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ABSTRACT

The deployment of marine renewables (MRE) is important for transitioning to a low-carbon energy system.
However, their performance is highly dependent on the deployment location, making the selection of feasible
sites critical for large-scale implementation. To contribute meaningfully to Europe’s renewable energy strategy
and support a carbon-neutral energy system by 2050, the environmental performance of MREs must be taken
into account in site selection, beyond the typical economic and technical aspects. Therefore, this study presents
a geospatial analysis of the climate change mitigation potential of two wave energy converters, floating offshore
photovoltaics, and floating wind turbines in northern European coastal waters. By combining a detailed life cycle
assessment model of the four MREs with spatial data, the distribution of their life cycle global warming impact
and carbon payback periods is assessed across multiple regions. The results show significantly varying impact
levels of the different MREs, with carbon-neutral deployment not guaranteed at every location. Wave energy
converters only partially reach carbon neutrality, while floating photovoltaics fail to do so across the entire study
area. Floating wind turbines can be considered carbon-neutral nearly across their entire theoretical application
area. The findings highlight the importance of taking into account site-specific environmental performance of
MREs in order to ensure a positive contribution to climate change mitigation. By providing spatially explicit
maps of MREs’ global warming impacts and carbon payback periods, this study enables as the first of its kind the
inclusion of climate change mitigation considerations in the site selection process for MREs.
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Nomenclature

Abbreviations

AC Alternating Current

AHTS Anchor Handling & Tug Support Vessel
BEM Boundary Element Method

BOWT  Bottom-fixed Offshore Wind Turbine
CF Capacity Factor

CLV Cable Lay Vessel

CPP Carbon Payback Period

CTV Crew Transfer Vessel
EOL End of Life

FOWT  Floating Offshore Wind Turbine
FPV Floating PV

GB Great Britain

GFRP Glass Fibre Reinforced Polymer
GW Global Warming

HDPE High-Density Polyethylene

HFO Heavy Fuel Oil

LCA Life Cycle Assessment

LCI Life Cycle Inventory

MRE Marine Renewable Energies

oSV Offshore Support Vessel

OWSC  Oscillating Wave Surge Converter
PA Point Absorber

PMSG  Permanent Magnet Synchronous Generator
PTO Power Take-Off

PV Photovoltaic

RP Rated Power

WEC Wave Energy Converter

Variables

PV panel temperature coefficient
n Additional losses

npy Efficiency of the PV panel

A PV surface area

AEP Annual energy production
CFyre Capacity factor of an MRE
CPP Carbon payback period

D Diameter

depth Water depth

dist Distance to shore

f(x) Probability of occurrence of x

GW Life cycle global warming impacts

GW ,.enors Life cycle global warming impacts of the anchors

GW,.. Life cycle global warming impacts of the export cable

GWcrio0,p Life cycle global warming impacts of the devices in an
MRE array based on a 100 % CF

GW _4ins Life cycle global warming impacts of the mooring chains

GW,,, Lifecycle global warming impacts of the physical export cable

GW,,.ai Life cycle global warming impacts of the installation of the

export cable

Life cycle global warming impacts of the full mooring of

one device

GWyre Life cycle global warming impacts of a full MRE array with
periphery at a specific location

GW,,; Carbon intensity of the reference electricity mix

H, Significant wave height

Ir Incident solar irradiation

k Ross coefficient

L Lifetime

LEP Lifetime energy production

LEPcp Lifetime energy production of an MRE array based on a
100 % CF

n Number of devices

P(x) Power output as function of x

Prowr Power output of a FOWT

Prpy, Power output of a FPV

PyrEmax  Maximum power output of an MRE based on its RP

Py re Power output of an MRE

Py pc Power output of a WEC

RP Rated power

T Ambient temperature at 2 m above surface

t Material thickness

T, Peak wave period

T,uner Panel operating temperature

T,.; Reference panel operating temperature

U0 Wind speed at 100 m above surface

x Longitude

y Latitude

GW,

mooring

1. Introduction

Anthropogenic climate change is exhibiting growing pressure on the
environment and mankind [1], leading to internationally recognized
commitments to work towards a carbon-neutral society by 2050 [2].
Renewable energy technology as a replacement for conventional fossil-
based energy and electricity sources is seen as a necessary and highly
important tool to achieve these goals [1,3-5]. Despite the agreements,
rapid growth of onshore wind turbine and photovoltaic (PV) installa-
tions has recently slowed, potentially due to land use competition and
social dis-acceptance [6-8]. Instead, the development of marine renew-
able energies (MRE) has been gaining significant momentum over the
past decades. The European Union acknowledges this shift and is target-
ing to install marine renewables on a large scale, with 300 GW offshore
wind capacity and 40 GW ocean energy planned by 2050 [9]. So far,
35 GW of predominantly bottom fixed offshore wind turbines (BOWTSs)
have been placed in European waters by mid-2024 [10], and floating
wind turbines (FOWTs) are increasingly being developed and deployed
for deeper water applications [11-13]. Additionally, offshore floating
solar-photovoltaic (FPV) technology is entering the picture with recent
prototype installations in the North Sea [14,15]. Furthermore, the ocean
itself holds energy in the form of waves, which can be exploited by

wave energy converters (WECs). This technology is potentially able to
deliver more than the current global annual electricity demand [16].
In addition, the resource’s lower seasonal variations, predictability, and
different intermittency patterns compared to wind and solar [16-18]
are suspected to make WECs suitable components for diverse and secure
renewable-based electricity grids [19].

For MREs, the deployment location determines technically and eco-
nomically feasible deployment [20-22], which is crucial for large-scale
implementation. The local resource like the wave energy flux, wind
speed, or solar irradiation, and its characteristics, defines patterns and
magnitude of electricity production [23]. In addition, environmental
conditions affect a device’s survivability, therefore structural require-
ments, and risk of damage [24,25]. Water depth and distance to coast
affect installation and maintenance, driving cost and material require-
ments of moorings and grid connection [26,27]. Wind, wave, and tidal
climate conditions, directly impact the performance, influence weather
windows, and therefore are a major factor for device availability [24].
This multilevel interaction between location- and performance parame-
ters of the installation makes site selection for MREs a complex process,
already excluding limitations imposed by other sea users and marine
spatial planning.
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In this context, many researchers performed geospatial analysis on
factors for successful MRE implementation on varying geographical
scopes. Gunn & Stock-Williams [28] and Guillou et al. [29] map global
and local theoretical resource-based potentials for wave energy. Soares
etal. [30] and Zheng et al. [31] do so for offshore wind, and Silalahi et al.
[32] for solar energy. Weiss et al. [20] and Guillou et al. [33] assess the
deployment potential of WECs and wind turbines, considering geograph-
ical constraints implied by logistics for installation and maintenance, as
well as possible grid connection. Other studies map the spatial distribu-
tion of economic potential of WECs [16,27,34], FPV [26], BOWTs [35]
and FOWTs [25]. Lavidas [36] analyses the overall performance of WECs
in the North Sea area based on three pillars, namely resource potential,
energy extraction potential, and economics. Furthermore, various stud-
ies develop criteria and methods for selecting feasible sites based on
different performance parameters [37-41].

