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Summary:

Very few amounts of Life cycle assessments (LCA) are conducted for ocean wave energy
converters (WEC). Among those, no work can be found regarding the oscillating water
column (OWC) wave energy converter devices. This study presents a cradle-to-gate life
cycle assessment for the LIMPET OWC plant. The study aims to identify the impact of the
LIMPET plant. OpenLCA software was used to perform the LCA. ReCiPe 2016 and EDIP
2003 methods were used to assess the impact of the use of the Ecoinvent database. The
carbon payback period and the energy payback period of the LIMPET plant were 0.14
and 161.15 years respectively. The energy payback period is very high due to inefficient
energy harnessing and plant failures.

The University of South-Eastern Norway takes no responsibility for the results and
conclusions in this student report.
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Introduction

1 Introduction

1.1 Background

The growing energy demand is mostly fulfilled by non-renewable energy sources, which have
many negative externalities. Hence, the use of renewable energies minimizes those negative
externalities. Renewable sources like solar, wind, and ocean energies are good alternatives
for traditional non-renewable energies. Literature shows that about 2 TW of wave energy is
available worldwide [1].

Ocean wave energy possesses a high utilization factor, and high power density compared to
other renewable energy sources. Some advantages are listed below [2].

e Ocean wave energy possesses the highest energy density among all renewable energy
sources, with wave power on the sea surface about 5 times greater than wind power
at 19.5 meters above the sea surface.

e Power extraction from wave energy remains continuous throughout the day, with
operational efficiency reaching around 90% compared to 20% to 30% for wind and
solar energy.

e The predictability of ocean wave energy enhances its appeal.

e the environmental impact remains relatively low, particularly for offshore wave
devices, which exhibit the lowest impact.

e The natural seasonal fluctuations of ocean wave power align well with the electricity
demand variations, further emphasizing its suitability as a renewable energy source.

Apart from that, some environmental damages are also available such as land use,
construction and maintenance, coastal erosion, fish and marine biota, and noise effect [2].

Many ocean wave energy technologies are related to several factors those are water depth
and location (shoreline, near-shore, offshore), as shown in Figure 1.1. In 1799 first ocean
Wave Energy Converter (WEC) was patented. Since then, although hundreds of devices for
harnessing wave energy have been designed and tested, most of these technologies still need
improvement [2].
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Wave Energy Convertors

Installed Location Wave Interaction

Working Principle

| Onshore — Terminator
| Near-shore | o/ i Overtopping Oscillating — Attenuat
\_ column devices devices
Offshore - Buoy
Fixed structures Fixed structures B Submerged pressure differential
Ex: - Pico, LIMPET Ex: - Wave dragon
Floating structures Floating structures |  Oscillating wave surge
Ex: - Mighty whale, ocean Ex: - SSG, TAPCHAN
energy, sperboy, oceanlinx -
Attenuator
Ex: Pelamis

Point absorber

Ex: AquaBuoy, IPS Buoy

Figure 1.1 Wave Converter classification [2].

Since ocean wave energy focuses on sustainable energy production, those energy-harnessing
convertors should have a low environmental impact in their entire life cycle. To estimate the
environmental impact of a wave energy convertor Life Cycle Assessment (LCA) can be
conducted. More about the LCA can be found in Chapter 2. LCA results allow for the
identification of the main contributing phases to the potential environmental impact in the
WEC life cycle allowing decisions to mitigate identified impacts through alternative material
replacement, alternative design, and eco-friendly processes as such. In this thesis, cradle-to-
gate LCA analysis was conducted on a selected WEC device.
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1.2 Aim and Objectives

1.2.1 Aim

Conduct a cradle-to-gate LCA analysis of an Ocean WEC to identify the potential
environmental impact of that WEC type and give future suggestions to mitigate the
environmental impact.

1.2.2 Objectives

e To conduct a comprehensive literature review of current ocean WECs (state-of-the-
art) and related LCA studies.

e Toidentify a WEC to conduct a LCA analysis.

e To develop a cradle-to-grave LCA model for the selected WEC.

e To suggest environmental impact mitigation solutions.

1.3 Report structure info
Chapter 02: A literature review on the ocean wave energy, WEC devices and LCA theories.

Chapter 03: Discussed the goal and scope definition, data collection, and flowchart of the
system in a detailed manner.

Chapter 04: Discussed the inventory analysis phase of the LCA work.

Chapter 05: Discussed the impact assessment phase, interpreted the results generated in the
impact assessment phase and discussed them.

Chapter 06: Conclusion and future works are discussed in this chapter.

10



Theoretical background and Literature review

2 Theoretical background and Literature
review

2.1 Overview of the chapter

This chapter will discuss the theoretical background of ocean wave energy, state-of-the-art
oscillating water column (OWC) devices, the LCA concept, and the LCA work carried out in the
WEC field.

2.2 Introduction to Ocean Wave Energy

Ocean waves represent a plentiful renewable energy source, derived from the concentrated
solar energy on the ocean's surface, driven by wind patterns resulting from the earth's uneven
heating. Consequently, the energy density within water waves surpasses that of wind or solar
power significantly. In Europe alone, the annual wave energy resource is estimated at
approximately 720 TWh, a capacity comparable to that of traditional fuel-burning plants
supplying the European electrical grid [3].

Wind-generated waves can be classified according to their appearance: linear, nonlinear, and
breaking waves [4]. Figure 2.1 shows the shapes of those waves. There are several theories
for modelling the above waves mathematically.

0> U
' 2 —of ~Crest —AF How Spaahoa
e 4 B >0,
_— [ /f\) S
- R \\_ﬂ_/ 3 kS -
Trough ~ = SWI =3 =
h; \ d \\ =
~ Sea Bed / \;-/_/ \:
SEIRRERR S S SR —suL — Mean Waier Level (MWL)
a b

— Breaionz Wave Profile Broken Wave Profile ——

Figure 2.1 Different types of wave profiles (a) linear waves, (b) nonlinear waves, and (c) breaking
waves [4].
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Those theories apply to wave modelling according to the region where the waves propagate.
The ocean can be divided into three regions relevant to water depth (h) and wavelength (A)
[4]. Shallow Water: h/ A £1/20, intermediate Water: 1/20 < h/ A <%, and Deep Water: h/ A 2
%. Figure 2.1 shows the different types of wave theories and the applicable ocean region.

Shallow Water | Intermediate Water | Deep Water

STOKES —
HIGHER-ORDER
THEORIES

107! —

SOLITARY
| BREAKING

LIMIT /
DEAN'S
STREAM FUNCTION STOKES’
,| THEORY / SECOND-ORDER
17— THEORY —
H/ X MICHEL'S

| BREAKING
LIMIT

1073

s
e
/ s / /
/ -
// LINEAR THEORY
| DEAN (1967),, / /

CNOIDAL THEORY /l

S S
10~ Wi |R / |/| |

1073 1072 107! 10°
h/hy

Figure 2.2 Analytical Validity Ranges of the Linear and Nonlinear Wave Theories. The Ursell parameter is UR =
HA2/2h3, where H is the wave height [4].

2.2.1 Linear Wave Theory

The equations below show the formulation of the linear theory, also known as Airy's wave
theory [4].

The displacement of the free surface caused by linear waves is shown in Equation (2.1).

n = gcos[k(x —ct)] (2.1)

Where t is time, H is wave height, and x is distance. The wave number k can be formulated as
shown in Equation (2.2). Since the free-surface profile is sinusoidal in time and space,
therefore the maximum displacement from the SWL occurs when.

k(x — ct) = 0, + 27, + 4, ... (2.2)

12
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First, when t = 0 in equation (2.2). The distance in the x-direction between two crests is the
wavelength, denoted as A. From Equation (2.2), k can be obtained as shown in Equation (2.3).

k_27r
2

Next, when x = 0. The time lapse between crests is the wave period, denoted as T. From the
results in Equation (2.2), we can obtain Equation (2.4).

(2.3)

kc = = 2nf = w (2:4)

In this Equation, f gives the wave frequency in Hertz (Hz) units, and w is the circular wave
frequency. The unit is radians per second. w is also obtained from below Equation (2.5).

w =,/ gk tanh(kh) (2.5)
Where g is the gravitational force.

Combining Equations (2.3) and (2.4) by eliminating the wave number yields the formula for
the celerity or phase velocity by Equation (2.6).

¢= T (2.6)
The wave velocity function of the linear wave is given by the following Equation (2.7).
B Eg cosh[k(z + h)]
2w cosh(kh)
Combining Equations (2.3) and (2.4), an expression for the wavelength can be obtained. This

is a form of the dispersion equation that helps find the wave characteristics of the three
regions of the ocean, given by Equation (2.8).

sin(kx — wt) (2.7)

2

2 2mg gT 2mh
A k 2 tanh(kh) o tan 7 c
A wave's total energy can be calculated using Equation (2.9).
pgH?Ab
E = — 5 (2.9)

Where b is the width of the wave

13
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2.3 Oscillating water column wave energy converter

Wave energy converters (WECs) capture and convert ocean wave energy into electricity.
Among WECs, the Oscillating Water Column (OWC) is widely used. It consists of a partially
submerged structure with an underwater opening. As waves pass, water movement
compresses and decompresses the air above, which drives a turbine connected to a
generator. This process converts wave energy into electricity, giving the OWC the name "air
turbine wave energy converter". The concept of wave energy isn't new. The first successful
ocean wave-powered electricity generation plant was built in France in 1910, with a capacity
of 1 kW. This early plant utilized air power, laying the groundwork for modern OWC systems.
OWCs are simple in design, relying on natural wave movement to generate power without
complex parts. With fewer submerged moving parts, OWCs are durable and easier to maintain
than other WECs. They can also be scaled to meet different energy needs and environmental
conditions [5].

Oscillating Water Column (OWC) wave energy devices can indeed be categorized based on
installed locations into offshore, near-shore, and shoreline devices. Each category refers to
the distance from the shore where the device is deployed. Offshore devices are situated
farther from the coastline. Near-shore devices are located closer to the shore but still within
relatively deep waters. Shoreline devices are installed along the coastline or in shallow
waters. within the surf zone [5].

Ocean waves indirectly drive the turbine in Oscillating Water Column (OWC) devices. Hence,
it has a longer service life compared to other Wave Energy Converters (WECs). The OWC
consists of a chamber with walls that isolate the air chamber from the external environment.
The incident wave drives the water inside the chamber vertically through an inlet beneath the
sea. The upper part of the chamber, filled with air, is connected to a circular tube. The
oscillating water surface changes the air chamber's volume, causing air to be expelled or
absorbed. This airflow rotates an air turbine, which drives a coupled generator to produce
electricity. Using a unidirectional rotating turbine eliminates the need for a rectifier circuit,
simplifying the device.

In an Oscillating Water Column (OWC) plant, the energy conversion process unfolds in three
phases. Initially, the oscillating motion of the sea surface within the air chamber transforms
into pressure energy. Subsequently, this pressure energy transitions into kinetic energy.
Finally, the air turbine converts this flow energy into mechanical shaft power, also known as
the power take-off mechanism. Ultimately, the generator linked to the turbine transforms
this shaft power into usable electrical power [6].

The most significant advantage of Oscillating Water Column (OWC) devices is that delicate
mechanical components, like turbines, engage solely with reciprocating air, avoiding direct
exposure to ocean waves. This indirect interaction enhances performance and reduces failure
rates compared to wave energy converters directly exposed to waves. However, OWC devices
do have some notable shortcomings, including:

e The construction cost is high.
e The conversion efficiency is relatively low, typically ranging from 10% to 30%.

14
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A special type of turbine called the Wells self-rectifying turbine was patented by Queen's
University of Belfast in 1977, marking a significant advancement in wave power technology.
It can have unidirectional rotation for a bidirectional flow. Since 1982, six shoreline OWC
prototypes have been tested in Norway, the UK, Japan, India, and China. In 1984, attention
turned to shoreline WEC for island communities, leading to the launching of a 75-kW
prototype plant on the Isle of Islay. [3].

