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Keywords: Life cycle analysis, wave energy important to understand the life cycle impacts bése
devices. To date very few life cycle assessmente teeen
Abstract carried out in this sector, and many of these coinate only

on carbon emissions and embodied energy.
The Pelamis wave energy converter is emerging aobthe
most promising devices to harness the availableepanvthe
waves. This study examines the environmental ingpaicthe
device, presenting the results as a set of impatenpials, and
demonstrating that it performs well in comparisonother
renewable energy converters and fossil-fuelled geaes.

In 2007 an in-depth life cycle carbon and energgitawas
published by Parkeet al. [12] on the Pelamis P1 device,
based on detailed data from the manufacturer. hisly
found that the energy and carbon intensities weB:kKa/kWh
and 23 gC@kWh respectively. The current paper builds
upon the work carried out by Parketr al. by expanding the
analysis to cover a broad range of environmentalicts. In
particular this includes an expansion of the carboalysis to
include all GHG emissions. This will involve credji an
inventory of all environmentally significant resocaruse and
pollutant emissions at each stage of the devieeitle, from
the development of new technologies to hamesswaile Cradle-to-grave’, and then characterising theseoating to
energy. However, while the energy sources are takms their impact potent_lal_. This detailed study Wd||0W b_etter
‘carbon-free’, there are wider environmental impacEOmParison with existing and future generating tedbgies.
associated with the process of converting the enémtp )

electrical power. In order to make informed dedisidor 2 Life Cycle Assessment

future developments of the energy system, it igetioee

1 Introduction

The continued drive to mitigate climate change égucing
Greenhouse Gas (GHG) emissions has led to an swriea
demand for low-carbon energy sources. This hadteekin

necessary to develop a detailed understandingedfféhcycle Life Cycle Assessment Framework
environmental impacts that arise indirectly fromweo O — >
generation due to the manufacture, operation and definition <
decommissioning of generators and network infrastine. ] J’

In the United Kingdom (UK) the Government has idtroed wom':
ambitious targets to decarbonise the electricitypsy with ky d Interpretation
the latest carbon budget aiming to reduce averagsse®ns |

from generation from current levels of around 5@DgkWh ——— )

to around 50 gC@kWh by 2030 [3]. It is expected that it |

marine energy will be an important contributor, twit ﬁgféaaﬁ‘t:;'gsgo“ »

resources believed to have the potential to suppiyind 20 - Weighting

per cent of electricity demand [5].

The Pelamis Wave Energy Converter (WEC) is emergisig
one of the most promising devices to harness thaslable
power. Developed by Pelamis Wave Power Ltd, the Rife Cycle Assessment (LCA) is an established tégplm for
version of this semi-submerged offshore device widentifying and evaluating the inputs, outputs gudential
successfully installed at the world’s first comniatovave environmental impacts of products or services. piteeess is
farm at Aguacadoura, off the coast of PortugalR®8. The illustrated in Figure 1. It involves systematicabyalysing
experience gained has been fed directly into theldpment resource use and pollutant emissions at each sihdke

of the second-generation P2 device, currently sh & the product life cycle; from extraction of raw matesiathrough
European Marine Energy Centre. Several projects amanufacture and operation to decommissioning aspogdal.
currently in the development stages, with leaseeamgents The detailed results are then described as a séenfifiable
having been agreed for two farms comprising arodfd consequences or ‘impact potentials’. This mature
devices off the coast of Scotland [13]. It is tHere methodology is governed by the ISO 14040 series of

Figure 1: Life cycle assessment framework [4]



international standards [1], and has already bephieal to a
range of energy technologies and networks.

