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Wave energy has the potential to play an impomaletin the UK’s electricity mix in the
coming years and it is important to understandnteractions of wave energy converters

(WECSs) with the environment before considering theable alternatives for other



technologies. The aim of this study was to iderttiyy environmental impacts of the
deployment of the Oyster WEC to the EMEC testa&it®rkney, UK over its lifetime across
three general categories: resource use, humarlesaltecological consequences. A full life
cycle assessment (LCA) was performed on two diffeneodels of the Oyster WEC: Oyster
1 and Oyster 800. It was found that the latter fisting upgrade for its predecessor as it has
lower environmental impacts in all categories; hegvethe high infrastructural needs of the
Oyster technology makes its environmental perfolceamorse than most other wave energy
converters. Key sustainability indicators for eryeegnverters include carbon footprint and
energy payback period, and these were found t®k@nd 57 gC@eqg/kWh and 45 and 42
months for the Oyster 1 and Oyster 800 respectivthiough these are significantly higher
than most estimates for other types of renewaldeggrconverter, the carbon impacts are

still significantly lower than for conventional sisfuelled power generation.
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Full Life Cycle Assessment of Two Surge Wave Energy

Converters

Hakan Karan, R. Camilla Thomson, Gareth P. Harrison

Introduction

Wave energy is a promising renewable energy sowitle some studies suggesting that the
UK could achieve 27 GW from wave and tidal resosifeg 2050, if the development rate of
the sector is expanded through the 2020s [1]. Whéee is great potential, the development
rate has been poor so far due todhetricity grid infrastructure limitations and Baness of
the marine environment in resource-rich areas tla@weak strategy of the government and
industry in supporting wave energy innovation [R,Rurthermore, the cost of wave energy
remains high as it is still at an early developnstage when compared to established
renewable energy systems with high production aépace.g. wind power) [3[The UK
installed capacity of shoreline wave and tidal gatien was only 20.4 MW by late 2018 [4].
Policy choices that led to premature commerciabsatave, in turn, led to the liquidation of
important players such as Pelamis in 2014, and Aquiaie Power (the developer of the
Oyster technology) in 2015, among 12 others [2f Tbst of researching and developing
new marine energy technologies remains high, acarisg the necessary investment
required for the deployment of commercial deviceshallenging. A comprehensive
understanding of the environmental impacts andfiisra existing wave energy conversion
technologies can provide evidence to justify gneptdicy support and investment in this

sector.



It is necessary for renewable power generatiomigolgies to be assessed carefully to
understand their interaction with the environméntnan health and resources in order to
achieve a sustainable future. Life cycle assess(h€ift) is a methodology that can be used
to fulfil that necessity; LCA categorises the enmimental impacts of each step in a product’s
life cycle. These can be considered by phase ana®le from “cradle-to-grave”, containing
stages such as raw material extraction, manufacfutiansport and recycling [5]. LCA is
being used in many different fields to assess enmiental impacts in response to the threat

of climate change and increasing energy demand [6].

A small number of LCAs of wave energy converter€EE@¢) have been published, with 5
identified by the authors to date. Two of theselianéed in considering only embodied
energy and C@emissions; including studies on the Oyster 1 f] Belamis [8]. Only three
studies offer full LCAs of WECs; a comprehensivalgsis of generic WEC concepts in the
European Commission’s Joint Research Centre’s (#R€n energy database [9], an

analysis of the Wave Dragon [10], and an extenaedlyais of the Pelamis [11].

The aim of this study is to carry out a detailedl iCA of two versions of Oyster wave
energy converter, expanding on the earlier carlmohemergy audit of the Oyster 1 by Walker
and Howell [7]. In addition to examining any chasge impact due to the evolution of the
design from the Oyster 1 to the Oyster 800, thidyhalso considers a broader range of
environmental impact categories (e.g. acidificaaod eutrophication of marine
environments), to identify whether the focus orbocarand energy has overlooked any key
impacts, or the life cycle stages that significacthntribute to them. While some additional
data on the structure of Oyster 1 and 800 werecsdurom environmental and

decommissioning documents [12, 13], assumptiong &0 required to completely model



the WECs where data was not available. As in Wadker Howell [7], the prototype devices
were analysed for one case study location onlg Blwropean Marine Energy Centre

(EMEC) test site at Stromness, UK.