However, an important parameter that is missing in these geospatial
performance assessments is the environmental impact of the installa-
tions, although it is also strongly dependent on the site. Given that, in
addition to economically and technically feasible solutions, energy tech-
nologies with a proven low global warming (GW) impact are needed to
meet set climate targets and contribute to climate change mitigation, this
highlights a significant gap in the literature on MREs. An approach that
can be used to determine environmental impacts of MREs is life cycle
assessment (LCA). LCA is a method to quantitatively assess the potential
environmental impacts a product is associated with over its entire life
cycle [42].

A number of LCA studies on specific MRE prototypes and at specific
deployment locations have been performed. For wave energy convert-
ers, GW impacts in a range of 20 to 374 gCO,eq./kW h have been found
in 20 studies performed until 2024 [43,44]. The most comprehensive
LCAs on WECs to date are from Thomson et al. [45] (Pelamis attenuator),
Pennock et al. [46] (CorPower point absorber (PA) array), Apoldnia &
Simas [47] (MegaRoller oscillating wave surge converter (OWSC)), and
Engelfried et al. [44] (representative PA), which are mostly method-
ologically consistent cradle-to-grave studies that assess a wide range
of impact categories according to mature impact assessment methods.
The most dominant conclusions are that structural materials account for
the majority of environmental impacts, followed by vessels for installa-
tion, operation and maintenance [43]. Recently, Engelfried et al. found
that the electrical cable can also have large influence on the results,
depending on the installation’s distance to shore [44].

For the more mature BOWTSs, numerous LCAs are available and con-
verging values revolving around 20 gCO,eq./kW h are established [48-
51]. However, studies including more accurate data on maintenance,
repairs and spare parts present higher results up to 43 gCO,eq./kW h
[52]. For different types of FOWTs, GW impacts in a similar range of
17 to 45 gCO,eq./kWh are found [53-57]. The upper limit is a re-
sult by Garcia-Teruel et al. [58], who present a comprehensive study
on a semi-submersible and spar buoy FOWT, also including improved
assumptions on maintenance and spare parts. For FPVs, only one LCA
study by Clemons et al. [59] is known to the authors, finding GW impacts
of 73.3 gCO,eq./kW h for an HDPE-Pontoon FPV plant for sheltered
waters in Thailand.

For wind energy, additional studies assess the life cycle environ-
mental impacts of the technology in a wider spatial context. Tsai et al.
[21], Pulselli et al. [60], and Poujol et al. [54] perform LCAs on bot-
tom fixed and floating turbines at several locations in the Great Lakes,
Mediterranean, and North Atlantic respectively. They present a signifi-
cant location dependence of results through resource variations, larger
distances to shore, and water depth. Also, Blanc et al. [22] highlight
the importance of geographical data on LCA results of renewables in
a unique effort to combine geospatial analysis of the offshore wind re-
source and life cycle assessment within the EnerGEO project [61]. The
study presents GW impacts of 13 to 23 gCO,eq./kW h for a wind farm of
30 5 MW turbines, placed all across the North Sea. They consider local
resource data, a water depth dependent foundation (bottom fixed tripod
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or floating), as well as transmission cable length and vessel efforts based
on distance to shore.

With the exception of the small number of studies on offshore wind
energy described above, LCAs on MREs miss the spatial aspects of
environmental performance. However, to enable and encourage consid-
eration of this important factor in decision making and site selection,
spatially dependent GW impacts of MREs need to be made explicit.

This study, therefore, aims to contribute to the body of literature
by presenting a detailed analysis of the geospatial distribution of life
cycle GW impacts of MREs. A uniquely adaptable and transparent life
cycle inventory (LCI) of four different generic MRE devices, with po-
tential relevance for large-scale application in European waters, is also
provided. Covered MREs are the two most far developed WEC types
PAs and OWSC, as well as FPV, and FOWTs. BOWTs are excluded due
to more mature already existent literature [22,62]. The LCA in this
study builds upon a recently proposed approach for a representative
LCI for a generic PA WEC [44], which is expanded to include more
MRE technologies. The obtained GW impacts are coupled with spatial re-
source data for North Atlantic and North Sea European coastal waters,
to assess the spatially dependent climate change mitigation potential
of the MREs. By providing fully disclosed, technology-representative
LCI data, this study overcomes the limitations of the majority of pre-
vious MRE LCAs, which focused on commercially proprietary, specific
devices and thus made it difficult to draw broader conclusions about
the technology’s performance. By including geospatial analysis in the
LCA, this study enables, as the first of its kind, the inclusion of cli-
mate change mitigation considerations in the site selection process
for MREs.

The paper is structured as follows: In Section 2, the methods used
to obtain the spatially dependent GW impacts for the four MREs are
explained. In Section 3, the obtained impact maps are presented. The
findings are discussed in Section 4, and the main conclusions and
recommendations are summarised in Section 5.

2. Methods

To obtain the geospatial distribution of MRE environmental impacts,
data on resource and location parameters within the area of interest
are coupled with an attributional LCA of the MRE devices. This section
describes the studied MRE archetypes, their performance evaluation, the
LCA’s underlying assumptions, origin and use of spatial data, as well
as the combination of these components towards impact maps for each
technology (see Fig. 1).