4 Analysis

The results of this comprehensive analysis willhhight the The current study was carried out with one of teading
components, materials or stages of the life cycith the LCA software tools, SimaPro (version 7.2 PhD). Lafgcle
largest environmental impacts. This information &@nused inventory data is mostly sourced from the Ecoinwtatabase,

in design development and marketing product enwiemtal
credentials, and will also be valuable in plannitiie
development

published by the Swiss Centre for Life Cycle Ineeigs, as
this dataset is recognised as one of the most airepsive

of an environmentally-sustainable gnergources of cradle-to-gate resource use and emssediata for

system. More information on LCA can be found irerehce materials, transport and other processes in EUgjpe

[4].

3 ThePelamis Wave Energy Converter

Figure 2: Pelamis wave energy converter [13]

The Pelamis is a semi-submerged snake-like offsharee
energy converter. The P1 version is 120 m long,n8.k

diameter and rated at 750 kW (Figure 2). It hasr fo
linked by three power convensi

cylindrical sections
modules at the hinged joints. The compliant moariatiow
the Pelamis to face into the oncoming waves, ardjdmts

flex vertically and horizontally (heave and swag)the wave
front passes. This motion is resisted by hydramalins housed
within the power conversion modules. These rams put

high-pressure oil into banks of accumulators, whife
drained at a constant rate through hydraulic motiorgurn

driving induction generators. The resistance ofrdms can
be tuned to provide a resonant response in smalstsdes to

maximise power capture, and can also assist iregtiag the
device from potentially damaging storm waves.

Motion of joints: Hydraulic rams create
power from relative motion

Wave direction

Flexible moorings allow
device to face into waves

Figure 3: Side view of the Pelamis [12]

In order to enable comparison with the analysislipbied by

4.1  Goal and Scope Definition

The clear definition of a goal and scope is angrdkpart of
any LCA [1]. The current study is intended to exppaarlier
work to provide an assessment of the broader emviemtal
impacts of the Pelamis WEC, contributing to the evidody
of research on the environmental
generation, and informing future design development

The system boundary of the current study will ideuthe
entire life cycle from “cradle-to-grave” (Figure.Ahysically
the analysis includes the device, its moorings and-sea
connecting cable, but excludes all downstream @badt
components. The functional unit will be one kilowadur of
output power (1 kWh), with a calculation refereffioav of 1

Pelamis device, producing an average of 2.97 GVéin/geer
s 20-year life (see section 3).
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Figure 4: Pelamis Life Cycle

In line with the assumptions made by Par&eal.[12], the
current study presents a generic case for the ptimtuof a
single device, based on materials data for thé girsduction
machines. The same fixed scenario of manufactssenably
and deployment has been defined. Later versionghef
device and different installation scenarios wilvealifferent
impacts to those presented here.

Parker et al in 2007 [12], many of the fundamentallhe current study assumes that all major componants
assumptions and base data have been kept the sathe i sub-components are manufactured in the UK and subje

current study. Therefore, in line with
assumptions, it is estimated that the power outpat single
device will average 2.97 GWh/year over the desifm if
installed in a typical site off the northwest coaktScotland.
The successful installation at Aquacadoura fourat the
Pelamis did perform as expected, so this assumjiicatill
considered to be valid [13].

these earlidJK energy statistics and transport distances. lassumed

that the typical wave farm in which the device wilk

deployed is within 200 miles of a commercial panlying

a travel time of 24 h at 6 knots). For the purposds
calculating the carbon payback, it is assumed it
electricity offset by the device will be the avesagf the UK
grid, with a CQ intensity of 0.499 kg/kwWh [9].

impacts of power



42 LifeCyclelnventory Analysis(LCI) sector, carried out by Donoha# al. as part of the wider

. . . Mass Balance Project [6].
The Life Cycle Inventory (LCIl) involves detailinglla

resource use and pollutant emissions at each Yifee stage N addition to the materials detailed above, ovéd diifferent
(Figure 4). Where data is not readily availablestifiable pre-fabricated components and devices are includethe
assumptions are made. Previous studies on othewedte Pelamis, such as fixings and electrical items. &agr
energy converters have shown that the most sigmific detailed LCI data for such devices is very timestoning, so
impacts arise during the manufacturing stage. Caes published guidance allows for cut-off criteria te teefined so
therefore taken to gather the most comprehensive dRat inputs that do not have a significant envirental
accurate data available for this stage of theclfgle. impact can be excluded from the study [1]. A prétiany

