all about developing knowledge and gathering data that will be shared on an
Open-Source basis. A website is developed than will contain publications and raw data from
experiments as these become available.

Research is currently still ongoing on each of the subjects shown in figure 1 and as this
becomes available, the outcomes will be shared on the foundationzero.org web domain.

| Energy harvesting I | Energy storage l | Energy saving | | Energy management I

Sailing hydro generation: Batteries: Propulsion Data is king
% Reversible thrusters % Sizing for autonomy and <+ Sailingin light airs %+ Visualization, trending and
<+ Propeller blade design operational scenarios <+ Drag reduction interpretation of data

*+ Generation concept
% Sailing performance
% Hull and appendage
optimization
% Sailplan optimization
% Trim optimization

Solar:
% Photovoltaic
% Heat collection

Wind:
«+ Kite power generation

* Make, type and energy
density
< Positioning for stability
contribution
o Safety
« Thermal runaway
mitigation
< Cooling and venting

Heat / cold storage:

% Hot loops and buffers

% Cold loops and buffers

% Phase changing materials

Figure 1: Foundation® research topics

*+ Propulsion concept
< Propeller blade design

Water

“ Water tanks

«* Rain water collection
“* Hot water residual heat
“+ Hotfill equipment

A/C cooling heating
%+ Insulation

«+ Natural ventilation
< Adiabatic cooling
<+ Absorption / Adsorption

s

<+ Wall / ceiling cooling

< User interaction,
gamification
< Data availability

Energy planning

<+ Weather routing

< Voyage planning based on
energy forecasting

<+ Energy storage sizing

As an embodiment of the technology developed by Foundation®, a 69m sophisticated
sailing yacht is currently being built by Vitters Shipyards, with exterior and interior design by
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Vripack, naval architecture by Dykstra and contributions of countless sub-contractors and
knowledge suppliers. The keel of this yacht was laid last September.

In figure 2, a spatial overview is given of the areas on board a yacht that require special
attention to reach the state of zero.

Powerful yet
manageable sail plan

Solar on exposed

surfaces Furling downwind sails

Deck insulation
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storage

Cooling and heating

Deep keel

Kite power
generation

Thrusters /

Fresh water

Batteries Hydro-

management down low

Energy Balance

To accomplish a fossil free yacht concept, the energy that is used on board, needs to be
produced on board. In the period between harvesting and consumption, it needs to be
stored on board and this process needs to be carefully managed. In order to achieve an
acceptable balance in the energy housekeeping within different operational scenarios,
focus on each of these aspects is required. In figure 3, a typical energy balance for a
conceivable operational scenario is shown. The graph shows the intention to run the hotel
load on of the yacht primarily on solar energy. The power required for propulsion, needs to
be generated through sailing primarily. The State of Charge curve in this graph shows a net
decline over the course of this week, requiring a netincrease in the week after.

Energy balance: random 7 day charter scenario
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Figure 3: Energy balance for a conceivable operational scenario
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Today, we have identified the main contributors to the concept and will present two defining
features that contribute to a fossil free sailing yacht: “efficient hydro-generation” and “solar
heat and cooling”.

Hydro-generation

The application of hydro-generation on board sailing
yachts is by no means new, but we see a steep
increase in recent years. As a brief overview of the
concept:

The amount of power that is involved in powering a
sailing yacht along is very substantial. For this
panamax Ketch, the effective power of the sails in a
fresh breeze, broad reach is in the order of 1.5 MW,
Figure 4: The power of this Panamax roughly the same amount of power is generated by a
Ketch is comparable to a 70m diameter common 70 m diameter modern wind turbine. This
modern wind turbine power is used to propel the vessel, i.e. it is converted
to kinetic energy. To harvest some of this wind energy, and
convertthisto electricenergy thatcan be used on board, a hydro-
generator is used. In the case of a moving ship, a screw is the
most likely candidate for this turbine. The hydro-generator
converts the fluid’s kinetic energy into electricity by slowing
down the fluid that flows through the turbine’s disk area A. The

maximum available amount of power in that flow is: Figure 5: Hydro-turbine disk
area

1
Piow =3pvA (1)

The hydro-generator in that disc can harvest a part of that power, limited by the turbine
designand ultimately by the Betz limit. This ratio is expressed by the Rotor power coefficient

(Cp), where:
07 ——
i 1 ideal ¢y (romentun theory) | | Pryrbine = Cp Pfluw
theoretical power coefficent (nfinte rumber of blades, /p=wo)
g . |- j . We found that for a 4-bladed screw, the
H = " T o maximum attainable C, is around 0.3 ata
i wded oot n /g bleded rotie o | - - P . ‘
,}‘ 7@\ h\/w ’°"T tip speed ratio around 3 (Advance ratio J
: ”/@ J (Do v N | ' = 1). From equation (1) and the limit
. 3¢ found for C,, the conclusion is quite
| |
roda ich, i ‘ straightforward. In order to harvestalot of
01 : . .
[]'j‘\s‘ J W power, the turbine disk area {A} needs to
L T " R T T R N B be large and even more importantly, the
Tip-speed ratio A

flow speed {v} needs to be high. So, for
efficient hydro generation, a fast,
powerful sailing yacht is required with
large hydro-generators.