The design of wave energy converters varies widatycan be broadly categorised into
attenuators, point absorbers, oscillating waveesygtems, pressure differential systems,
rotating mass systems, oscillating water colummsaertopping devices [9]. As mentioned
previously, only five existing published studiestioé environmental impacts of WECs have
been identified. One of these is a comprehensiv& &fca number of different concepts in
the EC JRC ocean energy database [9], so consideenvironmental impacts of all of the
different types of WEC listed. The remaining thstadies, however, consider three very
different technologies. The only common impactssodered in these analyses were energy
and carbon intensities, which were found to vargely, and are summarised in Table 1. Of
these three types of device, the Wave Dragon hikairgast resemblance to the Oyster, as it
is predominantly concrete, while the Oyster anéé are mostly constructed of steel, with

hydraulic power take-off systems.

Device Type Energy Intensity Carbon Intensity
(kJ/kWh) (g CO2 eq/kWh)
Oyster 1 [7] Oscillating 236 25
wave surge
Oscillating wave surge | Oscillating 64
[9] wave surge
Pelamis [8] Attenuator 293 23




Pelamis [11] Attenuator 493 35

Attenuator [9] Attenuator 44

Wave Dragon [10] Overtopping | 174 13

Table 1 - Summary of impacts from existing studie8VECs

With regards to other environmental impacts, theatgst impacts for the Wave Dragon were
found to be global warming, human toxicity soil andk waste [10] and for the Pelamis they
were aquatic eutrophication (P), human toxicityl(aod water), bulk and radioactive waste

[11].

All studies found that the greatest environmentglacts arose during the material extraction
and manufacturing stages of the device life cyid@ther words the extraction and
processing of raw materials used in the wave enewgyerters, along with the manufacture
of the converters themselves, contributed the maotteir whole life cycle impacts. This is in
line with numerous studies for wind power generafib4-17], but in contrast to conventional
fossil fuelled power stations where the greategirenmental impacts generally arise during

operation, due to the combustion of the fuel itEE$ 19].

Method

The Oyster device was designed by Aquamarine Phtdeiand is an oscillating flap-type
surge wave energy converter that is fixed to tladed near to shore (Figure 1) [20-22]. As a

wave front passes the motion of the flap is regibtehydraulic rams, which pump fluid



through a network of pipes to shore. The conversiomave energy to electricity takes place
on shore by means of a Pelton turbine. The firsegation device, the Oyster 1, was rated at

315 kW, while the second-generation Oyster 80 (ewn as Oyster 2) is rated at 800 kW

(Figure 2) [12].

Hydraulic
modules

Figure 2 - Oyster 800 (after images from [23])



The goal of this study is to identify the enviromtad impacts of Oyster 1 and Oyster 800
over their lifetimes across three general categorgsource use, human health and ecological
consequences. The analysis is carried out usirgdytle Assessment methodology as
defined by ISO 14040 and 14044 [24, 25]. The frdldée-to-grave life cycles of the devices
are considered, separated into four stages: miagt&riamanufacture (M&M), assembly &
installation (A&l), maintenance (Maint.), decommdssng & disposal (D&D). The cut-off
method was used for allocating recycling credithstinat only the reduced impacts of using
recycled materials in the M&M stage were includaagl any recycling at the end-of-life was

considered only as avoided waste [26].

The case study for this analysis was for installabf one Oyster device at the European
Marine Energy Centre (EMEC) wave test site in Stiess, Orkney. It is assumed that all
materials are sourced from the global market, amdponents are manufactured in Europe.
Where possible, installation data is based onpedtices, as the Oyster 1 was installed at

EMEC in 2008, and the Oyster 800 in June 2012.

The functional unit was chosen as 1 kWh, withralbacts reported per unit of energy output
based on the total expected energy output of the#eDWECSs during their lifetimes. The 15-
year lifetime output of Oyster 1 is expected t®2Be8 GWh at a capacity factor of 55% [7].
With a 20-year lifetime but the same capacity fgdtee lifetime output of the Oyster 800 is
estimated to be 77.1 GWh. While this capacity faigdigher than generally expected for
wave energy technology, where values of 30% aremommonly stated [27], the unusual
design of the power take-off system for the Oystegrporating an onshore hydro-electric
plant and flywheel, has allowed the rated powehefgenerator to be optimised such that the

capacity factor is higher [28]. Initial simulatioaad measurements at the EMEC test site



found the capacity factor of the Oyster 1 to ber®@9 [28]. In contrast the Pelamis WEC
has a capacity factor at the same site of 45%9B vihile offshore wind has a capacity

factor of around 40% [17].

A leading LCA software tool (SimaPro 8) is used ethincludes several life cycle inventory
(LCI) datasets with input data on raw materialedoiction, transportation, and waste
processing. The main source of LCI data used sghidy is ecoinvent v3.01, a leading
European-focused dataset which defines materi@l€anssions for a wide range of
processes and products. 20 different impact patisrare studied by using three impact

assessment methods: EDIP2003 and Cumulative Elmergyand (CED).

