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A B S T R A C T

Floating offshore wind energy is an emerging technology that provides access to new wind generation sites
allowing for a diversified wind supply in future low carbon electricity systems. We use a high spatial and
temporal resolution power system optimisation model to explore the conditions that lead to the deployment of
floating offshore wind and the effect this has on the rest of the electricity system for Great Britain in 2050. We
perform a sensitivity analysis on three dimensions: total share of renewables, floating offshore costs and the
impact of waves on operation. We find that all three impact the deployment of floating offshore wind energy. A
clear competition between floating offshore wind and conventional offshore wind is demonstrated, with less
impact on other renewable sources. It is shown that floating wind is used to provide access to greater spatial
diversification. Further, access to more distant regions also affects the optimal placement of conventional off-
shore wind, as spatial diversification is spread between floating and bottom-mounted sites.

1. Introduction

Greenhouse gas emissions, in particular carbon dioxide, are leading
to global climate change [1], with the majority of global emissions
coming from the energy sector [2]. In the UK, the Climate Change Act
2008 [3] was introduced with the target of reducing emissions by 80%
by 2050 relative to 1990 levels. As with many developed countries, the
UK's electricity production is a major contributor to national emissions,
accounting to approximately 30% in 2014 [4]. The sector is also seen as
“low hanging fruit” for decarbonisation as electricity is a homogenous
good [5] and low carbon electricity options are commercially viable
[5,6]. The UK Department for Business, Energy & Industrial Strategy
(BEIS) expects PV and onshore wind to be the cheapest form of elec-
tricity generation in the UK from 2020 with offshore wind reaching
similarly low costs soon after [7].

Renewable energy currently contributes to 25% of total electricity
generation in the UK [8], with wind and solar energy amounting to 14%
[9]. Due to reductions in costs [9] and the current prohibitive planning
regime for onshore wind [10], offshore wind is likely to feature pro-
minently in the UK's future low carbon electricity system. However,
critics often point to the high integration costs of large scale wind en-
ergy deployment, such as the need for backup generation, enhanced
transmission infrastructure and storage [11]. One option to manage the

variability of wind energy is spatial diversification [12], taking ad-
vantage of the decreasing correlation of wind speed at greater spatial
separation to reduce total variability of supply [12–14]. Floating off-
shore wind represents the next generation of offshore wind, accessing
depths up to 700–1300m, where wind speeds are typically higher [15].
Alongside higher wind speeds, access to sites spread over a larger area
may provide increased potential for spatial diversification. Floating
turbines could lead to lower wind integration costs due to the benefits
of spatial diversification but are currently more expensive than fixed
structures, with the first commercial plants only now coming into op-
eration. Given their potentially important role it is key to understand
which factors make this technology feature in the UK's future low
carbon electricity system.

Several studies [12–14,16–21] have investigated the benefits of
spatial diversification of wind energy but not including floating off-
shore wind energy. Two studies have investigated the total resource of
offshore wind including floating wind turbines and sought out the most
appropriate build sites: [22], used geospatial constraints with a com-
ponent based cost model to produce maps of LCOE for both fixed and
floating wind turbines in the UK Renewable Energy Zone (REZ). [23],
performed a similar analysis of offshore regions, specifically for floating
wind, around the coast of North West Spain. However, these studies do
not take an energy or electricity systems view and so are not suitable to
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give insights into the conditions that would lead to the deployment of
floating wind and the role it could play in a renewable focused elec-
tricity system.

We aim to close this gap in the literature by using a high spatial and
temporal resolution electricity system model to investigate the impact
of system and technology conditions on deployment of floating wind in
the GB electricity system: The total renewable penetration in the system
affects the need for system integration measures such as spatial di-
versification [14]. Cost is a key factor in deployment, as the technology
is less mature than conventional offshore wind. Finally, the production
of floating turbines may be affected by waves, depending on the
foundation design [24]. We categorise these factors as: a) system con-
ditions defined by a renewable energy portfolio standard and b) tech-
nology conditions defined by firstly the cost ratio between conventional
and floating offshore turbines and secondly the sensitivity to waves.
This allows us to analyse the conditions leading to the deployment of
floating turbines and their effect on the rest of a cost-optimal and low-
carbon GB power system in 2050.

Key results of our analysis are i) the cost crossover point at which
floating turbines become part of the optimal system, ii) the generating
technologies and their locations that are replaced by floating turbines,
and iii) any further changes to the system design and operation such as
a need for storage and dispatchable generation.

The article is structure as follows: In the following section we pre-
sent the methodology describing the modelling approach for offshore
wind, the electricity model and its linkage to an energy systems model,
and define the scenarios used in the comparative analysis. In section
three we analyse the results on LCOE supply curves, the impact of the
scenario on installed capacity, the competition between different re-
newables and flexibility measures, and the system benefit of floating
wind installation. Finally, in section four we present our conclusions.

2. Methodology

We use a power system optimisation model with high spatial and
temporal resolution, highRES, to design the least-cost power system
under different system and technology-specific conditions. For system
conditions we vary the renewable portfolio standard (RPS), defined as
the share of annual generation from solar and wind. For technology-
specific conditions we vary the cost ratio of floating to mid depth fixed
foundation wind, as well as the sensitivity to waves. We run 40 sce-
narios to determine which conditions lead to the deployment of floating
offshore wind as illustrated in Fig. 1. This allows us to assess the
competition between floating offshore wind turbines and other sources
of renewable energy.

In the following section we describe the modelling of offshore wind
energy for this study, the highRES model and its linkage to the long-

term energy system model, UK TIMES (UKTM), and elaborate on the
model setup.

