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Abstract: Most of the UK Continental Shelf (UKCS) oil and gas (OG) installations have traditionally
adopted in situ power generation, which is not only inefficient but also generating about 70% of
the offshore CO2 emissions. The offshore wind and energy storage technologies for deep water are
developing at a fast pace, enabling great opportunities for the OG installations located in the North
Sea. In this paper, a pathway for the UKCS offshore OG installations electrification is introduced. The
aim is to provide different power architectures that facilitate the OG installations’ electrification, while
benefiting from the existing and planned UK offshore wind power. Four hypothetical case studies
(based on real data) were created, along the UKCS, where the corresponding power architectures
were proposed. The selection of each architecture power component (e.g., transformers, converters
and cables), as well as the transmission and distribution technology (e.g., AC or DC), is also provided
and justified. Further, an overview cost estimation is carried out to predict the architecture capital
cost. It is concluded that the four architectures can be mimicked not only along the UKCS but also
worldwide, promoting the UKCS potential for a world-leading offshore energy hub and fostering the
UK offshore wind-energy resources.

Keywords: CapEx; CO2 emissions; HVDC; net-zero; offshore; oil and gas; UKCS; wind energy

1. Introduction

Amongst the United Nations (UN) 17 Sustainable Development Goals (SDGs), set to
be achieved by 2030, Goal 7 and Goal 9 are related to energy sustainability [1]. Goal 7 is to
“Ensure access to affordable, reliable, sustainable and modern energy for all”, and Goal 9 is
to “Build resilient infrastructure, promote inclusive and sustainable industrialization and
foster innovation”. Meanwhile, the UK has set a net-zero carbon emission target by 2050 [2].
The climate change committee concluded in 2019 that an energy transition to net-zero
in the UK by 2050 is affordable and achievable but also challenging [3]. Historically, in
the UK, the major reduction in greenhouse gas (GHG) emissions, which fell by over 43%
since 1990, has been achieved in the electricity generation sector by phasing out coal and
increasing dependency on cleaner energies, such as gas and nuclear. However, the UK
Energy Research Centre (UKERC) has produced a review looking at five key areas, namely
electricity, gas, heat, transport and public engagement. Hence, electricity generation is
playing a major role in decarbonisation by increasing the use of renewable energy resources.
The main source of renewable energy in the UK is wind—particularly offshore. The UK is
now an offshore wind global leader, with an aspiration of reaching 75 GW generation by
2050 [3].

With all this effort toward net-zero, a key challenge is the emissions generated from
the offshore OG installations. In 2018, for example, the OG production generated around
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13.2 million tonnes of CO2 emissions per annum in the UK—with similar figures for
refineries [4]. Around 74% of these emissions are the result of electricity generation, as
installations rely on their own produced gas for fuel in open-cycle turbines. This in situ
electricity generation is significantly more carbon-intensive than electricity supplied from
the onshore transmission networks. During 2019, operators paid up to £25.5/tonne of CO2
released [5]. Higher CO2 prices in future are most likely, which will further incentivise the
decarbonisation of operations.

Many energy users will still need liquid and gaseous fuels for the foreseeable fu-
ture, for both energy and feedstock, including beyond 2050. Therefore, more reliable and
decarbonised OG production options are inevitable. Amongst several pathways for OG
operators to contribute to the net-zero UK emissions target, proposed by Oil and Gas
UK (OGUK), is to develop a world-leading low-carbon offshore industry that only has
0.5 million tonnes of GHG emissions by 2050—to allow for flares. A key contributor to this
target is replacing the in situ power generators with green power sources [6].

There exist some platforms (PFs) that are powered from onshore grids via High
Voltage Direct Current(HVDC) or High Voltage Alternating Current (HVAC) links in the
North Sea, specifically in the Norwegian Continental Shelf (NCS). The main data for some
HVDC-based onshore powered OG Platform (OG-PF) projects are given in Table 1. The
HVAC is preferred over HVDC transmission in some projects, as summarised in Table 2.

Table 1. Some of HVDC technology projects for offshore platforms power from Norwegian shore [7–9].

