Renewable Energy 132 (2019) 885e897

Contents lists available at ScienceDirect

Renewable Energy
journal homepage: www.elsevier.com/locate/renene

An analytical cost model for co-located ﬂoating wind-wave energy
arrays
Caitlyn E. Clark, Annalise Miller, Bryony DuPont*
Department of Mechanical, Industrial, and Manufacturing Engineering, Oregon State University, Corvallis, OR, USA

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 29 May 2018
Received in revised form
7 August 2018
Accepted 13 August 2018
Available online 16 August 2018

Offshore wind and wave energy are co-located resources, and both industries are driven to reduce cost of
energy. Due to the maturity of offshore wind technology and continued growth of both offshore ﬂoating
wind and wave energy converter (WEC) technology, there is new opportunity to combine wind and wave
technologies in the same leased ocean space through co-located array development. Co-location is
projected to have synergistic effects that reduce direct and indirect costs for developments, but few of
these synergistic effects have been quantiﬁed, and many have not been related to cost. Moreover, there is
currently no cost model that incorporates these effects. In this study, we address this need by developing
a cost model that represents co-located array developments, particularly for ﬂoating offshore wind and
WEC technologies. We exemplify the use of this cost model through a case study. Results suggest ﬂoating
wind-wave co-located arrays are advantageous to WEC-only or ﬂoating wind-only. These results are
contingent on our assumptions regarding cost categories and values included in the model and also the
power production and reliability of the devices. We conclude by identifying research gaps and uncertainties to be minimized in future improvements of the model.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
In the offshore renewable energy industry, offshore wind is the
only technology that has reached global commercial installation. In
2017, global offshore wind capacity reached 18,814 MW, with
3.9 GW of combined capacity for projects expected to achieve
ﬁnancial investment decision (FID) in 2018 [1]. Although Europe
began installation two decades ago and still contributes half the
global capacity, emerging markets in Asia and North America are
indicative of increasing global adoption. Further cost reduction
remains critical for offshore wind energy to remain competitive
and continue to grow in global implementation.
In areas where ﬁxed-bottom offshore wind structures are
infeasible, ﬂoating offshore wind platforms could provide access to
plentiful resource further offshore in deeper waters. Moreover,
ﬂoating offshore wind turbines are potentially economically
competitive with (and in some cases, even advantageous to) ﬁxedbottom offshore wind turbines in deep waters [2]. With the ﬁrst
grid-connected ﬂoating offshore wind array recently installed [3],
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there is renewed motivation to rapidly reduce ﬂoating offshore
wind array costs and improve power production.
Although wave resource is plentiful, wave energy technology is
still at an early stage of development in comparison with offshore
wind technologies. However, offshore wind and wave resources
often coexist in the same locations, and the technologies share
similarities that could provide opportunities for mutual beneﬁts.
Co-location of offshore wind turbines and wave energy converters (WECs) in the same leased ocean space exploits these
similarities to improve power development and lower costs of the
array. However, not enough is known about the costs of co-location
to provide a quantitative conclusion to developers and investors
about its potential economic advantages. Accurate levelized cost of
energy (LCOE) estimations for co-located arrays could enable
commercial installation for these novel technologies as they try to
prove credibility, gain industrial experience, and compete with
cheaper forms of renewable energy.
The objective of this research is to provide a means of quantifying the economic beneﬁts of co-location. To achieve this, we aim
to identify opportunities for mutual beneﬁt and incorporate them
into an analytical cost model. We propose an analytical cost model
for the purposes of applying optimization techniques in the future,
such as those used in ﬁxed-bottom [4e7] and ﬂoating [8] offshore
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wind technology, as well as with WEC technology [9,10] applications. Building an analytical cost model that can be used as an
objective function for these optimization schemes will allow for
further increases in cost competitiveness of these technologies
through optimization of system parameters.
This study is divided into six sections. First, we review existing
literature on co-located arrays to highlight opportunities for shared
costs, as well as future areas of research that are needed to address
shared-cost uncertainties. Then, we discuss the cost model structure, along with the methodology for developing each cost
component. Lastly, we apply the cost model to a theoretical colocated ﬂoating wind-wave array to compare it to current
offshore renewable energy developments.
2. Previous research
Although co-located wind-wave arrays are subjects of more
recent study, the body of literature that encompasses co-located
arrays (wind-wave and otherwise), hybrid platforms, and cost information for offshore wind and wave energy is extensive. Therefore, this literature review will focus on literature that inﬂuences
our understanding of potential shared costs of co-located ﬂoating
wind-wave systems, and cost-models available for analogous systems. Those wanting a broader review of co-located array technology can ﬁnd one here: [11].
2.1. Opportunities for shared costs
Co-located wind-wave arrays have been studied since the mid2000s (the earliest paper cited here is 2006), but has recently
become more popular in published literature, encouraged by a
group of EU-funded projects [12e15]. Shared cost opportunities
based on this technical literature can be categorized by their inﬂuence in phases of a co-located array project, deﬁned as preinstallation, implementation, operation, and decommissioning
phases [16]. The following section describes shared costs considered in the development of the present cost model.
Pre-installation costs include development and consenting
costs, or costs incurred from developing a concept to the point of
ﬁnancial close or commitment to build. During this phase of the
project, environmental implications (such as site characterization
or permitting) and social implications (such as stakeholder
engagement processes, infrastructure planning, or site selection)
are necessary to the project, and can be achieved through coordinated efforts between offshore wind and wave energy developers.
Although not all costs can be shared (for example, different
permitting might exist for a bottom-mounted WEC than a ﬁxedbottom offshore wind turbine), many of the most expensive components [17] can be shared. Similarly, social factors that can halt a
project [18,19] (for instance, due to unsuccessful stakeholder
engagement, or inability to ﬁnalize a Power Purchase Agreement)
are often common between offshore wind and wave energy projects. The cost of stakeholder engagement is highly situational, thus
it follows that the incremental costs between developing a colocated array versus a wind-only or wave-only array is also highly
variable. Consequently, savings from co-location may be negligible,
as we assume in this cost model. Therefore, costs from wind- and
wave-only arrays are used as a proxy for co-located arrays. An area
of needed future work is investigating the social and political differences between co-located wind-wave installations, and wind- or
wave-only installations.
Implementation costs include costs incurred while designing,
building, transporting, storing, installing, and commissioning the
devices, foundations, mooring, anchoring, and electrical infrastructure. Depending on the device design, WECs and wind