2.1. Modelling of offshore wind

2.1.1. Geospatial restrictions
We categorise geospatial restrictions on renewable energy by social,

technical and environmental restrictions (see Table 1 for offshore
wind). Offshore wind restrictions include Marine Conservation Zones,
Marine Protection Areas, shipping lanes, oil and gas infrastructure, as
well as a coastal buffer. Where there is an overlap, we remove existing
wind farms from the restrictions. Further, floating wind is restricted by
distance to shore and water depth. A 200 km distance limit is used, in
line with Dogger bank, a far-offshore wind farm currently in develop-
ment, and a 1000m depth limit is assigned as used in Refs. [15,25–27].

2.1.2. Cost regimes
We take all technology costs from the energy systems model UKTM

[32–34] (UK TIMES model) which is used by the UK government
[35,36]. We introduce further cost detail by splitting the available area
into specific depth regimes while maintaining the UKTM cost source by
calculating scale factors for each region. We analyse cost and depth
data for UK offshore wind farms from the 4C Offshore database [37],
which shows two distinct cost regimes, with the cut-off at 20m visible
in Fig. 2.

We use the cost database to calculate scale factors as opposed to
taking the costs directly. The costs are scaled against a generic turbine
at 15m depth, the current average, calculated by taking a linear re-
gression of the shallow region. Floating wind projects in the database
are found to cost 40% more per MW than those in the mid depth region.
Table 2 shows the depth ranges and costs used in the model for the
three types of offshore wind. Cost values are taken from the 4C Offshore
database [37]. Total available capacity is calculated from the geospatial
analysis. Cost scale factors are assigned relative to UKTM values.

2.1.3. Electrical losses
Electrical losses are calculated based on distance to shore, assuming

that the least-loss connection is used, either HVAC and HVDC based on
the results of a simulation of a 500MW farm [38]. This results in losses
between 0.7 and 2.3%, with HVAC for connections shorter than (and
HVDC longer than) 73 km.

2.1.4. Floating turbines and waves
There are three key types of floating turbine support structure, the

tensioned leg platform (TLP), spar buoy, and semi-submersible. There is
no consensus on the best design, for example the Energy Technologies
Institute (ETI) suggests that the most appropriate design for the UK is
the TLP [39], which is used in the GICON-SDF Pilot project under
construction in Germany. However, two projects under construction off
the Scottish coast use other designs: Hywind uses a spar-buoy support
while Kincardine uses a semi-submersible design [37]. As a result of this
future technology uncertainty we the different types of floating foun-
dation are not separated out in the model setup. Instead, we apply cost
and environmental factors to a generic turbine.

Among the other advantages and disadvantages of the three main
floating foundation designs, each has a different response to wave
conditions, with the TLP and spar buoy more stable than the semi-
submersible [39,40]. Significant wave height, defined as the mean
height of the largest 1/3 of waves, is input to highRES as an environ-
mental parameter to account for the impact of waves on energy pro-
duction. Following [41] we take a 4m significant wave height toler-
ance, and as in Ref. [24] we assume full shutdown when the operational
tolerance is breached. The NOAA WaveWatch III dataset is used with a
3-h 0.5° longitude/latitude resolution [42], so production is stopped for
any given 3-h period with a significant wave height greater than 4m.
This dataset shows that waves are typically more extreme in theFig. 1. Overview of the methodology.
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Atlantic than the North Sea, and larger in winter than summer.

2.2. highRES model and UK TIMES linkage

2.2.1. Overview
The high spatial and temporal resolution electricity system model

(highRES) [43] minimises power system costs to meet hourly demand
subject to a number of technical constraints. It uses a full year of hourly
time steps with weather inputs at a 0.5° resolution (see Fig. 3 left) and
makes capacity and dispatch decisions to satisfy hourly electricity de-
mand in 20 zones connected by a simplified representation of the
transmission grid (see Fig. 3 right). Location, capacity, and dispatch of
renewable and conventional generators, transmission, and storage are
included as decision variables in a cost-optimising deterministic linear
program. The high spatial and temporal resolution make it possible to

account for the variability of wind and solar resources in space and time
and as a result we can model the benefits of spatial diversification.

We use the long time horizon model, UKTM [32–34,44], to set the
electricity system boundaries for 2050. UKTM is a linear, bottom-up,
technology-rich cost optimising model instantiated within the TIMES1

framework. It minimises total energy system costs required to satisfy
the exogenously set energy service demands subject to a number of
additional constraints [45]. A key strength of UKTM is that it represents
the whole UK energy system under a given decarbonisation objective,
which means that trade-offs between mitigation efforts in one sector
versus another can be explored. Here, we study the power system de-
sign for the year 2050 as this is when the UK committed itself through
the Climate Change Act 2008 [3] to reduce its greenhouse gas emissions
by 80% relative to 1990 levels.

Fig. 4 shows how UKTM, meteorological data and GIS modelling
feed into highRES. The key inputs to highRES are the generator, storage
and transmission costs, hourly weather data, demand, and geospatial
constraints such as minimum distance from the shoreline. We use
UKTM to define the boundary of the electricity system (i.e. annual
electricity demand). Where there is overlap, the same technology costs
are used for highRES as in UKTM. The hourly demand profile is cal-
culated by taking the historical demand profile from National Grid and
rescaling it to the annual electricity demand output from UKTM for
2050. The demand profile for 2010 is used and disaggregated to the 20
demand zones defined in National Grid's 2005 GB Seven Year State-
ment, shown in Figs. 2 and 3. Solar and wind generation is input to the
optimisation stage as hourly capacity factors, calculated from weather
data. Solar irradiance data is taken from the Satellite Application Fa-
cility on Climate Monitoring's (CMSAF) Surface Solar Radiation Data
Set - Heliosat (SARAH) [46]. Wind data is taken from the National
Centre for Climate Prediction Climate Forecast System Reanalysis
(NCEP CFSR) dataset [47]. A full explanation of the renewable energy
production methodology is provided in the supplementary information
of [43]. GIS modelling is used to apply spatial constraints on the de-
ployment of renewable capacity under the categories of social, en-
vironmental, and technical restrictions, which reduce the available area
for each renewable energy type in each region.