2.1. Technology archetypes

As proposed by Engelfried et al. [44], the modelling of the MREs
follows their modular structure. The MRE archetypes are divided into
systematic function groups, similar across the five technologies: the
power generator, the floater, the foundation, and the mooring. Major
components of the archetypes are defined for each technology, and do
not differ significantly across developers, hence they are considered
generic. Information has been aggregated from different far developed
prototypes of each technology. The referenced prototypes are referred
to as sources in Table 1. Where parts of the LCI have been adapted
from other sources, system boundaries for the foreground system were
kept comparable between technologies, and overarching materials for
the major functional components and representative background pro-
cesses for major processing steps. For the FPV, the power generator (PV
cells) is used from ecoinvent as the available dataset is considered to be
consistent with these boundaries. The LCA product system will be struc-
tured based on this categorisation. The modelled device configurations
are summarised in Table 1 and visualized in Fig. 2. Detailed underly-
ing assumptions, data sources, dimensions, and material compositions
of components can be found in the supplementary material.

The floaters consist of hot rolled low-alloyed steel plates of the given
thickness (7). Further, a low to medium voltage transformer, control
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Fig. 1. Overview of the study structure.

units, and anti-corrosive glass flake paint for the hull are considered.
All devices are assumed to have a lifetime of 20 years. For grid con-
nection, a 33 kV AC 3-core copper conductor electrical transmission
cable (same for all devices) is used. As elaborated in [44], the cable sys-
tem for the high-level analysis is not specifiable, and an average of the
material compositions for medium voltage submarine cable types most
commonly used according to mechanical-, cost-, and loss-properties is
taken [77-79]. Due to this reason, the varying cable length and un-
known environmental conditions within the analysis, transmission losses
are omitted.

For the five MRE technologies, devices are assessed as grid-connected
arrays. The number of devices in an array is based on their single
rated powers and the power transmission capacity of one export ca-
ble (25 MW), including a safety margin. Due to the high-level analysis,
no array- and inter-array cable layout is defined. Each device uses its
own mooring, as potential designs for mooring sharing are not well
established yet [80,81].

Renewable and Sustainable Energy Reviews 226 (2026) 116338

2.2. Spatial data and power production estimation

The study’s area of interest for the spatial distribution of MRE’s GW
impacts is European coastal waters within 200 km of shore in the North
Atlantic and North Sea. Applicable deployment areas are limited by the
water depth range specified for each technology, with a maximum of
200 m. Bathymetry data is sourced from GEBCO [82]. For the visual-
ization, coastline data has been obtained from Wessel et al. [83]. Fig. 3
shows the water depth and distance to shore in the studied area.

To obtain the power output of the MRE arrays, different methods
based on the specific technology were applied. Resource data for WEC
power output estimations is sourced from the ECHOWAVE hindcast,
which contains wave parameters and spectral data from over 30 years
(1992-2021) in a ~2,3 km resolution [84,85]. Power matrices, which
describe the power production of the WEC in each sea state (see Fig. 4),
were obtained using a weakly non-linear boundary element formulation,
and were developed utilizing the open-source BEM solver HAMS-MREL
[86]. The power matrix is constructed considering irregular sea states
based on the JONSWAP spectrum for the power calculation [86]. The
defined depth restrictions are based on the power matrix applicability.
The WECs’ average output power at a location is calculated by combin-
ing the power matrix P(H/, T[f ) and the local 30-year average probability
of occurrence f(H ; ,ij )(x,y) of significant wave heights H, and peak
wave periods T, (Eq. (1)).

"Hy ”TP

Pypc(e,y) = ), D P(H,T)) - f(HLT)(x, ) eh)

i=1 j=1

For the FPV and FOWT, 10-year (2012-2022) ERA5 data with a
~30 km resolution for the same area is used [87]. The power output of
the PV panels at a location is calculated using the local 10-year average
solar irradiation reaching the horizontal plane (/r) over the PV surface
of the FPV plant (A) (Eq. (3)). A de-rating factor of n = 0.85 accounts
for effects of soiling, ageing, and electrical losses [26,88]. In addition,
changes in panel efficiency due to deviations in panel temperature from
the reference temperature (7, ;= 25°C) are included. The panel tem-
perature is calculated based on the Ross coefficient k = 0.025 for free
standing modules [89,90] and 2 m above surface ambient temperature
(T) [91] (Eq. (2)). The panel conversion efficiency #p), = 0.22 and tem-
perature coefficient f = 0.003 have been obtained from manufacturer
data sheets of 680 Wp mono-crystalline panels [92-95].

Tpane/(x’ y) = T(X, y) +k- Ir(x, Y) (2)
Pppy(x,y) =1Ir(x,y)- A-npy - (1= B - (Tpune](x7 y) - Tref)) N 3)

For FOWTs, turbine power output is determined by combining the ge-
ographically specific average wind speed at 100 m above surface (close

Table 1
Modelled MRE archetypes.
Floater Power generator Foundation Mooring Applicable depth
PA WEC D9x18 m, t50 mm Cylinder 600 kW Linear generator 40 t Steel vertical anchor Tension rod towards foundation 50-200 m
Sources [44,63,64] [44,65] [66] [64]
OWSC WEC 26x10x4,7 m, t45 mm 1000 kW Hydraulic power- 28x4x11 m Reinforced 4-line flat mooring 50 kg/m, ~50 mm, 13-20 m
Rectangular flap take off (PTO) concrete foundation chains Line length constant 130 m along
the seabed 5 t concrete gravity anchors
Sources [471 [45,67,68] [47] [47,69,70]
FPV 18 D3,2x10 m, t20 mm 500 kWp 2400 m2 No foundation 6-line spread catenary mooring 50 kg/m, 20-200 m
Cylindrical piles PV surface 680 Wp ~50 mm chains, Line length 5,5 times
mono-crystalline panels water depth 15 t drag embedment
anchors
Sources [71]1 [71] [69-73]
FOWT 3 D13x35 m, t30 mm 9500 kW 3-bladed offshore No foundation 4-line spread catenary mooring 60-200 m
Cylindrical main piles wind turbine Geared PMSG 400 kg/m, ~140 mm chains, Line length
8 times water depth 20 t drag embedment
anchors
Sources [74] [58] [58,74-76]
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Fig. 3. Location parameters water depth and distance to shore in the studied area.

to hub height) Uy, and the power curve for the DTU 10 MW refer-
ence turbine P(U,(,) [96] (Eq. (4)). Electrical and heat losses as well as
degradation are accounted for with an aggregated # of 95 % according
to [25].
Prowr(x,y) = P(Uyg0) - Ujoo(x,¥) - 1 4
The resource characteristics at one grid point are later fed into the
LCA model summarised as the resulting average capacity factor (CF)
over the temporal domain of the underlying dataset (Fig. 5). The CFs
are calculated using the MRE’s maximum power output Py gg . based

on the rated power (RP), and the average resource-driven power output
at the specific location Py, gy (Eq. (5)).