turbines can share many of these costs. Grid infrastructure, for
instance, remains one the highest costs in both offshore wind and
wave energy developments. Sharing cabling and other electrical
infrastructure costs can lower cost per unit energy. Likewise,
common structural components such as foundations or mooring
can be shared in some cases. In this paper, turbines and WECs are
assumed not to share these structural components. However, it is
important to note that each structure will have its own effect on the
hydrodynamics and sediment of the site, which can affect devices
downstream or downwind. Engineering analysis is required in this
area to understand what structural costs can be shared in these colocated systems, and how that sharing may lead to hydrodynamic
or sediment differences in the site. Lastly, shared logistics resources
and personnel are not only high cost, but can delay progress in
installation (and O&M processes and decommissioning) due to
availability or proximity to the project. By sharing the same logistical resources, costs for these services can be shared, and downtime of devices waiting servicing can be minimized.
Once in operation, a co-located array has two means to exploit
shared opportunities: through operational expenditure (OPEX)
reduction, and through power production enhancement. OPEX includes costs that start after the point of issue of a take over certificate, and are continued until decommissioning of the devices. As
mentioned, sharing logistics provides an opportunity to share costs
during O&M. Speciﬁc to O&M, the longer a device is out of service
or performing sub-optimally, the longer it is temporarily not producing power. Moreover, when WECs are placed peripherally along
the offshore wind farm facing the dominant wave directions, the
WECs will decrease the wave height in their lee [11,20e23]. This
effect was originally termed the Shadow Effect [24], and if layouts
are arranged to capitalize on this effect, wave heights can be
decreased within the offshore wind farm. Decreased wave heights
thereby increase the accessibility of the wind farm so that O&M
personnel can have more and longer weather windows, as well as
decrease downtime of the devices.
In a co-located array more energy is being captured because
more devices are added to the same ocean space, which results in
greater power production per unit area [25e27]. Additionally,
different resources are being converted, so while adding a wind
turbine to the back row of a wind turbine site might result in suboptimal performance of that added turbine due to wake effects,
adding a wave energy converter should not affect the wake interactions of the wind turbines signiﬁcantly. System-balancing
costs can be decreased due to wave energy resources being more
predictable and less variant than wind [28e30]. In addition,
because of variations in wind and wave resource characteristics
(such as wave peaks lagging behind wind peaks [22] power quality
is enhanced by smoothing effects. In fact, grid integration can be
optimized in co-located systems by layout of the array, varying
ratios of devices, and site selection [29e36].
Finally, decommissioning costs include the removal of equipment and materials after the useful life of the devices. Decommissioning costs mirror implementation costs for many
components, and have opportunity for shared costs in permitting
for removal processes and logistics cost.
2.2. Economic models
Four cost analyses have been used to inform how ﬂoating
offshore wind and wave technologies can be combined from an
economic perspective, through analyses of co-located arrays [37],
hybrid wind-wave platforms [38], and ﬂoating offshore wind
platforms [39e41]. We used these cost models to inform which cost
categories to include, particularly concerning shared costs, lifecycle
costs, and costs speciﬁc to ﬂoating offshore wind platforms and
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wave energy converters. The resulting cost model uses the structure of previous lifecycle cost models, but amends the cost categories to represent those shared costs of a co-located ﬂoating
offshore wind and wave energy array.
The ﬁrst cost model that informed our incorporation of shared
costs for co-located arrays is that by Astariz et al. [37]. They
calculate levelized cost of a co-located array at the Alpha Ventus
wind farm and a theoretical, peripherally distributed WaveCat [42]
array with a 20-year lifespan. A discounting method was used to
calculate LCOE, which was a function of layout (number of devices,
conﬁguration, orientation, and space between devices), and varied
given an applied learning rate (a decrease in cost given increased
global installed capacity) of 0.85%, 0.87%, and 0.90%. This study
showed that the LCOE of co-located arrays is strongly inﬂuenced by
learning rate and WEC array layout. Costs included preliminary
costs, capital costs, O&M costs, and decommissioning costs. Engineering tasks and licenses comprised preliminary costs and capital
costs included those incurred by the WEC system, as well as the
electrical system. WEC system costs were broken down by
component; WEC materials based on a 1.2 MW WaveCat [42], the
power-takeoff (PTO) system, mooring, and installation. The electrical system included the medium voltage inter-array cable, the
high voltage export cable, and the offshore substation. Both
scheduled and unscheduled maintenance was accounted for in
O&M costs, as well as insurance and ’other costs’, which include
leasing, administration, and miscellaneous fees. Decommissioning
costs were assumed to be 0.75% of the initial costs.
Astariz et al. [37] use cost sharing opportunities throughout the
cost model, particularly in O&M costs. In preliminary costs, the
authors assumed a site characterization and licensing cost based on
existing WEC cost literature, and assumed all site characterization
and permitting from the offshore wind farm had already been
completed. In addition, the authors assumed common design elements, such as the offshore station and the export cable could be
the same for both Alpha Ventus and the WEC array. These cost
sharing opportunities resulted in 12e14% reductions in capital
costs. O&M costs were reduced by 12% from sharing of personnel,
repair vessels, and access. Cost sharing associated with installation
and decommissioning resources and services was not included
because the Alpha Ventus was assumed to already exist, with later
installation of WECs. If the WECs and wind turbines in a co-located
array were to be installed at the same time and have the same
lifespan, they would also share these costs. Enhanced power production was also calculated, resulting in a LCOE of 288e302
V/MWh, a 55% reduction compared to a wave-only array, and a
200% increase compared to a wind-only array.
Although Astariz et al. [37] use a bulk learning rate and have
proven its impact on LCOE, we do not incorporate learning rate into
the present cost model. Learning curves require assumptions to be
made about starting costs, learning rates, and capacity at which
sustained cost reductions occur, and are also sensitive to small
variations in these values [43]. While some factors inﬂuencing
learning curves can be calculated for co-located systems (such as
inﬂuence of economies of scale effects), others have associated
uncertainty that has not yet been quantiﬁed (such as those effects
associated with co-design of these systems). As co-located arrays
become more studied, exploring the relationship between learning
curves and co-location will become an area of necessary work.
A cost model methodology was also developed by Castro-Santos
et al. for a hybrid wind-wave platform, rather than a co-located
wind-wave array [38]. Using a life cycle cost approach, they
include seven cost categories: concept deﬁnition, design, development, manufacturing, installation, O&M, and decommissioning.
Concept deﬁnition includes the costs of feasibility studies, taxes
and other legislative costs, and environmental measurements to be
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used in farm design. Design, development, manufacturing, and
installation costs are noted for each device subsystem: the device,
the ﬂoating platform, moorings, anchors, and electrical system.
O&M costs include insurance, business, administrative, and legal
fees, as well as preventative and corrective maintenance. These
maintenance types include costs associated with the transport,
material, and labor costs of each subsystem. Lastly, decommissioning costs included vessel and personnel costs for removal
and cleaning of the energy site, and included costs for dumping
components and negative costs (income) for scrapping components when appropriate, as indicated in their analysis per
subsystem.
Two papers, ﬁrst by Castro-Santos and Diaz-Casas and later by
Myhr et al., use a similar life cycle cost approach to calculate costs
for ﬂoating offshore wind platforms [40,41] resulting in similar cost
categories to that used in Castro-Santos et al.’s cost analysis of a
hybrid wind-wave platform. The costs that are speciﬁc to ﬂoating
offshore wind technology have been used to develop the cost
model in this study. Moreover, the structure of the cost model is
relevant and is adapted for this paper.
3. Cost model development
The methodology proposed relies on generic WEC structure
breakdown and project phases to deﬁne cost components [16]. This
methodology uses a life cycle cost approach and covers the full
device life cycle costs of co-located ﬂoating wind-wave arrays
[38,40,41]. We use cost of energy (LCOE) in this study as it is a
prevalent measure by which many renewable energy technologies
are compared [44,45]. Here, LCOE is measured in $USD/MWh in real
terms, and is representative of the break-even cost of electricity (no
revenue to the utility). Although the presented cost methodology
can be applied to any location, the LCOE measure is contextspeciﬁc, as reﬂected in the case study shown in this paper.
The LCOE is equal to the costs ðCt Þ incurred throughout the
lifespan ðtÞ of the co-located array, divided by the power produced
ðOt Þ in that lifespan ðnÞ.
n
P

LCOE ¼

PVðCostsÞ
¼ t¼0
n
P
PVðOutputÞ
t¼0

.
Ct ð1 þ rdiscount Þt
.
Ot ð1 þ rdiscount Þt

(1)

PV is present value, obtained by a discounting method with a
given discount rate ðrdiscount Þ. The discount rate incorporates
inﬂation from a Nominal Discount Rate to convert it to a Real Discount Rate (meaning all costs are constant $USD) [44]:

rdiscount ¼

rborrowing þ rinflation
1  rinflation

(2)

Here, rborrowing is the borrowing rate for a loan and rinflation is the
inﬂation rate. In previous literature, a 12% discount rate was used
[46], while others calculated discount rate given a 10% borrowing
rate [40,44], 5% [44], or 2.5% [40] inﬂation rate. In this study, we will
use a 10% borrowing rate and a 2% inﬂation rate.
The costs incurred over the lifecycle of the co-located array
include the cost of pre-installation ðCPreinstallation Þ, implementation
ðCImplementation Þ,
OPEX
ðCOPEX Þ,
and
decommissioningðCDecommissioning Þ phases of the project:

Ct ¼ CPreinstallation þ CImplementation þ COPEX þ CDecommissioning
(3)
These costs, along with the methodology for determining power
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produced by the co-located array, will be further described in the
following sections.
3.1. Pre-installation
Pre-installation costs include costs associated with feasibility
studies; site selection, characterization, and monitoring; permitting; stakeholder engagement; and array design.