Project Power
(MW)

HVDC Transmission
Voltage (kV)

Submarine Cable
Length (km) Manufacturer

Troll-A 188 120 70 ABB
Valhall 78 150 292 ABB

Johan Sverdrup 100 160 200 ABB

Table 2. Some of HVAC technology projects for offshore platforms power from Norwegian shore [10–12].

Project Power
(MW)

HVAC Transmission
Voltage (kV)

Submarine Cable
Length (km) Manufacturer

Martin Linge 55 300 161 Siemens
Gjøa 40 90 98.5 ABB

Goliat 75 132 105.5 ABB

Powering the OG PFs from the nearby offshore wind farms has been studied in [13–16].
These are theoretical studies considering several scenarios utilising the existing nearby
offshore wind farms to reduce the CO2 and NOx emissions. Additionally, in Reference [17],
combinations between a small offshore wind farm and solar panels are suggested to power
an OG PF of 10 MW power demand. Apart from the theoretical studies, the Norwegian
government has approved funding of up to US$256 million to support a project that
would develop the world’s first floating offshore wind farm to power offshore oil and
gas installations in the Norwegian Continental Shelf (NCS) [18]. The offshore wind farm
will consist of 11 floating wind turbines with a total capacity of 88 MW, enough to meet
around 35% of the annual electricity needed for the five existing oil and gas platforms at
the Gullfaks and Snorre fields.

This paper aims to provide less-carbon-intensive electrification solutions of the UK
Continental Shelf (UKCS) offshore OG installations by proposing four different power-
grid architectures that can be deployed and mimicked along the UKCS, hence allowing
reduced dependency on gas turbines (GTs). The UKCS comprises those areas of the seabed
and subsoil beyond the territorial sea over which the UK exercises sovereign rights of
exploration and exploitation of natural resources. This includes parts of the North Sea,
the North Atlantic, the Irish Sea and the English Channel. Without loss of generality, this



Energies 2021, 14, 7096 3 of 18

paper will focus on the North Sea part of the UKCS. The four architectures are summarised
as follows:

• Architecture 1: Utilise the installation of a local floating wind-farm feeding a network
of isolated OG PFs.

• Architecture 2: Create a power hub fed from large-scale wind farms; therefore, access
to clean energy is made possible.

• Architecture 3: Create a network of offshore wind power, onshore grid power and OG
PFs. The power direction and amount are fully controlled and flexible.

• Architecture 4: Providing the possibility of connecting remote OG PFs to other nearby
countries’ grids—Norway, for example.

As a result, this paper provides different power architecture alternatives that facilitate
the OG PFs’ electrification, while benefiting from the existing and planned UK offshore
wind power. To demonstrate the proposed architectures, four hypothetical case studies
were created along the UKCS, where the corresponding architecture fits. The selection of
each architecture power component (e.g., transformers, converters, cables, etc.), as well
as the transmission and distribution technology (e.g., AC or DC), is also provided and
justified. Further, an overview Capital Expenditure (CapEx) estimation is carried out. It is
worth mentioning that, although the four case studies are hypothetical, the study is based
on actual up-to-date Geographic Information System (GIS) maps and data for both the
OG installations and the offshore wind licenced areas. Finally, the PFs’ actual names and
operators for each power architecture were anonymised and disguised for non-disclosure
agreement (NDA) confidentiality reasons.

2. Offshore OG-PF Electrical Demand
2.1. Typical Offshore OG-PF Load Types

Offshore electric loads are similar to concentrated industrial onshore loads. However,
the space limitation, cost of maintenance and distance to the utility grid differentiate them
from their onshore counterparts. The offshore loads can be classified based on power
consumption, distance from shore, operational requirements, load cycles and depth of
operation [19]. Generally, offshore OG operations can be classified into two main types:
surface operations and subsea operations. The total OG-PF electrical power demand can
range from 10 MW to several hundreds of MW [20]. A lot of specialised, heavy types of
equipment are used for drilling and oil/gas extraction. This includes equipment such as
a crane and hoisting system, large engines, turntables and pumps. Once the oil/gas is
being produced, power is needed to extract, separate, produce and store the oil/gas. This
includes the use of a large electric motor to drive pumps and compressors. The OG PF
also must provide employees with their energy needs while they are housed on the OG PF.
Large generators need the power to desalinate water, power-washing machines, provide a
heating source for cooking and even process waste [21]. OG PFs resemble mini-cities unto
themselves. Generally, any OG PF’s load profile is fairly constant except for the moments
where a large motor is connected/disconnected [20].