In this study, array effects are not accounted for, making the CF of
a single device equal to that of the array. For WECs, inter-device spac-
ing in the array is assumed to be wide enough so that negative device
interactions are no longer expected [97].

Py re(x,y)
Py RE max

CFMRE(X’Y) = 5)

For both WECs, CFs are highest in areas not shaded from waves by
landmasses. The PA and OWSC achieve maximum CFs of 36 % and 39 %
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at the west coast of Ireland and Scotland close to shore, and with the
maximum possible distance from shore within the applicable area, re-
spectively. While the PA has larger areas with CFs in the upper regions
of the full range, the OWSC presents high CFs only in very few locations.

In the majority of areas lower CFs of around 10 % and less are found.
The FPVs’ CF is decreasing with latitude, reaching a maximum of 15 % at
the coast of Portugal, and a minimum of 8 % north of Scotland. FOWTSs’
CFs are more constant across the area, with only a slight increase with
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latitude and distance to shore up to a CF of 61 % west and north of
Scotland and Ireland can be observed. Lowest CFs of 10 to 30 % are
achieved in the southern Bay of Biscay.

2.3. Life cycle assessment modelling

To determine the MRE’s potential life cycle impacts on climate
change, a cradle-to-grave attributional LCA model has been created,
including the manufacturing & assembly, installation, use, and end of
life (EOL) phases. The principal product system is provided in Fig. 6.
It is constructed based on the devices’ functional groups explained in
Section 2.1. Dependencies of different parts of the product system on
the deployment location are highlighted.

Climate change impacts from an MRE are assessed for a functional
unit of 1 kWh of electricity delivered to the onshore grid. The global
warming potential over a 100-year time horizon [98] as defined in the
environmental footprint method EF 3.1 provided by the European Union
[99], is used as assessment method for determining climate change im-
pacts. The impact calculations and life cycle modelling are executed in
openLCA [100]. Background data are sourced from the ecoinvent 3.10.
cut-off by allocation database [101].

The structure and framework behind the LCIs for the presented MREs
largely follow the representative LCI for a generic PA WEC presented by
Engelfried et al. [44]. The outlined approach has been extended to the
FPV as well as the FOWT. As the method is previously described in detail,
only the changes made for this study are explained.

For the power generator of the FOWT - the wind turbine (tower,
generator, blades) - LCI data from Garcia-Teruel et al. [58] has been
adopted. For the PV panels and mounting structure, ecoinvent datasets
are utilized [102,103]. The average material composition of the cable
has been derived from Arvesen et al. [52], which provides information
on the material compositions of five different medium-voltage copper
conductor cables with different cross-sectional areas currently avail-
able on the market. Detailed information on all underlying assumptions
regarding material compositions, processing, transport, applicable back-
ground datasets as well as the full LCI for all MREs can be found in the
supplementary material.

2.3.1. Manufacturing & assembly

The devices are assembled from the hull materials (hot rolled steel
plates), and coupled with major pre-manufactured components (control,
transformer, paint, and power generator) at an assembly site at a port
close to the deployment location. Predominantly manual labour is as-
sumed, except for lift operations with a diesel-powered crane. Exemplary
processing of materials (metal working from raw to semi-finished prod-
uct) is included for all large material inputs. Welding is excluded. For
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the FOWT, coupling of the floater and the turbine is assumed to also take
place at the port site, eliminating the need for offshore heavy lift vessels
at the later installation [104]. The inclusion of transport and applicable
geographies for background data is modelled as outlined in [44].

2.3.2. Offshore activities

Installation, maintenance, and decommissioning of MRE devices rely
on offshore vessel operations. For representation of these in the LCA,
first, the total fuel requirement is obtained by coupling activity dura-
tions with the hourly fuel consumption of used vessels. The vessel use is
then represented by the ecoinvent ferry (large, heavy, vessels propelled
by heavy fuel oil (HFO)) and barge (small, fast, diesel propelled ves-
sel) by scaling their fuel consumption to the activities’ reference unit of
transported tonne kilometres [44]. Table 2 presents all considered activ-
ities, durations, and vessels based on those presented in Engelfried et al.
[44]. Adjustments for FOWTs and FPVs have been made where neces-
sary due to the larger dimensions and differences in moorings. Vessel
fuel consumptions shown in Engelfried et al. [44] are used unchanged.

2.3.3. Use phase

During the use phase, the MRE array produces electricity without
any direct emissions related to the power conversion. Only a part of
the MRE array can be attributed to the production of 1 kWh of electric-
ity. Therefore, the LCI is scaled by lifetime energy production (LE P) as
shown in Egs. (6)—(8). The equation holds for both a single MRE device
and an array of the size n > 1.

AEP [kWh/yrl=n - RP [kW]-CF -8760 h/yr (6)
LEP [kW h/device] = AEP [kW h/yr] - L [yr/device] @

Inventory of Inputs [1/device]

I t 1/kWh] =
nventory [1/kW h] LEP [kW h/device]

Inventory of outputs [1/device]

LEP [kW h/device] ®

During the lifetime of the devices maintenance is required. A baseline
scenario of annual inspections for small repairs and preventive mainte-
nance, as well as tow-backs for larger corrective maintenance of each
device once every four years is considered [44]. In an array, every de-
vice gets towed to shore at the specified interval, and inspections take
place for all devices within one visit of the CTV. Spare parts, energy
and material inputs for repairs, as well as effects of downtime on elec-
tricity production, are excluded from this high-level analysis. Proven
maintenance strategies and publicly available data for MREs are to a
varying degree between technologies still uncertain, especially for WECs
[109,110] and FPV [111]. For offshore wind turbines more quantitative

Table 2

Offshore vessel activities during MRE device installation, maintenance and decommissioning.
Phase Activity Duration Vessels! Source
Cable installation Laying and burying 3,5 h/km CLV [79]
Site preparation Preparation and mooring pre-lay (Flat mooring) 12h AHTS, OSV [68,105,106]
Site preparation Additional time per line for catenary moorings 12h AHTS, OSV [76]
Site preparation Foundation installation (PA) 13h oSV [46]
Transit Towing floater to site 0,1 h/km Tug [46,105-107]
Connection General time for cable connection, placing of device 8h AHTS [46,68,105,108]
Connection Additional time per line for catenary moorings 8h AHTS, OSV [76]
Maintenance inspections Transit 0,03 h/km CTV
Maintenance inspections Stationary per device 6h CTV