CPreinstallation ¼ CFeasibility þ CSite þ CPermit þ CEngagement þ CDesign
(4)
Information about pre-installation costs is context-speciﬁc and
is one of the costs to which the overall project cost is most sensitive
[44]. Most economic analyses either do not include pre-installation
costs [47e51], or include a conservative estimate for other costs
with capital expenditure (CAPEX), but do not fully describe how
these other costs are being calculated. For instance, pre-installation
costs have been estimated to be 12% of CAPEX [44,50] or
2.45e2.65 mV total [37]. Pre-installation costs were subcategorized for a hybrid platform and were estimated at 100,000
V for market studies, 144,262 V for legislative costs, and 3e5 mV
for farm design, dependent on the size of the farm [38]. A current
construction project, Paciﬁc Marine Energy Center's South Energy
Test Site (PMEC SETS) is investing $5 million in design and
permitting in the second phase of the project, which does not
include money spent on pre-installation costs during the ﬁrst phase
of the project [52]. This cost is inﬂated due to the mission of the
research facility (non-regulatory research is being conducted,
which incurs higher prices), but the project is also smaller than
most commercial installations. Costs due to viewshed alteration
were found to be, on average, 3% of the project cost [38]. During
early phases of development in the US, these pre-installation costs
are signiﬁcant to total project cost, but will most likely be highly
inﬂuenced by learning rates and public perception. Table 1 highlights preliminary cost categories and values used in the literature.
In this study, we use pre-installation costs based on a 500 MW
ﬂoating wind site [40]. Although we recognize that the rated capacity of the co-located ﬂoating wind-wave array is lower than
500 MW, most of the costs included are not dependent on site capacity. We did not include permitting, public engagement, and
viewshed cost explicitly, due to lack of data, and site-speciﬁc variation. For example, more stakeholder engagement funds might be

required in a community unfamiliar with offshore renewable energy. Likewise, permitting can pose a barrier to implementation in
some communities, but the permits required and their costs are
uncertain for newer technologies in this industry.
3.2. Implementation
The cost of implementation includes the cost of designing,
building, transporting, storing, installing, and commissioning all
subsystems of the site. For our purposes, this will include WEC and
wind turbine structures, mooring, anchors, and a shared electrical
system.

CImplementation ¼ CDesign þ CBuild þ CTransport þ CStorage þ CInstall
þ CCommissioning
(5)
Design, build, and transport costs are considered here to be
separate for WECs and turbines, although realistically, there could
be coordinated efforts that share costs. Therefore, the cost of
designing, building, and transporting the co-located devices is the
sum of these costs for WECs and turbines.

CDesign ¼ CDesignWEC þ CDesignTurbine

(6)

CBuild ¼ CBuildWEC þ CBuildTurbine

(7)

CTransport ¼ CTransportWEC þ CTransportTurbine

(8)

Shared cost opportunities are considered for storage costs,
installation costs, and commissioning costs.
The costs per subsystem and cost component that are used in

Table 2
Capital costs.
Reference

Description

Cost

[37]

Device
PTO
Mooring
Installation
Inter-array cable
Offshore station
Export Cable
Design/Development
Manufacturing
Device
Platform
Mooring
Anchors
Electrical System
Installation
Device
Platform
Mooring/Anchors
Electrical System
Start-Up
Design
PTO
Mooring
500 MW CAPEX
Device
Mooring
Anchors
Facilities
Electrical System
Construction Financing
Construction Management
Commissioning

9.18 mV/WEC
6 mV/WEC
10,370 V/WEC
0.3 mV/WEC
380 V/m
2.95 mV/WEC
750 V/m
245,371 V

[38]
Table 1
Pre-installation costs.
Ref.

Description

Cost

[37]

”Engineering tasks and licenses”
in a co-located wind-wave array
Feasibility study
Legislative factors
Design for a hybrid wind-wave
platform
Feasibility study, legislative
factors, and farm design for a
ﬂoating wind turbine
Environmental, met station, and
sea bed surveys, front-end
engineering and design, project
management and development
services of 500 MW ﬂoating wind
turbine
Viewshed costs
Siting and Permits
GHG Investigation

570,000 V

[38]

[41]

[40]

[53]
[54]

a

100,000 V
474,951 V
5,141,382 V
6.79 mV
[41]
104,106 kV
±10%

3%
2% of IC
0.5% of IC

a
In this paper, costs in Ref. [38] refer to the costs of the 105.40 MW Poseidon
array in the Aguaç adoura case study.

[40]
[56]

94,078,680 V
64,728,921 V
6,137,841 V
6,728,996 V
10,582,566 V
94,078,680 V
510,000 V
59,165,502 V
708,708 V
12,986,037 V
600,000 V
0.24 mV
215.38 mV
18.73 V
4.6 mV
$112,312,800
$21,104,460
$44,064,000
$12,000,000
$4,350,000
$9,691,340
$16,940,702
$17,647,000
(5% of cost)
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literature are listed in Table 2.
For offshore wind in the US, capital costs vary based on depth of
installation and discount rate. At 3% discount, capital cost is given as
71.80 to 81.77 $USD/MWh. At 5%, it is between 106.04 and 120.76,
and for 7%, it is 135.72 and 154.47 $USD/MWh [55]. Installation
costs for a commercial Pelamis P1 wave power plant in California
are estimated at $2.79 million, composed of cost components
summarized in Table 2 [56]. In a co-located ﬁxed-bottom windwave array, the capital costs included ”all costs incurred by” the
WEC device, PTO, mooring, installation, and electrical system
(further described in 2), and was estimated as 513e607 mV [37].
In this study, we estimated each subsystem's design to be
0.24 mV converted to $USD, based on [41]. The value for CBuildWEC
includes the cost components for the device, mooring, and PTO on a
per WEC (iWEC ) basis [37].

CBuildWEC ¼ 1; 519; 037iWEC

(9)

The value for CBuildTurbine is based on the rated capacity of the
turbines (PRatedTurbine ) (MW) [39], and is derived from the cost of the
turbine and the ﬂoating platform material cost.

CBuildTurbine ¼ PRatedTurbine 1; 480; 000

(10)

This cost to build the turbine does not include mooring for the
turbine. Anchoring and mooring is calculated by summing the cost
of the anchoring and mooring components, the length of the
anchoring and mooring lines (h) (m), and the number of turbines
(iTurbine ).

CMooringTurbine ¼ ð39772 þ 520820 þ ð1096hÞÞiTurbine

(11)
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The cost of turbine O&M is dependent on the rated power of the
turbines (MW) [57], and the cost of WEC O&M is based on the rated
power of WECs (MW) [37].

CO&MTurbine ¼ PRatedTurbine 133; 000t

(18)

CO&MWEC ¼ PRatedWEC 228; 564t

(19)

Operations costs from existing literature are included in Table 3.
Although insurance costs vary by development phase, the costs
of insurance have been summed over all development stages and
included in this operational phase for simplicity. Insurance cost is
calculated by an insurance rate (rInsurance ) applied to the project
cost.


CInsurance ¼ rInsurance CPreinstallation þ CImplementation þ COperation

þ CDecommission
(20)
Table 4 cites insurance costs used in previous literature. In this
study, we use an insurance rate of 2% of O&M costs [54].
Administration costs are calculated by multiplying the yearly
support service, business, and legal fees by the lifespan (t) of the colocated array.



CAdministration ¼ t CSupportServices þ CBusiness þ CLegal

(21)

Administrative cost values used in existing literature are
described in Table 3. In this study, we used $3 million in administrative fees [40].

The substation cost equation is dependent on rated power (MW)
and assumes the substation is onshore [39].
3.4. Decommissioning

CSubstation ¼ 20; 000PRated þ 2; 000; 000

(12)

Cabling cost is the sum of the inter-array and export cables, and
is based on the length of the inter-array (lInterarray ) (m) and export
cables (lExport ) (m) [39].

CCableInterarray ¼ 307lInterarray

(13)

CCableExport ¼ 492lExport

(14)

Decommissioning costs include the cost of removal of the devices, mooring, anchors, and the electrical system on the energy

Table 3
O&M costs.
Reference

Description

[37]

Wind (Alpha Ventus)
Maintenance
Administration and misc.
Insurance
Rent
Electricity
Wave only (30 WECs)
Maintenance
Other
Insurance
Rent
Co-located
Insurance
Business, administration
O&M
Maintenance
Insurance
Insurance, business, Anchors
administration, and O&M costs
for a 5 MW Windﬂoat site
Maintenance
Insurance
Insurance, business,
administration, and O&M costs
for 5 MW Windﬂoat site
Maintenance
10-year Reﬁt
Insurance (2% IC)

Cost of installation [39] is determined on a per device basis:

CInstallation ¼ 977620ðiTurbine þ iWEC Þ

(15)

3.3. Operation
Operational costs include O&M, but also insurance costs, and
costs associated with ongoing business, administration, and legal
services and resources.

COperation ¼ CO&M þ tCInsurance þ tCAdministration

(16)

Administrative costs are calculated by multiplying the sum of
yearly administration, business, and legal fees (CAdministration ) by the
lifespan (t) of the co-located array. O&M costs are calculated by
multiplying the sum of the yearly cost of maintenance by the lifetime of the farm. A factor of 0.82 was applied to account for the 12%
reduction in O&M costs [37].



