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1 Introduction

The expansion of renewable energy promotes
an interest in developing technologies that har-
ness the power stored in the ocean. One form
of ocean energy harvesting technology is the
Oscillating Water Column (OWC) which con-
verts the potential energy of the oscillatory wave
plane into electrical energy. Such a conversion is
achieved by encapsulating the wave height os-
cillations in a semi-submerged, rigid concrete
chamber which induces pressure changes within
the chamber, respective to the wave height [2];
[3]. A duct is installed above the sea level to
allow airflow in and out of the chamber as the
internal pressure decreases and increases, respec-
tively [23]. The induced airflow forces the ro-
tation of a turbine installed within the duct
which will, in turn, generate electricity [27]. The
present paper assessed the geospatial availability
of nearshore wave power to target the regions
of highest energy generation potential while also
reducing environmental impacts associated with
larger system sizes [11]. Nearshore OWC point
absorbers were the focus of the study, as opposed
to offshore OWCs, because these unique systems
offer a utility of converting wave power to elec-
tricity close to the shoreline where commercial,
residential, and industrial electricity demand ex-
ists [17]; [33].

The energy generation potential of energy
systems, especially renewable energy systems, is
highly dependent on the spatial location of that
system [11]; [33]. For example, the amount of
energy that a solar panel farm will generate is
conditional on the insolation and incident solar
angle. Likewise, wind farm generation potential
depends on boundary layer flows and surface fric-

tion. This differential distribution of resources,
which fuel renewable energy systems, results in
some locations clearly being the optimal instal-
lation sites.

In the case of OWCs, ocean environments
which naturally generate waves of higher ampli-
tude and period will allow the energy conver-
sion systems to produce higher energy outputs
[3]. However, as wave height increases, an OWC
system must house a larger chamber volume to
accommodate the larger waves heights and en-
sure that the system functions properly without
overflow. This coupled challenge of targeting the
shoreline sites of highest energy generation po-
tential while calculating the optimal size of an
OWC system at that point is assessed by the
algorithm developed in the present paper.

The benefit of advancing renewable energy
technologies is in their ability to mitigate global
warming potential by having fewer to no green-
house gas emissions when compared to conven-
tional energy technologies. Although most re-
newable energy systems have zero emissions dur-
ing operation, few of these systems can be fea-
sibly manufactured with zero emissions as well.
Thus, prompting efforts to reduce emissions dur-
ing energy system manufacturing as well as dur-
ing all other life cycle phases. As it was pre-
viously established, the spatial location of an
OWC system controls its long-term energy out-
put and, in turn, controlling its optimal system
size to ensure that energy output can be achieved
[11]. Then, as system size varies, the required
input material to manufacture the OWC system
varies as well. This propagation results in a dif-
ferential in the environmental life cycle impacts
profile of OWCs along the shoreline. The present
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paper addresses the cost-benefit between estab-
lishing locations of highest energy generation po-
tential and designing systems with the lowest
greenhouse gas emissions. Such an assessment
was conducted through a geospatial life cycle as-
sessment (LCA) in tandem with the algorithm
designed to calculate OWC generation potential
and system sizes geospatially.

2 Data Retrieval

2.1 Data Sites

To develop this geospatial OWC assessment
tool, empirical wave data was obtained from
buoy sites in the northeast United States. These
data sites are constituents of the Integrated
Ocean Observing System (IOOS) and consisted
of five buoy stations: A01, BO1, E01, FO1, 101
[24]. These five buoys, in particular, were se-
lected based on their distance from the shore-
line and their data availability. The OWCs as-
sessed in the present paper were nearshore point
absorbers, thus, the potential installation sites
must be close to the shoreline [5]. The locations
of existing buoys limited where the case study
assessment could occur; the eastern coastline of
New England was preferred as a result of this
region having a high density of buoy sites.
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Figure 1: Spatial locations of the five IOOS buoys used for data
retrieval in this study. The five buoys included A01, B0O1, E01, FO01,
and I01.