The data and information gathered for Oyster 1 veaeed upon the information available in
Walker and Howell [7], which provided limited mamsd materials data for the main
components of the device. Additional data was ssiifrom publications by Aquamarine
Power and their research partners [12, 13, 202&2130-32], and information from
contractors involved in the project [33-37]. Altlghuseveral component manufacturers were
identified, there were some which were not knovenagpropriate assumptions were made.
One example of this was for the induction generatogre materials data was sourced from
an environmental product declaration published BBA38] and the manufacturing location
was taken to be Helsinki, Finland, as this is fhea an ABB factory manufacturing such
generators (ABB, personal communicatiofi,Jily 2015). As ABB was an investor in
Aquamarine Power, this is considered a realissciaption [39]. Where specific component

information could not be identified, assumptionsnaaterials and manufacturing processes



were made based on information provided by somebd#ed manufacturers (Heptron,

personal communication, $@uly 2015; Gilbert Gilkes & Gordon Ltd., personal

communication, 8 July 2015).

Most of the data for the Oyster 800 was sourceuh fitte Environmental Statement and

Decommissioning Document [12, 13], with additiodatails assumed to be the same as the

Oyster 1. Details of the sources of data on compisngsed in this analysis is provided in the

Supplementary Material.

Materials & Manufacture

The key components of the two Oyster devices arstilited in Figure 1, Figure 2 and Table

2.
Oyster | Oyster .
Component 1 300 Function
Flap v v Rotates forwards and backwards due
to the wave motion.
Seabed frame | X A horizontal frame that stands on
the seabed.
o Connector v X Joins the main frame to the flap.
£ L
§ g Base frame X v Supports for the flap and houses
electrical components such as the
control box [9];
Rams (x2) v X Converts the rotational motion of
the flap into hydraulic energy.
Hydraulic X V4
modules (x4)




Auxiliary

Pipe spool
assembly

This stainless steel component
connects the directionally drilled
pipelines to the converter

Rock anchors
(x2)

These facilitate installation and
decommissioning.

Can buoys (x4)

Installed for mooring and safety
purposes.

Sacrificial Protects against corrosion.
anodes
Latching Secures the flap into the
system maintenance position.
Pipeline Contains the fresh water that moves
the Pelton turbine on shore via
hydraulic energy; 720 m for Oyster 1,
'g 2x600 m (high-pressure and low-
g pressure) for Oyster 800.
a
Concrete Installed on the seabed to protect
mattresses pipelines (3 of Oyster 1, 20 for
Oyster 800).
Shipping These house the electrical and
containers (x2) mechanical equipment necessary for
power generation.
Support frame These support the mechanical
and bearings equipment in the containers.
(O]
9 Induction Installed capacity is 315 kW for the
g generator Oyster 1 and 800 kW for the Oyster

800.

Pelton turbine

Converts hydraulic energy into
mechanical energy.

Subsea
Infrastructure

Flywheel Provides smoothing of power
generation.

Subsea Includes a pile connector frame

infrastructure forming the foundation for the

seabed frame, four piles, and the
pipeline system.




Piles (x2) X v The Oyster 800 has 2 piles and a
different foundation system.

Table 2 - Description of components in Oyster 1 @ydter 800

The materials used in each component are detaildeeiSupplementary Material and
summarised in Table 3. Although some mild steebkisd, in order to calculate the results
conservatively it was assumed that marine-gradgaomless steel will be used when
information was unavailable, in line with the asgtions made by Walker and Howell [7].
As the ecoinvent database does not contain dat@apime-grade steel, this has all been

approximated as stainless steel. This assumptisted in the sensitivity analysis.

Mass (t) Oyster 1 Oyster 800
5 (22 | 2 29 | & |22 |F 59
< s & ) c v < o 2 1) c v
o »w O = o =2 o »w o = oS =
® 1% o 2 3 g ® %o |3 3 g
% ® g ] (;-:) o (3[) D
g - E" —~+
® o
Stainless steel 16 164 85 3.6 742 | 190 20 | 3.6
Steel 100 7.5 2.0 11
Cement 500
Concrete 67 45 180 72
Glass-reinforced plastic 20 5.0
Gravel 6.0
Aluminium alloy anode 10
Aluminium 3.2x10°3 8.0x103
Iron 0.40 1.0 2.5
ABS plastic 2.0
Rubber 2.0




Copper 0.40 1.0

Plywood 0.17 0.17
Brass 0.20
TOTAL 116 | 231 130 |13 1284 | 370 97 |18

Table 3 - Materials breakdown for Oyster 1 and ©y800 [7, 12, 13, 20, 33, 34, 36-38, 40].