CO&M ¼ 0:82t CO&MTurbine þ CO&MWEC

[38]

[40]
[41]

[56]

(17)

Cost
8.8
5.5
3.3
3.3
1.1

V/MWh
V/MWh
V/MWh
V/MWh
V/MWh

3,150,900 V/yr
133,200 V/yr
4,020,843 V/yr
243,945 V/yr
12%*O&M
8,622,250 V
3,000,000 V
302,730,039 V
64,728,921 V
6,137,841 V
6,728,996 V
10,582,566 V
4.766 mV/yr
17,500 V/MW
107.93 mV

$6,618,177/yr
$23,534,601
$4,295,752/yr

890

C.E. Clark et al. / Renewable Energy 132 (2019) 885e897

produce power, the efﬁciency of the device (hefficiencyWEC ), the
number of WECs in the space (nWEC ), and the power produced by
each device (OtDevice;WEC ):

Table 4
Insurance rates.
Reference

Description

Cost

[37]
[38]
[40]
[41]
[37]
[56]

Carbon Trust
Carbon Trust/EWEA
EPRI
IWEA
Astariz (average of those above)
EPRI Oregon (about $4,296,000,
and is for mature offshore tech)

2%
13e14% OPEX
37 V/MWh
15,000 V/MW
3.3 V/MWh
2% Total O&M Cost

site after the project lifespan of 20 years. Each of these subsystems
includes dismantling, transport, and processing between the site
and the port. After processing, the site is cleaned, followed by
removal from the port of materials to be dumped or sold as scrap.

CDecommissioning ¼ CDismantling þ CTransport þ CProcessing þ CCleaning
þ CRemoval
(22)
Decommissioning costs in existing literature are in Table 5. For
this study, we based decommissioning costs on percentage of total
project costs. This cost category was the most variant of the cost
categories. Thus, to account for this uncertainty and variation, we
use a range of values (from CDecommissioninglow to CDecommissioninghigh ) of

OtWEC ¼ havailabilityWEC hefficiencyWEC nWEC OtDevice;WEC t

(26)

The wave energy produced by a single WEC (OtDevice;WEC ) can be
calculated either by use of the WECs empirically determined power
matrix and the local sea state matrix, or by the calculation of raw
wave energy available based on wave period (Te ) and signiﬁcant
wave height (Hm0 ). In this study, we use the latter method, paired
with a wave modeling software that provides local environmental
context to the input variables wave height and period.

OtDevice;WEC ¼

rwater g2
Te H2m0
64p

(27)

The density of seawater (rwater ) is in kg=m3 , g represents the
gravitational acceleration in m=s2 , Te is measured in s, and Hm0 is
measured in m. Using SWAN, this study is able to account for local
environmental factors when determining wave height, wave
period, and power. WECs, as described in the case study, are represented using empirically-determined transmission and reﬂection
coefﬁcients published in previous research [42] to calculate energy
produced.

the co-located array [38,40].

CDecommissioninglow ¼ 0:000017Ct

(23)

CDecommissioninghigh ¼ 0:03Ct

(24)

3.5. Power production
The energy produced by the co-located array is dependent on
the devices chosen for the site, their layout (which determines their
interactive effects on power production), and site-speciﬁc resource
availability. The energy production of the co-located array (in
MWh/year) is the sum of the wave energy produced by the WECs
(OtWEC ) and the wind energy produced by the ﬂoating offshore wind
turbines (OtTurbine ), and is dependent on the efﬁciency of transmission equipment (htransmission ).



Ot ¼ htransmission OtWEC þ OtTurbine

(25)

3.5.1. Wave power production
The wave energy produced by the WECs is dependent on the
number of hours a year (t) the WEC is available (havailabilityWEC ) to
Table 5
Decommissioning costs.
Reference

Description

Cost

[37]
[38]

0.75% IC
Device
Platform
Mooring, Anchors
Electrical System
Cleaning
Processing (dump/scrap)
Dismantling and eliminating of
material, cleaning of site
Removal, transport, and recycle

4,080,690 V
59,092,054 V
255,000 V
496,096 V
2,747,353 V
1,730,914 V
42,426,742 V
3% of total
costs
0.0017% of IC

[40]
[41]

3.5.2. Wind power production
The wind energy of the co-located array is dependent on the
availability of the wind turbines (havailabilityTurbine ), the efﬁciency of
the wind turbines, the energy produced in a year (t), the number of
turbines (nTurbine ), and the energy produced by each turbine
(Ot Device; Turbine):

OtTurbine ¼ havailabilityTurbine hefficiencyWEC nTurbine Ot Device; Turbinet
(28)
The power produced by each turbine is calculated using a
model-speciﬁc power curve, a generic power production equation,
and a model that accounts for wake effects. The power produced by
each turbine over a given range of wind speeds is represented by
the turbine's power curve. This power curve is empirically derived,
thus each model and size of turbine has its own power curve. As an
example, the power curve for the turbine we use in this case study
is shown in Fig. 1.
Each turbine model has a cut-in wind speed, rated wind speed,
and cut-out wind speed. At wind speeds below the cut-in wind
speed (in Fig. 1, this is about 4 m=s), the turbine does not produce
power. At wind speeds between the cut-in wind speed and rated
wind speed (in Fig. 1, this is about 15 m=s), power prediction is
calculated using Eq. (29).

1
OtTurbine ¼ rair AU 3 Cp
2

(29)

where rair is the air density in kg=m3 , A is the swept area of the
turbine blades (m2 ), U is the wind speed in m=s, and Cp is the power
coefﬁcient. In this study, we use 0.34 for the power coefﬁcient.
Wind energy produced is only calculated for wind speeds above the
turbine's rated cut-in wind speed.
We account for wake effects through a three-dimensional
extrapolation of the Park Wake Model, where the wind speed
downstream of the wind turbine is calculated by Eq. (30) [59].
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Fig. 1. Power curve for V80-2.0 MW turbine [58].


U ¼ U0

2
2
1  rr =rr þ ay
3

(30)

where (U0 ) is the ambient wind speed in m=s, (rr ) is the rotor radius
of the upstream turbine, and (ay ) describes the air entrainment and
is represented by the following equation:

a ¼ 0:5



z
ln
z0

(31)

where (z) is the hub height and (z0 ) is the surface roughness.
4. Assumptions and uncertainties
Assumptions we made to develop this cost model and the uncertainty that accompanies it can be sectioned into those pertaining
to 1) cost categories and 2) cost values. An assumption about a cost
category might include, for instance, assuming we should include
insurance costs in the model. By the same example, the assumption
about the cost value would then be that insurance costs total $100.

of values per cost category, which are summarized in tables in
previous sections. When discerning between multiple values of a
cost value, we determined which to use by comparing which was
most applicable to the scale of the proposed array, the proposed
location, and the purpose of this cost model. For instance, if there
was a discrepancy in transmission cable costs, we chose the cost
that most closely aligned with our application (a commercial-scale
array with over 100 devices). Because we relied on previous literature to obtain cost values, there is uncertainty in our cost model
relating to how those values were originally derived, and their
relevancy for our model. Where possible, we investigated how each
value was derived, and judged whether it would be appropriate to
use for our model. Values with an explanation for how they were
derived were used over values with no explanation.
5. Case study
In this case study we exemplify the use of our cost model by
calculating the levelized cost of energy for a co-located ﬂoating
wind-wave array.
5.1. Study area

4.1. Cost categories
Pertaining to cost categories, we included lifecycle cost categories, which comprehensively cover those costs from project
deﬁnition to dismantling as outlined by Castro-Santos [38]. However, we understand that cost categories for a given development
are project-speciﬁc and may vary. For instance, we assume in this
paper that there are design costs for the devices. In reality, there
may be a design cost, or the design costs may have already been
funded through a research or industry grant, so that it is not a part
of the developers project budget. Conversely, it is possible that
there are additional costs associated with a project that we have not
included. We will be able to better account for these cost categories
as we gain commercial experience installing devices in various
contexts around the world. In this study, we describe each cost
category to avoid confusion over what costs we included and why.
4.2. Cost values
We relied on previous literature to provide values for the costs
included in the model. Where they existed, we tried to ﬁnd a range

In this case study, we use an area in the North Sea (Fig. 2), due to
the availability of long-term descriptions of the metocean environment [60]. Site 15 of the European Union's MARINA Project (or
Marine Renewable Integrated Application Platform) [61] is located
in Denmark, North Sea Center (3:43+ E, 55:13+ N). The general
characteristics of Site 15 are summarized in Table 6.
The MARINA Platform Project provides marginal and joint distributions of wind and wave data for the study location. The National and Kapodistrian University of Athens provided the 10 years
(2001e2010) hourly raw data for the 5 selected offshore sites. Both
marginal and joint distributions are obtained by ﬁtting analytic
solutions to raw data and are characterized by 1-h mean wind
speed at 10 m above mean sea level (Uw ), signiﬁcant wave height
(Hs ) and spectral peak period (Tp ) [60].
The joint probability density function (PDF) of Uw , Hs , and Tp is
deﬁned by the marginal PDF of Uw (fU w), a PDF of Hs conditional on
Uw (fH sjUw ) and a PDF of Tp conditional on Hs (fT pjHs ). The parameters and equations that deﬁne these distributions can be found in
the original description of site conditions [60]. The derived representative sea states are described in Table 7. Typical bin sizes for Hs
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Fig. 2. Site location [62].