Additional IOOS buoys located in this case
study region but were excluded from the assess-

ment due to their narrow time frame of archived
wave measurements. Buoys A01, BO1, EO1, FO1,
and 101 were ideal because they recorded both
significant wave height, H,, and wave period,
T, at an hourly temporal resolution over a time
frame from 2003 to 2017.

2.2 Data Cleaning

Before the wave height and wave period data
could be used in the analysis, missing and erro-
neously recorded data from the buoy accelerom-
eters had to be removed. The lower tempo-
ral limit of the retrieved data for the analysis
was 1 January 2003 and the upper limit was 31
December 2017. Within this time frame, each
buoy had two sets of approximately 131,400 data
points to parse; wave height and wave period.
All data points within both the wave period
and significant wave height sets are denoted by
t = (tin,ton, t3n, -, tmn) where, m is the total
number of data points in the respective set and
n is the buoy from which that set was retrieved.
To clean the missing and erroneous data, each
set is parsed by the function t > t 4+ 150 where,
t is the average of the set, t, and o is the stan-
dard deviation of the set. At each data value
where the function returned true, that value was
nullified. The function’s purpose was to control
for data that was improperly archived and was
not previously marked as missing or erroneous
by the IOOS during data collection.

Once all data points were cleaned, they
were averaged down from hourly resolution to
monthly resolution which reduced the size of
each data set from approximately 131,400 points
to 180 points while still ranging from 1 January
2003 to 31 December 2017. This procedure was
justified by referring back to the scope of the
present paper: to 1) design an algorithm that
geospatially assesses the energy generation po-
tential of 2) optimally sized OWCs and 3) quan-
tifies the life cycle environmental impacts of sys-
tem manufacturing. This scope does not require
a high temporal resolution of empirical wave
data, rather, it is important to have a longer
time frame to capture oceanic fluctuation over
the lifetime of the OWCs [11]. Reducing the
temporal resolution of the data sets to maximize
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the time frame width aided in reducing compu-
tational time.

2.3 Rayleigh Distribution

The five IOOS buoys report wave height as
significant wave height; defined as the average of
the upper third wave height values of the wave
spectrum [1]. The wave spectrum can be well-
represented as a Rayleigh distribution with the
following probability density function:

CE’2

flw,0) = e 207 (1)
o
where, x € [0,00). o is a scaling parameter that
defines the spread of the distribution [8]; [22].
To obtain the individual wave height value,
Hy , from the given H values, the correct o value
must be determined to reconstruct the proper
Rayleigh pdf for each wave.
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Figure 2: Given Hs; = 1, the wave spectrum is represented by the
Rayleigh distribution with ¢ = 0.4824 where the red line denotes
Hs, the expected value of the upper third of the wave spectrum.
The shaded region marks the upper tercile of the wave spectrum.
The dashed black line denotes the individual wave height value,
Hp.

A gradient descent method was employed
to recover the o values for a given H, value.
The gradient descent method iteratively solved
for ¢ by reducing the error between a ran-
domly built Rayleigh distribution’s upper third
expected value and the given H, value [1]. A ran-
dom Rayleigh distribution was initialized with
o = 1 and the expected value was calculated of
the upper third of x values. Then, the absolute
value of the difference between Hg and the built
distribution’s upper tercile average until the ab-
solute value of the difference was less than 0.01.
If the error was not less than 0.01, then each
iteration would add a small do to prior itera-
tion’s o value until the prescribed error thresh-
old was achieved. As the error got smaller, do
got smaller to mitigate overshooting the target
value. To correct an overshoot, a negatively val-
ued 0o was added to the prior o. Once the er-
ror threshold was achieved, the gradient descent
was run nine more times for each Hy. Until, fi-
nally, the average of the ten o values was used
to reconstruct the Rayleigh distribution. H, was
obtained for each timestep by extracting the me-
dian x value of the constructed Rayleigh pdf.
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Figure 3: The calculated individual wave height values recovered using the Rayleigh distribution gradient descent method. The red line
corresponds to the significant wave height values, Hs, obtained from the respective buoys. Thus, the red line is also the average of the
upper tercile of the wave spectrum. The dashed black line is the median value of the wave spectrum, therefore, it represents the individual
wave height, Hy. The blue line is the average of the lower tercile of the wave spectrum, for reference.