The prototype plant station consisted of a reinforced concrete chamber to capture the waves,
a control room, and a turbine generator unit. The wave capture chamber had a front wall
inclined at 30° to the vertical, and its lower edge was positioned 1 meter below the low water
level. It had a roof, a vertical back wall, and sidewalls extending to the natural height of the
gully sides. The chamber measured 9 meters in length, 4 meters in width at the ground beam
level, and 9 meters in height. The plan area of the water column surface varied with height
and was restricted by the gully sides to an average of 20 square meters. The rear wall had two
1-meter diameter openings, one with an adjustable orifice plate and the other connected to
the turbine ducting. The turbine generator unit installed at the wave power plant is depicted
in Figure 2.4,

This prototype represented a significant advancement over previous systems installed in
Japan and Norway in the early 1980s. It boasted mechanical simplicity and low construction
costs. Additionally, it introduced several innovations. Notably, it utilized a wound rotor
induction motor operating above its synchronous speed as a generator, a first in wave power
plant technology. The mechanical-electrical plant featured a pneumatic actuated butterfly
valve between the pneumatic chamber and the turbines, as well as a 1.2-meter diameter
biplane Wells turbine directly connected to a 75-kW generator. Initially, the turbine blade sets
included flywheels capable of storing 2 MJ of energy at 1500 rpm. Further enhancements
included additional equipment such as a high-speed power factor correction unit and a PLC

[3].

15



Theoretical background and Literature review
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Figure 2.3 Sectional elevation of shoreline wave power plant [3].
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Figure 2.4 Schematic of turbine area of the prototype plant [3].

The second full-scale shoreline OWC wave energy device, named LIMPET (Land Installed
Marine Powered Energy Transformer), was constructed in the UK. It was completed on the
island of Islay, Scotland, marking the world's first commercial wave power station [7]. The
LIMPET device comprised a rectangular inclined chamber that guided the airflow through two
Wells turbines. Each turbine was connected to a 250-kW induction generator, resulting in a
maximum rated power output of 500 kW for the device. Notably, the LIMPET OWC was
inclined at a 40-degree angle to the horizontal, as illustrated in Figure 2.5. This configuration

16
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offered two advantages over a vertical water column, as employed in the 75 kW prototype

[8].

e The inclined column and large radius front lip contribute to reducing entrance
turbulence and internal sloshing, particularly significant at the shoreline due to
increased surge motions relative to heave in shallow water.

e The inclination of the chamber enhances the water plane area of the water column
for a given chamber cross-section.

WAVE BREAKER

LOCAL_DATUM
v

ENTRY LP '
WALL END

Figure 2.5 Schematic of LIMPET plant chamber [9].

When designing a wave collector, several factors are considered such as: Target power
generation capacity, Environmental loads, Site Accessibility for installation and maintenance,
preferred construction materials, proposed manufacturing technique, applicability of the
design to a “general” site, and decommissioning. Table 2.1 shows the heights of the LIMPET
power plant related to Figure 2.5.

17
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Table 2.1 Reference Heights for the Collector [9].

Collector Roof | 12.50 m
Turbine Axis | 9.84 m
Top of Turbine Slab | 8.30 m
Bench Level Inside Collector | 4.94 m
Top of Wave Breaker on Front Wall | 8.30 m
Start of 600 slope on Front Wall | 2.40 m
Mean High Water Spring Tides | 0.76 m
Local Datum | 0.00 m

Mean Low Water Spring Tides | -1.34 m
Underside of Entry Lip | -2.63 m

Bottom of Diaphragm Walls | -4.52 m

Seabed under Lip | -7.00 m

2.3.1 LIMPET OWC efficiency and operating data

An ultrasonic sensor and pressure transducer were used to measure the water displacement
inside the chamber. Figure 2.6 shows the water displacement data of the LIMPET power plant.

Water Column Displacement about local datum

— Ultrasonic
—— Pressure Transducer

height (m)

time (s)

Figure 2.6 Comparison of Water Column Displacement LIMPET power plant [9].
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The counter-rotating Wells turbine's performance did not meet the expected power
generation capacity due to the unpredictable oscillatory behavior of the flow through the
turbine driven by waves. This unpredictability resulted in an earlier onset of stall in the turbine
than when the flow is steady and unidirectional. Consequently, the stall diminished the
turbine's efficiency. This notable difference in the turbine's performance between
unidirectional and oscillating flows was not previously observed [9]. Due to the lack of
appropriate oscillating flow facilities for testing the turbine, it was impossible to predict this
effect. Additionally, the increased occurrence of turbine stalls necessitated the installation of
a larger silencer. To mitigate this issue, a noise attenuation chamber was retrofitted onto the
end of the turbine ducting. While this chamber did not cause a significant pressure to drop,
studies of the flow distribution around the turbine ducting revealed that it caused a
maldistribution of flow during the intake stroke of the turbine. This led to increased airflow
at the bottom of the turbine ducting, worsen the stall phenomenon and resulting in a
reduction in turbine performance, as depicted in Figure 2.7.
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Figure 2.7 Turbine Efficiency vs Flow Coefficient for Predicted and Actual [9].

The average cyclic efficiency of the turbine depends on the wave climate. Data from the plant
shows an average turbine efficiency of around 35%. The red line in the graph represents
turbine efficiency from unidirectional model tests. It indicates that the earlier stall onset
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reduces peak turbine efficiency, while the dashed blue line shows a narrowing of turbine
bandwidth.

2.3.2 Current status of Wells Turbine

The Wells turbine, being a reaction turbine, has inherent drawbacks such as lower efficiency,
poorer starting characteristics, and higher noise levels than conventional turbines. Numerous
experimental and computational studies have been conducted on various performance
parameters and alternative methods to address these weaknesses to enhance Wells turbine
performance. These efforts have led to improvements in the mentioned parameters, and
several configurations of the Wells turbine have been thoroughly investigated [7].

e Wells Turbine with Guide Vanes

e Wells Turbine with Self-Pinch Controlled Blades
e Biplane Wells Turbine

e Contra Rotating Wells Turbine

e Wells Turbine with Booster Turbine

e Wells Turbine with End Plates

2.4 LCA concept and methodology

Life cycle assessment (LCA) is a decision-making tool which analyses the environmental
impact of a good or service based on a specific function throughout their entire lifetime or
the different stages of their lifetime. Paving the way to distinguish the stages where
improvements in the environmental point of view can be made in a product or service. LCA
can be combined with an economic analysis, a technical analysis, or a social analysis, thereby
integrating the various aspects of sustainability [10].

Life Cycle Assessment (LCA) stands apart from other environmental-related methods by
establishing a link between environmental performance and functionality. It quantifies
emissions and resource extraction (raw material usage) based on the function of the system
or product throughout its entire life cycle. This approach provides a comprehensive
understanding of the environmental impact associated with a product or system, from raw
material extraction to disposal or recycling [10].

Life Stages of a product or services can be divided into sections for LCA analysis as follows
[10].

e Cradle-to-Grave (Entire life cycle)

e Cradle-to-Gate (From raw material extraction to specific life stage)

e Gate-to-Gate (From a specific life stage to another specific life stage of the same
product or service)

e Gate-to-Grave ((From specific life stage to end of life stage)
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According to ISO standards, LCA consists of four phases which are goal and scope definition,
inventory analysis, impact assessment, and interpretation. Since this is an iterative process,
the scope can be changed during the analysis. Figure 2.8 shows the four phases of the LCA.

e N

Goal and scope >
definition -
\ J
Y
4 3
Inventory > ,
. Interpretation
analysis -
\. J
Y
4 N
Impact >
assessment -

\_ " \ J

Figure 2.8 The four iterative phases of life cycle assessment [10].

2.4.1 Introduction to Goal and Scope Definition

ISO 14044 guides defining the goal and scope of a life cycle assessment (LCA), including the
following items [10]:

2.4.1.1 Goal Definition:

Intended Application: Specify how the LCA results will be used, typically for decision-making,
product improvement, or other purposes.

Reasons for Carrying Out the Study: Clearly state the motivations behind conducting the LCA,
such as compliance with regulations, product development, or environmental performance
improvement.

Intended Audience: Identify the target audience for the LCA results. Typically, it's internal
stakeholders, regulatory authorities, customers, or the public.

Comparative Assertions: Determine if the results will be used to make comparative claims or
disclosed to the public for comparison with similar products or processes.
2.4.1.2 Scope Definition:

Product System: Define the boundaries of the product system intended to be studied. It
includes all relevant processes, inputs, and outputs.
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Function of the System: Describe the primary function of the product system intended to be
assessed, such as energy generation, transportation, or manufacturing.

Functional Unit (FU): This is used as a reference unit of quantified product system
performance.

System Boundary: The system boundary includes all life cycle stages from raw material
extraction and user phase to end-of-life.

Allocation Procedures: Inputs and outputs are shared among multiple products or processes.

Life Cycle Impact Assessment (LCIA) Methodology: Select the LCIA methodology and types
of impacts.

Interpretation: Elaborate the methods for interpreting the results and drawing conclusions
from the LCA findings.

Data Requirements: Specify the data required for the assessment such as primary data
collection, and secondary data sources.

Assumptions: State any assumptions made during the assessment process.

Value Choices and Optional Elements: Address any value choices or optional elements that
may affect the results, such as system boundaries or impact categories.

Limitations: Identify the constraints and uncertainties associated with the analysis.

Data Quality Requirements: Specify the level of data quality required for the assessment. It
includes data reliability, completeness, temporal, geographical, and technological
correlations.

The system may consist of multiple unit processes designed to achieve its intended function.
Each process involves inputs and outputs: inputs are resources extracted from the
environment, such as energy and land, while outputs are emissions released into the air,
water, and soil. In the economic realm, the output of the system is the service provided by
the product. Unit processes within the system are interconnected through intermediary
flows, establishing a network that enables the system to function as a whole [10]. Figure 2.9
shows the flowchart of a system. The flowchart provides a clear overview of the processes
and their relationships.
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Figure 2.9 Example of a set of unit processes in a system [10].

2.4.2 Introduction to Inventory Analysis

There are two approaches available to calculate inventories. The process-based approach and
the input-output (I/O) approach are two methodologies used in inventory analysis,
particularly in life cycle assessment (LCA). Here, the process-based approach is focused, which
relies on detailed modelling of physical flows. The steps below outline how to conduct a
process-based inventory analysis [10]:

Start with Reference Flows Corresponding to the Functional Unit (FU):

Identify the reference flows corresponding to the functional unit, which is a quantified
description of the performance requirements the product system must fulfil.

Design a flowchart of the core unit processes involved in the system, mapping both
upstream (supply chain) and downstream (use and disposal) processes. This should
include intermediary flows of materials and processes associated with each reference
flow.

Continue mapping until you link the processes to those existing in a database, which
acts as a stopping criterion.

Identify Inputs and Direct Emissions for Each Unit Process:

For each identified unit process, determine its inputs in terms of quantified
intermediary flows and its direct emissions (elementary flows).

These inputs and emissions can be sourced from:

a) Existing databases.
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b) Measurements and empirical data.
c) Direct communication with companies involved in the process.

Document Data on Flowchart or Table:

e Create documentation (flowcharts or tables) that describe the sources of information
used for each unit process.

e Ensure all data points, including the origin and reliability of the data, are well-
documented for transparency and reproducibility.

Calculate Emissions for Each Unit Process:

e Multiply the amount of each unit process per functional unit by its respective emission
and extraction factors.

e This step involves quantitative analysis to convert process inputs into corresponding
environmental impacts.

Aggregate Total Emissions and Extractions:

e Sum all elementary flows (emissions and extractions) from all unit processes involved
in the product system.

e This aggregation provides a comprehensive view of the total environmental impact
associated with the functional unit.

By following these steps, the process-based approach facilitates a detailed and transparent
analysis of the environmental impacts associated with a product or service, allowing for
targeted improvements and informed decision-making. Databases such as Ecoinvent can be
used for a process-based approach.

2.4.3 Life Cycle Impact Assessment

The third phase of The LCA is the life cycle impact assessment (LCIA), conducted after
gathering all the data related to raw material extractions and substance emissions throughout
a product's life cycle.

Initially, inventory results with similar effects are grouped into an impact category at an
intermediary level, known as a midpoint category. For each midpoint category, a midpoint
indicator is established. To assess the contribution of each inventory flow to the midpoint
category, each flow is multiplied by a characterization factor (CF). This step characterizes the
environmental impact of the inventory flows within that specific midpoint category.