2.2. Estimating the OG PF’s Load Demand

It is quite challenging to identify the actual power demand for each OG PF in the
UKCS, as most of these data need to be provided from the operators themselves and will be
NDA data. However, a simple methodology for estimating the power demand of the OG
PF from its CO2 emission environmental report is adopted. Although it is an estimation
method, the comparison with real data from operators proved its effectiveness, and it
alleviates the need for a prolonged process of obtaining the actual data. The method is
based on breaking down the total platform CO2 emission based on the method provided in
the environmental report by OGUK [4]. These emissions are not only generated from the
on-platform electricity generation but other sources as well. These sources can be varied
from heating, flaring and venting. Nevertheless, still, electric power generation is the
major CO2 emission source. As a result, it can be concluded that the percentage of CO2
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emission due to power generation is 74% of CO2 total emissions (9.7 million tonnes) in
2018, for example. For simplicity, all the offshore OG installations will be assumed to have
GTs. This may slightly affect the estimated power, as oil-based generators have higher
emissions per kWh. For offshore, the GTs emission intensity factor (i.e., the corresponding
CO2 amount per kWh) is 460 g CO2/kWh [22]. Therefore, the total UKCS’s consumed
power in 2018 can be calculated as follows:

Pest =
CO2 emission in tonnes× 0.71

emission f actor× 8760
=

9.7× 106

460× 8760
= 2.4 (1)

where Pest is the estimated average load demand power over one year period. The obtained
number means that the electricity load is only as high as 2.4 GW. However, if the heat-load
requirement is to be obtained from the electric supply, this load demand will be increased.
The Digest of UK Energy Statistics (DUKES) proposed the 1/3:2/3 method to apportion fuel
used to heat and power assumes that twice as many units of fuel are required to generate
each unit of electricity than are required to generate each unit of heat in the GT [23]. As a
result, the estimated total power with heat inclusive is calculated as follows:

Ptot = 1.5× Pest = 3.6 (2)

where Ptot is the total average estimated power demand, including the heat load. Following
the same approach, the targeted OG PF electrical demand can be estimated. The CO2
emission figures are public domain, which can be used to estimate the PF power demand.
This method has only been introduced here as an alternative for power-demand calculations
for the OG PFs when it is difficult to access the real PF data. Nevertheless, the data used in
this paper are real, but we anonymised the corresponding PF name and operator.

3. The UK Offshore Wind

By 2030, offshore wind will provide almost 7% of the EU electricity, and almost 91% of
this contribution will be supplied from the North Sea [24]. Generally, the North Sea wind
resources nearby offshore OG PFs are often excellent due to higher average wind speed and
lower turbulence intensity and wind shear compared to most onshore wind-farm sites [24].
In the UK, the tendency to install and utilise offshore wind energy is in continuous increase
with the aspiration to reach 40 and 75 GW by 2030 and 2050, respectively. For example,
offshore wind-energy production rose from 16.4 to 20.9 TWh (27% increase) between 2016
and 2017 [25]. Moreover, offshore wind is set to power more than 30% of British electricity
by 2030 [26]. The UK, in general, has the highest offshore wind installed capacity of 10 GW
installed capacity cumulative share by EU countries in 2020. Moreover, to harness more
offshore wind energy in deep water (60–900 m water depth), fast development in floating
wind technology is needed. A 30 MW pilot floating offshore wind farm (OWF) project
comprising five of Equinor’s Hywind turbines is fully commissioned in Scotland’s North
Sea. The floating wind project MW sizes are still less than 100 MW, according to Equinor; in
the next phase of technology, maturity levels of 200–500 MW are expected by 2026, and the
GW level is expected to be unlocked by 2030. The current levelised cost of energy (LCOE)
for floating wind projects is £85/MWh and by 2023, with expectations to achieve a 50%
reduction in CapEx and reach LCOE of £36–54/MWh for future floating wind projects [6].
Conversely, fixed bottom technology in shallow water (up to 60 m water depth) is well
established, and its LCOE in 2019 is £39.5/MWh. It is worth mentioning that advancement
in floating wind technology will not only provide green energy to the UK power grid but
also will allow access to deep-water OG resources [27]. For example, the OGUK estimates
the net OG resources in the Shetland area by 25% of the UK reservoir. This area is one of
the best offshore wind locations in the North Sea, but its water is deep; therefore, it can
ultimately benefit from floating wind technology maturity and cost reduction. As a result,
this paper will shed light on the possible offshore power architectures, allowing us to tap
into these energy resources.
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4. The Hypothetical Case Studies