2.2.2. Key equations in highRES
The most important equations are outlined here, while a full ap-

pendix of the highRES model is available in the supplementary in-
formation of [43].

Demand is met hourly within the 20 zones using variable renew-
ables and conventional generators, storage, and transmission such that

Table 1
Geospatial restrictions applied to offshore wind.

Exclusion Domain Impact Exclusion Description

Environmental Environmental
Conservation

12 nautical mile coastal buffer; Special Protected
Areas with 1 km buffer; OSPAR MPA and MCZ

Increased bird activity near coast. Special Protected Areas are specifically
for birds. Impact of offshore wind farms on the environment still unclear
[28]

Social Tourism and Natural
Beauty

12 nautical mile coastal buffer Visual impact

Shipping (all) More than 7 vessels per week in 2×2km grid
square

Automatic Identification System (AIS) used. Threshold maintains key
requirements of Chamber of Shipping [29,30]

Fishing 6 nautical mile coastal buffer
More than 5 vessels per week in 2×2km grid
square

Inshore fishing industry is most affected by changes to access [29,30]

Military More than 1 vessel per week in 2× 2km grid
square

Captures military use around naval bases [30]

Offshore Infrastructure 2 km buffer operational oil and gas wells and wells
in construction

Similar distance between large infrastructure within an offshore wind farm
[31]

Technical Floating Wind Farms 200 km distance to shore; 1000m depth Similar distance to the furthest offshore wind farm in development in the
UK floating wind restricted to 1000m depth limit as in Refs. [15,25–27]

Fig. 2. Total project costs per MW for existing and planned offshore wind farms
in the UK, with bubble size showing total capacity.

Table 2
Depth ranges, costs and available capacity for the three types of offshore wind.

Depth Project Cost
(£m/MW)

Scale Factor Total Available
Capacity (GW)

'generic' 15m 2.95 1
Shallow 0–20m 2.53 0.86 8.86
Mid 20–70m 3.58 1.21 364
Floating 70–1000m Scenario specific Scenario

specific
1114

1 http://iea-etsap.org/index.php/etsap-tools/model-generators/times.

A. Moore et al. Energy Strategy Reviews 22 (2018) 270–278

272

http://iea-etsap.org/index.php/etsap-tools/model-generators/times


∑ ∑

∑ ∑ ∑

= +

− + +

−

−

′

′

demand generation generation

store store transmission

z h
vre r

vre r z h
non vre

non vre z h

s
in

s
out

z
z z h

,
,

, , , , ,

, ,s z h s z h, , , ,

(1)

where r are the regions within the zone, z are the demand zones, h is the
time period, vre are the variable renewable generators, non-vre are the
conventional generators, s is the storage technology, store_in is the en-
ergy committed to storage, store_out is the energy taken out of storage,
and transmission is the net energy flow from zone z' to z.

The full system is optimised by minimising the objective function,

= + ++ +cost generators transmission storagevarom capex capex varom capex (2)

where transmission, storage, and generators have fixed annualised project
costs per MW capacity including capex and fixed operating costs, and
variable operating costs per MWh generated including fuel costs where
necessary.

A renewable portfolio standard (RPS), defined as the minimum
percentage of demand met by renewable energy, is used to investigate
different shares of renewables. The energy produced by non-renewable
sources is constrained by

Fig. 3. Geographic representation in highRES. Left side: 0.5° longitude and latitude grid squares (regions) for reanalysis weather data input - renewable capacity and
generation is managed at this resolution within the Renewable Energy Zone. Right side: 20 zones and transmission infrastructure according to National Grid zones.

Fig. 4. Description of the highRES modelling methodology.
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where RPS is the renewable portfolio standard in percent.
Further equations provide limits on ramp rates for generators, de-

termine storage losses from cycle efficiency as well as losses over time,
and apply transmission losses.

2.3. Study setup

As outlined earlier, we use UKTM to ground highRES in a 2050
energy system by providing costs and annual electricity demand. A
single UKTM scenario is used throughout, with an 80% greenhouse gas
(GHG) emission reduction target to 1990 levels by 2050, with no
carbon capture and storage (CCS). This is to ensure that the electricity
demand is representative of a significantly decarbonised energy system,
and because of the sizable uncertainty around the large scale deploy-
ment of CCS given the cancellation of the UK government's CCS com-
mercialisation competition in2015.2

We use highRES to decide on the cost optimal installed capacities
and locations of open cycle natural gas, nuclear, solar, onshore wind,
and offshore wind, which is split into three parts: shallow (0–20m), mid
depth (20–70m), and floating (70–1000m) to meet the electricity de-
mand. We fix capacities for Hydro, Biomass, Geothermal power and
Interconnectors to France and Ireland to UKTM capacities (see Table 3).

Storage was modelled in the form of Pumped Hydro and Sodium
Sulfur (NaS) batteries, with pumped hydro capacities restricted to ex-
isting sites in Wales and Scotland, totalling 2.8 GW. Transmission was
implemented as HVAC overhead lines over ground, and HVDC subsea
cables to connect the Shetlands and Western Isles in Scotland to the
mainland.

For this analysis, we run highRES using the year 2002 for wind and
solar generation as it has previously been shown to require above
average flexible generation, so as to test the system in its least renew-
able-friendly weather year [43].

We construct scenarios by varying three parameters, separated into
a system condition and two technology conditions as shown in Table 4.
The system condition is set using a Renewable Portfolio Standard (RPS),
defined in equation (3). Wind and solar are counted towards the RPS,
and not geothermal, hydro, or biomass, so that the RPS represents the
introduction of system integration issues related to weather de-
pendency. RPS is increased from 20 to 90%, which serves to explore a
significant increase in variable renewables from the 2016 wind and
solar contribution of 14% [9].