Subsequently, each midpoint category is allocated to one or more damage categories,
representing various protection areas such as ecosystems and human health (HH). These
damage categories are illustrated by a damage indicator, also known as an endpoint indicator.
Figure 2.10 provides an overview of the general structure of the UNEP-SETAC impact
assessment framework, illustrating the relationship between midpoint and damage
categories.
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Figure 2.10 the structure of the UNEP-SETAC LCIA method.

Midpoint scores can be calculated for different emissions and extractions are weighted to
represent their contribution to each midpoint category. The emission extraction contribution
at the midpoint level can be calculated using Equation 2.10.

Smmidpoint — Z(CFm,imidpomt *U;) (2.10)
i

where:

midpoint

Sm is the midpoint score.

IIIII

CFp ™ P s the midpoint CF of substance

in the midpoint category m.

IIIII

u; is the emitted or extracted mass of substance
inventory.

per functional unit as given in the

Using either midpoint to-damage characterization factor (MDF) or damage characterization
factor, endpoint contribution of emission and extraction can be calculated using the below
equations.
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deamage — Z(MDFd,m * Smmidpoint) (2.11)

m

deamage — Z(CFd,idamage * ;) (2.12)

Where,
544%mage js damage score.
CF,,;%%™*9¢js endpoint characterization factor.

To calculate the impact different types of impact methods are available with different types
and different amounts of impact categories. These impact methods have their own CF values.
One can be selected according to the LCA application. ReCiPe, IMPACT world+, Cumulative
Energy Demand (CED), and EDIP2003 are some of examples impact assessment methods.
Most of the published LCAs regarding WECs used ReCiPe 2016 methods.

2.4.3.1 ReCiPe 2016 method

ReCiPe 2016 method is one of the impact assessment methods. It has three types according
to time horizon. Those are Individualist for 20-year time horizon, Hierarchist 100-year time
horizon, and Egalitarian 1000-year time horizon [11]. Figure 2.11 shows the impact categories
of the ReCiPe 2016.

Damage Endpoint area
Midpoint impact category pathways of protection

I Particulate matter Increase in
resplratory
I Trop. ozone formation (hum) disease
I lonizing radiation ’ e erenan ;n’if‘ Damage to
I Stratos. ozone depletion various types of ' human
cancer health

l Human toxicity (cancer)

Increase in other
diseases/causes

[ E ]
| Increase in |

| Human toxicity (non-cancer)

I Global warming

| Water use | malnutrition j
I Freshwater ecotoxicity Damage to
I Freshwater eutrophication freshwater

species
I Trop. ozone formation (eco) —

| Damage to Damage to
I Terrestrial ecotoxicity terrestrial ecosystems
| Terrestrial acidification _species
I Land use/transformation ' Damage to

marine species
I Marine ecotoxicity

Increased l Damage to
| Marine eutrophication extraction costs ‘“‘j resource

/| availability
I Mineral resources Oiligas/coal }/.
I Fossilresources " energy cost

Figure 2.11 Overview of the impact categories covered in the ReCiPe 2016.
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2.5 Research works published.

There are few numbers of research can be found regarding LCA on ocean wave energy
converters.

A cradle-to-grave LCA was performed for a Pelamis P1 wave energy converter, encompassing
its mooring and subsea connecting cable. Foreground data primarily came from the
manufacturer, while background data was taken from the Ecoinvent database (v3.3). The
ReCiPe and Cumulative Energy Demand (CED) impact assessment methods were used to
calculate the environmental impacts.

The functional unit for this LCA is 1 kWh of output electrical power, with a reference flow of
the Pelamis unit. The study identified that most of the environmental impact originated from
steel manufacturing and sea vessel operations. These activities contribute significantly to the
overall environmental footprint of the wave energy converter.

The findings show that the deployment and maintenance of offshore wave energy converters
have considerable environmental impacts. This is because of the large use of steel and the
operational demands of the sea vessels involved [12]. Figure 2.12 shows the component of
the Pelamis OWC

&Latching assembly

<—Dynamic downfeeder cable S~Yaw restraint
line

Figure 2.12 Component of the Pelamis [12].

A cradle-to-grave life cycle assessment (LCA) was carried out for the Oyster 1 and Oyster 800
wave energy converters (WECs), with the functional unit defined as 1 kWh of output electrical
power. Hence all impacts were reported per unit of energy output. The primary impact
assessment methods employed were EDIP2003 and Cumulative Energy Demand (CED), with
ReCiPe2008 also utilized for comparative analysis. Background data was obtained from the
Ecoinvent database, and several assumptions were made for simplicity [13]:

1. Since the Ecoinvent database does not have data on marine-grade steel, stainless steel
material was approximated.
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2. Small mechanical components and onshore assembly data were excluded from the
analysis, assuming the impacts of those components are relatively insignificant.

The LCA results revealed significant environmental impacts associated with stainless steel
usage. Specifically, the carbon footprint and energy payback period were measured. It was 79
and 57 gCO2 eq/kWh, and 45 and 42 months for the Oyster 1 and Oyster 800, respectively.
The substantial mass of the structures emerged as a primary driver of environmental damage
across various impact categories, mainly due to the extensive utilization of steel. The
prominent use of stainless steel significantly contributed to the overall environmental
footprint, underscoring the importance of material optimization and exploring alternative
options to mitigate the environmental impact of these wave energy converters [13].

This analysis underscores the importance of considering material choices and mass reduction
strategies in designing and deploying marine energy technologies to enhance their
sustainability and reduce their environmental impact. Figure 2.13 shows the sketch of the
Oyster wave energy converter.

Flap —»

Hydraulic
modules

Figure 2.13 Sketch of the Oyster OWE

Another study presents the LCA analysis for a point absorber type WEC called buoy-rope-
drum (BRD). It has a capacity of 10 kW. The embodied energy and emissions from raw
materials data were based on normalized values from the Ecoinvent 3 database.

The ReCiPe midpoint level method was applied for the life cycle impact assessment (LCIA). 1
kWh of electricity was chosen as the functional unit. It is convenient for comparison of LCA
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results across different wave energy converter technologies. Researchers can directly
compare the environmental impacts, energy intensities, and carbon footprints of various
wave energy converters [14].

The study calculated the energy intensity and carbon intensity as 387 kl/ kWh and 89
gC02/kWh respectively. The energy payback period, which is the time required for the WEC
to generate the amount of energy equivalent to that consumed during its life cycle. It was 26
months. Similarly, the carbon payback period, which is the time required for the WEC to offset
the carbon emissions generated during its life cycle, was determined to be 23 months [15].

These results indicate that the BRD WEC has favorable energy and carbon payback periods.
Figure 2.14 shows the BRD WEC.

Figure 2.14 BRD WEC deployment phase photograph [15].

Another study shows the environmental impacts of a 10 MW array of 28 point-absorber WECs
using a process-based life cycle assessment (LCA). The study presents ReCiPe v1.31 midpoint
(H) and Cumulative Energy Demand (CED) LCA results across 19 impact categories. This LCA
was Conducted at an early stage of the wave energy converter's product development.

The functional unit for this LCA is defined as 1 kWh of electricity generated by the wave energy
array, allowing for direct comparison with other wave energy technologies. Several
assumptions were made in the study, with the main one being the amount of steel removed
during machining processes, set to 23% based on Ecoinvent recommendations. Additionally,
the study considered marine operation requirements, generation, and failure modes.

The study highlights that while comparing different technologies is useful for context, it is
crucial to ensure a consistent scope of analysis when making direct comparisons between LCA
studies. Results from this LCA are particularly valuable at the early stages of technology
development for ocean wave energy, as they can inform design considerations and help
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recognise hotspots of particular impacts, which can then be mitigated in future iterations of
the technology [16]. Figure 2.15 shows the point absorber WEC.

Figure 2.15 Illustration of CorPower Ocean WEC [16].

Figure 2.16 shows a summary of the discussed research works mentioning the functional
units, the database used, and the impact assessment used. Further research work can be
found in [17],[18], and [19] for different wave energy converters

An obvious gap can be identified when referring to the published works which is no LCA work
can be found for Oscillating water column-type (OWC) wave energy converters. OWC devices
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3 LCA goal and scope definition

3.1 Overview of the Chapter

In this chapter first phase which is the goal and scope definition was discussed. Further, what
is the intent of this research, what is the boundary considered for the LCA and what wasn’t
taken into account was discussed. Finally, the system flow chart also was discussed.

3.2 Objective

Since there is no published LCA for oscillating water column wave energy converter this thesis
objective is to conduct a cradle-to-gate LCA to analyze the environmental impact of the
LIMPET oscillating water column power plant and identify the most impactful process and
flows.

3.3 Functional unit and reference flow

The functional unit 500kW oscillating water column power plant is defined and Reference
flows are the manufacturing of the mechanical-electrical plant and construction of the
chamber structure.

3.4 System Boundaries

This is a Cradle-to-gate analysis. The life cycle can be divided into several sections as follows
and Figure 3.1 shows the process flow of the selected system. Raw material excavation,
transportation, and processing.

» Site excavation and waste gravel transportation.
* Chamber material transportation and construction.

* Electrical-Mechanical plant equipment manufacturing, and transportation of
equipment to the plant site.

The processes that are not considered in the life cycle are:

* The production of small components such as bolts, rivets, cables, and electronic parts
(sensors).

* Assembly of the electrical-mechanical plant, and construction effort of the chamber
structure.

* Connection to the power grid.
* Operation and maintenance.

* Decommissioning of the plant.
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End of the life of the material of the plant.

As can be seen in the process flow chart the LIMPET plant can be subdivided into two main
reference flows such as OWC chamber construction, and the Electrical-mechanical plant.
Those reference flows consist of several processes and related inputs and outputs. More
details of those processes can be found in Chapter 4.

In the OWC chamber construction, the first reference flow to the LIMPET plant, several unit
processes are involved, each contributing to the construction of the chamber. These
processes include:

Site Excavation: Excavation of the site where the OWC chamber as was constructed.
Steel Plate Production for Entry Lips and Diaphragm Walls: Production of steel plates
used for entry lips and diaphragm walls, essential components of the OWC chamber.
Transportation of Reinforced Concrete: Transporting reinforced concrete to the
construction site.

Gravel Transportation: Transportation of gravel from the excavated area, although its
output is not part of the final process.

In the electrical-mechanical plant construction, the second reference flow, unit processes
involve the production of various components essential for the plant's operation:

Production of Turbine: Manufacturing of the turbine. Power take-off system for
converting wave energy into mechanical energy.

Production of Flywheels: Manufacturing of flywheels. This is for energy storage or
stabilization.

Production of Duct: Manufacturing of ducts. Act as a channel to maintain air flow
within the system.

Production of Valves: Manufacturing of valves for controlling flow.

Production of Turbine Stands: Manufacturing of stands to support the turbines.

After these processes, all outputs are connected to a transportation method to transport the
components to the area where the plant was constructed.

In the flow chart:

The main inputs are colored orange.
Waste streams are colored black.
Outputs are colored green.
Processes are colored in ash color.

This flow chart provides a clear visualization of the construction processes involved in building
both the OWC chamber and the electrical-mechanical plant, highlighting the inputs, outputs,
and waste streams associated with each unit process.
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4 LCA inventory analysis

4.1 Overview of the Chapter

In this chapter second phase which is inventory analysis was carried out for the LIMPET plant.
Data collection and LCA model creation are discussed. Further assumptions made during this
phase were also elaborated.

4.2 Data collection

To analyze the inventory process-based approach was used. Primary data such as plant
dimensions, and type of materials used for each part of the plant were taken from the LIMPET
project report, and then a 3D model was created on SOLIDWORKS to measure the material
guantities. Figures 4.1 to 4.4 show the SOLIDWORKS design and the actual plant component.
Dimensions shown in Table 2.1 were taken to model the chamber on SOLIDWORKS. The
chamber was constructed using reinforced concrete and the electrical-mechanical plant was
manufactured using marine grade steel. But the limitation of the database and lack of data
several assumptions were made.

e All the mechanical-electrical plant components were assumed that been transported
from Inverness, UK to Islay Island.

e For the land transport method of mechanical-electrical plant components (280 Km)
3.5-7.5 metric ton Lorry was assumed.

e For the water transport method of mechanical-electrical plant components (48 km)
bulk carrier was assumed.

e Reinforced concrete was transported distance was assumed 20 Km.

e For all the waste outputs 20% of the material of the component was assumed.