Maintenance tow-backs
Maintenance tow-backs
Maintenance tow-backs

Disconnecting (reversed connection)
Towing from and to site
Connecting

Decommissioning Disconnecting (reversed connection)
Decommissioning Towing from site
Decommissioning Removal of moorings (reversed preparation)

See connection

See transit

See connection

See connection

See transit

See site preparation

1 CLV=Cable Lay Vessel, AHTS= Anchor Handling and Tug Support Vessel, OSV = Offshore Support Vessel, HFO propelled;

CTV = Crew Transfer Vessel, diesel propelled
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Fig. 6. Simplified representation of the product system for the MRE devices with different applicable power generators and indication of dependencies on the location.

information on maintenance strategies is available [52,58], however, to
maintain a comparable level of fidelity within the MREs of this study the
maintenance assumptions are assumed to be consistent for all considered
MRE devices.

2.3.4. End of life

At their EOL the MRE devices, moorings, and foundations are as-
sumed to be removed, and the materials are recovered for EOL treatment
or recycling. Removal and transport of the devices back to shore are
modelled as the reversed installation, as described in Section 2.3.2. The
transmission cable is left in the ground and materials are not recovered
[75,112,113].

Energy and process inputs for the dismantling are assumed to be the
same as for the assembly stage. The regained materials are assumed to
be partially recycled according to the assumptions in Engelfried et al.
[44], and partially disposed of according to the disposal pathways used
in ecoinvent waste markets (mostly landfilling and forms of incinera-
tion). The GFRP turbine blades are disposed of as waste glass and plastic
mixture [114]. Also for the PV panels, the proposed material shares and
disposal pathways of the ecoinvent source dataset have been adopted
[102].

For consistency with the chosen ecoinvent system model, the cut-
off allocation method is applied. EOL recycling processes are therefore
considered to be outside the system boundary, and no recycling credits
are given. The recycled material contents (90 % steel and 60 % copper
[45,115]) therefore only reduce the amount of material that is, e.g.,
incinerated or landfilled otherwise.

2.4. Geospatial and LCA data aggregation

As shown in Fig. 6, some parts of the LCI depend on site-specific
parameters. The LCA model is therefore coupled with resource and
bathymetry data, to assess the spatial distribution of GW impacts of MRE
devices.

To combine the LCA and spatial data, location-independent GW re-
sults are extracted from openLCA. These are then post-processed with
the resource and location parameters. This approach is used to min-
imize computational effort within openLCA which is not built to run
large amounts of “scenarios”, with each scenario representing a grid
point within the studied area. The applied procedure is visualized in
Fig. 7.

WEC PTO

PV panels &
Mounting syst.

Power
generator

Wind turbine

Life cycle assessment

End of life
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Fig. 7. Approach for combining spatial data and GW impacts obtained in openLCA.
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Location-independent GW results for an MRE GW(y ,, are calcu-
lated in openLCA with an assumed 100 % capacity factor, and without
periphery (cable and mooring) that depend on distance dist to shore
and depth. As the CF scales all parts of the inventory equally (see Eq.
(8)), the CF100-result can later be corrected with the location-specific
CF CFy grp(x,y) by division, to obtain the overall array result GW), g
(see Eq. (11)). To include the array periphery, GW results for a device
mooring at 1 m water depth (GW,_;,4;,.s» GWapenors)» and 1 km of cable
hardware GW,,,, as well as its installation GW,,,,,,;, are extracted from
openLCA and related to 1 kWh of electricity produced by division with
the LEP based on a 100 % CF LE Py - The combined location-specific
GW impact per kWh of electricity produced by the array with periphery
is calculated as shown in Egs. (9)-(11).

GWapio(x,y) [gCo02eq./ kKW h]
— (Gth + GVVinxtall [gCOZeq./km]) -dist(x,y)[km]

(€C)]
LEPcpi0lkW h]
GWmooring(xs y) [gCo2eq./kW h]
_ GWiopains [8C02eq./m] - depth(x,y) [m] + GW gepors [§C02eq.] (10)
LEPcp00lkW h]
GWeapte(*, ) + n(GWiooring (X, 1)) + GW,
GWMRE(X, y) — cable mooring CF100,np (1 1)

CFyre(x, )

In contrast to the cable length and laying operations, vessel oper-
ations depend on the distance to the nearest port rather than on the
distance to shore. However, this parameter can’t be expressed in terms of
distance to shore as the choice of supply port is dependent on more eco-
nomic and strategic factors [107,116]. Therefore, an assumed constant
distance to port of 100 km for installation and maintenance activities is
applied for the whole area.

Finally, each device’s carbon payback period (CPP) across the area
of interest (Eq. (12)) is calculated. This indicates how long it will take
for the MRE array to offset its life cycle embedded carbon by displac-
ing other electricity sources with potentially larger impacts [117] and
become carbon-neutral. The reference value (GW,, s which is assumed
to be offset in this analysis, is 258 gCO,eq./kW h, the average carbon
intensity of the European Union’s electricity mix in 2022 [118]. The CPP
is used as an indication of the climate change mitigation potential of the
MREs in this study.

GW, (x,y)[gCo2q./kW h]
CPP(x, y)[years] = MRE array /

L 12
GWiey — Wy pelgCozeqfiwny  H2e] (12)

3. Results
3.1. Impact maps

For the studied MRE arrays, the geospatial distribution of climate
change mitigation potential is shown in Fig. 8 in terms of GW impacts
and CPP. In the first column, GW impacts with an upper limit of 1000
gCO0,eq./kW h, corresponding to the impact level of electricity from a
coal power plant [49], are shown. Areas with low GW impacts under 100
gCO0,eq./kW h which mark potential deployment locations where MREs
can be operated with impact levels contributing to climate change miti-
gation, are presented in the middle column. The right column shows the
corresponding CPPs. Carbon payback must be realised within the life-
time of the device to be considered carbon-neutral, and for it to be able
to contribute positively to climate change mitigation. Therefore, only
areas with CPPs lower than 20 years relative to the carbon intensity
of the 2022 average European electricity mix are presented. The maps
contain only those parts of each technology’s water-depth-restricted the-
oretically applicable area (see Fig. 5) that fulfil the aforementioned
conditions.
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The distribution of impacts across the area shows a similar pattern
to the CFs of the MREs (see Fig. 5), suggesting a large influence of the
CF on the overall impact per kWh of electricity produced at a location.