To compare floating wind with conventional offshore wind, the cost
scenarios are built using a scaling factor. Using the results of an expert
elicitation which anticipates LCOE converging by 2050 [48], and the
4COffshore database which currently shows a 40% higher cost for
floating projects, a range of 40% cost penalty to 20% cost advantage is
used. The most expensive floating wind scenario represents the present-
day ratio, and the cheapest setting represents a scenario where sig-
nificant cost savings are found in floating projects that do not transfer to
conventional offshore wind. The nomenclature used states floating costs
in terms of mid depth wind, for example in the C120 scenarios floating
wind costs 20% more than mid depth offshore wind. Finally, the impact
of waves is set either on, with 4m tolerance, or off.

3. Results and discussion

In the first section we analyse the input data with a focus on cal-
culating levelised costs of electricity (LCOE). In the subsequent sections
we discuss the model results: First, we analyse the impact of the sce-
nario on the installed offshore wind capacity, followed by the impact of

floating turbines on the other renewables and lastly we show the spatial
distribution of floating offshore wind capacities.

3.1. LCOE supply curves

In this section before interpreting the results from the model, we
analyse the input data. The cost-optimiser designs least cost systems
that meet an hourly demand constraint, so the total system cost of each
source is considered. To further understand how this is separated into
direct costs and integration costs (methods to balance the timing and
location of renewables with demand), we first look only at the direct
cost of energy supply ignoring the integration costs, by using LCOE.
LCOE does not consider system effects, so to understand the integration
cost associated with different renewable sources we first compare the
LCOE of each source then show that the optimiser produces a different
generator mix.

To analyse the available generators we use supply curves of the
LCOE for the chosen weather year, shown in Fig. 5. From the geospatial
analysis we find that the total available resource for offshore wind is
8450 TWh/yr, slightly lower than that found in Ref. [22], who found a
total resource of 11,963 TWh/yr. The difference is due to the water
depth and distance to shore constraints applied to floating wind in our
input. The 2050 annual demand from UKTM of 503 TWh can be easily
met; however, the important factors missing from supply curve analysis
are timing and location of production, which are instrumental in
highRES.

Fig. 5 shows that onshore wind and shallow offshore wind are the
cheapest sources initially, with steep supply curves due to the relatively
small resource and the number of regions with low wind capacity fac-
tors on and near to the land. Solar energy is relatively expensive ran-
ging from £78 to £129/MWh. Mid depth and floating offshore wind
represent a huge potential supply. In the most expensive cost setting,
mid depth offshore wind can provide 1700 TWh of annual generation at
lower LCOE than floating turbines.

The abundance of wind resource of each type demonstrates that any
deployment of floating wind rather than mid depth offshore wind in the
sensitivity analysis is due to cost and/or system benefits as opposed to
limited resource.

3.2. Scenario impact on installed offshore wind capacity

In this section we discuss the results of the sensitivity analysis, with
a focus on the capacity of offshore wind of different types. We perform a
sensitivity analysis on two key technical parameters for floating off-
shore wind, the cost and environmental sensitivity (waves). Further, the

Table 3
Capacity parameters provided by UKTM.

Generator Capacity (GW)

Hydro 1.59
Biomass 6.58
Geothermal 0.48
Interconnector EU 5
Interconnector Ireland 0.8
Electricity Demand 503 TWh/yr

Table 4
Scenario setup and naming convention.

Type of Condition Settings Example Names

System condition Renewable Portfolio
Standard (RPS)

20,40,60,80,90% RPS20C80Won

RPS90C140Woff

RPS60C120WoffTechnology
conditions

Floating Wind Cost (C) 80,100,120,140%

Wave Sensitivity (W) ON,OFF

2 http://www.londonstockexchange.com/exchange/news/market-news/
market-news-detail/other/12597443.html.
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electricity system is constrained by renewable portfolio standards in-
creasing from 20 to 90%, while the RPS as defined here by solar and
wind penetration was 14% in 2016 [9].

The general trends can be seen in Fig. 6, where the national capa-
cities, in GW, of floating and mid depth offshore turbines are shown for
each combination of floating cost, wave sensitivity, and renewable
portfolio standard. Here we do not show shallow offshore turbines as

the capacity for shallow depths is 5.5 GW for all scenarios, except those
with C80Woff, across all RPS. This is because there is a sharp change in
annual generation between the best and worst sites, shown by the steep
shallow offshore supply curve in Fig. 5.

Firstly, the introduction of a 4m significant wave height operating
threshold has a direct impact on deployment. The capacity installed for
a given Won scenario is in line with the equivalent Woff scenario with
20% higher cost. This shows that from a system perspective, it is worth
paying 20% more to remove sensitivity to waves.

Cost has a pronounced, consistent impact on deployed capacity. As
previously mentioned, the current cost ratio between mid depth and
floating turbines is approximately 140% [37], which in our study re-
presents the most expensive scenario. Even at very high renewable
portfolio standards floating deployment is restricted by this cost, with
zero deployment for the two RPS90C140 scenarios. Deployment in-
creases with decreasing cost, and does so later for systems with lower
shares of renewables.

Importantly, 5 GW of floating wind is deployed in the RPS90C120Woff

scenario despite there being more than three times the total annual
energy demand available solely from mid depth sites at a cheaper
project LCOE. This would appear to contradict the supply curves shown
in Fig. 5, demonstrating the system benefit afforded by spatial di-
versification, and the use of what at first appears to be more expensive
generation to achieve it.