(a) (b)
Figure 4.1 OWC concrete chamber structure with steel entry-lips and diaphragm walls. (a) SOLIDWORK
model, and (b) LIMPET plant.
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(b)

(c)

Figure 4.2 SOLIDWORKS model of the (a) butterfly valve, (b) radial vane valve, and (c) Turbine
configuration

Figure 4.3 Turbine and duct valves of the LIMPET plant
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(b)

Figure 4.4 Air duct (a) shows the LIMPET plant duct and (b) shows the SOLIDWORK model of the duct.

Using these SOLIDWORKS models, material quantities were calculated as shown in Table
4.1.

Table 4.1 Measured material quantities for different parts of the LIMPET plant.

Name Quantity Unit
Reinforced concrete 1026.48 m3
Steel for entry lip 1876 kg
Steel for Diaphragm Wall 2119 kg
Steel for Diaphragm Wall 2119 kg
Steel for Turbine 1 3180 kg
Steel for Turbine 2 3180 kg
Steel for Radial vane configuration 20200 kg
Steel for Butterfly valve 7820 kg
Steel for Steel duct 26222 Kg
Steel for Turbine 1 stand 17800 kg
Steel for Turbine 2 stand 12530 kg
Steel for Flywheels 5256 kg

Excavation data was taken from the project report as shown in Table 4.2. Further Several
assumptions were made because of a lack of data.

e Excavation period was taken as 150 days.
e Transportation of gravel distance was taken as 10 Km.
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e For excavation 74.57KW Machine operation was used.

Table 4.2 Excavation process data of the LIMPET plant

Name Quantity Unit
Excavation volume 4949 m3
Waste gravel 4949 m3
Gravel transport 100 Km

4.3 OpenLCA model preparation

Using OpenLCA software, the LCA model for the LIMPET wave energy converter was created,
with processes connected to an existing database. Since relevant geographic data couldn't
always be found, assumptions were made. Sometimes it is more practical to adapt high-
quality data to another geographical context rather than comparing electricity mixes from
different databases but appropriate regions. The Ecoinvent cut-off database was utilized for
this purpose.

This approach is common in LCA, especially when specific geographic data isn't available. By
using a comprehensive database like Ecoinvent, the model can still be accurate and
informative. However, it's crucial to make reasonable assumptions and adjustments to ensure
the model reflects the specific context of the study area as closely as possible.

Adapting high-quality data to another geographical context allows for consistency and
reliability in the LCA model. This ensures that the results of the LCA are meaningful and can
be used to inform decision-making regarding the LIMPET wave energy converter.

Figure 4.5 depicts the excavation process, created using OpenLCA software. In this process,
the main input is "machine operation," which represents the operation of excavation
machinery. This input is connected to an existing database within OpenlLCA, as indicated in
the provider section.

The outputs of the excavation process include "excavated site" and "gravel waste."

e The excavated site is a product flow, and it serves as the quantitative reference for
this process. It represents the material that has been excavated from the site.

e Gravel waste, on the other hand, is a waste flow generated during the excavation
process. This waste material is not utilized directly within the system and is considered
waste.

Additionally, the waste gravel is used as an input for gravel transportation, as shown in the
provider section. This indicates that the waste gravel generated during excavation is utilized
for gravel transportation, potentially for purposes like backfilling and road construction
materials.
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This process in the product system model (Figure 4.7) is essential for assessing the
environmental impacts associated with excavation activities, such as energy consumption,
emissions, and waste generation.

Inputs/Outputs: Excavation - GB

~ Inputs

Data quality e1 Location Description

~ Outputs

Amount  Unit ‘osf es Uncertainty Avoided prodt Provider Data quality er Location Description

Excavated
Gr G! MP ows m3 Gravel tra...

Figure 4.5 Excavation process created on OpenLCA.

Figure 4.6 illustrates the Transportation process for both the Entry lip and Diaphragm walls.
In this process, the inputs include "Manufactured Entry lip and Diaphragm Wall," as well as
two transportation methods: "transport, freight, lorry 3.5-7.5 metric ton, EURO1" for land
transport and "transport, freight, sea, bulk carrier for dry goods" for water transport. These
transportation methods are used for land and water, respectively. The outputs of this process
are the "Transported Entry lip and Diaphragm Wall."

This process essentially involves moving the manufactured Entry lip and Diaphragm Wall from
their manufacturing locations to their destination sites using the specified transportation
methods. The products are loaded onto lorries for land transport and bulk carriers for sea
transport. Once transported, the Entry lip and Diaphragm Wall are ready for further processes
or installation at the construction site.

The purpose of depicting this process in the product system model (Figure 4.7) is to ensure
that transportation-related impacts, such as emissions, fuel consumption, and transportation
distance, are accounted for in the overall impact assessment of the product system.
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+ Outputs
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Figure 4.6 Process for transportation of Entry lip and Diaphragm walls

Creating the final model graph of the entire product system involves integrating all the
individual unit processes and their interconnections into a comprehensive visualization. This
graph provides a clear overview of how each process relates to one another within the
system.

Figure 4.7 would be a visual representation of the entire product system, incorporating all the
processes outlined in Figure 3.1. Each process is depicted as a node in the graph, with arrows
indicating the flow of materials between them.

To make the model graph complete and useful for impact assessment, quantities and relevant
units of measurement are added to each process. This ensures that the flow of materials or
energy through the system can be accurately represented and quantified.

Once the product system model graph is complete, it serves as the foundation for impact
assessment. By understanding how each process contributes to the overall system, the
Impact assessment method can calculate the environmental impacts associated with the
product throughout its selected life cycle phase (Cradle-to-gate). This could include impacts
such as carbon emissions, energy consumption, resource depletion, or other relevant
indicators.
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Figure 4.7 Model graph of the product system
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5 Impact assessment and interpretation

5.1 Overview of the Chapter

In the impact assessment section of the chapter, various aspects related to the assessment of
environmental impacts were discussed. This typically includes Types of Impact Assessment
Methods, Impact Categories, and Category Indicators.

More about the impact assessment methods, category categories, and indicators can be
found in Chapter 2.

In the interpretation section, the results of the impact analysis are discussed. This typically
includes:
1. Discussion of Results:

e Explanation of the environmental impacts identified in the analysis.

e Comparison of impacts across different stages of the life cycle or between alternative
scenarios.

e Identification of hotspots or areas of significant impact within the product or process.

2. Sensitivity Analysis

5.2 Impact assessment

For the impact assessment, three methods were used: ReCiPe 2016 Midpoint (H), ReCiPe
2016 Endpoint (H), and EDIP 2003. Both ReCiPe 2016 Midpoint (H) and EDIP 2003 were used
compare the midpoint results of selected impact categories which belongs to both methods.
Table 5.1 displays the impact categories and their corresponding indicators for each method:

Table 5.1 Impact assessment methods and its impact categories and indicators

Impact method Impact categories Category indicator
ReCiPe 2016 Midpoint (H) | Fine particulate matter formation kg PM2.5 eq

Fossil resource scarcity kg oil eq
Freshwater ecotoxicity kg 1,4-DCB
Freshwater eutrophication kg P eq

Global warming kg CO2 eq

Human carcinogenic toxicity kg 1,4-DCB
Human non-carcinogenic toxicity kg 1,4-DCB
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lonizing radiation kBg Co-60 eq
Land use m2a crop eq
Marine ecotoxicity kg 1,4-DCB
Marine eutrophication kg N eqg
Mineral resource scarcity kg Cueq
COzone formation, Human health kg NOx eq
COzone formation, Terrestrial ecosystems kg NOx eq
Stratospheric ozone depletion kg CFC11 eq
Terrestrial acidification kg 502 eq
Terrestrial ecotoxicity kg 1,4-DCB
Water consumption m3

ReCiPe 2016 Endpoint (H) | Fine particulate matter formation DALY
Fossil resource scarcity usD2013
Freshwater ecotoxicity species. yr
Freshwater eutrophication species. yr
Global warming, Freshwater ecosystem species. yr
Global warming, Human health DALY
Global warming, Terrestrial ecosystems species. yr
Human carcinogenic toxicity DALY
Human non-carcinocgenic toxicity DALY
lonizing radiation DALY
Land use species. yr
Marine ecotoxicity Species. yr
Marine eutrophication species. yr
Mineral resource scarcity UsD2013
Ozone formation, Human health DALY
Ozone formation, Terrestrial ecosystems Species. yr
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Stratospheric ozone depletion DALY
Terrestrial acidification species. yr
Terrestrial ecotoxicity Species. yr
Water consumption, Aguatic ecosystems Species. yr
Water consumption, Human health DALY
Water consumption, Terrestrial ecosystem | species. yr
EDIP 2003 | Acidification m2
Aguatic eutrophication EP{N) kg M
Aguatic eutrophication EP(P) ke P
Bulk waste kg
Ecotoxicity soil chronic m3
Ecotoxicity water acute m3
Ecotoxicity water chronic m3
Global warming 100a kg CO2 eq
Hazardous waste kg
Human toxicity air persan
Human toxicity soil m3
Human toxicity water m3
Ozone depletion kg CFC11 eq
COzone formation (Human) person. ppm. h
Ozone formation (Vegetation) m2.ppm.h
Radioactive waste kg
Resources (all) PR2004
Slagsfashes kg
Terrestrial eutrophication m2
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The following table presents the impact assessment results generated by OpenlLCA for each
method. ReCipe 2016 (H) provides both Midpoint and Endpoint results, allowing for a
comprehensive understanding of impacts across different levels of analysis. On the other
hand, EDIP 2013 only presents Midpoint results, offering insights into impacts at an
intermediate level of assessment. All the results are given per 500kw OWC plant.

Table 5.2 ReCiPe 2016 Midpoint (H) results

Name Impact assessment Unit
result per 500kw OWC plant
Fine particulate matter formation 2134.716668 kg PM2.5 eq
Fossil resource scarcity 375236.6933 kg oil eq
Freshwater ecotoxicity 67752.67828 kg 1,4-DCB
Freshwater eutrophication 241.9303111 kg Peq
Global warming 1515762.65 kg CO2 eq
Human carcinogenic toxicity 223266.9221 kg 1,4-DCB
Human non-carcinogenic toxicity 1321696.038 kg 1,4-DCB
lonizing radiation 33726.40627 kBq Co-60 eq
Land use 116818.2562 m2a crop eq
Marine ecotoxicity 94782.13021 kg 1,4-DCB
Marine eutrophication 85.2800614 kg N eq
Mineral resource scarcity 10656.78831 kg Cueq
Ozone formation, Human health 5494.23021 kg NOx eq
Ozone formation, Terrestrial 5648.49663 kg NOx eq
ecosystems
Stratospheric ozone depletion 0.673796798 kg CFC11 eq
Terrestrial acidification 4513.302574 kg SO2 eq
Terrestrial ecaotoxicity 1.33E+07 kg 1,4-DCB
Water consumption 7294.367151 m3
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Table 5.3 ReCiPe 2016 Endpoint (H) results

Name Impact assessment result Unit
Fine particulate matter formation 1.34178734 DALY
Fossil resource scarcity 140082.444 UsD2013
Freshwater ecotoxicity 4.69E-05 species. yr
Freshwater eutrophication 1.62E-04 species. yr
Global warming, Freshwater 1.16E-07 species. yr
ecosystems
Global warming, Human health 1.40667457 DALY
Global warming, Terrestrial 0.004244448 species. yr
ecosystems
Human carcinogenic toxicity 0.741213702 DALY
Human non-carcinogenic toxicity 0.30136931 DALY
lonizing radiation 2.86E-04 DALY
Land use 0.001036642 species. yr
Marine ecotoxicity 9.96E-06 species. yr
Marine eutrophication 1.45E-07 species. yr
Mineral resource scarcity 2462.909645 UsD2013
Ozone formation, Human health 0.005000003 DALY
Ozone formation, Terrestrial 7.29E-04 species. yr
ecosystems
Stratospheric ozone depletion 3.58E-04 DALY
Terrestrial acidification 9.57E-04 species. yr
Terrestrial ecotoxicity 1.52E-04 species. yr
Water consumption, Aquatic 4 41E-09 species. yr
ecosystems
Water consumption, Human health 0.016193495 DALY
Water consumption, Terrestrial 9.85E-05 species. yr
ecosystem

As depicted in Figure 2.11 in Chapter 2, the endpoint area of protection values in ReCiPe 2016
can be derived by aggregating midpoint categories to damage pathways. Table 5.3
summarizes the endpoint area of protection results, showcasing the aggregated impacts
across different damage pathways per 500kw OWC plant.