In the previous sections, a summary of the UKCS OG PF’s nature and the offshore
wind-energy resources were introduced. In this section, four case studies corresponding
to the proposed power architectures will be introduced. The main theme of these power
architectures is to provide less carbon emission power solutions with reduced cost and
increased dependence on offshore wind energy. These solutions are viable for both the
brownfields (i.e., OG field that is near the end of service time) and green fields (i.e., OG
field at the start of service time). The four case studies are illustrated in Figure 1 while their
description is given in Table 3.

Figure 1. Four hypothetical case studies: (a) Case-1, (b) Case-2, (c) Case-3 and (d) Case-4.
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Table 3. Hypothetical case studies’ descriptions.

Case-1

• Located at the north of the North Sea, isolated OG PFs’ grid system,
incorporating small local floating wind farm feeding PF1. See Figure 1a.

• Partial dependency on OWFs.
• Open mesh network to increase reliability and decrease the system

complexity.

Case-2

• Located in the West of Shetland and requires a large future power demand.
See Figure 1b.

• PF5 will be a power hub fed from Shetland shore that is fed from three
energy sources: onshore wind, offshore wind and HVDC link with UK grid.

Case-3

• Located at the west of the Central North Sea closer to the UK shores. See
Figure 1c.

• PF9 will be considered as a power hub; a link from onshore is fed to it in
addition to offshore wind farm links.

Case-4

• Located at the east of the Central North Sea closer to the nearby country
shores. See Figure 1d.

• PF13 will be considered as a power hub; an HVDC power link from Norway
is fed to it and then the power is distributed to the nearby platforms and
facilities.

For the sake of illustration, 16 OG PFs distributed along the UKCS are used, as shown
in Figure 1. The related load demand and AC voltage rating for these PFs are summarised
in Table 4 and were used during the power architectures’ designs. The primary focus of
this study is to provide power sources to the UKCS OG PFs. Therefore, distributing the
power inside the platform itself and how the platform will operate this power in terms
of transients, contingencies and energy storage fall beyond the scope of this study. These
kinds of studies require full engagement of the OG-PF operators to provide their detailed
operation and needs. Additionally, incorporating offshore wind as a primary power source
requires energy storage to ride through power fluctuation. The straightforward energy
storage is batteries. However, hydrogen cells and carbon capture and storage can play a
future major role [6]. Additionally, for isolated systems, similar to Case-1, the GTs can help
to overcome these fluctuations. A challenge to that is the GHG emissions, but studies show
that the best solution for incorporating these in situ GTs is to operate them in ON/OFF
mode; therefore, the total emissions will be reduced by 70% compared to their continuous
ON operation without loading [28].

Table 4. Load demand and AC voltage rating for the utilised OG PFs.

OG PF Name
Load

Demand
(MW)

Voltage/Frequency OG PF Name
Load

Demand
(MW)

Voltage/Frequency

PF1 30 11 kV/60 Hz PF9 66 11 kV/60 Hz
PF2 25 11 kV/60 Hz PF10 44 11 kV/60 Hz
PF3 22 6.6 kV/60 Hz PF11 39 11 kV/60 Hz
PF4 6.5 6.6 kV/60 Hz PF12 61 11 kV/60 Hz
PF5 69 13.8 kV/60 Hz PF13 8 11 kV/60 Hz
PF6 53 11 kV/60 Hz PF14 27 11 kV/60 Hz
PF7 53 11 kV/60 Hz PF15 65 11 kV/60 Hz
PF8 64 13.8 kV/60 Hz PF16 77 11 kV/60 Hz
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5. Wind Farms’ Layout and Power Densities

Based on the proposed case studies, apart from Case-4, all the cases rely on wind
energy either partially or totally. Therefore, exploring the relevant power layout for the
corresponding wind farms is important.