Table 6
Site characteristics.
Parameter

Value

Water Depth [m]
Distance to shore [km]
50-year Uw at 10 m [m/s]
50-year Hs
Mean value of Tp

29
300
27.2
8.66
6.93

Table 7
Representative long-term environmental conditions.

and Tp are 0.50 m and 2.0 s, respectively. Initial derivation of
representative sea states using smaller bin sizes resulted to 120
environmental conditions, from which a number of conditions have
a very low probabilities (P < 0:001). Assuming insigniﬁcant contributions from low-probability sea states (P < 0:001), and considering
only sea states within the operational conditions (Uw > 4 m/s) the
representative number of sea states was reduced to 29 conditions,
which covers 99.2% of the total sea states occurrence. More details
about the derivation of the sea states can be found in Ref. [33].
5.2. Wave modeling

Sea State

Uw [m/s]

Hs [m]

Tp [s]

Prob. [%]

Occ./year [hrs]

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

2.2
5.0
8.0
11.1
14.3
2.2
5.0
8.0
11.1
14.3
17.4
20.5
8.0
11.1
14.3
17.4
20.5
11.1
14.3
17.4
20.5
23.6
14.3
17.4
20.5
23.6
17.4
20.5
23.6

0.49
0.64
0.73
0.77
0.80
1.15
1.26
1.43
1.56
1.63
1.66
1.69
2.22
2.37
2.51
2.58
2.61
3.21
3.35
3.48
3.55
3.59
4.21
4.35
4.47
4.54
5.22
5.36
5.47

5.93
6.06
6.13
6.17
6.19
6.47
6.55
6.68
6.78
6.83
6.86
6.88
7.28
7.40
7.50
7.56
7.58
8.05
8.16
8.26
8.32
8.35
8.85
8.96
9.06
9.11
9.68
9.80
9.89

4.8
12.3
7.5
2.0
0.3
0.3
5.5
16.3
12.4
3.7
0.6
0.1
1.8
8.9
8.0
2.4
0.3
0.6
3.7
3.3
0.9
0.1
0.2
1.3
1.0
0.2
0.1
0.4
0.2

420.48
1077.48
657.00
175.20
26.28
26.28
481.80
1427.88
1086.24
324.12
52.56
8.76
157.68
779.64
700.80
210.24
26.28
52.56
324.12
289.08
78.84
8.76
17.52
113.88
87.60
17.52
8.76
35.04
17.52

To model wave propagation, we used Simulating Waves Nearshore (SWAN), a wave simulation tool, [63e65]. Using a nested grid
approach, we deﬁned the outer, coarse grid area from 2:45+ to
3:45+ E and 54:50+ to 55:75+ N, with a mesh size or grid resolution
of 200 m by 200 m. We deﬁned the nested grid area from 3:10+ to

Fig. 3. Location of study area and deﬁnition of grid areas (nested grid is shown outlined in black).
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Fig. 4. Co-located array of 26 WECs staggered in two rows, and 80 turbines in an oblique rectangle layout.

3:45+ E and 55:00+ to 55:25+ N with a mesh size of 80 m by 80 m.
These grid areas can be seen in Fig. 3. Bathymetric data used in this
study is from EMODnet's Bathymetric Tool [62]. A JONSWAP spectrum model was used because it is based off of observations of wave
ﬁelds in the North Sea [66]. We represented WECs in SWAN to
calculate power production by a transmission coefﬁcient of 0.80
and a reﬂection coefﬁcient of 0.45 [42].
The ﬂoating offshore wind turbines were represented similarly
to how ﬁxed-bottom wind turbine foundations are represented in
existing literature [21], with a transmission coefﬁcient of 0.0 (all
incident wave energy absorbed). We also assume a 0.0 coefﬁcient
for reﬂection, so that the wave energy calculation is not affected by
reﬂection from the ﬂoating offshore wind turbines. In reality, the
transmission and reﬂection coefﬁcients will depend on the type of
platform and mooring chosen for the ﬂoating offshore wind turbine. Assuming total absorption and no reﬂection does not change
the wave or wind energy converted by the devices, nor does it
change the cost calculation in this study. However, it is worth
noting that currently, there is little research documenting how to
represent ﬂoating offshore wind turbines via these coefﬁcients.
5.3. Array layout
The wind farm consists of 80 turbines laid out in an oblique
rectangle that is 5 km by 3.8 km at depths of 6e14 m. Wind turbines
were placed at a minimum distance of 560 m from each other. The
WECs were placed at minimum distance of 280 m from the wind
turbines, and 198 m (or 2.2D) from each other. We used the
WindFloat 2.0 MW prototype platform, which uses Vestas V80-

Table 8
LCOE input parameters.
Reference

[42]
[40]

[56]

Category

Value

Lifespan
Number of WECs
Number of ﬂoating turbines
Rated Power of WEC
Rated Power of Turbine
Borrowing Rate
Inﬂation Rate
Exchange Rate (V to $USD)
Mean water depth
Length of inter-array cable
Length of export cable
Cost per length inter-array cable
Cost per length export cable

20 years
26
80
1.2 MW
2.0 MW
293.70 V/MWh
293.70 V/MWh
1.09
29 m
22400 m
15000 m
307/m
492/m

2.0 MW turbines. Although the Central North Sea location is in
shallow waters where ﬂoating wind turbines are not necessary, this
study provides a comparison in cost for these two technologies
based on a well-studied environment.
The WEC array modeled in this study was comprised of 26
overtopping WaveCat [42] devices, which are each 90 m in diameter. These WECs were staggered in two rows west of the wind
turbine array, facing the dominant wave direction. Fig. 4 depicts
this layout.
Based on the power production of the co-located array and the
cost methodology described, LCOE was calculated given parameters
listed below in Table 8.
Fig. 5 shows a schematic of how cabling was assumed to be
arranged in the co-located array for calculating cable lengths.
6. Results & discussion
6.1. Power production
Wind power production was calculated for 80 Vestas V-80
2.0 MW turbines using Eq. (29) given the constraints provided by
the power curve in Fig. 1 and the wake effects in Eq. (30), as well as
inputs site resource characteristics (Table 6). The wind turbines
have a rotor diameter of 80 m, and a hub height of 70 m. The capacity factor is 0.4 [67]. The resulting wind power summed over 80
turbines, accounting for the probability of occurrence and annual
hours of occurrence, is 652,453 MWh/year. The efﬁciency calculated for the wind site was approximately 90%, and represents the
ratio of the actual power produced by the wind array over the total
power potential given the wind conditions.
Wave power production was calculated using the characteristic
sea states from Table 6 and SWAN. We then multiplied the converted power output from SWAN by the probability of occurrence,
efﬁciency, and availability. We assumed 90% efﬁciency, and 95%
availability. Availability represents the time a device produces power over a given period of time. The efﬁciency value for the WEC is
adapted from previous literature [37] to be consistent with the
wind array efﬁciency, and the availability value comes directly from
previous literature [37]. Based on this data and SWAN simulations,
the resulting wave power produced over 26 WaveCat devices in the
described conﬁguration was 465,278 MWh/year.
6.2. Levelized cost of energy
Based on the described methods for power and cost calculation,
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Fig. 5. Cable layout for co-located array: inter-array cabling is in thin line, with export cable in thick line (export cable continues to shore).