Table 5.4 ReCiPe 2016 endpoint aggregated results

Endpoint area of protection Results Unit

Damage to human health 3.81E+00 DALY
Damage to ecosystems 7.44E-03 | species. yr
Damage to resource availability 142545.4 | USD2013
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Table 5.5 displays the results obtained using the EDIP 2003 method. It is valuable to compare
the impact of the LIMPET plant across different impact categories, especially those not
included in ReCiPe methods, such as Bulk waste, Radioactive waste, and others. This
comparison offers insights into the broader environmental implications of the LIMPET plant
beyond the impact categories covered by ReCiPe methods.

Table 5.5 EDIP 2003 results

Name Impact assessment Unit
result per 500kw OWC plant
Acidification 89783.9002 m2
Aquatic eutrophication EP(N) £62.1435915 kg N
Aquatic eutrophication EP(P) 213.0395615 kg P
Bulk waste 1676579.003 kg
Ecotoxicity soil chronic 4.37E+07 m3
Ecotoxicity water acute 6.11E+08 m3
Ecotoxicity water chronic 3.77E+09 m3
Global warming 100a 1487172.941 kg CO2 eq
Hazardous waste 44.39503564 kg
Human toxicity air 7.81E+10 person
Human toxicity soil 914840.2899 m3
Human toxicity water 1.42E+08 m3
Ozone depletion 0.127478689 kg CFC11 eq
Ozone formation (Human) 814.5083036 person. ppm. h
Ozone formation (Vegetation) 1.17E+07 m2.ppm.h
Radioactive waste 94.31768449 kg
Resources (all) 377.9862374 PR2004
Slags/ashes 3023.680449 kg
Terrestrial eutrophication 142058.97 m?2

It is observed that the Global warming value of both ReCiPe 2016(H) Midpoint and EDIP 2003
give nearly the same results giving 1515762.65 Kg CO; eq and 1487172.941 respectively.
There is a 28589.709 Kg CO,eq. Ozone depletion has a difference of 0.546318109 Kg CFC11
eg. apart from that there are unique impact categories.
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5.3 Interpretation

5.3.1 ReCipe 2016 Midpoint (H) results

The results of the selected impact categories and their main contributing processes to the
impact category were discussed. The rest of the impact categories are included in Appendix
l.

Figure 5.1 shows the Sankey diagram of the Fine particulate matter formation of the ReCiPe
2016 Midpoint (H). 72.41% of the impact was contributed by the chamber construction. This
could be due to activities such as concrete mixing, drilling, and other construction-related
operations that generate dust and particulate emissions. When looking at the upstream flows
of the chamber construction, the excavation process has the highest impact among the
upstream processes, which is 37.897%. Excavation involves activities such as digging,
earthmoving, and transportation of gravel, which can release dust and particulate matter into
the air, contributing to fine particulate matter formation.

Understanding these contributions helps identify areas where improvements or mitigation
measures could be implemented to reduce the environmental impact of the chamber
construction process, particularly focusing on controlling dust emissions during excavation
activities.

Fine particulate matter formation from the electrical-mechanical plant accounts for 27.59%
of the impact, mainly due to the manufacturing of steel components and the transportation
of those components to the installation site.

The manufacturing process for steel components involves various operations such as cutting,
shaping, and welding, which can release particulate matter into the air when creating
components for the plant such as turbines, flywheels, generators, ducts, etc. This is significant
for processes like welding, where fine metal particles and other contaminants can be
generated.

The transportation of steel components involves the use of vehicles, which emit particulate
matter and other pollutants from combustion engines. Dust and particulate matter may also
be generated during loading, unloading, and handling of components during transit.

The significant contribution of these processes to fine particulate matter formation highlights
the importance of implementing measures to reduce emissions and control dust throughout
the manufacturing and transportation processes. This could include implementing cleaner
production technologies, optimizing transportation routes, and using pollution control
devices to mitigate environmental impacts.
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Figure 5.1 Fine particulate matter formation

[(5] Turbine stand production - GB "
Direct (0.000%):
0.000 kg PM2.5 eq
Upstream total (6.774%):
1.446E2 kg PM2.5 eq

(8 metal working, average for steel pr... |
Direct (27.766%):
5.927€2 kg PM2.5 eq
Upstream total (27.766%):
5.927€2 kg PM2.5 eq

49



Impact assessment and interpretation

Figure 5.2 shows the Sankey diagram of fossil resource scarcity. 80.42% of the impact comes
from chamber construction, 54.1% from excavation and 22.032% from the transport of
reinforced concrete. Excavation contributes significantly to fossil resource scarcity due to the
energy-intensive nature of earthmoving machinery and the use of fossil fuels in
transportation. Transporting reinforced concrete to the construction site also contributes to
fossil resource scarcity, mainly due to the energy required for vehicles.

The remaining 19.58% of the impact comes from the electrical and mechanical plant, which
is then subdivided into other unit processes of the electrical-mechanical plant.

The electrical and mechanical plant contributes to fossil resource scarcity through various
processes involved in manufacturing steel components and transporting them to the
installation site.

These processes may include the production of turbines, flywheels, ducts, valves, and turbine
stands, each requiring fossil fuels for manufacturing and transportation.

Understanding the significant contributions of these processes to fossil resource scarcity
allows for targeted efforts to reduce the environmental impact. For example, improving the
efficiency of excavation machinery, optimizing transportation routes, and using alternative
materials or renewable energy sources can help mitigate fossil resource depletion associated
with chamber construction and electrical-mechanical plant manufacturing.
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In Figure 5.3, the Global warming impact is depicted, where more than four-fifths of the
impact (81.587%) comes from chamber construction. This includes activities such as waste
gravel transport, excavation machine operation, and reinforced concrete production. These
processes emit greenhouse gases primarily through energy use and transportation. For
example, excavation machine operation relies on fossil fuels, and transportation of materials
emits CO2 from vehicle exhaust.

The electrical-mechanical plant contributes 18.413% to the global warming impact. This is
mainly due to greenhouse gas emissions from manufacturing processes and transportation
associated with the plant's components. Manufacturing of steel components and other plant
materials requires energy, often derived from fossil fuels, leading to CO2 emissions. Further,
the transportation of these components to the installation site adds to the emissions
footprint.

To mitigate these impacts, emissions from both construction and operational phases should
be reduced. Energy-efficient construction and manufacturing practices can minimize the use
of fossil fuels and reduce emissions. Optimizing transportation routes to minimize distance
and using cleaner fuels for vehicles can also help lower the carbon footprint. Transitioning to
renewable energy sources for both construction and operation can further reduce
greenhouse gas emissions associated with the LIMPET plant.

By implementing these strategies, the LIMPET plant could have significantly reduced its
contribution to global warming and mitigated its environmental impact.
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Figure 5.3 Global warming
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Figure 5.4 illustrates the land use impact category, where chamber construction accounts for
the vast majority of the impact (94.592%), with the remaining 5.408% attributed to the
electrical-mechanical plant. Surprisingly, the generator manufacturing process shows a
positive impact on the environment. However, this may be misleading due to the selection of
elementary flows from the database that underestimate the actual impact.

Chamber construction activities, such as excavation, site preparation, and concrete pouring,
have significant implications for land use. These processes often involve clearing natural
habitats, disrupting ecosystems, and altering landscapes, leading to land degradation and loss
of biodiversity. The extensive land disturbance associated with chamber construction
contributes substantially to the overall land use impact.

The electrical-mechanical plant contributes to land use impact primarily through its
manufacturing processes and transportation activities. Manufacturing facilities and
infrastructure require land for operation, and transportation of components may further
contribute to habitat fragmentation and resource extraction. While this contribution is
smaller compared to chamber construction, it still has notable implications for land use.

Although the generator manufacturing process shows a positive impact on land use, it's
important to note that this may be misleading. The selected process from the database
contains elementary flows like “Transformation, to wetland, inland (non-use)”,
“Transformation, to forest, secondary (non-use)”, “Transformation, to grassland, natural
(non-use)”, “Transformation, to shrub land, sclerophyllous”, and “Occupation, dump site”,
which assigned a negative CF on land use. This means that the positive impact shown may be
an underestimation due to those flows.

In summary, the significant land use impact from chamber construction underscores the
importance of minimizing environmental disruption during construction activities.
Meanwhile, the positive impact of the generator manufacturing process should be
interpreted cautiously, considering the potential underestimation caused by excluding certain
land use flows with negative CF. It's crucial to accurately assess all impacts to inform decision-
making and ensure effective environmental management strategies.
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Figure 5.4 Land use
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Figure 5.5 illustrates the Marine ecotoxicity impact from the LIMPET plant. Of this impact,
47.691% is attributed to the chamber construction phase, while the remaining 52.309% is
attributed to the electrical-mechanical plant.

Nearly half of the Marine ecotoxicity impact comes from chamber construction activities.
These activities may involve the use of materials and chemicals that can leach into water
bodies during construction, such as concrete production and excavation, contributing to
marine pollution and ecotoxicity.

The electrical-mechanical plant contributes slightly more than half of the Marine ecotoxicity
impact. This impact is likely from manufacturing processes and transportation of the plant's
components. Chemicals and pollutants used or released during manufacturing and
transportation can also contribute to marine pollution and ecotoxicity.

This distribution of impact between chamber construction and the electrical-mechanical plant
emphasizes the importance of considering environmental impacts. Strategies like pollution
prevention measures, using fewer toxic materials, and ensuring proper disposal of waste
materials can be conducted to minimize the release of harmful substances into marine
environments.
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[ &) LIMPET plant construction - GB ]

{ Direct (0.000%):

0.000 kg 1,4-DCB
Upstream total (100.000%):
4.052E8 kg 1,4-DCB

‘ 4] Chamber construction - GB

‘]‘ ‘(u'_] Electrical plant construction - GB 1

0.000 kg 1,4-DCB
Upstream total (47.691%):

Direct (0.000%):
1.933E8 kg 1,4-DCB

0.000 kg 1,4-DCB
Upstream total (52.309%):

Direct (0.000%):
2.120E8 kg 1,4-DCB

’

-

‘pﬂ Excavation - GB M

‘(fﬂ Reinforcement concrete transport -... W

(’j Generator transport - GB ‘ (’j Turbine stand process - GB W‘

Direct (0.000%):
0.000 kg 1,4-DCB
Upstream total (26.688%):
1.081E8 kg 1,4-DCB

Upstream total (13.697%):

Direct (0.000%):
0.000 kg 1,4-DCB

Direct (0.000%): Direct (0.000%):
0.000 kg 1,4-DCB 0.000 kg 1,4-DCB
Upstream total (20.115%): Upstream total (9.636%):

5.550E7 kg 1,4-DCB 8.151E7 kg 1,4-DCB 3.905E7 kg 1,4-DCB

‘[5] Gravel transportation - GB N

"’E fibre-reinforced concrete producti... ]

"’E generator production, 200kW elect ] ‘(E] Turbine stand production - GB W‘

Direct (0.000%):
0.000 kg 1,4-DCB
Upstream total (24.442%):
9.905E7 kg 1,4-DCB

Upstream total (12.144%):

Direct (0.000%):
0.000 kg 1,4-DCB
Upstream total (9.470%):
3.838E7 kg 1,4-DCB

Direct (12.144%):
4.921E7 kg 1,4-DCB

Direct (20.112%):

8.150E7 kg 1,4-DCB
Upstream total (20.112%):

8.150E7 kg 1,4-DCB

4.921E7 kg 1,4-DCB

[(3 transport freight, lorry >32 metric .. |

Direct (24.442%):
9.905E7 kg 1,4-DCB
Upstream total (24.442%):
9.905E7 kg 1,4-DCB

[[@ metal working, average for steel pr. ]

Direct (38.821%):
1.573E8 kg 1,4-DCB
Upstream total (38.821%):
1.573E8 kg 1,4-DCB

Figure 5.5 Marine ecotoxicity
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Figure 5.6 illustrates how Marine eutrophication occurred during the building of the plant. It
shows that 63.102% of the impact occurred from the chamber construction. The remaining
36.898% of the impact occurred from the electrical-mechanical plant.