Increasing the RPS leads to increased capacity of all renewables,
including floating wind. For the lowest cost scenario, floating wind
provides the lowest LCOE available from renewable sources alongside
shallow depths and onshore wind. As the RPS is increased, however,
solar is introduced to the system despite the higher LCOE. Solar gen-
eration has a negative correlation to all forms of wind, whereas wind
sources are positively correlated, with the strongest correlation be-
tween offshore wind regions, shown in Fig. 10. For high renewable
share scenarios, the model deploys solar capacity in regions that give a
more negative correlation of solar and wind generation, demonstrating
the use of technological diversification to smooth output.

3.3. Competition between renewable sources

To investigate the impact of floating turbines on a future electricity
system with high shares of renewables we run a further nine cost set-
tings for floating offshore wind at 5% relative cost increments to con-
ventional offshore wind for the RPS90Woff scenarios.

The impact of floating turbine cost on the renewable, storage, and

Fig. 5. Supply curves for renewable energy produced by taking cumulative annual energy supply ordered by LCOE (not accounting for integration costs). Each cost
bracket for floating wind is shown, not considering wave losses.

Fig. 6. Installed capacity in GW of floating and mid depth offshore wind in a
cost optimal power system with varying floating technology parameters (cost,
C, and wave tolerance, W) and system design (renewable portfolio standard,
RPS). The floating cost is given in percentage terms relative to the mid depth
offshore turbine.
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backup gas capacities is shown in Fig. 7. Here we see that as floating
offshore wind becomes cheaper, the capacity of other generators re-
duces. However, there is clearly a stronger relationship between the
mid depth offshore wind capacity and floating wind than the other
sources. This is because they have similar timing of production. The
nationally-aggregated hourly generation dispatched for each tech-
nology in each scenario, as decided by highRES, is taken and the cor-
relation between technologies shown in Fig. 8, which shows that the
utilised resource from the three offshore regions is more correlated than
with onshore wind and solar. As previously mentioned, capacity in the

shallow region remains consistent due to the significantly lower LCOE
available in some sites, except for the lowest floating cost scenario. For
example, in the RPS90WoffC105 scenario, where the mid and floating
capacities are almost equivalent, mid depth and floating wind genera-
tion have a positive correlation of 0.55, whereas solar and floating wind
have a negative correlation of −0.33.

Despite the similar production profiles, floating wind clearly has a
positive system impact alongside other offshore wind. This is high-
lighted by the fact that the capacities for mid depth and floating wind
cross over at the 104% cost point. Almost as much floating wind as mid

Fig. 7. Installed capacities for 90% renewable portfolio standard and waves turned off at 5% relative cost increments.

Fig. 8. Correlation of Solar (S), Floating wind (WF), Mid depth offshore wind (WM), Shallow offshore wind (WS), and onshore wind (W) in the scenarios with wave
sensitivity turned off. Correlations are calculated from hourly national generation profiles.

A. Moore et al. Energy Strategy Reviews 22 (2018) 270–278

276



depth was installed in RPS90C105Woff, with similar national capacity
factors. This demonstrates that the optimal sites to install in are not just
those with the highest capacity factors, but those which provide a
balance in terms of timing of supply with the other sources of offshore
wind generation.

Shortfalls in supply are met by natural gas and storage. In the RPS90
scenarios, natural gas has a very low capacity factor, ranging between
2.4 and 2.6%. It is used as a backup in situations where storage and
renewables are unable to meet demand. NaS battery storage, however,
has a capacity factor between 8.5 and 11.5%, and is used for daily peak
shifting. Natural gas capacity decreases as floating turbine installations
increase, showing that spatial diversification can be used to reduce
extreme low-generation events.

3.4. Spatial distribution of floating offshore wind

The optimiser makes use of floating wind for further spatial di-
versification. As demonstrated in Fig. 9 and Fig. 10 floating wind pro-
vides access to sites that are further apart than the mid depth regions.
The introduction of floating wind reduces the capacity of mid depth
wind and further causes the mid depth installations to be more con-
centrated, with fewer regions utilised.

4. Conclusions

Here we use a cost optimisation model of the British electricity
system to explore the technology and system conditions that lead to the
deployment of floating offshore wind energy. To investigate the dif-
ferent roles of shallow, mid depth, and floating offshore wind we split
the offshore region into three depth categories. Conducting a geospatial
analysis we find that 8450 TWh/yr is available from offshore wind.

As the share of generation provided by renewables (i.e. the RPS)
increases, the capacity of floating offshore wind increases, along with
other renewable sources. Further, as the cost of floating wind decreases,
its capacity increases. If floating turbines are made more sensitive to
wave conditions, the capacity decreases. The impact of a 4m significant
wave height tolerance is found to be approximately equivalent to a 20%
increase in cost.

We show a clear competition between floating and mid depth
(bottom mounted) offshore wind: As floating wind cost is reduced, and
as a result its capacity increases, the capacity of other renewable
sources decreases, with the most pronounced impact on mid depth
offshore wind. For a system with a 90% share of solar and wind,
floating wind capacity starts to feature in the electricity system when
the cost is up to 35% higher than mid depth wind. The deployed ca-
pacity of floating wind reaches parity with mid depth wind when costs
are just under 5% higher. This cost premium represents the ‘system
benefit’ of floating wind to a 90% renewable share scenario in the form
of enhanced spatial diversification. Access to more geographically dis-
persed sites with a different timing of production allows for a reduction
in installed backup generation capacity. Further, the use of floating
turbines causes a spatial concentration of mid depth offshore wind. This
is because the capacity deployed in these sites is reduced and spatial
diversification is provided by the combination of all offshore wind as
opposed to solely within the mid depth and shallower waters.

Current policy support for offshore wind energy in the UK (i.e. the
contracts for difference system) does not incentivise developers to build
in sites that are beneficial to the system, instead concentrating on total
energy output. Floating wind can complement bottom-mounted off-
shore wind by providing an aggregate increase in spatial diversification.
We suggest that as the share of variable renewable electricity increases,
and as floating wind is deployed in the UK, the policy regime is altered
to incentivise developers to build in system-optimal locations.