Further details are provided in the Supplementaaye¥ial.

Assembly & Installation

After the components are manufactured, they arsp@rted to the assembly plant in Nigg
(near Inverness), before the completed devicairssported to the installation port at
Stromness (Orkney). The installation of Oysteodktfive months. Firstly, the pile
connector frame was craned onto the seabed, pilexidnto the seabed and the piles
grouted to complete the attachment to the framg [38& Oyster device was then towed to

site and attached to the frame.

For Oyster 800, the first operation for the insttidin was the two foundation piles, which
had been pre-installed by the time the WEC wasdirbanto the test site. The seabed was
cleaned of seaweed and levelled with rocks to enth& WEC could operate safely. After the
latch system was installed, the main device wa®tbfrom the contractor’s facility in Fife

(north Edinburgh) to the test site [12].

The source locations for each component for Oyisterd Oyster 800 are given in Table 4,
and further detailed in the Supplementary MateA#ltransportation to Stromness is a
combination of land and sea travel. On land, #ssumed that the components are

transported in lorries, which are selected fromdbeinvent dataset to be appropriate for the



size and mass of each component. It was assumielahsportation at sea was by
transoceanic ship, except for the final installa@md the maintenance processes. Where
specific manufacturers of components could noteetified, manufacturing distances were
estimated based on the location of the highestardration of manufacturers in the UK,
which is Birminghanj41]. As can be seen in Table 4, this mostly includeamonents that
are not specialised for the marine energy industrgh as flywheels and shipping containers,
or components that are likely to be produced bgterg manufacturing industries, such as
concrete fabricators and steel mills. The effedhef assumption was tested by varying the
distance travelled by these items by +/-10% amhg found to change the resulting

environmental impacts by less than +/-0.1% for W@yister devices (full results are provided

in the Supplementary Material).

Component Oyster 1 Oyster 800

Origin Distance (km) | Origin Distance (km)
Concrete mattresses Birmingham | 946
Flywheel Birmingham | 946 Birmingham | 946
Hydraulic fluid Stromness 0 Stromness 0
Induction generator Helsinki 3252 Helsinki 3252
Oyster 1 main device Nigg 254 n/a n/a
Oyster 800 main n/a n/a Methil 398
device
Pelton wheel Birmingham 946 Birmingham | 946
Pile n/a n/a Falmouth 1346
Pile grout Copenhagen | 1752 Copenhagen | 1752
Pipeline Birmingham | 946 Birmingham | 946




Shipping containers Birmingham 946 Birmingham | 946

Subsea infrastructure Falmouth 1346 n/a n/a
Support bearings Katowice 3145 Katowice 3145
Support frame Birmingham | 946 Birmingham | 946

Table 4 - Origin of components for Oyster 1 andt©y800

Installation, along with maintenance and decommisag, was modelled according to the
hours required for marine vessels to carry oungeadf operations. Since no published
information about vessel requirements and numbepefation days for Oyster 1 was
available these were derived from the informatieailable for Oyster 800, along with the
assumptions of Walker and Howell [7]. Data for @wster 800 was taken from the vessel
requirement plans published by Aquamarine Powe}; Hdjusted to match published
information about actual installation operationsevehthey differed (Table 5). One example
of this was the installation of the Oyster 800 qilrhich took 34 operational days with a
jack-up barge [34, 42]. The installation for theimdevice and its latches took at least 40
days, with the help of tugs, multi-cats and divatsd34]. The onshore equipment was
brought in with lorries and installed inside th@pgiing containers. The pipeline, after being
assembled on the site, was directionally drilleshfithe shore towards the WEC [35]. The
installation model does not take into account s@hponents, such as bolts, or electrical
connection equipment, but it does include vehidlesiy resource consumption and pollutant
emissions. The model also doesn’t include asseprolgedures that took place onshore, as

they are expected to be insignificant.



Stage Timeframe Tug Jack-up | Multi-cat Dive boat
Installation Days on site 3 20(34) |40 40
Hours of 4 8 8 4
operation per day
Total hours per 12 160 320 160
lifetime (272)
Maintenance Frequency of - - Once every | 3(2) times per
visits 5 years year
Visits per lifetime | - - 2(3) 45 (40)
Days on site per - - 20 20 (10)
visit
Hours of - - 8 4
operation per day
Total hours per - - 320 (480) 3600 (1600)
lifetime
Decommissioning | Days on site 3 - 20 20
Hours of 4 - 8 4
operation per day
Total hours per 12 - 160 80
lifetime

Table 5 - Vessel Operation Information for Oystemtl Oyster 800. Where Oyster 800

differs this is represented in brackets.