Figure 6: Coefficient of Power of wind rotors [Erich Hau
2006]
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In Stationary applications of turbines, Wageningen B 4-70 Q3 hydro generation
the drag that is associated with the T
retardation of the flow is relevant only ____,,.__---—x-,;\ Nedum: /010, g

for structural purposes. This drag does
not affect the inflow speed. On a sailing o B
vessel, the opposite holds true. The = = e
power yield of the turbine needs to be - - - = Optimu '
offset against the additional drag that it
incurs since the speed loss due to this
drag not only extends the duration of
the trip, but it also reduces the inflow

speed, cubically reducing the power -

yield. Therefore, in assessing the Figure 7: Power coefficient versus propeller efficiency for a
performance of the turbine, we have WageningenB4-70 Ship Propeller

assessed the power coefficient against
the prop efficiency. In Figure 7 this is shown for a Wageningen B 4-70 propeller. Work is
currently performed at MARIN to analyze and optimize the propeller for hydro-generation.

We found that to efficiently use a ship’s propeller as hydro generator, the orientation of the
propeller blades would need to be changed between propulsion mode and generation
mode to utilize the camber of the blades properly. Thisleads to a substantial increase in both
power yield (C,) and drag reduction, Figure 8.

Hydro-generation

Propulsion
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Figure 8: Hydro-generation propeller orientation

For this application, i.e. hydro-generation onboard a panamax ketch sailing yacht, we have
chosen a configuration with two azimuthing pods that can be used for propulsion,
maneuvering and hydro-generation with a combined disk area of 2.9 m?, Figure 9. The
forward most thruster is optimized for generation while the aft thruster is optimized for
propulsion. They can be used together in either mode.
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Figure 9: Thruster location onboard a panamax Ketch

Oncedrag, from any source, is addedto a sailing ship, the ship’s speed changes, altering the
wind-triangle, sideforce production etc. Therefore, to do a proper assessment of the
implications of using hydro-generation, the propeller in generation mode was modeledin a
VPP environment. This led to new insights in the relation between speed loss and power

Power Generation
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Figure 10: Relation between power yield and speed loss for various True Wind

Speeds and Propeller pitch settings
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yield, at different true wind
speeds, for various pitch
settings, Figure 10.
Eventually this  study
provided guidelines for the
maximum feasible prop
diameter, based on the
philosophy thatonly power
can be harvested that
exists, whilst balancing sail
performance and hydro-
generation capabilities.
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Solar Electric and Heat Generation

When the yacht is anchored and there is little
wind, sustainable energy harvesting relies on
solar power alone. Apart from solar energy
harvesting, aesthetics and safety play an import
role and therefore the choice was made to cover
only the Bimini and the cabin roofs with solar
power collectors. Thus, we must harvest as
much as possible of the incident solar power on
those surfaces (see figure 1).

We have developed electronics to track the
optimum power pointfor 8to 10 PV cell layoutsin
the panels to mitigate the loss of output due to
shadowing from the rigging. This approach

Figure 11: Areas viable for solar capture

increases the output by 10 to 20%, depending 18 ¢

on the angle of the sun. Furthermore, the
bespoke panels were developed to harvest
notonly Photo Voltaic (PV) but also thermal (T)
energy from the same surface area. State of
the art solar cells harvest approximately 20%
of the solar energy as electrical power and the
remaining 80% comes as waste heat as
shown in the graph in figure 12.

This heat is dissipated since with standard
panels, it comes at a low temperature of ca 40
°C andis thus of limited use.
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Figure 12: Solar energy spectrum

The design of these panels has a very high thermal insulation so that approximately 60% of
the incident solar power is available as heat at temperatures of 80-85 °C.
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PV panels glued
on aluminium

Water running through pipes

Thermal insulation

Figure 13: Build-up and efficiency of the PVT panels
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This high temperature makes the

{ Foundation® }

GEMERATOR CONDENSER

M ——

water heated in the panels usable for “~ o
. HEAT MEDIUM #’) WATER
laundry, bathing and even for — ;L =
powering a 17 kW absorption chiller 35[0 ORFICE__ABSODRSER
(figure 14). _ o
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Figure 14: Absorption chiller

pisHwAsHER: 2%

COMPUTER: 10/0

TV, DVD, CABLE BOX: 3%

eLectric ovewn: 3-4%

rerFrigeraTOR: 4%

COOLING & virsHeR & orver: 13%

nearing: 41%

vieHTinG: 12%
|Dependent on type of
light bulbs used)

warer neater. 14% V

Figure 15: Energy usage on a typical yacht

Typical domestic energy usage of a
currentday ship in this class is shownin
the pie chart (figure 15). Not only can a
significant portion of the power
requirement be covered by thermal
energy, in order to reduce the
requirement, we are improving the
thermal insulation of the deck and hull
to reduce heat flow through those
surfaces. This reduces the required
cabin cooling capacity in warmer
climates andin colder environments the
cabin heatingis reduced as well.

Deck 1: Base

A significant gain in deck and hull
insulation value can be made by
application of ca 30 mm of cork over the
metal plating of the deck. (figure 16)

U =0.6504 [W/m2-K]

U'=0.4261 [Wim2-k]

Figure 16: Insulation effect of cork on deck
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Furthermore, the use of an infrared reflecting additive to paint on the hull reduces the heat
influx due to sun heating while not affecting the color scheme. The heat influx through the
hullis hereby reduced by approximately 20-25 %.

In figure 17a, we see the visual image of paint test panels treated with (from left to right) IR
reflective additive and insulating filler, only IR reflecting additive and the standard paint.
Obviously, the IR reflective additive has no effect on the color. However, the thermal image
17b clearly shows the right panel is much brighter (thus warmer) and we measure aca. 3.5
°C higher temperature. This is due to reduced heating of the left panel with respect to the
right panel demonstrating the effect of reduced solar energy absorption due to the IR
reflective additive and the insulating filler. Treating the hull with this solution reduces the
cooling requirement of the ship, especially in the evenings when the suniis at a low angle.

Acknowledgements: the authors would like to thank the impact investors and many
contributors for their efforts in the creation of this paper.
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