Acknowledgements

UK Engineering and Physical Sciences Research Council (EPSRC)

Fig. 9. Location of offshore wind capacity in MW for the RPS90C105Woff scenario, in which total capacities of floating and mid depth wind are close to equal.

Fig. 10. Location of offshore wind capacity in MW for the RPS90C140Woff sce-
nario, in which no floating offshore wind is installed.

A. Moore et al. Energy Strategy Reviews 22 (2018) 270–278

277



under the Whole Systems Energy Modelling Consortium (WholeSEM,
Grant EP/K039326/1).

References

[1] J. Hansen, D. Johnson, S. Lacis, S. Lebedoff, P. Lee, D. Rind, G. Russell, Climate
impact of increasing atmospheric carbon dioxide, Science 213 (1980) 957–966.

[2] J.G.J. Olivier, G. Janssens-Maenhout, M. Muntean, J.A.H.W. Peters, Trends in
Global CO2 Emissions, the Hague, (2016).

[3] UK Parliament, The Climate Change Act 2008, London, (2008).
[4] DECC, UK Greenhouse Gas Emissions, London, 2015, (2014).
[5] A.S. Brouwer, Capturing Low-carbon Power System Dynamics- Interactions be-

tween Intermittent Renewables and Power Plants with CO2 Capture and Storage,
Doctoral Degree Utrecht University, 2015.

[6] S. Pacala, R. Socolow, Stabilization wedges: solving the climate problem for the
next 50 years with current technologies, Science (New York, N.Y.). 305 (2004)
968–972, https://doi.org/10.1126/science.1100103.

[7] BEIS, Electricity generation costs, https://www.gov.uk/government/publications/
beis-electricity-generation-costs-november-2016, (2016).

[8] BEIS, Digest of UK Energy Statistics 2016, Statistical Press Release, 2016.
[9] BEIS, Energy Trends Section 6 - Renewables, (2016).

[10] A. Walker, Will the clampdown on onshore wind cause an “energy crunch” in the
UK? Renew. Energy Focus 17 (2016) 93–94, https://doi.org/10.1016/j.ref.2016.04.
005.

[11] M.Z. Jacobson, Clean grids with current technology, Nat. Clim. Change 1 (2016)
1–2, https://doi.org/10.1017/CBO9781107415324.004.

[12] F.J. Santos-Alamillos, D. Pozo-Vázquez, J.A. Ruiz-Arias, V. Lara-Fanego, J. Tovar-
Pescador, A methodology for evaluating the spatial variability of wind energy re-
sources: Application to assess the potential contribution of wind energy to baseload
power, Renew. Energy 69 (2014) 147–156, https://doi.org/10.1016/j.renene.2014.
03.006.

[13] Y. Degeilh, C. Singh, A quantitative approach to wind farm diversification and re-
liability, Int. J. Electr. Power Energy Syst. 33 (2011) 303–314, https://doi.org/10.
1016/j.ijepes.2010.08.027.

[14] F. Roques, C. Hiroux, M. Saguan, Optimal wind power deployment in Europe-A
portfolio approach, Energy Pol. 38 (2010) 3245–3256, https://doi.org/10.1016/j.
enpol.2009.07.048.

[15] W. Musial, D. Heimiller, P. Beiter, G. Scott, C. Draxl, Offshore Wind Energy
Resource Assessment for the United States, (2016) (2016). doi:NREL/TP-5000-
66599.

[16] N.E. Koltsaklis, A.S. Dagoumas, I.P. Panapakidis, Impact of the penetration of re-
newables on flexibility needs, Energy Pol. 109 (2017) 360–369, https://doi.org/10.
1016/j.enpol.2017.07.026.

[17] Y. Rombauts, E. Delarue, W. D’haeseleer, Optimal portfolio-theory-based allocation
of wind power: taking into account cross-border transmission-capacity constraints,
Renew. Energy 36 (2011) 2374–2387, https://doi.org/10.1016/j.renene.2011.02.
010.

[18] A.D. Mills, R.H. Wiser, Strategies to mitigate declines in the economic value of wind
and solar at high penetration in California, Appl. Energy 147 (2015) 269–278,
https://doi.org/10.1016/j.apenergy.2015.03.014.

[19] C.M. Grams, R. Beerli, S. Pfenninger, I. Staffell, H. Wernli, Balancing Europe's wind-
power output through spatial deployment informed by weather regimes, Nat. Clim.
Change 7 (2017) 557–562, https://doi.org/10.1038/nclimate3338.

[20] F. Fusco, G. Nolan, J.V. Ringwood, Variability reduction through optimal combi-
nation of wind/wave resources – an Irish case study, Energy 35 (2010) 314–325,
https://doi.org/10.1016/j.energy.2009.09.023.

[21] A. Azzellino, V. Ferrante, J.P. Kofoed, C. Lanfredi, D. Vicinanza, Optimal siting of
offshore wind-power combined with wave energy through a marine spatial plan-
ning approach, Int. J. Marine Energy (2013) 3–4, https://doi.org/10.1016/j.ijome.
2013.11.008 e11–e25.

[22] S. Cavazzi, A.G. Dutton, An Offshore Wind Energy Geographic Information System
(OWE-GIS) for assessment of the UK's offshore wind energy potential, Renew.
Energy 87 (2016) 212–228, https://doi.org/10.1016/j.renene.2015.09.021.

[23] L. Castro-Santos, A. Filgueira-Vizoso, L. Carral-Couce, J.Á.F. Formoso, Economic
feasibility of floating offshore wind farms, Energy 112 (2016) 868–882, https://doi.
org/10.1016/j.energy.2016.06.135.

[24] M. Martini, R. Guanche, J.A. Armesto, I.J. Losada, C. Vidal, Met-ocean conditions
influence on floating offshore wind farms power production, Wind Energy 19
(2016) 399–420, https://doi.org/10.1002/we.1840.