Four types of vessels were used during the protags, jack-ups, multi-cats and dive boats.
Their total diesel consumption during the WEC'stitihe was calculated from hourly average
fuel consumption data (Table 6) from sample commakvessels and applied to each

lifecycle phase.



Vessel Hourly diesel consumption (in kg)
Dive boat [43] 30

Jack-up [44] 98

Multi-cat [45] 103

Tug [46] 488

Table 6 - Fuel consumption of marine vessels

Maintenance

The Oyster requires periodic maintenance visitrder to ensure it is working properly and
repair any faults. For the Oyster 1 the frequerfoyigits is assumed to be three per year over
its 15-year lifetime, as for the earlier study While Oyster 800 is estimated to require two
10-day visits per year over a 20-year lifetime [J24ch visit consists of four people

travelling in two cars via a ferry from Edinburghthe Orkney site. Offshore equipment will
be inspected using a dive boat, as detailed in€laphnd a detailed 5-yearly inspection will

be carried out with multi-cats for possible repaingl component changes [12].

Decommissioning & Disposal

The decommissioning process is essentially therseva the installation process. The most
notable difference is that large parts of the gitectures are not removed but left buried in
the seabed [13]. 320 tonnes of material from thst€@yl and 1,325 tonnes from Oyster 800
is recovered and either landfilled or and recycledias assumed that the recovered material
would travel to Aberdeen by ship, with 10% of thaste going to landfill and 90% recycled.
The assumed recycling rate is typical for renewgeleeration technologies, as applied in

previous studies by Vestas, Douglas et al. anddiscim et al. [16, 47-49]. As the chosen



recycling allocation method is the cut-off methad,credit is given for recycling at the end-

of-life except in the avoided impacts of landfill.

Results

The LCIA results are summarised in Table 7. Thet€y800 performs better than its
predecessor in all impact categories. This is anmimg finding for the Oyster technology;
however, it is important to note that Oyster 80 Is&s a considerable impact on the
environment due to its material, fuel and infrastuve needs. Increased lifetime and higher

energy production are the main reasons for thectemuin impacts.



Impact category Unit Oyster 1 | Oyster 800 | Difference
Global warming (GW) | g CO, eq/kWh 79 57 -28%
Ozone depletion (OD) | ug CFC-11 eq/kWh 3.2 2.5 -22%
Ozone formation -1 5 o b /kwh 058  |0.39 -33%
Vegetation (OFV) -ppm. ' ' °
Ozone formation - x10®
1 2 -339
Human (OFH) person.ppm.h/kWh 4 8 33%
Acidification (A) cm?/kWh 76 55 -27%
Terrestrial 5
kWh 61 44 -289
eutrophication (TE) cm?/ 7
Aquatic
eutrophication - N mg N/kWh 28 20 -28%
(AEN)
Aquatic
eutrophication - P mg P/kWh 26 16 -38%
(AEP)
Human toxicity -air | . - con/kwh 5642|2864 -49%
(HTA) P °
Human toxicity - 3
. A -529
water (HTW) m?3/kWh 6.5 3 52%
Human toxicity - soil
103 m3 -479
(HTS) x1073 m3/kWh 64 34 47%
Ecotoxicity water - 3
kWh 295 161 -459
chronic (EWC) m?/ 7
Ecotoxicity water - 3
kWh 40 21 -479
acute (EWA) m?/ 7
Ecotoxicity soil - 3.3 0
chronic (ESC) x1073 m3/kWh 297 259 13%
Hazardous Waste
2.1 1.2 -449
(HW) mg/kWh 44%
Slags/ashes (SA) mg/kWh 403 295 -27%
Bulk waste (BW) g/kWh 76 55 27%




Radioactive waste o

(RW) mg/kWh 2.7 2.0 -27%
Resources (R) g/kWh 49 31 -36%
Energy (CED) kJ/kWh 891 634 -29%

Table 7 - LCIA results for both Oyster devices, #meldifference between them

Figure 3 shows the contribution of each life cystigge to the environmental impacts. Due to
the high material requirements of the Oyster WE{ds,not surprising that the M&M phase
tends to have the largest impact. Furthermoregethes dominated by the impacts of steel.
When the impacts are further broken down by compprtlee impacts of the offshore
equipment dominate (see Supplementary Materialh)teOyster 1 these are fairly evenly
divided between the device, subsea infrastructodepgpeline, while for the Oyster 800 the

main device is responsible for around 60% of thal environmental impacts.
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Figure 3 - Contribution of life cycle stages to meps: (left) Oyster 1 and (right) Oyster 800.

