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Supplementary Information

Potential for Electricity Generation from Renewable Resources and Levelized Cost of Electricity (LCOE)

Electrical energy can be generated from renewable resources such as solar, wind, hydropower, geothermal, tidal and
wave energy. Currently, most of these resources have the potential to meet the worldwide demand of electricity and
they contribute to the total generation of electricity with only a small fraction of their actual potential. Hydroelectric
power is the most widely used form of renewable energy and developed to about 16% of its potential.

Supplementary figure S1 compares the annual potential and actual annual production of electrical energy from
renewable energy resources. Only tidal energy is not capable of providing a significant amount of the worldwide
consumption of electrical energy. The disparity between potential and production is most striking for wave energy:
While capable of providing enough energy to meet the world demand of electricity, the current amount of electricity
generation from waves is negligible.
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Supplementary Figure S1 | Availability of renewable sources (References are given by superscripted numbers) a) The worldwide potential and
production of electrical energy from different renewable sources. The red dashed line marks the world con@uwt}on 4n the year 2009. The total
prf tial of gsolar yenergy was calculated by multiplying the average annual solar irradiation® (16 m ) with a total landmass
( 8% 10%m ).2-12

The LCOE describes at what price each kWh of generated electricity from a given project must be sold to break even
over the lifetime of the project. The LCOE varies for different technologies and energy resources.

A general calculation of LCOE involves the knowledge of six quantities for each year ! of operation: annual
investements (so called capital expenditure CAPEX (t)), annual maintenance (so called operational expenditure
OPEX (t)), annual fuel cost (F UE L(t)), annual renumeration of generated electricity (E GEN (t)), annual discount rate (
T(t)) and the lifetime of the device (T) in years. These quantities are combined to calculate the LCOE in the following
equation



i CAPEX(t) + OPEX(t) + FUEL(Y)

i [1+7r@®)]
LCOE = (S1)

zT: EGEN(Y)
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éA ﬁﬁn}g&lﬁca&on is achleved by the assumption that all investments are made in the first year (
Xiotal and CAPEX(t #0) = O) and all other quantities are constant over the whole lifetime

OPEX + FUEL CAPEX .., r(1+nT
LCOE = + ot a+n (52)
EGEN EGEN (14 n)[(1+n)"-1]

Evaluating the LCOE requires deep knowledge of technical limits, the jurisdiction which applies (fees, taxes), financial
environment (interest rates, availability of capital and expected inflation), government support, public support, and
much more!>!4. For this reason we base our analysis on that of Previsic, Bedard and McGowin et al.!3!51¢ who broke
down the cost centers for the LCOE of a rigid wave energy converter (Pelamis) (see supplementary fig. S2 a). Pelamis
is a rigid wave energy converter (WEC), see supplementary fig. S2 b), comprising steel tubes floating on the surface
which move against each other due to wave motion with hinges transmitting the absorbed mechanical energy to power
take-off systems. Addressing each cost center individually, we assess the differences between rigid and soft WECs to
obtain an estimate for their LCOE. Soft WECs comprise an elastomer tube filled with pressurized water!”. The walls of
the tube are built as dielectric elastomer generators which directly convert mechanical deformation energy of the wall
into electrical energy (supplementary fig. S2 c).
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Supplementary Figure S2 | Cost centers of rigid wave energy converters (reproduced from data of McGowin et al. 1) and schematics of soft and rigid
WEC structure. a) The structural cost for the wave energy converter and power take off system (magenta) accounts for 28% of the LCOE and another
40% are caused by annual maintenance (yellow). b) The schematic structure of a rigid WEC (Pelamis) built from rigid tubes. The end caps of the tubes
are connected by hinges which transmit the absorbed power to turbo-machinery and turbines. c) Schematic structure of a soft WEC with an entirely soft
structure. No end caps and moving parts are needed. The elastomer tube itself is filled with pressurized water and can act as absorber and power take-
off system when deformed by wave motion.

The cost centers defined in Previsic et al.!3 are combined into four categories



CAPEXstT'qu

0,

1. PEL : (Levelized) Investement cost for construction and material of the wave ener%y converter itself
including power take-off system and hull'S. It accounts for / struct = % of the total LCOEpg, of a Pelamis
device.

2. OPEXp EL: Annual cost for operation and maintenance including insurance, labor and })arts”. This cost center

does notinclude infrequent major overhauls. This cost center account for opex = 40% of the total LCOEPEL.