Figure 3 illustrates the final H, values that
were recovered from the H values using the
Rayleigh distribution and the gradient descent
method. Iteratively solving for Hj resulted in
wave power values, calculated in Section 4, to
be closer to what we would expect to see dur-
ing OWC operation. This is due to Hy > Hj at
each time step, hence, using solely Hy to com-
pute wave power would overestimate the esti-
mated energy generation potential of each sys-
tem.

3 Shoreline Site Selection

Site selection for developing this analysis tool
was restricted to regions with abundant data
availability from buoys. The potential shoreline
sites that were selected along the eastern coast-

line of New England were within proximity to the
buoys. These site coordinates were obtained via
extraction from the vertices of a 500k-resolution
shapefile retrieved from the U.S. Census Bureau
[7]. 6,775 potential shoreline sites were initially
extracted but were then refined to ensure these
sites were topographically suitable for OWC in-
stallation.

A 3 arcsecond, high-resolution coastal re-
lief map was retrieved from NOAA and overlaid
onto the 6,775 extracted sites to determine to-
pographic site suitability [14]. 6,256 sites were
successfully mapped to the coastal relief values,
leaving 519 sites with missing bathymetric height
data. Using the successfully mapped heights,
the missing values were linearly interpolated so
all 6,775 shoreline sites had corresponding height
values [21].

Based on the geometry of both functioning
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and prototype OWC systems from existing lit-
erature, explored in Section 5.1, the system
chamber requires at least 3.5 m of functioning lip
draught height and at least 3.5 m of functioning
chamber opening height. The lip draught of the
system is the height of material below the water
line and above the chamber opening. The cham-
ber opening is the entrance for the working fluid
to enter the system chamber. Thus, each of the

potential shoreline sites had to be at least 7.0 m
below sea level, which corresponds to a bathy-
metric height of —7.0m in the coastal relief data
set. All 6,775 sites were parsed and only the sites
with bathymetric heights less than or equal to
—7.0m would comprise the final set of shoreline
sites. After parsing, 1,675 shoreline sites were
quantified as suitable for OWC installation.
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Figure 4: Black points correspond to all 6,775 initial shorelines sites. Yellow points correspond to the suitable shoreline sites where OWC
installation was deemed possible. At the suitable shorelines sites, the bathymetry had a height less than or equal to —7.0 m. The colorbar
corresponds to the bathymetric data retrieved from the NOAA coastal relief model.

4 Wave Power Algorithms

4.1 Power Equation

With 180 timesteps of wave period and sig-
nificant wave height from 1 January 2003 to 31
December 2017 at each of the five buoys, wave
power values at each of these timesteps were es-
timated. Estimated wave power is a function of
the two empirical variables, wave period, T', and
individual wave height, Hy:

w 2T H2
P(T Hoy) = 29200 ()
where, P is the estimated wave power. p, =
1,025kgm™2 is the density of sea water, treated
as a constant. g = 9.81ms~2 is the gravitational
acceleration. 7 is the efficiency of the Wells tur-
bine installed in the OWC chamber duct [5]; [6];
[23]; [30]; [33].

At every timestep, this power equation iter-
ated over the wave height and period values for
all five buoys, resulting in five temporal matrices
being constructed.
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Figure 5: A visualization of the five calculated wave power temporal matrices at each IOOS buoy using equation (2).

4.2 Geospatial Estimation

To estimate the nearshore wave power, these
five matrices, spatially represented as point data,
of average monthly wave power were translated
into a meshgrid. Through this geometric transla-
tion, the variability of wave power values begins
to be captured geospatially [19]. The meshgrid
was built with longitude and latitude bounds of
xr € [—70.617,—69.938], y € [41.810,42.977], re-
spectively, and a grid resolution of 100 x 100.
These bounds were subsampled from the fur-
thest extending shoreline sites assessed in the
study to ensure all sites were enclosed withing
the meshgrid bounds. The x- and y-values of the
meshgrid bounded the longitude and latitude of
the frame whereas the z-values of the meshgrid
were given by the estimated power values. The
meshgrid was initialized at every time step by
setting five out of the 1,000 grid z-values equal
to the five wave power matrices at the buoy co-
ordinates on the meshgrid. The remaining grid
points that did not correspond to buoys coordi-

nates were interpolated by the following radial
Gaussian decay function:

Zf(xiy Tr,Yi, Ys, Zi)

_(\/(l“f —zi)? + (yy — yz')Q)

€
where, z; is the interpolated z-value at the tar-
get longitude and latitude values, z; and y;. x;
and y; are the longitude and latitude values cor-
responding to the locations of the initialized z-
values at the five buoy locations; ¢ # f. z; is
one of the five initialized power values estimated
at the buoy locations. € is a constant parameter
that approximates the average distance between
all five initialized buoy locations; as € — oo,
zr — 2 [21].
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4.3 Shoreline Site Wave Power
Mapping

The initialized meshgrid was iterated 180
times, once for every timestep, using (3) to ob-
tain an interpolated wave power value at ev-
ery grid point. Using the coordinates of all
1,675 suitable shoreline sites, each iteration sub-
sampled the respective interpolated power value
from the meshgrid. Then, all power values were
compiled into a matrix with their corresponding
longitude and latitude values:

T1 Y1 Rfy;y Rfig - Zflj

A T2 Y2 Zfoy Rfsg -+ Zfo;
ixj — . . . .

Li Yi Zfi Rfio -+ Rfi

where, A is the temporal matrix of subsampled
shoreline site wave power values. ¢ = 1,675 is
the number of suitable shoreline sites. j = 180
is the number of timesteps. x, y are longitude,
latitude. z; are the interpolated wave power val-
ues at the corresponding (x,y) coordinates.

By collapsing the columns of wave power val-
ues, all timesteps were averaged together and the
0.1-trimmed mean was calculated:

T1 Y1 2y
T2 Y2 2ty

Bi><3 - . . (5)
Ty Y Zy

where, B is the time-averaged matrix of power
values at all suitable shoreline sites. z; are the
0.1-trimmed average wave power values at the
corresponding (z,y) coordinates.
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Figure 6: (6a) Geospatial energy generation potential across the entire case study shoreline, ¢ = 6, 775. The lifetime of an OWC system
is estimated to be 20 years [11]. Thus, to obtain the generation potential over the lifetime of the system, the hourly system energy is
multiplied by the number of hours in 20 years. (6b) Histogram of lifetime energy generation potential values along the shoreline, N = 6, 775.

Wave power values were estimated tempo-
rally first before averaging down to a single value
for each site to reduce error and gain a more
accurate representation of the ocean conditions.
The importance of taking the average of the
power estimations is in the optimization of the
OWC chamber size; a chamber will be optimally
sized when the chamber size becomes a function
of the system’s most typical value of power over
its lifetime. A 0.1-trimmed mean of 15 years
of wave power values captures this typical wave
power value over the system’s lifetime by repre-
senting the temporal set and removing outliers.

The steepest gradient in lifetime energy po-
tential values occurs at the opening of the Casco
Bay (-68.7° longitude) with a maximum of 172.3
MWh and a minimum of 1.8 MWh. The energy
potential of an OWC is highly dependent on the

oceanic conditions and the shoreline structure,
implying that the siting of the system plays a role
in its potential to generate electricity [33]; [11].
The steep gradients in lifetime energy potential
values revealed in Figure 6 illustrate the im-
portance of conducting geospatial energy anal-
yses for renewable energy systems due to the
variability in energy values along a short length
of coastline. Without first targeting the loca-
tions of highest energy potential, an installed
system may end up having significantly higher
costs than benefits even when the system sizes
are scaled proportional to the estimated energy
potential [11]. In the present paper, the costs of
system installation were quantified by life cycle
environmental impacts in Section 6.
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5 System Engineering

5.1 OWC Chamber Geometry

To size each shoreline OWC system based
on its estimated generation potential, the sys-
tem geometry must be studied. For this study, a
simple rectangular chamber design was used to
model the system geometry as shown below.