The abbreviations are described in Table 7. Mdge&amanufacturing impacts are divided to

show the relative impacts of steel and other malteri

The global warming potential of Oyster 1 is founde 79 g C@qg/kWh, and the energy

intensity 891 kJ/kWh. These are 215% and 278% hitjteen the values calculated by Walker

and Howell [7] respectively; however, the globakmang potential is only 23% higher than

the value calculated by Uihlein for a wave surgeventer [9]. The source of the large

difference in results from [7] was examined in detad is presented in full in the

Supplementary Material. It is found to be mostle da differences in system boundary: the



analysis by Walker and Howell was mostly basedchemtass of the ten most used materials
by weight, with only limited data on fabricationcaaxcluding some significant components,
such as the seabed frame and piles. Furthermarently transportation data included in the
earlier study was transportation of the main defriom the Nigg fabrication yard and the
containers from Blyth. When the study presentee s re-run including only those
components and processes considered by Walker awelkithe discrepancy in results was
reduced to 47% and 79% for carbon and energy ragpelc This remaining discrepancy is
likely due to methodological differences in considg credits for end-of-life recycling
(which is a matter of ongoing debate in the LCA awmity [50]), and errors introduced by
the use of two different sources of raw inventoayad- the Inventory of Carbon and Energy
[51] or ecoinvent [52]. This study is, thereforensidered an improvement on the earlier
work by Walker and Howell, as it employs updatedALi€chniques, is based on recent
inventory data, and has a more comprehensive cgg@fthe device life cycle, including all

major components, manufacturing processes andpaiasion.

A detailed examination of the process flows foumat the processes that have the highest
impact on global warming are hard coal and pig posduction, which are used in power
generation and steel production respectively. aktei is responsible for almost 80% of the
total GW impacts of the Oyster 1, and over 60%lierOyster 800, as illustrated in Figure 3.
The significant emissions from the A&l and mainteoa stages are mostly due to the

combustion of fossil fuels for transportation.

All life stages of both Oyster WECs produce wastddndfill. The Oyster 800 has a larger

proportional bulk waste impact at the decommissigrand disposal stage due to lower waste



production during manufacturing and relatively Ergnpacts resulting from landfill of

concrete.

The carbon payback period is calculated to be 813@months for Oyster 1 and Oyster 800,
based on annual average carbon emissions of Uktielgg which was 462 C®eqg/kWh in
2015 [53]. Energy payback, which is the expectetktior the device to generate enough
energy to offset the cumulative energy demandsdifégcycle (here calculated as 891 and

634 kJ/kWh, respectively) is 45 and 42 months,eesyely.

The sensitivity of these results to three key acfasicertainty were tested: quantitative input
data (i.e. all foreground data collected by thénarg including mass of materials, material
processing and transport requirements and seal wssgge), design life and capacity factor.
Full results of this sensitivity analysis are pawrdl in the electronic supplementary material.
It can be seen in Figure 4 that the sensitivityrgdacts is similar across all categories for
Oyster 1, except for human toxicity (air). Figuretows the sensitivity response of two key
impact categories for both Oyster models, and h&an be seen that the impacts for the
Oyster 800 respond similarly to the Oyster 1, ektiegt the HTA category is slightly more
sensitive to changes in design life and slightbslsensitive to changes in input data than for

the earlier model.
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It is useful to compare the results from this asialyagainst others. In an LCA the results for
most impact categories can only be compared widkedlof other studies that employ the
same impact assessment (IA) method, as the undigtyiaracterisation factors and output
units will vary across methods; for example, thdEEID03 method expresses acidification
impacts in square-metres representing “the aregadystem within the full deposition area

which is brought to exceed the critical load ofdifatation as a consequence of the emission”



[54], while another leading IA method (ReCiPe2088presses the same impact in kilograms
of sulphur dioxide equivalent, which is “theref@eea independent” [55]. ([56] includes a
detailed description and comparison of common |Ahoés.) The results of this study have,
therefore, been compared with other types of p@eeeration by using SimaPro to analyse
detailed inventory data from the ecoinvent databatethe EDIP2003 and Cumulative

Energy Demand (CED) IA methods. The results arensansed inFigure 6 Hmpactsforthe

can be seen that both Oyster devices perform btarcoal in most impact categories, and
better than gas in 55-65% of the categories coresigidowever the Oyster is generally found

to have higher impacts than other forms of low-oargeneration across most categories.
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Figure 6- Comparison of impacts of Oyster 1 and 800 witieotypes of generation [57-62].
Impacts are shown relative to the generation wighttighest impact in each category.