5.1. Offshore Wind Farms

On average, the capacity densities for European wind farms in the North Sea range
from 5.0 to 5.4 MW/km2 (London array, for example, is 5.2 MW/km2); this comprises all
the areas required for the farm, including the safety-area operation and turbines layout [29].
It is worth mentioning that, in some cases, the capacity density is much lower; for example,
the Hywind project in Scotland has a capacity density of 2.0 MW/km2. The capacity factor
is assumed to be Cp = 0.45; hence, the available power from the wind farm will be 45% of
the installed capacity. For all the cases under study, the water depth is higher than 60 m;
hence, floating wind turbines are adopted. For sake of illustration, the Wind Turbine (WT)
V164-10.0 MW provided by Mitsubishi Heavy Industries (MHI) Vestas Offshore Wind is
used with a rotor diameter of 164 m [30]. A summary of the case’s specifications is detailed
in Table 5.

Table 5. Specs of the offshore wind farms.

Wind Farm Water Depth Average Wind Speed Area Required Total Power Capacity Number of WTs

OWF1 ≈140 m ≈9–10 m/s ≈20 km2 100 MW 10
OWF2 ≈100 m ≈9–10 m/s ≈388 km2 1000 MW 100
OWF3 60–100 m ≈9–10 m/s ≈105 km2 300 MW 30
OWF4 60–100 m ≈9–10 m/s ≈102 km2 300 MW 30

A common practice in the wind turbine layout is based on a wind farm consisting
of a rectangular grid of turbines, spaced with a distance range between 3 and 13 turbine
diameters in both the crosswind and downwind directions [31]. Normally for large wind
turbines, a turbine spacing of 13 rotor diameters (13D) in the prevailing wind direction
and 10D in the crosswind direction is utilised. The detailed layout configurations for the
OWFs along with the proposed distance from the selected OG PF power hub are shown in
Figures 2–4 for Case-1, Case-2 and Case-3, respectively.

Figure 2. Case-1 OWF layout.
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Figure 3. Case-2 wind farms’ layout and collection grid: (a) OWF WTs’ layout, (b) onshore wind farm WTs’ layout and
(c) power collection layout.

Figure 4. Case-3 OWFs WTs and power collection layout.
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5.2. Onshore Wind Farm

Since the power demand of Case-2 is large, a diversified power source is required to
increase supply security. Most of the power would be supplied from OWF2, and a small
onshore wind farm would be adopted, taking the advantage of Shetland as one of the best
onshore wind locations in Europe [32]. The power density factor in Shetland is assumed
to be 4.5 MW/km2; similarly, the Viking project is around 3.5 MW/km2 [33]. As a result,
the required area for the proposed wind farm is estimated as being ≈110 km2. The main
specifications for the proposed onshore wind farm are summarised in Table 6. The adopted
WT is SG 5.0-145 by Siemens Gamesa, with rotor diameter D = 145 m [34]. The proposed
layout of the onshore wind farm is depicted in Figure 3b.

Table 6. Specs of the onshore wind farm for Case-2.

Wind Speed ≈7–8 m/s
Area Required ≈110 km2

Individual WT Rating 5 MW (SG 5.0-145)
Number of WTs 100

Total Power Capacity 500 MW

6. Proposed Power Architectures for UKCS Offshore OG PFs’ Electrification

In Figure 1, four case studies covering the proposed electrification scenarios for
the UKCS were introduced. The corresponding power architectures for these cases are
illustrated in Figure 5. All the wind farms’ power is lumped into one AC power source at
the rated collection power and voltage for simplicity.

The power architectures require installing new cables and transformers; these are
numbered in each power architecture, as shown in Figure 5. To facilitate these component
selections and to envisage the relevant costs, the following assumptions are made:

• In all the proposed architectures, one of the platforms is selected (based on the avail-
able space on it and the closeness to other platforms) to be a power hub. Hence, hub
and designed architectures are adopted.