[25] L. Castro-Santos, V. Diaz-Casas, Economic influence of location in floating offshore
wind farms, Ocean Eng. 107 (2015) 13–22, https://doi.org/10.1016/j.oceaneng.
2015.07.025.

[26] A. Pacheco, E. Gorbeña, C. Sequeira, S. Jerez, An evaluation of offshore wind power
production by floatable systems: a case study from SW Portugal, Energy 131 (2017)

239–250, https://doi.org/10.1016/j.energy.2017.04.149.
[27] R. James, M. Ros, Floating Offshore Wind: Market and Technology Review-

Technical Report by the Carbon Trust, prepared for the Scottish Government, 2015.
[28] M.C. Ashley, S.C. Mangi, L.D. Rodwell, The potential of offshore windfarms to act as

marine protected areas - a systematic review of current evidence, Mar. Pol. 45
(2014) 301–309, https://doi.org/10.1016/j.marpol.2013.09.002.

[29] DECC, Offshore Energy Strategic Environmental Assessment 2 (OESEA2) Post
Public Consultation Report, (2011).

[30] Marine Management Organisation, Vessel density grid 2014, https://data.gov.uk/
dataset/vessel-density-grid-2014, (2016) , Accessed date: 1 August 2016.

[31] Oil and Gas Authority, Oil and gas: offshore maps and GIS shapefiles, https://www.
gov.uk/guidance/oil-and-gas-offshore-maps-and-gis-shapefiles, (2016) , Accessed
date: 1 August 2017.

[32] H.E. Daly, K. Scott, N. Strachan, J. Barrett, Indirect CO2 emission implications of
energy system pathways: linking IO and TIMES models for the UK, Environ. Sci.
Technol. 49 (2015) 10701–10709, https://doi.org/10.1021/acs.est.5b01020.

[33] B. Fais, I. Keppo, M. Zeyringer, W. Usher, H. Daly, Impact of technology uncertainty
on future low-carbon pathways in the UK, Energy Strategy Rev. 13–14 (2016)
154–168, https://doi.org/10.1016/j.esr.2016.09.005.

[34] M. Zeyringer, B. Fais, I. Keppo, J. Price, The potential of marine energy technologies
in the UK – evaluation from a systems perspective, Renew. Energy (2017), https://
doi.org/10.1016/j.renene.2017.07.092.

[35] Department of Energy and Climate Change, Impact Assessment for the level of the
fifth carbon budge, http://www.legislation.gov.uk/ukia/2016/152/pdfs/ukia_
20160152_en.pdf, (2016).

[36] Committee on Climate Change, The Fifth Carbon Budget: the Next Step towards a
Low-carbon Economy, (2015), p. 130.

[37] 4COffshore, 4COffshore windfarms database, http://www.4coffshore.com/
windfarms/windfarms.aspx?windfarmid=UK36, (2016) , Accessed date: 30 August
2016.

[38] N.B. Negra, J. Todorovic, T. Ackermann, Loss evaluation of HVAC and HVDC
transmission solutions for large offshore wind farms, Elec. Power Syst. Res. 76
(2006) 916–927, https://doi.org/10.1016/j.epsr.2005.11.004.

[39] Energy Technologies Institute, Offshore Wind Floating Wind Technology Key
Headlines, (2015).

[40] J. Jonkman, A Quantitative Comparison of the Responses of Three Floating
Platforms a Quantitative Comparison of the Responses of Three Floating Platforms,
(2009).

[41] R. Zhang, Y. Tang, J. Hu, S. Ruan, C. Chen, Dynamic response in frequency and time
domains of a floating foundation for offshore wind turbines, Ocean Eng. 60 (2013)
115–123, https://doi.org/10.1016/j.oceaneng.2012.12.015.

[42] NOAA NCEP, An Initial Look at the CFSR Reanalysis Winds for Wave Modeling,
Camp Springs, 2011.

[43] [a] M. Zeyringer, J. Price, B. Fais, P.-H. Li, E. Sharp, Designing low-carbon power
systems for Great Britain in 2050 that are robust to the spatiotemporal and inter-
annual variability of weather, Nature Energy (2018), https://doi.org/10.1038/
s41560-018-0128-x;
[b] J. Price, M. Zeyringer, D. Konadu, Z. Sobral Mourão, A. Moore, E. Sharp, Low
carbon electricity systems for Great Britain in 2050: An energy-land-water
perspective, Applied Energy 228 (2018) 928–941, https://doi.org/10.1016/j.
apenergy.2018.06.127.

[44] B. Fais, N. Sabio, N. Strachan, The critical role of the industrial sector in reaching
long-term emission reduction, energy efficiency and renewable targets, Appl.
Energy 162 (2016) 699–712, https://doi.org/10.1016/j.apenergy.2015.10.112.

[45] R. Loulou, M. Labriet, ETSAP-TIAM, The TIMES integrated assessment model Part I:
model structure, Comput. Manag. Sci. 5 (2008) 7–40.

[46] J. Schulz, P. Albert, H.-D. Behr, D. Caprion, H. Deneke, S. Dewitte, B. Dürr, P. Fuchs,
A. Gratzki, P. Hechler, R. Hollmann, S. Johnston, K.-G. Karlsson, T. Manninen,
R. Müller, M. Reuter, A. Riihelä, R. Roebeling, N. Selbach, A. Tetzlaff, W. Thomas,
M. Werscheck, E. Wolters, A. Zelenka, Operational climate monitoring from space :
the EUMETSAT satellite application facility on climate monitoring, CM-SAF 9
(2009) 1687–1709.