_ oo analysis of carbon emissions and energy consumptias
The current study builds upon the work carriedioi006 by 4 ried out, using cost-based analysis of the gboeidated

Parkeret al, and therefore all base data for quantities of re¥mponents. This found that the transformer, mainegators

materials, processing and manufacturing methodsd &g switchboard should be included in the studyitiother
transportation were sourced from the same origia# [12]. re-fabricated components combined contribute thas 1
This was based on figures derived from PWP’s ovaonds, per cent to the total impacts.

particularly that pertaining to the P1 device unperduction

at the time. The carbon dioxide emissions and energy consumgton
) this life cycle stage were found to W& gCO./kWh and
Materials & Manufacture 348 kJ/kWh respectively.

Th_e main structure_ of thg P_elamis is_ formed fronmrfoAssemmy and Installation

cylindrical tube sections which increase in lenigtm fore to

aft (nose to tail). Sand ballast is placed witHie tubes to Assembly and installation processes mostly comprise
optimise the buoyancy. The nose tube is taperedaend to transport of components from assembly plant todthekyard,
allow the WEC to cut through waves in rough comdisi, and and sea vessel operations for installation of tbenngs and
also houses the switchgear and transformer to atoded POwer cabling, sea trials, initial tow to site datthing to the
transform the power from the generators for expmrshore. moorings. The analysis was based on process infmma
Three Power Conversion Modules (PCMs) sit betwéen tProvided by PWP.

tube sections and house the hydraulic power take-f, this stage the analysis method applied for partation
generators and control equipment. The Pelamis ne@tied |45 gifferent from that used by Parketral [12]. Data was
to the mooring and cabling system via the Yoke,-sh#ped (sxen from the Ecoinvent database, with manufacidata
element connected to the nose tube. This has &-qelase oy applied where appropriate. This will haverddticed

tethering system to allow for rapid attachment angme yvariation in the results, although the base das the

detachment. same. Assembly and installation processes weredfdon
Stock Material Mass (kg) contribute only3 gCO,/kWh to the life cycle carbon dioxide
Steel 561954 emissions and requitel kJ/kWh of energy.
Saqd 475722 Operations and Maintenance
Stainless Steel 550
Nylon 6 416 Annual maintenance operations will mostly involize use of
Polyurethane 343 sea vessels. To date a complete picture of reabtipe and
Glass Reinforced Plastic (GRP) 50 regular maintenance has not been registered, sofdiathis
PVC Pipe 55 stage was based on estimates provided by PWP. Tdiese
Table 1: Material quantities in the Pelamis P1 understood to be conservative estimates with tlyeake of

) . confirming and ensuring survivability.
All data for the structure, hydraulic system and onig

components was based on the mass and materialsjof m! "€ device itself has very few operational requzets.
components provided by PWP, as used Pagkerl. [12]. A Remote monitoring and control is entirely compuiased,

full breakdown of the materials used in the Pelaisishown Onshore, so no allowance has been made for the
in Table 1. environmental impacts of this, as it is likely @ ery small.

Data for the resource use and pollutant emissiasswurced | he inventory results for this life cycle stage vérgher than
from the Ecoinvent database where possible [2]s Bwiss for assembly and installation, due to the long gresife, and
dataset provides comprehensive European average wii resulted in emissions of gCO,/kWh and consumption of
UK specific data being selected where availabletaDzot 19 kJ/kWh.