• All the power generated from the wind farms is transmitted to the prospective power
hub in AC. The power distribution from the main power hub to the nearby OG PFs
is AC; therefore, minimal on-board modifications and components are required (in
comparison with HVDC or low-frequency AC transmission).

• As a result, in the proposed architectures, all the cables are AC 3-phase cables, except
Cable#9 and Cable#14 are DC cables.

• The power factor (pf) is 0.9 and balanced three-phase AC systems.
• The AC cables are of XLPE 3-core type, hence no more than 320 kV transmission

voltage is used. The conductor type is Aluminum (although its conductivity is lower
than copper but it is generally cheaper).

• The cables’ selection is based on real manufacturer data for AC and DC cables; for
example, see References [35,36].

• For Case-3, the HVDC link is adopted to connect PF9 with the onshore grid. Thus,
facilitating bi-directional power is made easier and controllable. Whenever there is a
surplus power generated from the OWFs, the power flow can be reversed and fed to
the grid. On the other hand, the HVDC link in Case-4 is the viable option to transmit
bulk power at a long distance.

• In both Case-3 and Case-4, the HVDC adopted technology is voltage source converter
based; hence, minimum filtering and reactive power are needed with black-start and
power-reversal capabilities [36].

• All the proposed architectures require the minimum possible components, thus reduc-
ing the required on-platform space and footprint. Nevertheless, if the platform has
limited space and/or the isolation requirement exceeds the available space, attaching
a bridge link PF to the existing OG PF is possible.
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• Although subsea transformers are now available and possible for deep water (>3000 m),
they are not considered in the main theme of the architecture. This is because their cost
is five times the top-side transformer; hence, they may increase the cost significantly.
Nevertheless, they may be considered as a design option if preferred by the operators
or when there is not enough space on the platform and it is not possible to attach a
bridge-linked PF to it.

• The list of the selected cables and transformers are detailed in Tables A1–A12 in
Appendix A based, on the architectures’ ratings and manufacturers’ data [35–37].

Figure 5. Cont.
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Figure 5. Proposed power architectures: (a) Architecture 1, (b) Architecture 2, (c) Architecture 3 and (d) Architecture 4.

7. CapEx for the Proposed Power Architectures

The proposed power architectures cost, mainly Capital Expenditure (CapEx), is a
contribution of the following shares (based on the individual power architecture):

• The wind farm (onshore/offshore).
• The cables (AC/DC).
• The transformers.
• The VSC–HVDC converters.

7.1. Offshore Wind Farms

The cost of a 10 MW WT is about £10 million [38], which includes the WT components.
Additionally, there is a balance of plant cost, which includes all the components of the
wind farm, except the turbines, including transmission assets built as a direct result of
the wind farm. The average industry benchmarks for floating wind are in the range of
£4 million/MW installation capacity, excluding export cables cost. In this study, an average
value of £4 million/MW was sufficient, considering that the export cables are excluded.
It is worth mentioning that the floating wind balance of the plant is much higher than
fixed-bottom designs, which generally range between £2 million and £2.25 million/MW.

The installation and commissioning cost about £650 million for a 1 GW wind farm.
This includes the installation of the balance of plant and turbines, offshore logistics, the
developer’s insurance, construction project management and spent contingency. The
estimated total cost for the proposed OWFs is illustrated in Table 7.

Table 7. Specs of the offshore wind farms.

Wind Farm
Costs in £M ∑Cost

in £MWTs Balance of Plant Installation and Commissioning

OWF1 100 400 65 565
OWF2 1000 4000 650 5650
OWF3 300 1200 195 1695
OWF4 300 1200 195 1695

7.2. Onshore Wind Farms

The average onshore WT costs £1 million/MW, the balance of the system costs £1.5 mil-
lion/MW and the installation and commission costs £0.5 million/MW [39]. The WT almost
cost the same as OWF turbines, but, unlike the OWF turbines, the balance of plant is
cheaper. However, the legislations are discouraging the spread of land-based onshore
wind; hence, the overall output power is generally lower than the OWFs and the wind
turbine rating are smaller. Table 8 shows the estimated costs for the proposed onshore
wind farm.
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Table 8. Onshore wind-farm cost estimation.