Most of the Marine eutrophication impact is attributed to chamber construction. This impact
may occur activities such as excavation, concrete pouring, and site preparation. These can
lead to nutrient runoff and sedimentation in marine ecosystems, contributing to
eutrophication.

The electrical-mechanical plant contributes to Marine eutrophication impact. This impact may
result from manufacturing processes and transportation associated with the plant's
components.

The significant contribution from chamber construction to Marine eutrophication
underscores the importance of implementing measures to mitigate nutrient runoff and
sedimentation during construction activities. Best practices such as erosion control, sediment
management, and minimizing the use of chemicals can help reduce the impact.
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8 LIMPET plant construction - GB ]

L Direct (0.000%):

0.000 kg N eq
Upstream total (100.000%):
85.281 kg N eq

~

(’j Chamber construction - GB (’? Electrical plant construction - GB M
Direct (0.000%): Direct (0.000%):
0.000 kg N eq 0.000 kg N eq
Upstream total (63.102%): Upstream total (36.898%):
53.814 kg Neq 31.467 kg N eq

N [~

‘[5] Excavation - GB N ‘(Q Reinforcement concrete transport -. W‘ ‘(;ﬂ Duct transport - GB W‘ ‘(@ Turbine stand process - GB Wl
Direct (0.000%): Direct (0.000%): Direct (0.000%): Direct (0.000%):
0.000 kg N eq 0.000 kg N eq 0.000 kg N eq 0.000 kg N eq
Upstream total (40.515%): Upstream total (14.374%): Upstream total (9.363%): Upstream total (10.830%):
34551 kg Neg 12258 kg N eq 7985 kg N eq 9236kg Neq
‘[E] Gravel transportation - GB N [[@ fibre-reinforced concrete producti. ] ‘(iﬂ Duct production - GB W‘ ‘(E Turbine stand production - GB Wl
Direct (0.000%): Direct (10.697%): Direct (0.000%): Direct (0.000%):
0.000 kg N eq 9.122 kg Neq 0.000 kg N eq 0.000 kg N eq
Upstream total (39.402%): Upstream total (10.697%): Upstream total (9.084%): Upstream total (10.507%):
33.602 kg Neq 9.122 kg Neq ) 7.747kgNeq 8.961 kg Neq

”'xo‘—.l transport, freight, lorry >32 metric ] "@ metal working, average for steel pr. ]
Direct (39.402%): Direct (43.071%):
33.602 kg N eq 36.732 kg N eg
Upstream total (39.402%): Upstream total (43.071%):
33.602 kg N eq ) 36.732 kg N egq

Figure 5.6 Marine eutrophication

59



Impact assessment and interpretation

Figure 5.7 depicts the Mineral resource scarcity impact. Of this impact, 57.667% was allocated
to chamber construction, while the remaining 42.333% was accounted for by the electrical-
mechanical plant.

Most of the Mineral resource scarcity impact is attributed to chamber construction.
Extraction and consumption of minerals and resources during construction activities such as
excavation, concrete production, and site preparation may lead to the impact. These
processes require significant amounts of materials, including aggregates, cement, and metals,
which can deplete mineral resources.

The electrical-mechanical plant impact is likely from the manufacturing processes and
transportation associated with the plant's components, which require materials and
resources such as metals, plastics, and rare earth elements.

The significant contribution from chamber construction to Mineral resource scarcity
underscores the importance of implementing sustainable construction practices and
minimizing resource consumption. Strategies such as using recycled materials, optimizing
material usage, and adopting circular economy principles can help reduce the mineral
resource scarcity.
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5] LIMPET plant construction - GB ]

L Direct (0.000%):

0.000 kg Cu eq
Upstream total (100.000%):
1.066E4 kg Cu eq

~

‘(’7 Chamber construction - GB ‘f’? Electrical plant construction - GB ‘
Direct (0.000%): Direct (0.000%):
0.000 kg Cu eq 0.000 kg Cueq
Upstream total (57.667%): Upstream total (42.333%):
6.145E3 kg Cu eq 4511E3 kg Cu eq
‘rﬂ Excavation - GB ]‘ ‘(n Reinforcement concrete transport -. W‘ (’j Generator transport - GB ‘ (’j Turbine stand process - GB W‘
Direct (0.000%): Direct (0.000%): Direct (0.000%): Direct (0.000%):
0.000 kg Cueq 0.000 kg Cueq 0.000 kg Cu eq 0.000 kg Cu eq
Upstream total (13.614%): Upstream total (36.847%): Upstream total (10.583%): Upstream total (9.503%):
1.451E3 kg Cueq 3.927E3 kg Cu eq 1.128E3 kg Cu eq 1.013E3 kg Cu eq
‘[fﬂ Gravel transportation - GB ]‘ ”@ fibre-reinforced concrete producti. T "@ generator production, 200kW elect ] |(E Turbine stand production - GB W‘
Direct (0.000%): Direct (36.236%): Direct (10.582%): Direct (0.000%):
0.000 kg Cu eq 3.862E3 kg Cueq 1.128E3 kg Cu eq 0.000 kg Cu eq
Upstream total (9.270%): Upstream total (36.236%): Upstream total (10.582%): Upstream total (9.437%):
9.879E2 kg Cueq 3.862E3 kg Cueq 1.128E3 kg Cu eq 1.006E3 kg Cu eq

”@ transport, freight, lorry >32 metric ... ]
Direct (9.270%):
9.879E2 kg Cueq

Upstream total (9.270%):
9.879E2 kg Cueq

Figure 5.7 Mineral resource scarcity

”@ metal working, average for steel pr...

)

Direct (38.685%):
4.123E3 kg Cueq
Upstream total (38.685%):
412383 kg Cu eq
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5.3.2 Sensitivity analysis.

Since material waste was not given. 20% excess material from the material which a particular
process requires is considered as waste as an assumption when assessing the impact. To avoid
the possible errors that occur due to that assumption sensitivity analysis is done by varying
the waste amount as 25% and 30%. Below radar graph below shows the results of impact
categories of the ReCiPe 2016 Midpoint (H).

The radar graph shows the relative indicator results of each project variant. For each
indicator, the maximum result is set to 100% and the results of the other variants are
displayed as this result.

Earticula:e matter formation
Fos

Fine .
Water consumptior sil resource scarcity

Terrestrial ecotoxicity Freshwater ecotoxicity

Terrestrial acidification Freshwater eutrophication

Stratospheric ozone depletion Global warming

Ozone formation, Terrestrial ecosystems Human carcinogenic toxicity

Ozone formation, Human health Human non-carcinogenic toxicity

Mineral resource scarcity lonizing radiation

Marine eutrophication ... Land use
Marine ecotoxicity

/] LIMPET plant construction 20% waste [_] LIMPET plant construction 25% waste
LIMPET plant construction 30% waste

Figure 5.8 Radar graph of the sensitivity analysis

As illustrated in the above figure, it is observed that the differences among the different waste
guantities are minimal. All three scenarios show nearly identical results across various impact
categories.

This suggests that the environmental impact is not significantly sensitive to changes in the
waste percentage assumption within the given range (20%, 25%, and 30%). It implies that the
chosen waste assumption of 20% may adequately represent the actual environmental impact
associated with material waste for the LIMPET plant.

While sensitivity analysis is valuable for understanding potential variations in impact
assessments, in this case, the impact categories seem robust to changes in the waste
percentage. This consistency indicates that the chosen waste assumption is reasonable and
provides reliable results for environmental impact assessment.
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5.4 Carbon and energy payback times.

The carbon and energy payback periods are major aspects when assessing the quality of
renewable energy. The carbon payback period gives the period of compensating for carbon
emitted during the life cycle of the converter by carbon emissions savings caused by using
renewable energy sources carbon emitted during the life cycle of the converter. When it
comes to the energy payback period it also gives the period of compensating energy used for
the construction of energy by the energy generation. These two can be calculated by the
below equations.

Total CO,eq emmisions during the life cycle

CO,eq payback period = (5.1)

Annuel CO,eq avoided

Energy spent during the life cycle

Energy payback time = (5.2)

Annual energy produced

LIMPET's total emissions of COzeq are 1515762.65 kg C0O,eq. Considering then that the UK
residual grid mix has a carbon intensity of average 400 kg COzeq /kW h in 2009 [20], and that
the total annual energy production in 2001 was 27081 kWh. Because of maintenance and
failures, the plant was not operated for 4905.8 hours in 2001 year giving low electricity
generation [9], the CO; payback time is 0.14 years.

Approximating the total energy spent during the LIMPET life cycle with the result obtained
from the “Fossil resource scarcity” impact category, the value to be considered is
375236.6933 kg oil eq, which corresponds to 4364002.743079 kWh. Considering then the
value of annual energy production stated before, the energy payback time amounts to 161.15
years. Operating hour loss and low efficiency lead to a large period to pay back the energy.
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6 Conclusion and Future Works

The Life Cycle Assessment (LCA) analysis of the LIMPET 500 kW oscillating water column
(OWC) plant, which was in operation until 2011, faced a lot challenges in terms of efficiency
and reliability. These challenges resulted in lower energy production than expected. Hence, it
leads to a substantial energy payback period of 161.15 years.

Despite the lengthy energy payback period, the carbon payback period for the LIMPET plant
was significantly shorter giving 0.14 years of payback period time. This shorter carbon
payback period is attributed to the high carbon intensity of the conventional energy mix
during the plant's operational period, which was around 400 kg CO,e/kWh in 2009. By
replacing traditional energy sources with the LIMPET plant, a considerable reduction in
carbon emissions was achieved. Improving the plant's efficiency and reducing its operational
failures would have further environmental benefits. Enhanced performance would decrease
both the energy and carbon payback periods, making the plant more sustainable and
environmentally friendly.

According to the literature, when compared to onshore wave energy converters (WECs), the
offshore and near-shore WECs' environmental impact was higher. Onshore WECs tend to be
more environmentally friendly. Because the installation and maintenance of offshore and
near-shore power plants require extensive use of marine vessels. These marine operations
contribute significantly to the overall environmental footprint.

Another critical aspect highlighted by the analysis is the importance of material selection and
construction methods in minimizing environmental impacts. Using reliable, recyclable
materials and adopting sustainable construction practices can significantly reduce the
lifecycle environmental footprint of wave energy projects.

In summary, the LIMPET 500 kW OWC plant's LCA analysis showcases the critical role of
operational efficiency, reliability, and strategic material selection in enhancing the
sustainability of wave energy converters. Improving these factors can lead to substantial
reductions in both energy and carbon payback periods, contributing to a more sustainable
and environmentally friendly energy solution.

6.1 Future works

In terms of LCA analysis, to reduce the overestimation and underestimation of the
environmental impact caused by assumption and the data quality problems, a full cradle-to-
grave LCA analysis should be performed on an OWC WEC. Further, conduct a comparative
analysis with other ocean WEC to identify the most impact full wave energy harnessing
method. In terms of the WECs to reduce the environmental impact efficiency should be
increased and proper materials and construction methods should be used to reduce the
impact.
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Appendices

Appendix A ReCiPe 2016 (H) Midpoint impact categories.