available within Ecoinvent was sourced from altév® pecommissioning and Disposal

datasets or available literature. One exampleisfittas sand- ) ) o

casting of steel components. Comprehensive dataneas AS N0 Pelamis devices have yet been fully deconiariss,
available within the Ecoinvent database, so dats agplied assumptions were made about the decommissioning and

from a mass balance on the British foundry manufamg disposal processes. In line with Parkeral. [12] it has been
assumed that decommissioning procedures will ireclada



vessel operations associated with the final uniat;how to

a disposal yard and recovery of all mooring hareéwar 5 Results

The current study assumes that the waste will beis two  All of the results are presented per unit of eneggperated
streams, with the majority of the metals (90 pemtkcgoing by the Pelamis WEC (see section 3) in order tolifate
on to recycling plant, and the remainder of thetavaming to comparison with other generating technologies.

landfill. SimaPro contains a number of databasesh wi

information about the environmental impacts of wasb4 Inventory Results

treatment, but none of this is UK specific. Wherikble,
average European data for landfill of materials welected
from the European Life Cycle Database (ELCD, v2i)t
where this was not available the figures were agprated
using the Swiss data published within Ecoinvent.

The potential to recycle components can have aifsignt
effect on the environmental impact of a devicerexg/cling
provides the opportunity for both avoiding the e@amimental
impacts of waste treatment and also the impacts dha
associated with primary material extraction. Carasimbe
taken to avoid double-counting that can arise wirexit for
recycling is assigned to both the waste material #re
resulting product.

There are several different methods that can bdogeq for
dealing with recycling within Life Cycle Assessmé8}. The
current study has been carried out based on thgclest
content method, as this is one of the most commoskd
methods in existing published LCAs. This involvesy
allocating the waste that goes to recycling to anpty
process, thus removing it from the landfill wagteam. Most
of the credit will actually appear in reducing timpacts
associated with the materials and manufacturingestahis is
different from the method used by Parker al where
recycling credit was allocated to the waste str¢apj. It is
likely that this will introduce significant variatns in the
results.

The carbon and energy
1 gCO./kWh and3 kJ/kWh.

intensities at this stage

43 LifeCycle I mpact Assessment (LCIA)

The final stage of an LCA, the Life Cycle Impacts&ssment

(LCIA), involves classifying all of the data frorhe LCI and
characterising it into a set of impact potentidlkhough it is
possible to define a proprietary impact assessmethod,

there are many published methods available. The ki

selection criteria for an impact assessment methed to

ensure that it includes all relevant impact potdstiand that

the number of mismatches between the inventoryiteeand
characterisation factors is minimised.

The current study applies the EDIP 2003 impact ssssent
method. This includes a very broad
categories, in line with the goal of this studygclimding
presenting the global warming potential in termsnfss of
carbon dioxide equivalent.

The life cycle inventory analysis produced a lisbeer 1600
different types of resource use and pollutant eiossThe
pollutants are examined in more detail with regaxdsheir
environmental impact in the next section. Tablen@udes
details of the most significant raw material conption.
(Note that gravel is a raw material used in upstrea
processes, but does not have significant envirotahen
impacts.)

Raw Material Quantity
(g/kWh)

Gravel 13.31
Coal 8.50
Iron ore 7.56
Crude oil 4.38
Fresh water 2.97
Calcite 2.77

Table 2: Significant raw materials

The inventory also details the energy consumpti&soeiated
with the life cycle of the device, and found theeegy
intensity to be381 kJ/kWh (Figure 5). This corresponds to a
payback time of 25 months. Over 90 per cent of this
embodied energy is associated with the manufagigiage,
mostly due to the steelmaking process.

This figure agrees well with the results presettgdParkeret

al. [12], although the increase would merit further
Meestigation. It is likely to be due to practitem
assumptions, in particular with regards to thetimeat of
recycling credits.