For the FPV, a decrease in impact with increasing CFs at lower lat-
itudes can be observed, with a minimum of 385 gCO,eq./kW h being
achieved in southern France, and at the Portuguese west coast close to
shore where the water is still relatively shallow (up to 40 m). The FPV
doesn’t reach impact levels below the carbon intensity of the current
European electricity mix which is used as a reference for the CPP. This
means the FPV plant in the studied area is not able to pay back its life
cycle carbon emissions within a European electricity grid, regardless of
its lifetime. Therefore such plot is not shown.

For the two different types of WECs, a large difference in performance
can be observed. PAs reach carbon payback during their lifetime in 73 %
of the theoretically applicable area, while for the OWSC these areas are
scarce with 2 %, limited to some bays close to shore of the Irish and
Scottish west coasts. Here, minimum impacts of 78 gCO,eq./kW h can
be achieved. Due to the widespread occurrence of low CFs, the aver-
age impacts are significantly higher at 543 gCO,eq./kW h and carbon
payback cannot be achieved in most areas, similar to the FPV. This
limits the potential applications of the OWSC WEC to niche applica-
tions in European coastal waters, highlighting advantages of the more
versatile PA for large-scale applications over the OWSC. For the PAs,
carbon-neutral deployment areas are spread along the coastlines that
are not shaded from waves by landmasses, like the Western Isles, the
coast of Galicia, Spain and Brittany, France as well as the west coast
of Ireland. Here, minimum impacts of 50 gCO,eq./kW h are achieved.
Due to much higher impacts, shaded areas like the English Channel, the
east coast of Great Britain (GB), the Irish Sea, and areas between is-
lands around Scotland are eliminated as feasible deployment locations
for carbon-neutral deployment.

The impacts of the FOWT show lower variations across the stud-
ied area with a slight increase at higher latitudes. Impacts as low as
17 gCO,eq./kW h are achieved in areas spread around GB and Ireland,
where sufficient water depth is reached relatively close to shore. FOWTs
achieve impacts sufficiently low for carbon-neutral deployment across
nearly the near-full applicable area (99 %) with little exceptions in
slightly shaded, deep water areas on the north coast of Spain, where
impacts reach up to 181 gCO,eq./kW h.

Large parts of the the North Sea are unfeasible for marine renewable
deployment with climate change mitigation benefits, due to too low wa-
ter depth (FOWT and PA) or insufficient wave energy flux and solar
irradiation (WEC and FPV).

A summary of key parameters of the results is given in Table 3.

Although a high CF is the strongest driver of low global warming
impacts, minimal impact value is not always achieved at the point with
the highest CF, but tends to be located closer to shore because of the
influences of cable length to shore and mooring intensity according to
water depth.

3.2. Contribution analysis

To directly compare and study the major drivers of GW impacts
within the four technologies, a component-based contribution analysis
for the MREs’ standard conditions (average CF, water depth and dis-
tance to shore) in their applicable deployment area is performed. The
comparison is shown in Fig. 9.

The FPV’s global warming impacts per produced unit of electricity
are significantly larger than those of the other MREs. Striking is the
higher share of impacts coming from vessel operations for the FPV.
This is due to the considered mooring system with six lines and the as-
sumptions on the vessel activities related to catenary moorings, taking
separate installation and connection times for each chain into account
when installing, disconnecting, and reconnecting for corrective mainte-
nance. The share of impacts from the power generator varies between
technologies, being lowest for the PA linear generator and highest for
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Table 3
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Summary of environmental performance parameters of MRE arrays including the lowest achievable CPPs and GW impacts in the
applicable areas, corresponding deployment locations and their characteristics as well as statistical indicators.

PA OWSC FPV FOWT

Min. GW [gCo2eq/kWh] 50 78 385 17
Min. CPP [yr] 4,7 8,7 Na 1,4
Location Ireland, west of Keem Ireland, east of Inishkea Island Portugal, south of Porto Orkney Islands
Dist. at min [km] 18 25 25 8
Depth at min [m] 50 19 29 75

CF at min [%] 33 39 15 56
Max. CF [%] 36 39 15 61
Avg. GW [gCo2eq/kWh] 126 543 590 24
Avg. CF [%] 20 8 10 51
Carbon-neutral area? [%] 72 3 0 99
Array size 33 20 40 2

2 With respect to each technology’s theoretically applicable area in terms of water depth, as shown in Fig. 5.
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Fig. 9. Absolute and relative comparison of global warming impacts and component contributions of the average studied MRE arrays.

the OWSC hydraulic PTO. In absolute terms, impacts per kWh of the
hydraulic PTO and the PV panels exceed the total impact of the FOWT.
The OWSC’s large reinforced concrete foundation leads to a higher share
of the foundation compared to the PA. Most global warming impacts
stem from used materials within the components, and secondly from off-
shore vessel operations. Material processing and transport only make up
around 10 % (not shown in Fig. 9 as included in the components) [44].

3.3. Influence of array size and periphery

As shown in Fig. 9, impact shares of the export cable are low for
all MRE arrays. This is contradictory to the results found in Engelfried
et al. [44], where the cable contributed nearly 60 % to the GW im-
pacts of a single WEC. To understand the influences of array size in
relation to the periphery, the climate change impact for a single device
connected to the grid with an export cable is assessed (Fig. 10) and com-
pared to the absolute results and component contributions obtained for
the grid-connected array and a non-grid connected device without cable
(standalone) (Fig. 11).

The impact map of the single grid-connected PA (Fig. 10) shows a
significantly different pattern than the one for the array scaled to the
capacity of the electrical cable (25 MW - 33 PAs) (Fig. 8). The patterns
of the distribution of the distance to shore (see Fig. 3) are much more
prominent, showing increasing impact with distance to shore, regardless
of the CF. The reason for the increased relevance of the distance to shore
in the impact distribution of a single device is the high share of impacts
per kWh, that can be attributed to the material-intensive electrical cable,
which increases in length with distance to shore. As shown in Fig. 11,
67 % of GW impacts per kWh electricity from the single grid connected
PA stem from the electrical cable. This is nearly ten times higher than
for the PA array (Fig. 9). Furthermore, the single connected PA has sig-
nificantly larger overall GW impacts per kWh (339 gCO,eq./kW h) than
for the array (92 gCO,eq./kW h). This shows that arraying increases the
utilization of the cable, holding significant potential for reducing MREs
impacts per kWh.
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Fig. 10. Spatial distribution of global warming impacts from a single PA
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A standalone PA without cable presents impacts of 94 gCO,eq./kW h,
higher than those for the array. The additional reduction of impacts in
an array, to levels below the standalone device, is achieved by sharing
the transit of the inspection vessels for maintenance.