Abbreviations: GW, Global warming; OD, Ozone deiplet OFV, Ozone formation -



Vegetation; OHV, Ozone formation - Human; A, Aciddtion; TE, Terrestrial
eutrophication; AEN, Aquatic eutrophication - N; REAquatic eutrophication - P; HTA,
Human toxicity - air; HTW, Human toxicity - watddTS, Human toxicity - soil; EWC,
Ecotoxicity water - chronic; EWA, Ecotoxicity wateacute; ESC, Ecotoxicity soil - chronic;
HW, Hazardous Waste; SA, Slags/ashes; BW, Bulkey®®tV, Radioactive waste; R

Resources; CED, Energy.

Although an accurate comparison of results betvi€dis for most impact categories
requires them to follow the same impact assessmetitod, comparison of studies
employing different methods can still provide uséfifiormation in some instances. It is
common practice, for example, to compare the endabcirbon and energy of renewable
technologies, irrespective of the calculation mdtiogy; all standard IA methods employ
characterisation factors for embodied carbon basethta published by the
Intergovernmental Panel on Climate Change (IPC@),therefore there is relatively little
variation between methods (identified as +/- 0. t¥ilie Pelamis WEC), while the authors
have only identified two standard methods (CED BR®) for calculating embodied energy,

which also produce similar results (+/-4% for theddthis WEC) [56].

Figure 7shows estimates of embodied carbon and energycisipdon- and offshore wind,
tidal barrage, tidal range and several wave coavegvices and concepts. Note that some of
the estimates for carbon footprint of wind powensla range; these values represent the
range of carbon footprints found by a comprehensie&a-analysis of published life cycle
assessments of wind power generation [¥Hjile the comparison of these types of
renewable energy systems is useful to understancetative extent of the environmental

impacts, it should be noted that wind power is &immore established technology than



marine energy, and the prototype Oyster devicgsiticular. This figure should not be used
to draw conclusions on the likely environmental aois of these devices when they reach

technological maturity.

Again, it can be seen that the two Oyster devittesf{rst two sets of impacts on the graph)
generally have higher impacts than any other wiadal, or wind technology; however, this
study has shown that the Oyster 800 was an impremeon Oyster 1. This would suggest
that there is potential to further reduce impastgha technology is refinedhe carbon
footprint for the Oyster 800 also aligns well wittat calculated by Uihlein for a similar type
of oscillating wave-surge device [9]. This is higltean for the Pelamis and other attenuator-
type devices, probably due to the greater requinéioe materials per unit of energy.
Furthermore, it should be noted that the envirortalempacts of fossil-fuelled power
generation remain much higher than for the Oy$terexample, median life cycle GWP is
477 and 1001 g C#&qg/kWh for natural gas and coal generation respagt[63]. This

demonstrates the potential to reduce carbon emis$&iom power generation.
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This paper presents the environmental impactdh®Qyster 1 and Oyster 800 manufactured
in the UK deployed at a single case study locatiBMEC in Stromness, UK. Installing the
device at a different location will affect the temort distances and the expected energy
production. The sensitivity of the environmentapamwts to transport distances are not
explicitly presented in Figure 4 and Figure 5, garther sensitivity test to isolate these was
carried out, and the complete results are presentined supplementary material. This test
found that a change in onshore transport distanice510% changed the environmental
impacts of the Oyster 1 by an average of +/-0.69d,the Oyster 800 by +/-0.2%. The
impacts are even less sensitive to offshore trahsigiances, with a change of +/-10% only
resulting in an average change of +/-0.03% and 629% for the Oyster 1 and Oyster 800
respectively. This demonstrates that small chatmésnsport distances are unlikely to
significantly affect the findings of this analysigywever, installation at some distance from

the manufacturing plant in the UK may require dtfar LCA to be carried out.

The sensitivity of the impacts to expected enemgylpction was tested by varying the
capacity factor (the ratio of expected energy pobida to maximum energy production)

from 45% to 65%, and the results are illustrateBigure 4 and Figure 5, and provided in
detail in the Supplementary Material. It can benstbat the environmental impacts are highly
sensitive to expected energy production; howewethia value is only used to present the
results per kWh, it is straightforward to adjust thalues for a different expected energy
production due to a different wave profile at dafiént site. The results of this analysis can,
therefore, be used to give a preliminary assessofahe likely environmental impacts of the

Oyster devices at a range of locations.