the LCOE for the co-located ﬂoating wind-wave array was calculated to be $75.02-$78.38/MWh, or 87.26e91.89 V/MWh. A cost
breakdown for the different phases of cost model development is
shown in Fig. 6.
Pre-installation and decommissioning phase costs account for
10% or less of project costs, with decommissioning costs being
negligible in the low-estimate case, which assumes some materials
of the devices can be sold for scrap. This assumption about the endlife phase of the devices is uncertain, and changes in the end-life of
the devices could lead to signiﬁcantly different costs. Even with this
uncertainty and variability in decommissioning costs, the ratio of
the decommissioning costs to the costs of implementation and
operation costs is expected to remain low.
Implementation and operation cost categories are nearly
equivalent and are the majority of the costs. This result stresses the
importance of improving cost synergies in both phases; if costs can
be shared in either the implementation or the O&M of the array, it
could lead to a signiﬁcant reduction in cost of the system. Further,
this result also stresses the importance of accurately estimating
implementation and O&M costs. Our methods for estimating O&M,
as in many previous studies, use ﬁxed values for availability, efﬁciency, and O&M annual costs. In reality, all three of these variables
change in value from year to year, and also across the lifespan of the
array. The effect of these ﬁxed values on the results is that the OPEX
costs and power production each year does not vary as it would in a
real installation. The effect of failures and downtime on O&M costs
and power production, for instance, can not be taken into account
in our cost model, unless the ﬁxed O&M values are replaced by an
output from an O&M simulation-based method. Integration of
simulation-based O&M estimates would allow for the inclusion of
context-dependent variables, such as frequency and severity of a

particular device's failures. Further, the differences in O&M between WECs and ﬂoating offshore wind turbines could be
accounted for in a more comprehensive way. Because of different
technology maturity levels, common failure modes, accessibility,
and required O&M strategies, the frequency, duration, and cost of
optimal O&M strategies may differ for WECs versus ﬂoating
offshore wind turbines. These optimal strategies need to be
compared and optimally combined to maximize power production
and minimize cost. Simulation-based O&M methods would allow
for inclusion of varying O&M requirements and strategies.
When considering how the presented cost model compares
various array developments, Fig. 7 shows that co-located ﬂoating
wind-wave arrays are the least expensive, compared to ﬂoating
wind-only arrays, and wave-only arrays. This is thought to be
mainly due to the increase in power production from co-location
and the consideration of shared costs in the cost model. Therefore, the cost model is sensitive to variables that affect power
production, such as the efﬁciency of the device, the transmission
and absorption coefﬁcients used to represent the WECs in SWAN,
and the wind and wave resources at the array location. LCOE values
shown in Fig. 7 also depend on layout of the array, the number of
devices in the array, and the variability of the energy resource. In
this study, the number of devices and their layout were not optimized, but in a commercial installation, they would be optimized
under development constraints. The inter-annual variability of the
energy source was represented by a joint distribution that was
developed using 10 years of wave and wind data at the speciﬁed
location. Although this is a great representation of environmental
resource patterns at the site, there may be extreme events not
accounted for by the joint distributions. Additionally, this study
does not account for low-probability events (P < 0.001), but we

Fig. 6. Cost breakdown of a ﬂoating wind-wave co-located array.
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Fig. 7. The presented cost model's comparison of array types.

recognize that extreme events could affect O&M costs, as well as
power production.
Compared to ﬂoating offshore wind alone [40], the ﬂoating
wind-wave co-located array case is found to be comparably or less
expensive. While the cost of WEC arrays are more expensive [37],
the relative cost beneﬁt from increased power production and the
decrease of LCOE due to shared costs between the arrays decrease
cost in a co-located array scenario. These ﬁndings indicate that colocation is advantageous for both the wave energy and ﬂoating
offshore wind energy industry, but the wave energy industry experiences greater cost reductions in the co-located scenario.
When we compare the LCOE values from our cost model to those
from previous literature, we see that our cost model produces
lower LCOE values with less variability than results from recent
lifecycle cost approaches for offshore wind and wave energy
[38,40,51], and cost analyses for co-located arrays [37] (Fig. 8). It is
important to consider that devices, location, and costs are not
consistent across these studies, nor are the methods for calculating
power production, cost of the arrays, or the type of cash analysis
(whether the cash analysis is in real or nominal terms). Due to these
differences in methods and contexts, the studies should not be
directly compared. However, understanding how the presented
cost model compares to previous literature can bring attention to
the sensitivities of the model. For instance, our resulting LCOE is
low. This could be due to low cost estimates (like those associated
with uncertain costs like OPEX) or underestimates (like the
mooring cable length, which is dependent on a 29 m depth, rather
than deeper water in which ﬂoating offshore wind turbines would
realistically be installed). This low LCOE could also be due to high
levels of power production. In this study, we assume unidirectional

wind and wave conditions, so that the WECs and ﬂoating offshore
wind turbines are always facing the oncoming wind direction. In
reality, multi-directional wind and wave conditions will reduce the
time that the devices will be facing the incoming wind and wave
direction, and therefore decrease the power produced by those
devices. Further, we use average transmission and reﬂection coefﬁcients based on experiments of a scaled WEC. While these coefﬁcients represent the most accurate information available and are
device-speciﬁc, a more accurate study would vary these coefﬁcients
with wave parameters. An opportunity for future work would be to
empirically deﬁne transmission coefﬁcients over a larger range of
wave conditions for a speciﬁc WEC design, and integrate these
wave-speciﬁc coefﬁcients for each characteristic sea state.
6.3. Limitations & future work
While these results provide increased understanding about how
the cost of a co-located ﬂoating wind-wave array is composed of
different lifecycle costs and how it compares to other types of
offshore renewable energy developments, there is variability and
uncertainty inherent in these calculations.
First, these results are dependent on the speciﬁc devices chosen
for this study, as well as the parameters used to model them. Costs
of ﬂoating offshore wind turbines and (especially) WECs currently
vary widely. The future costs of these devices as they move from
custom-build, small-scale production to commercial-scale production is uncertain. The various costs associated with these devices are expected to decrease over time, as has been seen in the
ﬁxed-bottom offshore wind energy industry. Likewise, ﬂoating
offshore wind turbines are expected to beneﬁt from industry

Fig. 8. Comparison of LCOE values from previous literature.
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experience.
In addition to changes in cost, power production from these
devices will change depending on the models chosen for the cost
analysis and as the industry gains experience over time. For
instance, the wind turbine used in this study is common amongst
installed ﬁxed-bottom offshore wind turbines, but will quickly be
surpassed by larger wind turbines (DTU currently has a 10 MW
reference model turbine, and the largest turbine in production
currently is the General Electric Haliade-X 12 MW turbine). If we
increased the size of the 2 MW turbines used in this study, the LCOE
would decrease due to increased power production. However, the
cost of leased space would either need to increase to accommodate
these larger turbines, or fewer turbines would need to be installed.
Either option to accommodate the size of the turbines would result
in a cost change. These larger turbines might also require larger
installation and operation equipment, which could contribute to
higher costs. Thus, each cost analysis must be considered unique to
the devices used.
How the device design is translated into a model also will
change the resulting LCOE. For instance, the coefﬁcients used to
model the WEC used in this study are based on experimental results of a scaled system. These coefﬁcients have been used in previous literature to model a full-scale system in varying wave
conditions, but in reality, will slightly vary depending on both the
WEC component sizes and the wave conditions. Changes in these
coefﬁcients will lead to changes in the instantaneous power production, and thus, LCOE. Based on how the chosen devices and the
method of modeling them would affect the resulting LCOE, each
cost analysis must be considered unique to the devices used and
how they are being modeled.
Additionally, the power production is calculated via a sitespeciﬁc joint distribution based on 10 years of hindcast data, but
variability or uncertainty associated with these environmental
conditions, or simpliﬁcations made in modeling these conditions,
affect the resulting LCOE. Most interannual or seasonal variability
should be accounted for by this data, given that the joint distributions capture the sea state probabilities across 10 years of
hindcast data. As stated previously, however, low probability events
are not represented in this study.
This study represents critical early research in identifying cost
savings associated with co-located arrays, but future research
should include speciﬁc improvements. For instance, this study does
not consider the impact of co-location on technology-speciﬁc
grants, tariff regimes, or reliability of these systems. Further
research needs to be completed to completely understand the
ramiﬁcations co-location could have for offshore wind energy
developments.

7. Conclusions
This paper presents an analytical cost model for a ﬂoating
offshore wind-wave co-located array. Cost methods are developed
using a lifecycle cost analysis approach, while energy is calculated
using an extended Park Wake Model for wind, and SWAN wave
modeling for wave energy. The LCOE of a ﬂoating wind-wave array
is $75.02-$78.38/MWh, or 87.26e91.89 V/MWh. This cost is less
than ﬂoating offshore wind turbine arrays and less than WEC arrays, implying there is an economical argument for co-location.
This ﬁrst attempt at quantifying the LCOE of ﬂoating wind-wave
co-located arrays presents a methodology that can be used in
computational optimization techniques to further decrease costs in
co-located systems through interactions between devices, as well
as site layout.