4. Discussion

The geospatial distribution of global warming impacts from different
MRE:s presented in this study shows great variability across the European
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Atlantic coastlines and the North Sea. Not everywhere where an MRE can
be theoretically deployed, can carbon neutrality be achieved. This high-
lights a strong importance of the site for sustainable MRE deployment
with a positive contribution to climate change mitigation. Implications
of these findings, drivers of variations, as well as the study’s limitations
are discussed in the following sections.

4.1. Effects of MRE arraying

For all studied MRE arrays, the most important factor for low-impact
deployment is the CF and the resulting electricity production at a loca-
tion. Water depth influences are minor and are more relevant for the
impact distribution for mooring-intensive devices such as the FOWT
and FPV or others not presented in this study, which also make use
of catenary moorings. The importance of the distance to shore, which
drives the length of the export cable, varies with array size. For single
grid-connected devices, impacts are dominated by the distance to shore,
which drives impacts of the electrical cable. With increasing installed
power relative to the cable capacity, the most influential location fac-
tor for low environmental impacts shifts from short distance to shore to
a high CF. Overall impacts per kWh are reduced for arrays with maxi-
mal cable utilization, and impact levels lower than those of a standalone
device are achieved. This confirms that infrastructure and maintenance
sharing between devices in arrays is beneficial for reducing environmen-
tal impacts of MREs, as highlighted by Engelfried et al. [44]. Similarly, it
can be expected that shared mooring systems in an array will lead to sig-
nificant impact reductions. Future research should explore the potential
changes in environmental impacts of hybrid arrays combining different
MRE technologies. In addition, to opportunities for shared infrastructure
and maintenance, such arrays may influence overall power production
patterns through complementary intermittency profiles and integration
with storage options, with potential positive wider implications for the
European electricity grid.

This study does not consider hydrodynamic interactions between
WEGs in an array, as sufficient spacing between the devices is assumed.
However, for real-world scenarios, these effects can significantly affect
the overall power output depending on array layout, incident wave di-
rection, device geometry and spacing [97]. Certain array configurations
could lead to an increase in power output of up to 20 % while others
could lead to a reduction of up to 20 % and potentially more due to
destructive interactions [63,97,119,120]. Changes in electricity produc-
tion linearly increase or decrease environmental impact of the MRE per
kWh. Positive hydrodynamic interactions within a large array would
therefore lead to potentially even higher impact reductions compared
to a single device. For the case of negative interactions, trade-offs with
reductions in impacts through shared infrastructure need to be evalu-
ated for every case. Based on this representative analysis, which reveals
a 70 % reduction of GW impacts from a single device to an optimally
sized array (see Section 3.3), the significant reduction of periphery im-
pacts is expected to outweigh potential negative array interactions from
an environmental perspective.
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4.2. Material influences

The contribution analysis showed that the majority of impacts stem
from the materials the MRE is built of, largely steel and other metals. A
major driver of differences between the performance of the technologies
is their ratio of material to energy production determined by RP and CF.
Table 4 shows these ratios for the studied devices.

Both PA and FOWTs have been shown to be able to reach carbon neu-
trality in widespread areas, where sufficient electricity output at suitable
locations in terms of water depth and distance to shore can be achieved.
Both technologies show relatively low weight to lifetime produced en-
ergy ratios. FOWTs are the overall heaviest structures with the large
semi-submersible platform, turbine and heavy mooring, yet this is com-
pensated by a large RP and good average CF, making their impacts the
overall lowest, and carbon-neutrality reachable already within 1.4 years.
The PA has a lower RP compared to the FOWT, making low impacts
more dependent on the CF. Higher impact variations across the area
are therefore observed and carbon neutrality is only reached where a
suitable wave resource can be found.

The OWSC has the highest weight to RP ratio, followed by the FPV
and on average low CFs lead to high lifetime energy output to weight
ratios. Both devices show high impacts across the study area. The OWSC
is large in size and has a material-intensive PTO, yet with twice the RP of
the FPV and higher best-case CFs, it can achieve sufficiently low impacts
to reach carbon neutrality in 9 years in a few locations with optimal
wave conditions. The pontoon-type FPV plant, in contrast, cannot be
considered a carbon-neutral technology within the totality of the studied
area. Minimum achieved impact levels are not lower than those of the
current European electricity mix. FPV plants for deployment in these
areas require large and material-intensive structures for survivability in
harsh wave climates, while CFs achievable with the solar irradiation in
the northern hemisphere far from the Equator are not sufficient with
current PV technology. This combination results in the high material to
produced energy ratio. An increased density of PV panel surface on the
structure or a less material-intensive structure such as flexible superficial
FPVs could potentially decrease the technology’s environmental impact.
However, these are less developed, whilst survivability in rough North
Sea and North Atlantic climates as well as economic competitiveness is
still unclear [121].

Apart from decreasing the material intensity of the produced electric-
ity, a change in floater material from steel to low-impact fibre-reinforced

Table 4

Comparison of the weight (mooring, foundation and floater)
to rated power and lifetime electricity production ratio of the
different modelled MREs - based on the average CF in the
applicable area.

PA OWSC FPV FOWT
Weight [t] 396 1163 561 5063
RP ratio [kg/kW] 660 1163 1122 533
LEP ratio [g/kWh] 19 83 64 6
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concrete could further reduce the environmental impact of MRE devices.
As shown by Engelfried et al. [44], the alternative material [122] nearly
eliminates GW impacts of the floater hull. Based on the contribution
analysis in Section 3.2, this highlights a particularly prominent improve-
ment potential for the PA and FOWT, of around 30 %. For the OWSC and
FPV, a lower reduction potential of ~10 % is expected as their impacts
are dominated by other factors such as the hydraulic PTO and vessel
operations.