[47] S. Saha, S. Moorthi, H.L. Pan, X. Wu, J. Wang, S. Nadiga, P. Tripp, R. Kistler,
J. Woollen, D. Behringer, H. Liu, D. Stokes, R. Grumbine, G. Gayno, J. Wang,
Y.T. Hou, H.Y. Chuang, H.M.H. Juang, J. Sela, M. Iredell, R. Treadon, D. Kleist,
P. Van Delst, D. Keyser, J. Derber, M. Ek, J. Meng, H. Wei, R. Yang, S. Lord, H. Van
Den Dool, A. Kumar, W. Wang, C. Long, M. Chelliah, Y. Xue, B. Huang,
J.K. Schemm, W. Ebisuzaki, R. Lin, P. Xie, M. Chen, S. Zhou, W. Higgins, C.Z. Zou,
Q. Liu, Y. Chen, Y. Han, L. Cucurull, R.W. Reynolds, G. Rutledge, M. Goldberg, The
NCEP climate forecast system reanalysis, Bull. Am. Meteorol. Soc. 91 (2010)
1015–1057, https://doi.org/10.1175/2010BAMS3001.1.

[48] R. Wiser, K. Jenni, J. Seel, E. Baker, M. Hand, E. Lantz, A. Smith, Expert elicitation
survey on future wind energy costs, Nature Energy 1 (2016) 16135, https://doi.
org/10.1038/nenergy.2016.135.

A. Moore et al. Energy Strategy Reviews 22 (2018) 270–278

278

http://refhub.elsevier.com/S2211-467X(18)30092-0/sref1
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref1
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref2
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref2
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref3
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref4
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref5
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref5
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref5
https://doi.org/10.1126/science.1100103
https://www.gov.uk/government/publications/beis-electricity-generation-costs-november-2016
https://www.gov.uk/government/publications/beis-electricity-generation-costs-november-2016
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref8
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref9
https://doi.org/10.1016/j.ref.2016.04.005
https://doi.org/10.1016/j.ref.2016.04.005
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1016/j.renene.2014.03.006
https://doi.org/10.1016/j.renene.2014.03.006
https://doi.org/10.1016/j.ijepes.2010.08.027
https://doi.org/10.1016/j.ijepes.2010.08.027
https://doi.org/10.1016/j.enpol.2009.07.048
https://doi.org/10.1016/j.enpol.2009.07.048
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref15
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref15
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref15
https://doi.org/10.1016/j.enpol.2017.07.026
https://doi.org/10.1016/j.enpol.2017.07.026
https://doi.org/10.1016/j.renene.2011.02.010
https://doi.org/10.1016/j.renene.2011.02.010
https://doi.org/10.1016/j.apenergy.2015.03.014
https://doi.org/10.1038/nclimate3338
https://doi.org/10.1016/j.energy.2009.09.023
https://doi.org/10.1016/j.ijome.2013.11.008
https://doi.org/10.1016/j.ijome.2013.11.008
https://doi.org/10.1016/j.renene.2015.09.021
https://doi.org/10.1016/j.energy.2016.06.135
https://doi.org/10.1016/j.energy.2016.06.135
https://doi.org/10.1002/we.1840
https://doi.org/10.1016/j.oceaneng.2015.07.025
https://doi.org/10.1016/j.oceaneng.2015.07.025
https://doi.org/10.1016/j.energy.2017.04.149
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref27
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref27
https://doi.org/10.1016/j.marpol.2013.09.002
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref29
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref29
https://data.gov.uk/dataset/vessel-density-grid-2014
https://data.gov.uk/dataset/vessel-density-grid-2014
https://www.gov.uk/guidance/oil-and-gas-offshore-maps-and-gis-shapefiles
https://www.gov.uk/guidance/oil-and-gas-offshore-maps-and-gis-shapefiles
https://doi.org/10.1021/acs.est.5b01020
https://doi.org/10.1016/j.esr.2016.09.005
https://doi.org/10.1016/j.renene.2017.07.092
https://doi.org/10.1016/j.renene.2017.07.092
http://www.legislation.gov.uk/ukia/2016/152/pdfs/ukia_20160152_en.pdf
http://www.legislation.gov.uk/ukia/2016/152/pdfs/ukia_20160152_en.pdf
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref36
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref36
http://www.4coffshore.com/windfarms/windfarms.aspx?windfarmid=UK36
http://www.4coffshore.com/windfarms/windfarms.aspx?windfarmid=UK36
https://doi.org/10.1016/j.epsr.2005.11.004
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref39
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref39
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref40
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref40
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref40
https://doi.org/10.1016/j.oceaneng.2012.12.015
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref42
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref42
https://doi.org/10.1038/s41560-018-0128-x
https://doi.org/10.1038/s41560-018-0128-x
https://doi.org/10.1038/s41560-018-0128-x
https://doi.org/10.1038/s41560-018-0128-x
https://doi.org/10.1038/s41560-018-0128-x
https://doi.org/10.1016/j.apenergy.2018.06.127
https://doi.org/10.1016/j.apenergy.2015.10.112
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref45
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref45
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref46
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref46
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref46
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref46
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref46
http://refhub.elsevier.com/S2211-467X(18)30092-0/sref46
https://doi.org/10.1175/2010BAMS3001.1
https://doi.org/10.1038/nenergy.2016.135
https://doi.org/10.1038/nenergy.2016.135

	The role of floating offshore wind in a renewable focused electricity system for Great Britain in 2050
	Introduction
	Methodology
	Modelling of offshore wind
	Geospatial restrictions
	Cost regimes
	Electrical losses
	Floating turbines and waves

	highRES model and UK TIMES linkage
	Overview
	Key equations in highRES

	Study setup

	Results and discussion
	LCOE supply curves
	Scenario impact on installed offshore wind capacity
	Competition between renewable sources
	Spatial distribution of floating offshore wind

	Conclusions
	Acknowledgements
	References