Appendices

r &) LIMPET plant construction - GB ]

L Direct (0.000%):

0.000 kg 1,4-DCB
Upstream total (100.000%):
7.098E4 kg 1,4-DCB

|(E Electrical plant construction - GB N
Direct (0.000%):
0.000 kg 1,4-DCB
Upstream total (62.935%):
4.467E4 kg 14-DCB

N

‘(Q Chamber construction - GB M
Direct (0.000%):
0.000 kg 1,4-DCB
Upstream total (37.065%):
2.631E4 kg 1,4-DCB

_

|(r§ Excavation - GB

N ‘(Q Reinforcement concrete transport -... ]‘ ‘(ﬂ Generator transport - GB

rj Turbine stand process - GB

Direct (0.000%):
0.000 kg 1,4-DCB
Upstream total (16.819%):
1.194E4 kg 1,4-DCB

Direct (0.000%):
0.000 kg 1,4-DCB
Upstream total (13.441%)
9.540E3 kg 1,4-DCB

Direct (0.000%):
0.000 kg 1,4-DCB
: Upstream total (32.952%):
2.339E4 kg 1.4-DCB

Direct (0.000%):
0.000 kg 1,4-DCB
Upstream total (8.974%):
6.370E3 kg 1,4-DCB

|(:§ Gravel transportation - GB

N ”@ fibre-reinforced concrete producti... ]

"@ generator production, 200kW elect

]

‘(Q Turbine stand production - GB

Direct (0.000%):
0.000 kg 1,4-DCB
Upstream total (14.995%):
1.064E4 kg 1,4-DCB

Direct (12.485%):

8.862E3 kg 1,4-DCB
Upstream total (12.485%)

8.862E3 kg 1,4-DCB

Direct (32.951%):
2.339E4 kg 1,4-DCB

: Upstream total (32.951%):
2.339E4 kg 1.4-DCB

[[3 transport, freight, lorry >32 metric

Direct (14.995%):

1.064E4 kg 1,4-DCB
Upstream total (14.995%):

1.064E4 kg 1,4-DCB

Freshwater ecotoxicity

Direct (0.000%):
0.000 kg 1,4-DCB
Upstream total (8.869%):
6.295E3 kg 1,4-DCB

”zﬁl metal working, average for steel pr.

]

Direct (36.355%):
2.580E4 kg 1,4-DCB
Upstream total (36.355%):
2.580E4 kg 1,4-DCB
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[ &) LIMPET plant construction - GB ]

0.000 kg P eq
Upstream total (100.000%):

{ Direct (0.000%):

2419E2 kg P eq

‘(sﬂ Chamber

construction - GB T

Direct (0.000%):

0.000 kg P eq

Upstream total (49.084%):

1.187E2 kg P eq

£ N

|(7ﬂ Electrical plant construction - GB T

0.000 kg P eq
Upstream total (50.916%):
1.232E2 kg P eq

Direct (0.000%): ‘

-

|(r'ﬂ Excavation - GB N ‘(;ﬂ Reinforcement concrete transpaort -... M ‘(’j Generator transport - GB |rj Turbine stand process - GB W‘
Direct (0.000%): Direct (0.000%): Direct (0.000%): Direct (0.000%):
0.000 kg P eq 0.000 kg P eq 0.000 kg P eq 0.000 kg P eq

Upstream total (20.683%):
50.039 kg P eq

Upstream total (19.638%):
47511 kg Peq

Upstream total (12.308%):
29.777 kg P eq

Upstream total (11.556%):
27957 kg Peq

|(Eﬂ Gravel transportation - GB M ”:ﬁl fibre-reinforced concrete producti... ] ”@ generator production, 200kW elect... T |(Q Turbine stand production - GB T‘
Direct (0.000%): Direct (18.428%): Direct (12.306%): Direct (0.000%):
0.000 kg P eq 44583 kg P eq 29.772 kg P eq 0.000 kg P eq

Upstream total (16.962%):
41.037 kg P eq

Upstream total (18.428%):
44583 kg Peq

Upstream total (12.306%):
29.772 kg P eq

"'@ transport, freight, lorry >32 metric ...

Direct (16.962%):
41.037 kg P eq
Upstream total (16.962%):
41.037 kg P eq

Freshwater e

utrophication

Upstream total (11.422%):
27634 kg Peq

”@ metal working, average for steel pr... ]

Direct (46.823%):

1.133E2 kg P eq
Upstream total (46.823%):

1.133E2 kg P eq
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Mﬂ Chamber construction - GB

Direct (0.000%):
0.000 kg 1.4-DCB
Upstream total (52.358%):
8.487E6 kg 1.4-DCB

(5] UMPET plant construction - GB

Direct (0.000%):

0.000 kg 1.4-DCB
Upstream total (100.000%):

1.621E7 kg 1,4-DCB

1

Appendices

”o’j Electrical plant construction - GB ”

Direct (0.000%):
0.000 kg 1.4-DCB
Upstream total (47.642%):
7.723E6 kg 1.4-DCB

_

[ 5] Reinforcement concrete transport -..

(8 Tansporation of Entry lip and Diap... || (& Duct transport -G8

ﬂ Turbine stand process - GB

Upstream total (13.251%):

Direct (0.000%):
0.000 kg 14-DCB
Upstream total (29.236%):
4.739E6 kg 1.4-DCB

Direct (0.000%):
0.000 kg 1,4-DCB
Upstream total (9.871%):
1.600E6 kg 1.4-DCB

Upstream total (11.254%):

Direct (0.000%):
0.000 kg 1,4-DCB

Upstream total (13.017%):
2.110E6 kg 1.4-DCB

4.652E6 kg 1.4-DCB

1.592E6 kg 1.4-DCB

2.100E6 kg 1.4-DCB

[a fibre-reinforced concrete producti.. ]l [(a Manufactured Entry lip and Diaphr... ” \f-'ﬂ Duct production - GB ]‘ ”ﬂ Turbine stand production - GB ]|
Direct (28.696%): Direct (0.000%): Direct (0.000%):
4.652E6 kg 1.4-DCB 0.000 kg 1,4-DCB 0.000 kg 14-DCB
Upstream total (28.696%): Upstream total (9.824%): Upstream total (11.200%): Upstream total (12.955%):

7

1 —

(3 metal working, average for steel pr.. |

Direct (53.106%):
8.608E6 kg 1.4-DCB
Upstream total (53.106%):
8.608E6 kg 1.4-DCB

Human carcinogenic toxicity
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5) LIMPET plant construction - GB ]

L Direct (0.000%):

0.000 kg 1,4-DCB
Upstream total (100.000%):
3.112E8 kg 1,4-DCB

~ —~

|(’j Chamber construction - GB (’j Electrical plant construction - GB M
‘ Direct (0.000%): Direct (0.000%):

0.000 kg 1,4-DCB 0.000 kg 1,4-DCB
Upstream total (46.101%): Upstream total (53.899%):
1.434E8 kg 1,4-DCB 1.677E8 kg 1,4-DCB

N

C

™

‘(;ﬂ Excavation - GB

‘(ﬂ Reinforcement concrete transport -...

LJ

|(;ﬂ Generator transport - GB N

|Fﬂ Turbine stand process - GB

]

Direct (0.000%):
0.000 kg 1,4-DCB
Upstream total (27.375%):
8.518E7 kg 1,4-DCB

Direct (0.000%):
0.000 kg 1,4-DCB
Upstream total (11.475%):
3.570E7 kg 1,4-DCB

Direct (0.000%):
0.000 kg 1,4-DCB
Upstream total (21.948%):
6.829E7 kg 1,4-DCB

Direct (0.000%):
0.000 kg 1,4-DCB
Upstream total (9.563%):
2.976E7 kg 1,4-DCB

‘(a Gravel transportation - GB

"@ fibre-reinforced concrete producti...

"E generator production, 200kW elect... ]

|Fﬂ Turbine stand production - GB

]

Direct (0.000%):
0.000 kg 1,4-DCB
Upstream total (25.407%):
7.905E7 kg 1,4-DCB

"@ transport, freight, lorry >32 metric ...

Direct (25.407%):
7.905E7 kg 1,4-DCB
Upstream total (25.407%):
7.905E7 kg 1,4-DCB

Direct (9.847%):
3.064E7 kg 1.4-DCB
Upstream total (9.847%):
3.064E7 kg 1,4-DCB

Direct (21.945%):

6.828E7 kg 1,4-DCB
Upstream total (21.945%):

6.828E7 kg 1,4-DCB

Human non-carcinogenic toxicity

Direct (0.000%):
0.000 kg 1,4-DCB
Upstream total (9.387%):
2.921E7 kg 1,4-DCB

”@ metal working, average for steel pr...

]

Direct (38.479%):
1.197E8 kg 1,4-DCB
Upstream total (38.479%):
1.197E8 kg 1,4-DCB
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&) LIMPET plant construction - GB

Direct (0.000%):

Appendices

0.000 kBq Co-60 eq
Upstream total (100.000%):
1.097E5 kBq Co-60 eq

(2 chamber construction - GB

Direct (0.000%):

0.000 kBq Co-60 eq
Upstream total (76.894%):
8.432E4 kBq Co-60 eq

([ Excavation - GB

Direct (0.000%):
0.000 kBq Co-60 eq
Upstream total (52.434%):
5.750E4 kBq Co-60 eq

’

N

(3 Blectrical plant construction - GB |

Direct (0.000%):
0.000 kBq Co-60 eq

Upstream total (23.106%):

2.534E4 kBq Co-60 eq

N

[f(?i Reinforcement concrete transport -... ”

(3 Duct transport - GB

]| |[8] Turbine stand process - GB

Direct (0.000%):
0.000 kBq Co-60 eq
Upstream total (19.387%):
2.126E4 kBq Co-60 eq

Direct (0.000%):
0.000 kBq Co-60 eq

Upstream total (5.784%):

6.343E3 kBg Co-60 eq

Direct (0.000%):
0.000 kBq Co-60 eq
Upstream total (6.690%):
7.336E3 kBq Co-60 eq

|8] Gravel transportation - GB

[a machine operation, diesel, >= 74.5... ]

A fibre-reinforced concrete producti.. ]

Direct (0.000%):
0.000 kBq Co-60 eq
Upstream total (31.330%):
3.436E4 kBq Co-60 eq

Direct (21.104%):
2.314E4 kBq Co-60 eq
Upstream total (21.104%):
2.314E4 kBq Co-60 eq

Direct (17.021%):
1.867E4 kBq Co-60 eq
Upstream total (17.021%):
1.867E4 kBq Co-60 eq

fal transport, freight, lorry >32 metric ... ]
Direct (31.330%):
3.436E4 kBq Co-60 eq
Upstream total (31.330%):
3.436E4 kBq Co-60 eq

lonizing radiation

|(6] Turbine stand production - GB

Direct (0.000%):
0.000 kBq Co-60 eq
Upstream total (6.482%):
7.108E3 kBq Co-60 eq

fa metal working, average for steel pr.. ]

Direct (26.572%):
2.914E4 kBq Co-60 eq
Upstream total (26.572%):
2.914E4 kBq Co-60 eq
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[a LIMPET plant construction - GB

Direct (0.000%):
0.000 kg NOx eq

5.494E3 kg NOx eq

Upstream total (100.000%):

|[ &) Chamber construction - GB

Direct (0.000%):
0.000 kg NOx eq
Upstream total (88.277%):

4.850E3 kg NOx eq

|[) Excavation - GB

Direct (0.000%):
0.000 kg NOx eq
Upstream total (51.838%):
2.848E3 kg NOx eq

N

Appendices

H'Eﬂ Electrical plant construction - GB W‘

Direct (0.000%):
0.000 kg NOx eq
Upstream total (11.723%):
6.441E2 kg NOx eq

1.868E3 kg NOx eq

|[e-.| Reinforcement concrete transport -... ” ”07 Duct transport - GB ]| |[a Turbine stand process - GB ||
Direct (0.000%): Direct (0.000%):
0.000 kg NOx eq 0.000 kg NOx eq
Upstream total (34.005%): Upstream total (2.774%): Upstream total (3.209%):

1.763E2 kg NOx eq

”5] Gravel transportation - GB

]

[ machine operation, diesel, >= 745...

[a fibre-reinforced concrete producii.. ]

Direct (0.000%):
0.000 kg NOx eq
Upstream total (21.801%):
1.198E3 kg NOx eq

"51 transport, freight, lorry >32 metric ...