In addition, to being concentrated in the structural materials, GW
impacts are largely associated with the manufacturing and assembly
phases of MREs. Impacts from the disposal and end-of-life phase are
negligible, as demonstrated in a prior study [44] and by Garcia-Teruel
et al. [58]. For technologies with uncertain recycling pathways, such
as PV cells and GFRP blades of FOWTs, worst-case assumptions were
applied, considering incineration or landfilling under different national
standards and without further recycling efforts. Potential reductions in
impacts through advanced recycling techniques—such as co-processing
in cement production or material separation in PV cells—are therefore
not anticipated to significantly affect the results, particularly regarding
global warming impacts and carbon payback times.

4.3. Limitations

The impact maps obtained in this study should serve as an indication
of potentially feasible areas of deployment for MREs in European waters,
and are not meant to represent absolute impacts of specific projects at
specific locations due to limitations in fidelity of assumptions. The re-
sults should encourage the thorough assessment of local environmental
impacts at possible deployment locations before project execution. Only
this will enable the actual contribution of MRE installations to climate
change mitigation.

Limitations in the accuracy of results are imposed by a low level of
fidelity in assumptions in parts of the underlying LCIs and spatial data.
For offshore activities and maintenance regimes differences in proce-
dures and failure rates of parts are not taken into account. Engelfried
et al. [44], performed a sensitivity analysis on different maintenance
regimes for a PA WEC, and revealed that the frequency of tow backs sig-
nificantly influenced GW impacts, increasing them by more than double
when the tow-back frequency was increased to annual. The combination
of the already underlying uncertainty in industry practices in that field,
and their high importance for impact results [44,52,58], marks a hotspot
that should be further investigated, especially for other MREs besides
offshore wind. Furthermore, limiting the requirement for extensive cor-
rective maintenance is therefore an important factor in supporting the
environmental sustainability of MREs.

Furthermore, as mentioned above, limitations are imposed by dis-
regarding a specific array layout and system configuration (inter-array
cables, device interactions, transmission losses), as well as spatially
explicit supply ports and respective travel distances for offshore ves-
sels. Disregarding transmission losses in the export cable can lead
to an underestimation of the overall impact per kWh, which is pro-
portional to the magnitude of the losses as they directly affect the
plant’s overall power output. For the chosen grid connection, this
equates to around 6 %, increasing with distances to shore greater
than 70 km [123]. This is expected to be consistent across all as-
sessed technologies, introducing no changes in the comparison of
MREs.

Assuming constant port distances of 100 km reduces uncertainty in
choosing possible port routings that depend on various factors besides
the distance between the plant and the port. Due to the first-of-its-kind
large area included in the study, different port options for every data
point are considered to be out of scope. The 100 km distance is con-
sidered representative of most theoretical deployment locations due to
the large density of (especially smaller) supply ports along the coasts
of the studied area. A previous study has performed a sensitivity anal-
ysis on the distance to port which showed a 5 % increase in impacts

13

Renewable and Sustainable Energy Reviews 226 (2026) 116338

for 10 % increase in port distance [44]. This suggests that selecting
ports located more than 200 km away can substantially amplify the en-
vironmental impact of MRE projects. Therefore, the distance to port is
a critical parameter in port selection, as it directly affects the overall
environmental feasibility of an MRE plant.

The underlying spatial data for wind speeds, solar irradiation, and
temperature from ERA5 have lower temporal coverage and resolution
than the WEC data that were available within the working group for
this study, limiting direct comparability. Overall conclusions from the
results are not affected by these limitations, however, direct comparison
between the MRE:s at specific locations should not be inferred.

5. Conclusion

In this study, a first-of-its-kind geospatial analysis of life cycle global
warming impacts from four different MRE technologies within an area
of growing interest, the North Sea and North Atlantic European waters
is presented. The study combines a detailed representative LCA model of
two WEC types, FPV, and FOWT with spatial resource and bathymetry
data, to obtain impact maps for the studied devices. The distribution of
global warming impacts and associated carbon payback periods across
the studied area was assessed, and potential low-impact areas, as well as
the major contributors within the devices were identified. The study re-
sults enable incorporating climate change mitigation potential of MREs
into decision making and site selection for MREs in a phase of growing
importance for EU energy transition targets.

It is found that not all MREs are equally suitable for a potential
large-scale contribution to climate change mitigation in Europe. Global
warming impacts vary strongly across the technologies and between
sites. The OWSC WEC can reach a minimum global warming impact
of 78 gCO,eq./kW h with a corresponding carbon payback period of 8.6
years. However, this is limited to very few locations on the west coast of
Ireland, with the majority of sites being not feasible for carbon-neutral
deployment due to impact levels not being low enough for carbon pay-
back in the European electricity grid within the plant’s lifetime. FPVs do
not achieve carbon neutrality at any location in the studied area, with a
minimum impact of 385 gCO,eq./kW h, which is more than 100 g higher
than the current average carbon intensity of the European electricity
mix. From a life cycle environmental perspective, rigid pontoon-type
FPVs can therefore not be considered a beneficial renewable energy tech-
nology for contributing to climate change mitigation, when deployed in
European waters. This is due to their material-intensive structure and
low power output.

For the FOWT and PA, overall low impact levels and carbon pay-
back periods are found, suggesting them as good potential candidates
for large-scale MRE deployment in European waters. The PA achieves
carbon-neutral impact levels in 73 % of the theoretically applicable area,
with a minimum global warming impact of 50 gCO,eq./kW h and a cor-
responding carbon payback period of 4.7 years. Best potential sites are
spread along the North Atlantic coast. FOWTs achieve sufficiently low
impact levels across the near-full theoretically applicable area, with a
minimum impact of 17 gCO,eq./kW h, leading to lowest carbon payback
periods of 1.4 years. This makes FOWTs competitive with the further
developed BOWTs from an environmental perspective.

For all MRE arrays, high capacity factors were found to be the most
influential location parameter for achieving low impact levels. For single
grid-connected devices or arrays not scaled to the transmission infras-
tructure, distance to shore is more important and impacts per kWh are
much higher due to the carbon intensity of the cabling. These findings
highlight the need to share infrastructure such as the transmission cable
and, in the future, possibly moorings by deploying MREs in arrays. Like
this, infrastructure utilization is maximised and its contribution to the
overall impact per kWh is reduced.

The findings highlight the critical importance of assessing the site-
specific environmental performance of MRE projects and integrating
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these outcomes into decision making processes to ensure their effective
contribution to a carbon-neutral energy future.
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