——
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Figure 7: A sketch of the OWC chamber geometry where, o? is

the chamber cross-sectional area. [ is the total chamber height.
¢ is the chamber height above the water. ¢§ is the chamber wall
thickness. d is the lip draught height.

From the five geometric components of the
chamber, o2, 3, &, §, and d, each system could
be optimally sized for its environmental bound-
ary conditions. The cross-sectional area compo-
nent was calculated using the estimated gener-
ation potential. The total chamber height is a
function of bathymetric height at the site coor-
dinates, 7(x,y), and £&. The &, 0, and d compo-
nents were controlled as constants from existing
literature values.

From existing literature on OWC chamber
geometry, it is noted that a wide distribution
of chamber geometries exists. The most variable
geometric component is chamber cross-sectional
area, a?. By strictly calculating this value
through the later developed optimization process
in Section 5.2 rather than treating it is a con-
stant, significant error is avoided. With cross-
sectional area having the highest value range of

320 m?, the values from existing literature were,
o {4m? 30m? 64m? ~87.5m? 324m?} [3];
[5]; [13]; [29]. Some of these values were retrieved
from model-to-prototype ratio scales while oth-
ers were retrieved from functioning OWCs that
were once in operation. The distribution of these
values from different OWCs illustrates the im-
pact that the difference in oceanic conditions has
on the scaling of a system while still allowing it
to function [33].

Total chamber height, 5, was calculated as
summation of bathymetric height, 7(z,y), and
chamber height above water, £. Chamber height
above water is the first constant geometric com-
ponent. This value has the second highest range
of 17.5m, the values from existing literature
were, & : {7.5m,10.8m,~13m,25m} [3]; [5];
[13]; [29]. The sea level was kept as a constant
during this assessment and was quantified by
7(z,y) = 0. The value of £ is necessary because
a volume of air must be left above the working
fluid such that the compression and expansion
of air within the chamber will allow for an air-
flow across the turbine, which is installed above
7(x,y) = 0 [6]. An approximate median value
of £ was retrieved from literature resulting in
¢E=12m.

The constant variable with the next highest
range is the lip draught height. This lip is nec-
essary to keep the air within the system and
only interacting with the environment through
the duct where the turbine exists. If the water
level falls below the lip draught, then the internal
pressure will equalize with the surrounding en-
vironment, breaking down the system dynamics
and diminshing system efficiency [6]; [30]. The
lip is also an important factor in the efficiency
of the OWC [3]. From literature, the lip draught
height has a range of 5.6 m, with a distribution of
d:{1.9m,~3m,3.6m,7.5m} [3]; [5]; [13]; [29].
An approximate median value was retrieved as
d = 3.5m.

The final constant variable is the chamber
wall thickness, d. ¢ also estimates the height be-
low the chamber opening and the width to each
side of the chamber opening. ¢ has a range of
0.48m with a tight distribution of values from
literature, ¢ : {0.12m,0.5m, 0.6 m} [3]; [5]; [13];
[29]. Thus, an approximate median value was
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retrieved as 6 = 0.35 m.

5.2 Optimization Algorithm

As established, the cross-sectional area, o2, is

the geometric component of the OWC chamber
that will be sized as a function of the wave power
estimations at each shoreline site. Through ap-
plication of this algorithm to the data, the inter-
nal volume of the chamber can be calculated to
best fit its oceanic conditions [18]. The 15-year
0.1 trimmed mean of wave power at each site
provides a good estimation of the general condi-
tions these systems will experience during their
lifetime. By scaling the system sizes to meet
the supplied power of the waves at that loca-
tion, excess material is not wasted by making
the chamber too large and the maximum possi-
ble generation is achieved because the system is
not too small.

To assess o as a function of supplied wave
power, the appropriate algorithm must be devel-
oped. The first set of governing equations are as-
sociated with relating wave power to horsepower
then horsepower to air velocity over the turbine:

2

P = PHy x 1.34102 (6)
‘/JTAdPa

P = 7

- 6356 (M)

where, P is wave power in horsepower. P is the
estimated wave power from (2). H is the in-
dividual wave height. V, is the velocity of air
over the turbine in the chamber. A, is the cross-
sectional area of the duct where the turbine is
installed. P, is the air pressure within the tur-
bine duct [15].