1.198E3 kg NOx eq
Upstream total (21.801%):

Direct (21.801%):
1.198E3 kg NOx eq

Direct (30.037%):

1.650E3 kg NOx eq
Upstream total (30.037%):

1.6503 kg NOx eq

Direct (32.393%):

1.780E3 kg NOx eq
Upstream total (32.393%):

1.780E3 kg NOx eq

Ozone formation, Human health

|(§] Turbine stand production - GB ]l
Direct (0.000%):
0.000 kg NOx eq
Upstream total (3.071%):
1.687E2 kg NOx eq

3 metal working. average for steel pr... ]
Direct (12.588%):
6.916E2 kg NOx eq
Upstream total (12.588%):
L 6.916E2 kg NOx eq )
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5] UIMPET plant construction - GB

)|

Direct (0.000%):
0.000 kg NOx eq
Upstream total (100.000%):
5.648E3 kg NOx eq

Appendices

Hg] Chamber construction - GB ]‘ ”E] Electrical plant construction - GB ]l
Direct (0.000%): Direct (0.000%):
0.000 kg NOx eq 0.000 kg NOx eq
Upstream total (88.229%): Upstream total (11.771%):
4.984E3 kg NOx eq ) 6.649E2 kg NOx eq
” ) Excavation - GB ]l H &] Reinforcement concrete transport -... “ [(u—] Duct transport - GB Wl ”5—1 Turbine stand process - GB Wl
Direct (0.000%): Direct (0.000%): Direct (0.000%): Direct (0.000%):
0.000 kg NOx eq 0.000 kg NOx eq 0.000 kg NOx eq 0.000 kg NOx eq
Upstream total (52.044%): Upstream total (33.739%): Upstream total (2.788%): Upstream total (3.225%):
2.940E3 kg NOx eq 1.906E3 kg NOx eq 1.575E2 kg NOx eq 1.821E2 kg NOx eq

2N

H &) Gravel transportation - GB ]| [H machine operation, diesel, >= 74.5... ] A fibre-reinforced concrete producti...
Direct (0.000%): Direct (29.684%): Direct (32.096%):
0.000 kg NOx eq 1.677E3 kg NOx eq 1.813E3 kg NOx eq
Upstream total (22.360%): Upstream total (29.684%): Upstream total (32.096%):
1.263E3 kg NOx eq L 1.677E3 kg NOx eq ) 1.813E3 kg NOx eq

[al transport. freight. lorry >32 metric ...

Direct (22.360%):
1.263€3 kg NOx eq
Upstream total (22.360%):
1.263E3 kg NOx eq

Ozone formation, Terrestrial ecosystems

”—EI Turbine stand production - GB ]|
Direct (0.000%):
0.000 kg NOx eq
Upstream total (3.085%):
1.743E2 kg NOx eq

[H metal working, average for steel pr... ]
Direct (12.647%):
7.143E2 kg NOx eq
Upstream total (12.647%):
7.143E2 kg NOx eq
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Appendices

[[2 umeET plant construction - GB

Direct (0.000%):

0.000 kg CFC11 eq
Upstream total (100.000%):

0.976 kg CFC11 eg

3 chamber construction - G8 )|
Direct (0.000%):
0.000 kg CFC11 eq
Upstream total (85.204%):
0.831 kg CFC11 eq

~

(5 Etectrical plant construction -G8~ |
Direct (0.000%):
0.000 kg CFC11 eq
Upstream total (14.796%):
0.144 kg CFC11 eq

-

”5] Excavation - GB

]l ‘(5] Reinforcement concrete transport -... ” ‘[ﬂ Duct transport - GB

]| ”-’ﬂ Turbine stand process - GB ﬂ

Direct (0.000%):
0.000 kg CFC11 eq
Upstream total (57.128%):
0.557 kg CFC11 eq

Direct (0.000%):
0,000 kg CFC11 eq

Upstream total (24.960%):
0244 kg CFC11 eq

Direct (0.000%):

0.000 kg CFC11 eq
Upstream total (3.553%):

0.035 kg CFC11 eq

Direct (0.000%):
0000 kg CFC11 eq

Upstream total (4.109%):
0040 kg CFC11 eq

' N

‘[{H Gravel transportation - GB -} [ﬂ machine operation, diesel, >= 74.5... ]
Direct (0.000%): Direct (24.358%):
0,000 kg CFC11 eq 0238 kg CFC11 eq
Upstream total (32.770%): Upstream total (24.358%):
0320 kg CFC11 eq 0.238 kg CFC11 eq

& fibre-reinforced concrete producti... n
Direct (22.275%):
0217 kg CFC11 eq
Upstream total (22.275%):
0217 kg CFC11 eq

fa transport, freight, lorry >32 metric ...
Direct (32.770%):
0.320 kg CFC11 eq
Upstream total (32.770%):
0.320 kg CFC11 eq

Stratospheric ozone depletion

(8 Turbine stand production - 68 )|
Direct (0.000%):
0.000 kg CFC11 eq
Upstream total (3.886%):
0.038 kg CFC11 eq

[[3 metal working, average for steel pr.. ||

Direct (15.928%):

0.155 kg CFC11 eq
Upstream total (15.928%):

0.155 kg CFC11 eq
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5) LIMPET plant construction - GB )|

(Eﬂ Chamber construction - GB
Direct (0.000%):
0.000 kg SO2 eq
Upstream total (75.896%):
3425E3 kg SO2 eq

]

”o'l Excavation - GB ”

Direct (0.000%):
0.000 kg 502 eq
Upstream total (37.884%):
1.710€3 kg S0 eq

N

Direct (0.000%):
0.000 kg SO2 eq
Upstream total (100.000%):
4513E3 kg SO2 eq

Appendices

(8 Electrical plant construction - 68|
Direct (0.000%):
0.000 kg SO2 eq
Upstream total (24.104%):
1.083E3 kg SO2 eq

f(ﬂ Reinforcement concrete transport -... ]| ”o'l Generator transport - GB ]‘ |[#) Turbine stand process - GB ]
Direct (0.000%): Direct (0.000%): Direct (0.000%):
0.000 kg SO2 eq 0.000 kg S02 eq 0.000 kg SO2 eq
Upstream total (33.972%): Upstream total (6.304%): Upstream total (5.328%):

1.533E3 kg SO2 eq

2.845E2 kg SO2 eq

24052 kg SO2 eq

£ N

(&1 Gravel transportation - GB (3 machine operation, diesel, >= 74.5.. [ fibre reinforced concrete producti.. ]| (8 generator praduction. 200kW elect... (82 Turbine stand production - GB )|
Direct (0.000%): Direct (19.333%): Direct (32.619%): Direct (6.302%): Direct (0.000%):
0.000 kg SO2 eq B.726E2 kg SO2 eq 1.472E3 kg SO2 eq 2.844E2 kg 502 eq 0.000 kg SO2 eq
Upstream total (18.551%): Upstream total (19.333%): Upstream total (32.619%): Upstream total (6.302%): Upstream total (5.198%):

8.37262 kg SO2 eq 8.726E2 kg SO2 eq

14723 kg SO2 eq

2.844E2 kg SO2 eq

2.346E2 kg SO2 eq

[[3 transport, treight. lony >32 metric .||
Direct (18.551%):
B.372E2 kg 502 eq
Upstream total (18.551%):
8.372€2 kg 502 eq

Terrestrial acidification
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Appendices

2] LIMPET plant construction - GB
Direct (0.000%):
0.000 kg 1.4-DCB
Upstream total (100.000%):
142967 kg 1.4-DCB

|8 chamber construction - GB | 5] Bectrical plant construction - GB
Direct (0.000%): Direct (0.000%):
0,000 kg 1.4-DCB 0.000 kg 14-DCB
Upstream total (74.820%): Upstream total (25.180%):
1.069E7 kg 14-DB ) 359866 kg 1.4-DCB
||8) Excavation - GB |[8] Reinforcement concrete transport - | 5] Genesator transport - GB &] Turbine stand process - GB
Direct (0.000%): Direct (0.000%): Direct (0.000%): Direct (0.000%}:
0.000 kg 1,4-DCB 0.000 kg 1,4-DCB 0.000 kg 1.4-DCB 0.000 kg 1.4-DCB
Upstream total (58.376%): Upstream total (14.382%): Upstream total (16.097%): Upstream total (2.719%):
834166 kg 1.4-DCB 205586 kg 1.4-DCB 2.30086 kg 1.4-DCB 388565 kg 14-D(B
(3 Gravel transportation - Ga | [[3 machine operation, diesel, >= 745 [[3 fiorereinforced concrete producti_}| [[3 transport. reight, lomy 16-32 metri.. 3 generator production, 200kW elect.-
Direct (0.000%): Direct (2.542%): Direct (11.373%): Direct (3.009%): Direct (16.093%):
0,000 kg 1.4-DCB 363265 kg 1.4-DCB 1.62566 kg 1.4-DCB 430065 kg 1.4-DCB 230066 kg 1.4-0C8
Upstream total (55.835%): Upstream total (2.542%): Upstream total (11.373%): Upstream total (3.009%): Upstream total (16.093%):
7.978E6 kg 14-DCB 363265 kg 14-DCB ) 1.62566 kg 1.4-DCB 430085 kg 1.4-DCB L 230086 kg 1.4-DCB )

N tansport, freight, lomy >32 metric ..
Direct (55.835%):
7.978E6 kg 1.4-DCB
Upstream total (55.835%):
7.978E6 kg 1.4-DCB

Terrestrial ecotoxicity
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&) UMPET plant construction - GB

Direct (0.000%):
0.000 m3
Upstream total (100.000%):
7.294E3 m3

() Chamber construction - G8 |

Direct (0.000%):

0,000 m3

Upstream total (71.852%):

5.241E3 m3

Appendices

# Etectrical plant construction -G8 ||

Direct (0.000%):
0.000 m3

Upstream total (28.148%):

205383 m3

7N

(8] Excavation - GB

/N

|8 Reinforcement concrete transport ..

f’] Duct transport - GB |

(8 Turbine stand process - G8 ]

Direct (0.000%): Direct (0.000%): Direct (0.000%): Direct (0.000%):
0.000 m3 0.000 m3 0,000 m3 0000 m3
Upstream total (21.414%): Upstream total (44.525%): Upstream total (6.742%): Upstream total (7.799%):
156263 m3 J 32483 m3 4918E2 m3 5.689E2 m3
(5 Gravel transportation - GB || [[3 fiore-reinforced concrete produti.. (% Duct production - GB | (@ Turbine stand production - GB )|
Direct (0.000%): Direct (43.250%): Direct (0.000%): Direct (0.000%):
0.000 m3 3.155E3 m3 0.000 m3 0.000 m3
Upstream total (18.299%): Upstream total (43.250%): Upstream total (6.639%): Upstream total (7.680%):
133563 m3 315563 m3 484382 m3 5.60262 m3

A transport. freight. lorry >32 metric ...

Direct (18.299%):
133583 m3
Upstream total (18.299%):
133583 m3

[

A metal working, average for steel pr...
Direct (31.481%):
2.296E3 m3
Upstream total (31.481%):
2.296E3 m3

Water consumption
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Appendix B Master’s research proposal

University of
South-Eastern Norway

Faculty of Technology, Natural Sciences and Maritime Sciences, Campus Porsgrunn

Master's Thesis

Title: Life cycle analysis of ocean wave energy convertor.

USN supervisors: Gamunu Samarakoon Arachchige, Marianne S. Eikeland

External partner: University of Sri Jayewardenepura, Sri Lanka (NORPART ReTech project)

Task background:
Ocean wave energy has a large global resource with immense potential for clean energy. To

harness this energy, several types of ocean wave energy convertors (WEC) are designed,
developed, and evaluated in the field for research purposes as well as commercial
applications. Coastal blowhole as such has untapped potential as WEC, ye they have received
limited attention from the research community.

However, these onshore and offshore renewable projects can have a high environmental
impact during the construction of the plant, production, and distribution of the energy. As
these technologies develop, Life Cycle Assessment (LCA) is effective tool for measuring and
minimizing the environmental impact resulting from electricity generation project as such.
This thesis aims to develop the knowledge on LCA of WEC and conduct a LCA of natural
blowhole phenomenon-based wave energy convertor.

Task description:
The main goal of this project is to perform an LCA of an ocean WEC based on the natural

blowhole phenomenon to identify its potential environmental impact. This involves several
key tasks including conducting a comprehensive literature review of current ocean WECs
(state-of-the-art) and related LCA studies and developing an LCA model for the entire process
of the natural blowhole-based ocean WEC (i.e., cradle-to-gate assessment).

Student category: Reserved for an exchange student.

Is the task suitable for online students (not present at the campus)? ¥es/No

Practical arrangements:
OpenLCA software and the Ecoinvent database are the tools of choice for LCA.

Supervision:
As a general rule, the student is entitled to 15-20 hours of supervision. This includes the

necessary time for the supervisor to prepare for supervision meetings (reading material to be
discussed, etc.).

Signatures:

Supervisor (date and signature): Gl‘amouux_ gammkom 21.02.2024

Student (write clearly in all capitalized letters):
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HESHANKA SINGHAPURAGE

Student (date and signature):

23/02/2024
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