One of the shortcomings of the study is the ungdgtaurrounding the vessel requirements
for A&l, maintenance and D&D stages, especially@yster 1. It is expected that emissions
and energy consumption from these stages will glednifor the Oyster 800 due to its greater
weight, but in the model used here this was not#se. Since no published information
could be found, vessel requirements and numbep@fation days for Oyster 1 were derived
from the information available for Oyster 800, ajomith the assumptions of Walker and
Howell [7]. Furthermore, the sea vessel usage \wpsaimated as operation of a barge on
inland waterways, scaled for the appropriate foelstimption and days of operation. Not
only is this a significant approximation in itsddijt it does not take into account the mass of
components being transported, in contrast to h&ro@nalysis of freight transportation.
Therefore, the actual impacts from A&l, maintenaand D&D stages might be higher. In
order to test this, the input data for these ssaals was changed k0% and it was
observed that this changed the impacts by less#h@r05%, demonstrating that this
assumption is unlikely to have a significant effectthe overall life cycle impacts of the

Oyster WEC. (Full results of this analysis are giwethe Supplementary Material.)

Paint, bolts, other electrical equipment, small hagical components and onshore assembly
data were not included in this analysis becausastassumed that their impacts would be
relatively insignificant; this is in accordance withe guidance of ISO 14040 to avoid
unnecessary effort calculating impacts for proce$isat will not significantly change the

overall conclusions [24]. This reflects findingern other related work [7, 11, 16].

A breakdown of the results for steel by materigktyFigure 3 and the Supplementary
Material) shows that the impacts from stainlesslsiee very noticeable. Many of the Oyster

components were modelled as stainless steel, a3 taken to be the closest



approximation to marine-grade steel available elt&] databases, but stainless steel has
significant environmental impacts. In order to tihss, the analysis was re-run with all
stainless steel replaced with mild steel. This ceduthe environmental impacts by an
average of 26% for Oyster 1, but increased themmrbgverage of 7% for Oyster 800 (the
complete results are provided in the Suppleme¥aterial). This difference is due to there
being significant impacts from the cement usedelatching system for the Oyster 800 that
are not reduced by a change of steel type. Furitvernthe global market mix of mild steel
contains a significant proportion of primary maaéthat has significant environmental
impacts; however, switching to mild steel resuited reduction in both embodied carbon
and energy, with impacts falling to 51 g £€€y/kWh and 527 kJ/kWh, and 54 g £€3/kWh
and 551 kJ/kWh for the Oyster 1 and 800 respegtividiere is significant scope for the
environmental impacts of the Oyster WEC to be fertleduced in future design

developments by reducing the quantities of stegl@ment used in the device.

Both models for Oyster 1 and Oyster 800 includeitis&allation of one wave energy
converter. If these devices work in the form otgs; both the embodied energy and the
carbon footprint values could be expected to degabse they can share some of the major
components; such as pipelines and the generaterpiject from which much of the data
for this study was sourced examined three Oyst@rc®dverters with a total installed
capacity of 2.4MW [12]. It included two drive trairach composed of two Pelton wheels,
one flywheel and one induction generator. In thuslg, since only one Oyster 800 was
assumed to be installed, only one of each compomasincluded in the model. This
assumption was tested by analysing the resultth&©yster 800 assuming that it only
required a share of the drive trains, and thisfeasd to reduce the environmental impacts

by an average of 2% (full results are in the Supgletary Material). Therefore, array



applications are potentially more sustainable fbdher detail of array designs is required to

guantify this.

Conclusions

This paper presents a full life cycle assessme@A{Lof two generations of the Oyster wave
energy device to examine their impacts on the enuient, resources and human health. The
impacts of the Oyster technologies were assesseeay stage of its life cycle, from cradle-

to-grave. Recycling credit allocation was carriedl with the cut-off method.

It was found that the environmental impacts of@yster 1 and 800 were similar. The high
mass of the structures was found to cause theegtezrtvironmental damage across most
impact categories due to the extensive use of @teeh mild and stainless) in the devices.
The impact of marine-grade or stainless steel al@hging to abate by replacement with

mild steel, as it has been selected for its copresesistant properties. The greatest potential
for reduction of the environmental impacts of thgster devices therefore lies in reducing the
steel requirement (per unit of energy productianjpaonsidering alternative materials such

as concrete.

Although it is much larger and heavier than thet®wy$, the Oyster 800 performed better
than its predecessor across all categories dugetsded higher power output and longer life
span. This demonstrates that the design developimentOyster 1 to Oyster 800 had a

positive effect on the environmental impacts oftdwhnology.

Although this analysis found that the Oyster devicad higher carbon footprint and

embodied energy than other renewable energy carsethey were still significantly lower



than for fossil-fuelled generation, demonstratingt this technology has the potential to

contribute to the decarbonisation of electricity.
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