Assembly &
Installation
11 kJ/kWh

Operation &
Maintenance
19 kJ/kWh

Materials &

Manufacturing Decommissioning
348 kJ/kWh & Disposal
3 kJ/kWh

range of impai

Figure 5: Embodied energy of the Pelamis WEC

In order to enable a true comparison with the figur
published in Parkeet al, the carbon dioxide emissions have
also been examined at the inventory stage. Notehiadoes
not take into account all greenhouse gases. Thbooar
intensity for the Pelamis i88 gCO./kWh. This is a 27 per



cent increase on the earlier study, again mostylidee to
practitioner assumptions. Over 60 per cent of themdon
dioxide emissions are due to the manufacturindefdevice,
particularly in the manufacturing of the steel.

55 Impact Assessment

The environmental impacts of the Pelamis WEC
summarised in Table 3. It can be seen that theagjlwhrming
potential (over a time horizon of 100 years) rises

30 gCO,e/kWh when all greenhouse gases are included. Aduaticeutrophication EP(N)
Assuming that the carbon intensity of the offsetdqgr
electricity is 0.499 kgC@kWh (see section 3), full carbon

W Materials and Manufacturing B Assembly & Installation
O Operation & Maintenance O Decommissioning & Disposal

Global warming 100a
Ozone depletion
Ozone formation (Vegetation)
Ozone formation (Human)

are o
Acidification
Terrestrial eutrophication

Agquatic eutrophication EP(P)
Human toxicity air

Acidification 2.88E-03 fikWh

Radioactive waste

payback will be achieved in 14 months. Human toxicity water \

Impact potential Total Human toxicity sol |

Ecotoxicity water chronic i

Global warming 100a 29.8 gGa&kwh IEECCZtthi(Zityvsv;ti;z:tii .II‘

Ozone depletion 2.3gCFC-11e/kWh Hazzlrdous waste I

Ozone formation (Vegetation 0.4Z ppm.h/kWh Slags/ash y
Ozone formation (Human) 2.83E-05 person.ppm.h/kWh agsiashes

Bulk waste [ ]

|

5.32E-03/kWh
21.0 mgN/kWh
9.84 mgP/kWh

Terrestrial eutrophication
Aquatic eutrophication EP(N
Aquatic eutrophication EP(P

Resources (all)

0% 20% 40% 60% 80% 100

%

Figure 6: Life cycle stage analysis of impact pttds

Carbon Intensity (g CO2-e/kWh)

Human toxicity air 638.9 AkWh
Human toxicity water 1.59 fkWh
Human toxicity soil 5.51E-03 ftkWh
Ecotoxicity water chronic 10.3 #kwh
Ecotoxicity water acute 1.90%RWh
Ecotoxicity soil chronic 2.87E-03#kwh
Hazardous waste 2.26 mg/kWh
Slags/ashes 3.66 mg/kWh
Bulk waste 7.90 g/kWh
Radioactive waste 468,ig/kWh
Resources (all) 61.6 mg/kWh

Table 3: Results of life cycle impact assessment

The relative contributions of the different lifeaty stages are

illustrated in Figure 6. It can be seen that thenufiacturing

stage is a significant contributor across all cates, again

mostly due to steelmaking processes, with the &ip
operations associated with maintenance also caomimip
significantly in some categories.

An item of interest is the radioactive waste impeategory.
This is as a result of the nuclear energy contéeleztricity.
An examination of the impact flow shows that 50 pent of

this is from electricity generated in France beusgd in the

production of European steel.

5.6  Comparison with other studies

The results for carbon and energy intensity havenbe

compared to a humber of other studies, as shoviaigure 7,
demonstrating that the Pelamis performs well in garison
with other technologies.