V. is currently an unknown value, however,
we have values of P, Hy, and A,;. Also, P, is
a value retrieved from experimental studies of
OWC chamber dynamics. We pick the maxi-
mum observed value of P, = 7000 Pa to be the
estimated air pressure within the turbine duct
[23]. Rearranging (7) to solve for V, allows the
chamber cross-sectional area to be calculated by
the following governing equation:

V,A
o = (8)

®

where, a? is the cross-sectional chamber area.

0Hy .
—— is the change of the water column height

ot

over time within the chamber [28].

Applying Leibniz’s integration rule [16] and
the fact that wave height is a function of time,
Hy(t), we have:

% ~ % ( /: Hs(t)dt) | ()

Since, the bound width is constant for each
timestep,

) t G Hy(t) t
_ H = A H,.
(], o) = [ 5w |

(10)
Applying the Fundamental Theorem of Calculus,
we get:

/t1 dHO = Ho(tl) — Ho(t0> = AHO (11)

to

Thus, we approximate:

Y~ AH,. (12)

Therefore, we may estimate the chamber cross-
sectional area using our initial temporal matrix
of individual wave height values such that:

V. Aq
2_ e 13
“ T AH () (12)
Finally, combining (6), (7), and (13) builds
the algorithm that links chamber size to esti-
mated wave power:

_ PHy(to) x 6356 x 1.34012 (14)
N P,AHy(to,t)

042

in which all variables are known or were pre-
viously calculated [29]. By applying this algo-
rithm, each estimated wave power value has an
optimized chamber cross-sectional area value at
every shoreline site. These o? values, in com-
bination with the remaining geometric compo-
nents of Figure 7, allow for the calculation of
system material consumption at each site.
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5.3 OWC Material Consumption

Calculating the volume of concrete material
consumed by each OWC system at their respec-
tive shoreline sites builds a cost-benefit for sys-
tem installation. Such that larger OWC cham-
bers with the potential to generate more energy
over their lifetimes will consume more material
to manufacture and, in turn, have higher envi-
ronmental impacts prior to normalization by the
functional unit [11]; [31].

Referencing Figure 7, the following repre-
sents the total volume of chamber material with-
out a chamber opening;:

(20” + 4aB)6 (15)

and the chamber opening is represented by:

(x —20)(7(z,y) —d —§)d (16)

thus, by combining (15) and (16), we get an
equation for the total material consumed by the
chamber:

(2028) + (3aB8) + ([d + £]0). (17)

A chamber opening for the turbine duct is ne-
glected in (17) because its geometry was kept
constant for all systems in this analysis. Apply-
ing (17) to the chamber cross-sectional area opti-
mization algorithm in (14) results in the building
of a chamber concrete consumption profile along
the coastline.
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Figure 8: (8a) The geospatial concrete consumption as calculated by (14) and (17). (8b) Histogram of concrete consumption along the

shoreline, N = 1,675.
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Each of these chamber concrete values have
been sized proportional to the estimated wave
power available at each site using (14). Since
the concrete consumption is a function of wave
power, it can be noted that where we see the
lowest values concrete usage correspond to the
lowest values of wave power in the Casco Bay,
illustrated by Figure 6. The steep gradient
of values at the opening of the Casco Bay in
Figure 8 is resolved similarly to the gradient
of wave power seen in Figure 6 at the Casco
Bay. Additionally, there are extreme values of
chamber concrete which transpire from not lim-
iting the suitable shoreline sites with an upper
limit of bathymetric height. The suitable sites
had to be at least 7 m below sea level to install
a functioning OWC, there was no limit to how
deep these sites could be, resulting in unrealistic
OWC chamber heights at some locations. These
sites were not removed because it is not impos-
sible to install a functioning OWC system there,
only impractical.