Acknowledgements
The authors would like to thank the Avangrid Foundation, a
subsidiary of Iberdrola S.A, who provided funding for this work
through their Graduate Fellowship.
References
[1] Global Wind Energy Council, GWEC Global Wind 2017 ReportdA Snapshot of
Top Wind Markets in 2017: Offshore Wind, Tech. Rep., 2018. URL, http://gwec.
net/wp-content/uploads/2018/04/offshore.pdf.
[2] W. Musial, Deep Water, Floating Wind, and New Opportunities, 2017.
[3] A. Hirtenstein, World's First Floating Wind Farm Begins Operating in Scotland,
oct 2017.
thore
, P. Fuglsang, G.C. Larsen, T. Buhl, T.J. Larsen, H.A. Madsen, Top[4] P.-E. Re
Farm: multi-ﬁdelity optimization of offshore wind farm, ISOPE Int. Soc.
Offshore Polar Eng. 2011 (2007) (2011) 516e524, https://doi.org/10.1002/we.
[5] C.N. Elkinton, J.F. Manwell, J.G. Mcgowan, Algorithms for offshore wind farm
layout optimization, Wind Eng. 32 (1) (2008) 67e84.
[6] F. Liu, Z. Wang, Offshore Wind Farm Layout Optimization Using Adapted
Genetic Algorithm: a Different PerspectivearXiv:arXiv:1403.7178v1.
[7] P. Fuglsang, K. Thomsen, Cost Optimization of Wind Turbines for Large-scale
Off-shore Wind Farms, vol. 1000, 1998.
[8] S. Rodrigues, R. Teixeira Pinto, M. Soleimanzadeh, P.A. Bosman, P. Bauer, Wake
losses optimization of offshore wind farms with moveable ﬂoating wind
turbines, Energy Convers. Manag. 89 (2015) 933e941, https://doi.org/
10.1016/j.enconman.2014.11.005.
URL,
http://www.scopus.com/inward/
record.url?eid¼2-s2.0-84911126740&partnerID¼tZOtx3y1 http://www.sciencedirect.com/science/article/pii/S0196890414009558.
[9] C. Sharp, B. DuPont, A multi-objective real-coded genetic algorithm method
for wave energy converter array optimization, in: Proc. ASME 2016 35th Int.
Conf. Ocean. Offshore Arct. Eng., 2016, pp. 1e10.
[10] L.V. Snyder, M.M. Moarefdoost, Layouts for ocean wave energy farms: models,
properties, and heuristic, in: Proc. 2nd Mar. Energy Technol. Symp., Seattle,
Washington, 2014, pp. 1e8, https://doi.org/10.1016/j.omega.2016.06.004.
rez-Collazo, D. Greaves, G. Iglesias, A review of combined wave and
[11] C. Pe
offshore wind energy, Renew. Sustain. Energy Rev. 42 (2015) 141e153,
https://doi.org/10.1016/j.rser.2014.09.032. URL, http://www.sciencedirect.
com/science/article/pii/S1364032114008053.
[12] I. Martinez Barrios, K. Lynch, J. Murphy, C. L. Pavon, Methodology for assessing
multiple combined wind and ocean energy technologies as part of the EU FP7
MARINA Platform Project, 4th Int. Conf. Ocean Energy.
[13] L. Serri, A. Sempreviva, T. Pontes, J. Murphy, K. Lynch, D. Airoldi, J. Hussey,
C. Rudolph, I. Karagali, Resource Data and GIS Tool for Offshore Renewable
Energy Projects in Europe, Tech. Rep. February, ORECCA, 2012.
[14] M. Casale, L. Serri, N. Stolk, I. Yildiz, Cantu, Synergies, Innovative designs and
concepts for multipurpose use of conversion platforms, Tech. rep (2011).
[15] H. Jeffrey, J. Sedgwick, European Offshore Renewable Energy Roadmap, Tech.
Rep. September, ORECCA, 2011.
[16] A. Pecher, J.P. Kofoed, Handbook of Ocean Wave Energy, 2017, https://doi.org/
10.1007/978-3-319-39889-1.
URL,
http://www.springer.com/us/book/
9783319398884.
[17] A. Copping, S. Geerlofs, The Contribution of Environmental Siting and
Permitting Zequirements to the Cost of Energy for Marine and Hydrokinetic
Devices, Tech. Rep. November, Paciﬁc Northwest National Laboratory, Richland, WA, 2011.
[18] B. S. K. Henkel, F. D. L. Conway, G. W. Boehlert, Environmental and Human
Dimensions of Ocean Renewable Energy Development.
[19] F. Conway, J. Stevenson, D. Hunter, M. Stefanovich, H.H. Campbell, Z. Covell,
Y. Yin, ocean space, ocean place: the human dimensions of wave energy in
Oregon, Oceanography 23 (2) (2008) 82e91. URL, http://www.tos.org/
oceanography/issues/issue_archive/issue_pdfs/23_2/23-2_conway.pdf.
[20] S. Astariz, C. Perez-Collazo, J. Abanades, G. Iglesias, Co-located wind-wave
farm synergies (Operation & Maintenance): a case study, Energy Convers.
Manag. 91 (2015) 63e75, https://doi.org/10.1016/j.enconman.2014.11.060.
URL, http://www.sciencedirect.com/science/article/pii/S0196890414010292.
[21] S. Astariz, G. Iglesias, Enhancing wave energy competitiveness through CoLocated wind and wave energy farms. A review on the Shadow effect, Energies 8 (7) (2015) 7344e7366, https://doi.org/10.3390/en8077344. URL,
http://www.mdpi.com/1996-1073/8/7/7344/.
[22] S. Astariz, G. Iglesias, Output power smoothing and reduced downtime period
by combined wind and wave energy farms, Energy 97 (2016) 69e81, https://
doi.org/10.1016/j.energy.2015.12.108.
[23] S. Astariz, G. Iglesias, Accessibility for operation and maintenance tasks in colocated wind and wave energy farms with non-uniformly distributed arrays,
Energy Convers. Manag. 106 (2015) 1219e1229, https://doi.org/10.1016/
j.enconman.2015.10.060. URL, https://doi.org/10.1016/j.enconman.2015.10.
060.
rez-Collazo, M.M. Jakobsen, H. Buckland, J. Ferna
ndez-chozas, Synergies
[24] C. Pe
for a wave-wind energy concept, in: 6th Annu. INORE Symp., 2012, p. 10.
[25] M. Veigas, G. Iglesias, Wave and offshore wind potential for the island of
Tenerife, Energy Convers. Manag. 76 (2013) 738e745, https://doi.org/

C.E. Clark et al. / Renewable Energy 132 (2019) 885e897

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]
[40]

[41]

[42]

[43]