3. CAPEX ppy - All (levelized) costs related to financing, management, installation of infrastructure needed to
operate a wave energy converter or a farm of wave energy converters. Includes mooring, loan interest,
installation, facilities, construgtion rEana%ement, subsea cables and an overhaul of the WEC every 10 years.
This costgenter accounts for / infra ™ % of the total PEL,

4. PEL: pretensioned concrete is used for the end caps connecting segments of a Pelamis wave energy

converter and posttensioned concrete is coating the inside of the steel tube!8.
As no fuel is consumed by a WEC (F UEL(t) = 0) eq. S2 can be rewritten using these cost centers (note that the terms
related to the discount rate 7" and lifetime | are now included in the CAPEX terms):

struct infra

— ct

LCOEPELEGENPEL = OPEX,g, + CAPEX" "+ CAPEX .~ + CAPEX,, (S3)
These four cost centers of Pelamis are analyzed and adjusted for differences to a soft WEC. — 3549

In the first step the struct js split into two parts!®: steel hull structure accounts for f hatr = 354% and power

take-off system accounts for the rest of the structural cost.

The hull of a soft WEC operates as a device generating high voltage DC ready for long distance transmission, no PTOs
are needed for generation and no AC-DC converter for transmission. The cost reduction due to savings regarding the
PTO are unknown and to present a conservative estimation we include the full cost of PT%S as they appear in Pelamis.
In a second step the cost fc(r the steel hull directly scales with the steel price per weight ( steel) and if replaced with an
equal weight of elastomer \"soft/ leads to (point 1):

soft $soft

struct struct _
CAPEX ¢y = CAPEX o, fhull$ + (1 _fhull) - fstruct fhull$ + (1 _fhull) LCOEPELEGENPEL (S4)

steel steel

Lowering the cost of the initial structure also decreases maintenance costs.

Most of the maintenance for offshore WECs is due to four items'®: insurance & taxes, unscheduled repairs after storms,
preventive maintenance of PTO and turbines, scheduled subsystem replacements.

Storm damages can be reduced if soft WECs are deflated during such an event, a measure which is not possible for
rigid WECs. In contrast to rigid WECs the soft WECs could be moved onto a ship because of their compliance,
possibly allowing for preventive maintenance of multiple WECs simultaneously on one ship. Combining the reduction
of storm damages and the easier handling of compliant structures with the low material price and the lack of turbines
justifies the assumption of 20% cost reduction on PEL (J red ~ V%) reduction considering a lifetime of 20 years
for natural rubber tubes in sea as Pelamis (possible are up to 25 years according to Farley et al. 2°) compared to rigid
WEC. The adjusted cost for operation and maintenance are given by

OPEX o5t = f e opex-COEp EGEN (s5)

The cost for infggstructure, installation, management and connection of a WEC are not related to the type of WEC used.
Thus infra enters the LCOE of soft WECs without modification (point 3) and



soft PEL —
CAPEX’ " (t) = CAPEX, .~ (t) = f, . LCOE,, EGEN, (S6)

infra infra

Soft generators do not contain concrete end caps and to account for that the LCOE of soft WECs do not contain the cost
for concrete (point 4) and thus.

CAPEX(£) = 0 (57)

The last modification refers to the energy generated by different devices. The measured maximum power density of soft
generators ranges from 200 kW /m (NR) to 280 kw /m3 (VHB2?!). These are maximum values from lab-scale
experiments where the materials are operated at their limits. In real-world applications the materials will be operated at
lower output valyes, to increase the lifetime and reduce costs. For this reason only 1% of the maximum reported Qpgput
power density Psoft is used as the average power density of a soft WEC where no average power density Psoft is
available from literature. We define the average power density by

1% of p';af: for reported peak power densities
Psott = (S8)

p::ﬁ for reported avg power densities
struct
Since the same weight of hull material is used for calculating the CAPEX soft we also use the same weight of material
g g g

to calculate the produced energy

EGEN

soft = p p soft
PEL

EGEN (S9)

Here the average power density of Pelamzil_s PPEL is calculated from reported values (153 kw average output power and
mass of 380 t16 ) resulting in Ppp, = VAMW/G Combining eq. S3-S9 we calculate the LCOE of a soft WEC as a
function of material price “soft and average power density Psoft with

$soft"Dsoft) pPELf $

soft
LCOEPEL = psoftlfredfOPEX + fStrUCt(fhu”$stee| + (1 - fhull)) + finfra} (S 10 )

LCOEsoft(

The price for manufactured steel was reported in 2004 to about $3000/tonio apd accounting for increased raw steel
price ($ 650/ton (2004) to $900/ton (2012)) the manufactured steel price per ton in December 2012 is $4150/ton,
Elastomers used for soft WEC are VHB4910™ (VHB?2: $ 105000/ton)_ silicone rubber (SR23: $ 20000/tony angd
natural rubber (NR2°: $ 7600/ton) .
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Supplementary Figure S3| LCOE and Greenhouse gas emissions of energy sources This chart shows that ocean wave energy harvesting is possible at
low cost when soft DEGs made of NR are used. With renewable energy sources orders of magnitude less greenhouse gases are emitted at the same, or
even lower price.16:24-29

Results for the LCOE using different elastomer materials in a soft WEC are listed in supplementary table S1.