6 Life Cycle Impacts

6.1 Assessment Type

To quantify the costs, i.e. the environmen-
tal impacts, of each OWC system along the New
England shoreline, a cradle-to-grave life cycle as-
sessment (LCA) is conducted for each system.
This type of assessment will factor in all of the
resources consumed and their associated emis-
sions or impacts in the manufacturing, trans-
portation, and disposal phases over the 20-year
lifetime of the OWC [11]. The emissions in-
cluded in this cradle-to-grave LCA were only
those associated with climate change impacts.
Therefore, all emissions that invoke an atmo-
spheric warming effect were equated to a carbon
dioxide equivalent based on said emission’s mag-
nitude of warming. Hence, the quantifying units
of the LCA were kg of carbon dioxide equivalent.

Each system’s impacts were then normalized
by their lifetime energy generation potential in
kWh, allowing the impact magnitude to be com-
pared on a system-to-system basis. For example,
if two OWC systems are compared and each re-

quire the same input of material but one sys-
tem generates significantly more energy over its
lifetime, then the higher energy producer sys-
tem will have lower impacts for every kWh of
functionality. Therefore, we denote kWh as our
functional unit in the LCA [31].

6.2 Assessment Components

The first component of the LCA is the cli-
mate change impact of concrete production. The
magnitude of impact is obtained from the Ecoin-
vent database where one cubic meter of con-
crete, made with cement type CEM II/B, has
a life cycle impact (LCI) on climate change
of 172.6kg COyeq/m® [4]. This Ecoinvent im-
pact assessment was calculated using TRACI 2.1
V1.03/US 2008. Concrete made with CEM 1I/B
was selected over CEM II/A and CEM I due
to it having a lower clinker concentration which
decreases the grain size and permeability of the
structure; CEM III LCIs were not available from
the database [2]; [26]. To get the total impact of
concrete production for each OWC system along
the shoreline, the LCI was multiplied by the re-
quired amount of concrete to manufacture each
system, shown in Figure 8, and then normalized
by lifetime energy potential, shown in Figure 6.

The next component is the LCI of the turbine
and generator for each OWC. The turbine and
generator set has an LCI of 0.344 kg CO4 eq/set
calculated using TRACI 2.1 V1.03/US 2008 [4].
Each OWC system only has one turbine and gen-
erator resulting in a lower climate change im-
pact compared to that of the concrete produc-
tion. The turbine and generator LCI was also
normalized by lifetime energy potential, shown
in Figure 6.

The final component of the LCA is the LCI of
product transportation to the deployment site.
The concrete must be transported from the point
where it was mined or refined to the coastline site
where it is poured to shape the OWC chamber.
Concrete is comprised primarily of silica com-
pounds so the point used as a production site
of the concrete was largest producer of silica in
the northeast - a mine located in northwest New
Hampshire [32].
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Figure 9: The red point marks the silica production site in northwest New Hampshire. The black points are the OWC deployment sites
along the shoreline. The dashed red lines indicate the shortest distance between the silica production site and the OWC deployment sites.

The distances obtained between the sil-
ica production site and the OWC deployment
sites represent the shortest possible distances to
transport the concrete. Therefore, an additional
distance of 20% is added to each transportation
route to get a better estimate of the distance
that a freight train must travel to reach each in-
dividual site. The LCI of a diesel-powered train
is 2.20 x 107° kg CO, eq/kg - m which was calcu-
lated using TRACI 2.1 V1.03/US 2008 [4]. The
distance traveled from Figure 9 and the mass of

the concrete being transported, obtained using a
CEM II/B density of 2,800kg/m?, were multi-
plied by the LCI then normalized by the lifetime
energy potential, shown in Figure 6 [26].

The summation of the total impacts of con-
crete production, turbine and generator produc-
tion, and material transportation quantifies the
total lifetime impact for each OWC system. Iter-
ating this analysis across all shoreline sites builds
a profile for OWC LCIs along the coast, shown
in Figure 10.
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Figure 10: (10a) Geospatial life cycle environmental impacts for each optimally sized OWC system at its deployment site. (10b) Histogram
of life cycle impacts along the shoreline with y-axis break, N = 1,675. (10c) A magnified view the 0 kg CO2 eq/kWh to 0.8 kg CO2 eq/kWh
x-axis section of the histogram from (10b) with an increased bin number.