10.1016/j.enconman.2013.08.020.
URL,
http://linkinghub.elsevier.com/
retrieve/pii/S0196890413004792.
M. Veigas, G. Iglesias, Potentials of a hybrid offshore farm for the island of
Fuerteventura, Energy Convers. Manag. 86 (2014) 300e308, https://doi.org/
10.1016/j.enconman.2014.05.032. URL, https://doi.org/10.1016/j.enconman.
2014.05.032.
M. Veigas, R. Carballo, G. Iglesias, Energy for Sustainable Development Wave
and offshore wind energy on an island, Energy Sustain. Dev. 22 (2014) 57e65,
https://doi.org/10.1016/j.esd.2013.11.004. URL, https://doi.org/10.1016/j.esd.
2013.11.004.
J. Fern
andez Chozas, H. Sorensen, N. Helstrup Jensen, Economic beneﬁt of
combining wave and wind power productions in day-ahead electricity markets, 4th Int. Conf. Ocean Energy.
J. Fern
andez Chozas, M.M. Kramer, H.C. Sørensen, J.P. Kofoed, Combined
production of a full-scale wave converter and a full-scale wind turbine a real
case study, in: 4th Int. Conf. Ocean Energy, 2012, pp. 1e7.
ndez Chozas, J. P. Kofoed, H. Sorensen, Predictability and Variability of
J. Ferna
Wave and Wind Wave and Wind Forecasting and Diversiﬁed Energy Systems
in the Danish North Sea.
L. Wang, S.-R. Jan, C.-N. Li, H.-W. Li, Y.-H. Huang, Y.-T. Chen, Analysis of an
Integrated Offshore Wind Farm and Seashore Wave Farm Fed to a Power Grid
through a Variable Frequency Transformer.
L. Wang, S. Member, S.-R. Jan, C.-N. Li, H.-W. Li, Y.-H. Huang, Y.-T. Chen, S.-W.
Wang, Study of a Hybrid Offshore Wind and Seashore Wave Farm Connected
to a Large Power Grid through a Flywheel Energy Storage System.
E.D. Stoutenburg, N. Jenkins, M.Z. Jacobson, Power output variations of colocated offshore wind turbines and wave energy converters in California,
Renew. Energy 35 (12) (2010) 2781e2791, https://doi.org/10.1016/
j.renene.2010.04.033. URL, http://www.sciencedirect.com/science/article/pii/
S0960148110002004.
H. Lund, Large-scale integration of optimal combinations of PV, wind and
wave power into the electricity supply, Renew. Energy 31 (4) (2006)
503e515,
https://doi.org/10.1016/j.renene.2005.04.008.
URL,
http://
linkinghub.elsevier.com/retrieve/pii/S0960148105000893.
F. Fusco, G. Nolan, J.V. Ringwood, Variability reduction through optimal
combination of wind/wave resources an Irish case study, Energy 35 (1) (2010)
314e325, https://doi.org/10.1016/j.energy.2009.09.023. URL, http://www.
sciencedirect.com/science/article/pii/S0360544209004095.
L. Cradden, H. Mouslim, O. Duperray, D. Ingram, Joint exploitation of wave and
offshore wind power, in: Proc. Nineth Eur. Wave Tidal Energy Conf., 2011,
pp. 1e10 (September).
S. Astariz, C. Perez-Collazo, J. Abanades, G. Iglesias, Co-located wave-wind
farms: economic assessment as a function of layout, Renew. Energy 83
(2015) 837e849, https://doi.org/10.1016/j.renene.2015.05.028. URL, http://
www.sciencedirect.com/science/article/pii/S0960148115004073
http://
linkinghub.elsevier.com/retrieve/pii/S0960148115004073.
L. Castro-Santos, E. Martins, C. Guedes Soares, Cost assessment methodology
for combined wind and wave ﬂoating offshore renewable energy systems,
Renew.
Energy
97
(2016)
866e880,
https://doi.org/10.1016/
j.renene.2016.06.016. URL, https://doi.org/10.1016/j.renene.2016.06.016.
A. Miller, C. Forinash, B. DuPont, An Extended Pattern Search Approach for
Optimizing Floating Offshore Wind, Under Rev. 1e17.
A. Myhr, C. Bjerkseter, A. Ågotnes, T.A. Nygaard, Levelised cost of energy for
offshore ﬂoating wind turbines in a lifecycle perspective, Renew. Energy 66
(2014) 714e728, https://doi.org/10.1016/j.renene.2014.01.017. URL, http://
linkinghub.elsevier.com/retrieve/pii/S0960148114000469.
L. Castro-Santos, V. Diaz-Casas, Life-cycle cost analysis of ﬂoating offshore
wind farms, Renew. Energy 66 (2014) 41e48, https://doi.org/10.1016/
j.renene.2013.12.002. URL, http://www.sciencedirect.com/science/article/pii/
S0960148113006642
http://linkinghub.elsevier.com/retrieve/pii/
S0960148113006642.
H. Fernandez, G. Iglesias, R. Carballo, A. Castro, J. Fraguela, F. Taveira-Pinto,
M. Sanchez, The new wave energy converter WaveCat: concept and laboratory tests, Mar. Struct. 29 (1) (2012) 58e70, https://doi.org/10.1016/j.marstruc.2012.10.002. URL, http://www.sciencedirect.com/science/article/pii/
S0951833912000640.
A. MacGillivray, H. Jeffrey, M. Winskel, I. Bryden, Innovation and cost reduction for marine renewable energy: a learning investment sensitivity analysis,
Technol. Forecast. Soc. Change 87 (2014) 108e124, https://doi.org/10.1016/

897

j.techfore.2013.11.005. URL, https://doi.org/10.1016/j.techfore.2013.11.005.
[44] G.J. Dalton, R. Alcorn, T. Lewis, Case study feasibility analysis of the Pelamis
wave energy convertor in Ireland, Portugal and North America, Renew. Energy
35 (2) (2010) 443e455, https://doi.org/10.1016/j.renene.2009.07.003. URL,
https://doi.org/10.1016/j.renene.2009.07.003.
[45] T. Thorpe, An overview of wave energy technologies: status, performance and
costs (November), Wave Power Mov. Towar. Commer. viability (1999),
https://doi.org/10.1016/j.jacc.2009.12.053. not paginated.
[46] S.I. Ocean, Ocean Energy, Cost of Energy and Cost Reduction Opportunities,
Tech. Rep. May, SI Ocean, 2013.
[47] Carbon Trust, Future Marine Energy, Tech. rep., Carbon Trust, 2006. URL,
http://www.carbontrust.co.uk/Publications/pages/PublicationDetail.aspx?
id¼CTC601.
[48] Oregon Wave Energy Trust, Economic Impact Analysis of Wave Energy : Phase
One, Tech. rep., Oregon Wave Energy Trust, Portland, Oregon, 2009.
[49] J. Klure, K. Dragoon, J. King, G. Reikard, Wave Energy Utility Integration:
Advanced Resource Characterization and Integration Costs and Issues, Tech.
Rep., Oregon Wave Energy Trust, 2013.
[50] M. Previsic, O. Siddiqui, R. Bedard, G. Hagerman, System level design , performance and costs for San Francisco California Pelamis offshore wave power
plant, Power.
[51] D. Dunnett, J.S. Wallace, Electricity generation from wave power in Canada,
Renew. Energy 34 (1) (2009) 179e195, https://doi.org/10.1016/
j.renene.2008.04.034.
[52] S. Quinn, Personal Correspondence, 2017.
[53] A.C. Chiang, G.A. Keoleian, M.R. Moore, J.C. Kelly, Investment cost and view
damage cost of siting an offshore wind farm: a spatial analysis of Lake
Michigan, Renew. Energy 96 (2016) 966e976, https://doi.org/10.1016/
j.renene.2016.04.075. URL, https://doi.org/10.1016/j.renene.2016.04.075.
[54] R. Bedard, G. Hagerman, O. Siddiqui, System Level Design , Performance and
Costs Oregon State Offshore Wave Power Plant, 2004, pp. 1e63.
[55] International Energy Agency, Nuclear Energy Agency, Organisation for Economic Co-operation and Development, Projected Costs of Generating Electricity, Tech. Rep., International Energy Agency Nuclear Energy Agency
Organisation for Economic Co-Operation and Development, Issy-le-Moulineaux, France, 2010.
[56] M. Previsic, R. Bedard, G. Hagerman, E2I EPRI Assessment Offshore Wave
Energy Conversion Devices, E2I EPRI WP 004 US Rev 1, 2004, pp. 1e52.
[57] C. Forinash, B. DuPont, Optimization of ﬂoating offshore wind energy systems
using an extended pattern search method, in: 35th Int. Conf. Ocean Offshore
Arct. Eng., Busan, 2016, pp. 1e11.
[58] Vestas, V80-2.0MW Technical Catalogue, Tech. rep., Vestas, Aarhus, Denmark,
2011.
[59] N. Jensen, A Note on Wind Generator Interaction, Tech. Rep., Riso National
Laboratory, Roskilde, Denmark, 1983.
[60] L. Li, Z. Gao, T. Moan, Joint environmental data at ﬁve European offshore sites
for design of combined wind and wave energy devices, V008T09A006, Ocean
Renew. Energy 8 (7491) (2013), https://doi.org/10.1115/OMAE2013-10156.
URL,
http://www.scopus.com/inward/record.url?eid¼2-s2.084893074848&partnerID¼tZOtx3y1.
[61] M. Sojo Armentia, MARINA PLAT FORM Report Summary, Tech. rep., Sarriguren, Spain, 2014.
[62] European Marine Observation and Data Network, EMODNet Bathymetry,
2017.
[63] R. Carballo, N. Arean, M. Sanchez, V. Ramos, M. Alvarez, A. Castro, G. Iglesias,
Intra-annual Power Performance of WECs : a Decision-aid Tool for Wave Farm
Planning, 2017, pp. 2e8.
[64] J. Abanades, D. Greaves, G. Iglesias, Wave farm impact on beach modal state,
Mar.
Geol.
361
(2015)
126e135,
https://doi.org/10.1016/j.margeo.2015.01.008. URL, https://doi.org/10.1016/j.coastaleng.2014.01.008.
[65] S. Astariz, C. Perez-Collazo, J. Abanades, G. Iglesias, Towards the optimal
design of a co-located wind-wave farm, Energy 84 (2015) 15e24, https://
doi.org/10.1016/j.energy.2015.01.114. URL, http://www.sciencedirect.com/
science/article/pii/S0360544215002509.
[66] Y. Liu, S. Li, Q. Yi, D. Chen, Wind proﬁles and wave spectra for potential wind
farms in South China sea. Part II: wave spectrum model, Energies 10 (1)
(2017) 127, https://doi.org/10.3390/en10010127. URL, http://www.mdpi.
com/1996-1073/10/1/127.
[67] Energy Numbers, Capacity Factors at Danish Offshore Wind Farms, 2017.