0 200 400 600 800 1000 1200
Wind (onshore)
| @ Energy m CO2
Large Hydro
Tidal Stream ﬂ
PELAMIS
Small Hydro
P Nuclear
Solar PV
Coalwith CCS -
]
cas |
]
Gasited ool
]
coal |
0 2000 4000 6000 8000 10000 12000

Energy Intensity (kJ/kWh)

Figure 7: Comparison with other studies [7, 10,16,,17]



The results for the other impact categories hage &leen [5] J. Callaghan and R. Boud, The Carbon Trustfuieu

compared to published studies, finding that theafed Marine Energy," (2006). from
performs well across all environmental impacts. Gueh http://www.carbontrust.co.uk/Publications/pageslizab
example is given in Table 4. It can be seen thatRblamis tiondetail.aspx?id=CTC601&respos=0&g=ctc601&0=R
performs significantly better than fossil-fuelleovger stations ank&od=asc&pn=0&ps=10
with regards to pollutant emissions to the air. [6] J. Donohoe, Castings Technology InternatiotiEihe
— - Foundry Mass Balance Project.” Retrieved June 2011,

Pollutant emission Pelamis | Natural gas | Coal from

(g/kwh) http://www.massbalance.org/downloads/projectfilbg/1

SO, 0.0563 | 0.22 6.7 4-00191 pdf

NOXx 0.2052 | 0.61 3.35 [71 C.A.Douglas, G. P. Harrison, and J. P. Chitkie

CH, 0.0555 | 2.6 0.91 cycle assessment of the Seagen marine currenbéytbi
Table 4: Comparison of life cycle emissions [14] 15 Proc IMechE Part M: J. Maritime Environmemnol.

222, pp. 1-12, (2008)

5.7  Further Work [8] G.Hammond and C. Jones, "Inventory of Carbon &
Further examination of the differences between dheent Eg%géﬁf;ggﬂ?ggtﬁ: LI\JAETQZ?)?()O)?I;(S)E r Recyclig

study and that published in 2006 should be cardet] to
identify where the variations in the results arj$€]. One 9]

priority will be to exam_ine the eff_ect of changirthe Conversion Factors: Methodology Paper for Emission
recycling method applied in the analysis. The stayld also Factors.” Department for Environment, Food and Rura
be repeated with different impact assessment msthtu Affairs, (2009)

examine how these affect the results, and to exgandange [10]
of existing studies that can be compared.

www.bath.ac.uk/mech-eng/sert/embodied
N. Hill, "2009 Guidelines to Defra/DECC's GHG

M. Lenzen, "Life cycle energy and greenhouas g

emissions of nuclear energy: A reviewgergy

. Conversion and Managemenmbl. 49, pp. 2178-2199,

6 Conclusions (2008)

[11] N. A. Odeh and T. T. Cockerill, "Life cycle GH

c assessment of fossil fuel power plants with carbon

capture and storageEhergy Policyvol. 36, pp. 367-

380, (2008)

R. P. M. Parker, G. P. Harrison, and J. PcKHIEnergy

and carbon audit of an offshore wave energy coakért

Proc. IMechE Part A: J. Power and Energyl. 221,

pp. 1119-1130, (2007)

PWP, "Pelamis Wave Power". Retrieved Jufd,12

from http://www.pelamiswave.com/

ﬁ14] A. Riva, S. D'Angelosante, and C. TrebescNatural
gas and the environmental results of life cycle
assessmentEnergy vol. 31, pp. 138-148, (2006)

The study also found that the most significant dbators to [15] P. L. Spath, M. K. Mann, and D. R. Kerr, Nati

The current paper presents a detailed full Life I€y
Assessment (LCA) of the first generation of thealR@s. This
builds upon work published in 2006 by Parlaral. [12],
expanding the carbon and energy audit to a fubsssent of 12]
the life cycle environmental impacts and consic@rir{
emissions of all greenhouse gases. The resultirhona
intensity of 30gC@/kWh and energy intensity of
381 kJ/kWh compares well with the earlier study ar[_dLs]
published figures for other renewable energy telduies.
The broader environmental impacts associated wité
Pelamis also compare well with published studigscdiier
power generating technologies.

environmental impacts are in the steel structum the sea Renewable Energy Laboratory, "Life Cycle Assessment
vessel operations required for maintenance of éwicd. of Coal-fired Power Production,” NREL/TP-570-25119
(1999).
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