Supplementary Table S1 | Comparison of the levelized cost of wave energcheafﬁrtersusing different materials and technolog;t ("‘EW irst
line (shaded) reports published LCOE for the Pelamis wave energy converter ( PEL/30_The following lines report estimates of soft
for soft WECs using different materials calculated by eq. S10. The average specific power for natural rubber and VHB are estimated to be 1% of
peak power in laboratory tests. The power of Pelamis and silicone rubber are reported in literature/®!7.

WEC Average specific power P Material cost $ LCOE based on éf:igg{,kwm O’Connor
Pelamis (steel) 0.4 kW /ton 16 $4150/ton 26.5 - 61.7
Natural rubber 2 kW /ton $7600/ton 48- 111
Silicone rubber 1.1kW/ton 17 $20000/ton 11.8 - 275

VHB 2.8 kW /ton 31 $105000/ton 12.3 -28.5

Soft WECs do not produce greenhouse gas (GHG) emissions during operation. For estimating the levelized emission of
GHGs (LGH G) per generated electricity of soft WECs we only consider the emissions during production of the
clastomer material (GHG) and its average power density (p soft) but we exclude emissions during construction,
installation, maintenance and decommissioning. According to Thomson et al. 32 most of the emissions of Pelamis are
due to steel production and a similar situation should apply for soft WECs. The levelized emissions for soft WEC are
therefore simplified by the following formula:

GHG
LGHG = ——— (s11)

psoft I'if(:"timesoft

We assume equal liietimzelof elagtb)mers and steel in seawater (20 years) and considgr th6e 6reportg% GHG, emissions for
NR (GHG of 0-2% = 21tonC0zeq./tonys 4 Giicone rubber (GHG of 05~ 0:0 ton 0y eq./ton s, -y

resulting LGHG for NR and silicone rubber are 0gC0;eq./kWh and 33-34gC0;eq./kWh respectively.



Depending on the source of natural rubber, from plants or from petrochemical reactions, the emissions vary
considerably. The results are summarized in supplementary figure S3 and show that harvesting the energy of marine
waves is cost-competitive and clean compared with other technologies. However the emissions caused by installation
and infrastructure have not been considered in this estimation. All values regarding emissions of other techniques
reported in literature include the emissions during construction, installation, operation and decommissioning.

Experimental Methods:

Deformation properties.

Material samples are tested with a ZWICK universal testing machine. The nominal stress (force divided by initial
cross-sectional area) is recorded as a function of uniaxial stretch during loading and unloading.

Stress-stretch curves of pristine samples were obtained for a strain rate of 100%/s. The mechanical response of
elastomers s fitted to the Gent model®>. The Gent model consists of two material parameters: the shear modulus p and a
parameter ’ lim that relates to the limiting stretch. The main text fig. 2b shows the experimentally-obtained uniaxial
nominal stress-strain relation, fitted to the Gent model, giving material parameters H Juim at a strain rate of 100%/s in
the main text table 1.

Modeling the uniaxial deformation of the samples with the Gent model (
stress s as a function of strain as follows:

_ 'u]lim(/13 - 1)
24 (34 J)A* + 2*

A=Al =23=2"°

) gives the nominal

S

(S12)

Hysteresis.

When an elastomer undergoes a mechanical cycle of loading and unloading, the unloading path is typically different
from its loading path. When plotted on a stress-strain plane, the resulting area traced by the loading-unloading cycle
gives a measure of the amount of mechanical energy lost due to viscous effects, known as the hysteresis loss. We
obtain hysteresis losses for samples of acrylic-based VHB, and natural rubber-based ZRU and OP, by an experiment of
cyclic loading and unloading. Samples are uniaxially stretched to a prescribed maximum nominal strain of 200%, at a
prescribed strain rate of 5%/s, and then unloaded at the same strain rate. This loading-unloading process was repeated
100 times for each sample. The 100th cycle is plotted in main text figure 2d-f) to illustrate the relative hysteresis losses
for each material.