Figure 10 illustrates the geographic de-
pendence of OWC LCIs along the New
England coastline. The majority of sys-
tems along the coastline had LCIs between
0.10 kg CO5eq/kWh and 0.35 kg CO,eq/kWh.
These low LCI values correspond to the regions
of high generation potential in Figure 6. Even
though, by Section 5.2, the optimal chamber
size is scaled proportional to wave power which,
in turn, results in a higher concrete consumption,
these locations along the coastline still have the
lowest impact per kWh.

The regions of highest LCI correspond closer
to regions of lower energy potential rather than
regions of higher concrete consumption. Many

of the outliers seen in Figure (10b) have a fre-
quency less than 20 and are primarily seen where
the lifetime generation potential is less than 40
MWh. As shown in Figure 8, concrete con-
sumption is not necessarily highest in these re-
gions of high LCI; the sites deep within the Casco
Bay illustrate this. Most Casco Bay systems re-
quire less than 100 m?® of concrete for chamber
manufacturing, yet have exceedingly high emis-
sions per kWh. Due to the low lifetime gener-
ation potential within the bay, every kWh gen-
erated by an OWC there has a higher cost, i.e.
environmental impact, as a result of less energy
being generated at these sites.

With the highest frequency LCI values falling
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within the range of 0.10 kg CO5eq/kWh to 0.35
kg CO2 eq/kWh, as shown in Figure (10c),
most renewable energy system LCls fall below
this range whereas conventional energy LClIs
fall above this range. Silicon photovolatics
have a baseline LCI of 0.045 kg CO5eq/kWh,
wind turbines have a baseline LCI of 0.011
kg COs eq/kWh, hydropower systems have a
baseline LCI of 0.0040 kgCOseq/kWh, nat-
ural gas plants have a baseline LCI of 0.47
kg COzeq/kWh, and coal-fired power plants
have a baseline LCI of 0.98 kg CO4 eq/kWh [20];
[10]; [12]; [25]; [34]. Therefore, indicating that
most OWCs installed along this coastline do not
have the potential to be as sustainable as other
more common renewable energy systems. How-
ever, they are, in fact, more sustainable than
conventional methods of energy generation. To
ensure that these OWC are at least more sus-
tainable than conventional energy systems, the
location of the installation site is paramount.
Poor selection of an installation site may result
in LCIs higher than those of coal or natural gas
power plants.

7 Conclusion and Discus-
sion

In this study, it was determined that geo-
graphic positioning of an OWC installation site
has influence on the OWC’s lifetime energy gen-
eration potential and life cycle impacts on cli-
mate change. Shifting the installation site of an
OWC along the shoreline resulted in significant
changes in LCI which could make that OWC
system less sustainable or more sustainable than
conventional energy systems, such as coal or nat-
ural gas.

It was found that the sustainability profile of
OWC installation along the shoreline, quantified
by LCI, followed a similar spatial evolution as
the lifetime energy generation potential profile.
By developing an algorithm that optimally sized
an OWC chamber to its oceanic boundary con-
ditions, system size and, in turn, concrete con-
sumption were also dependent on the geographic
location of an OWC installation site. However,
this variation in concrete consumption along the

shoreline was less representative of LCIs than the
energy generation along the shoreline.

Steep gradients of LCI values were seen in re-
gions of complex shoreline structure, notably in
the Casco Bay where energy generation poten-
tial is at a minimum. Significant changes in both
LCT and generation potential along this particu-
lar coastline of New England emphasize the im-
portance of proper planning and analysis prior to
installing or manufacturing OWCs. Since the ef-
fectiveness of a renewable energy system, OWCs
in this case, is highly dependent on the system’s
surrounding environment, a careful exploration
of the energy potential and life cycle impact pro-
files of the surrounding environment should be
conducted to ensure the system meets its high-
est output and lowest impact.

In future work, a more refined analysis of
coastal and nearshore topography will be con-
ducted to study the influences of coastal geome-
try on the wave power harvestable by ocean en-
ergy systems [6]; [9].
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