Hysteresis loss is expressed as a percentage of total mechanical energy stored during loading. The non-zero initial
strain before loading indicates some residual strain in the material accumulated over previous cycles. This experiment
shows that natural rubber-based ZRU and OP give lower hysteresis losses compared with acrylic-based VHB, with OP
displaying the lowest loss at 2.3%.
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Supplementary Figure S4 | Evolution of the stress-strain hysteresis for VHB, ZRU and OP over 100 cycles of uniaxial loading-unloading. Consecutive
cycles exhibit less and less hysteresis. After only 5 cycles the hysteresis loss converges toward its long term value.



All three materials exhibit large hysteresis losses in the first cycle, which gradually saturates to a lower value from the
5t cycle onwards (supplementary figure S4). This may be attributed to the Mullins effect3®37 which is most observable
in the first few stress cycles of a virgin elastomer, and gradually diminishes for subsequent cycles.

Fracture energy.

The fracture energy is defined as the mechanical energy required for a pre-existing crack to advance per unit area’®. We
determined the fracture energy of the elastomers by using an established method®. A wide but short sample of
dimensions L and H was clamped along the long edge (inset on fig. 2¢). A pristine sample and a sample with a precut
were separately stretched in pure shear deformation mode. The fracture energy I is computed as:

[=W(A,,) X H (S13)

where AT“P denotes the rupture stretch of the precut sample. The mechanical energy density W(A) is obtained from the
area under the measured nominal stress-stretch curve of a pristine sample. The data obtained were put into equation
(S13), and the fracture energies for all elastomers were summarized in main text table 1.

Dielectric strength.

The intrinsic dielectric strength is obtained by a method previgusly suggested by Trols et al.. The dielectric strength is
the maximum field applied to small area electrodes (0.25mm ) separated by the elastomers thickness while ramping up
the voltage until breakdown. A large flat stamp is pressed to the surface of the sample to prevent any actuation due to
the applied voltage.

Dielectric permittivity.

The dielectric permittivity is measured with an impedance spectrometer (NOVOCONTROL with Alpha-A analyzer).
This measurement reveals the polarizability (real part of permittivity €) and the dielectric losses during polarization
(e.g. through current leakage, series resistance and dissipative processes) which are represented by tan 8. The result of
such spectroscopy is shown in supplementary figure SS5.
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Since the observed dielectric properties are independent of thickness it is expected, that the intensive quantities specific

energy and specific power are indeed thickness independent and non-linear effects can be neglected as long as the time

to complete .a geperagion cycle is small compared to the storage time of the acitor which can be estimated to
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store . For signals of f = 1 Hz this evaluates to “store



Analysis of filler content of the samples.

The commercially available rubber samples OppoBand 8003 and ZruElast A1040 were analyzed for their filler content
by thermal gravimetric analysis (TGA). The samples are heated at a rate of 20°C/s from room temperature up to
600 °C i, nitrogen atmosphere to break down the polymer chains which evaporate. This stage is followed by adding
oxygen to the atmosphere in the furnace which results in exothermal combustion of the carbon content of the sample.
All organic components of the sample are oxidized after this process and further increase of the temperature to 800 °C
now oxidizes inorganic material. The remains of the sample are non-oxidized inorganic compounds. Supplementary
figure S6 presents the analysis of OP and ZRU.
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Supplementary Figure S6 | Thermal gravimetric analysis of OP and ZRU. The bulk of the rubber material is broken %odvg t about 400 °C in a
nitrogen atmosphere, leaving only the filler materials on the precision scale. The following injection of oxygen at about 6 leads to combustion of
the carbon content (zoomed out in the insets). The remains after this process are inorganic compounds which do not oxidize up to 800°C.

The filler content of OP is: 0-56 % carbon, 0.96 % inorganic compounds. The filler content of ZRU is: 1.19 % carbon
and 23 % inorganic compounds. The high filler content of ZRU may be the cause of the pronounced Mullins effect
seen in supplementary figure S4.

Material assessment in soft generators.

A sample membrane with diameter of 3 cm is mounted onto a pressure chamber. Pressure and volume inside the
inflated membrane are measured by a pressure sensor (JUMO dTrans p30 40.4366) and a high-speed camera at
250 fps (JVC GC-PX10). A contactless voltage measurement is performed by a TREK 341A electrostatic voltmeter
to obtain the voltage at the membrane. The voltage drop/rise during charging/discharging the membrane is used to
determine the charges <in/out exchanged with the input/output charge reservoirs (two 440 nF high-voltage capacitors
from www.fjz-ajf.de). The high-voltage diodes used for directing the charge exchange are X100UFG.
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