Onshore Wind
Farm

Costs in £M
∑Cost
in £MWind

Turbine
Balance of

System
Installation and
Commissioning

500 MW 500 750 250 1500

7.3. Cables Cost

Although the cables costs may differ from one manufacturer to another, the average
costs are extracted from the UK “National Grids 2015 Electricity Ten Year Statement” for
AC and DC cables cost estimations [40]. Generally, the cable price is a function of the
amount of power transported by the cable, the conductor type, the transportation voltage
(AC/DC) and the associated distance; in contrast, the trenching and laying prices are
primarily a function of cable distance. Therefore, Table 9 provides the average costs as a
pilot for power architectures CapEx envisage. The AC and DC cables’ cost estimations are
depicted in Tables 10 and 11, respectively, for the four architectures.

Table 9. Average AC and DC cables’ cost.

AC Cables

Voltage Rating at 300 MW 1 <150 kV 320 kV

Cable cost 0.5 £M/km 0.8 £M/km

Trenching and laying cost 0.33 £M/km

DC Cables

Power Rating at 320 kV 300 MW 1000 MW

Cable cost 0.423 £M/km 0.565 £M/km

Trenching and laying cost 0.3 £M/km
1 The maximum cable power is 300 MW; see Appendix A for cables selection for each architecture, along with the
number of associated cables at each power level.

Table 10. AC-cable and trenching cost estimation.

Architecture Cables ID
Costs in £M ∑Cost

in £MCable Trenching and Laying

Architecture 1 #1 to #4 28 18.5 46.5
Architecture 2 #5 to #8 437.6 180.5 618.1
Architecture 3 #10 to #13 191 110.22 301.22
Architecture 4 #15 to #17 99 65.34 164.34

Table 11. DC-cable and trenching cost estimation.

Architecture Cables ID
Costs in £M ∑Cost

in £MCable Trenching and Laying

Architecture 3 #9 13.8 18 31.8
Architecture 4 #14 155.37 82.5 237.87

7.4. Transformers Cost

The transformer cost is highly dependent on the rated Volt-Ampere (VA) capacity.
In Reference [31], an approximated cost model was provided. The costs in M£ can be
estimated from the following approximated formula:

CostTR = 0.0315× S0.7592
TR (3)
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where CostTR is the transformer cost in million £, and STR is the transformer rating in MVA.
The transformers’ cost summary for all architectures is illustrated in Table 12.

Table 12. Transformers’ cost estimation.

Architecture Transformer ID Cost in £M

Architecture 1 #1 and #2 1.32
Architecture 2 #3 to #6 4.53
Architecture 3 #7 to #12 13.31
Architecture 4 #13 to #18 17.6

7.5. VSC–HVDC Cost

The Voltage Source Converter based HVDC (VSC–HVDC) cost is dependent on the
DC voltage level, along with the transmitted power. The average costs for the utilised
converters in Architectures 3 and 4 are as depicted in Table 13, based on Reference [40].

Table 13. HVDC converters’ cost estimation.

Architecture Converter ID Cost in £M ∑Cost in £M

Architecture 3
Conv#1 88

176Conv#2 88

Architecture 4
Conv#3 140

280Conv#4 140

8. Discussion

In the previous sections, four different power architectures were introduced and
designed with the relevant CapEx estimation (without including bridge link PF installation
cost). It is evident that each architecture can be mimicked along the UKCS, but at different
power levels. The estimated CapEx cost for each architecture based on the presented
calculation in Section 7 is given in Table 14.

Table 14. Architectures’ total cost and power capacity.

Architecture Total Cost (£M) Power Capacity (MW)

Architecture 1 612.8 100
Architecture 2 7772.63 1500
Architecture 3 3912.33 600
Architecture 4 699.81 1000

The higher the power of the OWF, the better price per MW, as illustrated for Archi-
tectures 1 and 2. The total cost shows clear domination of the cost of the OWFs which
comprised floating wind technology due to the water-depth limit for the fixed-bottom
counterpart. Moreover, whenever the HVDC technology is adopted, the electrical system
price is increased, and it will accordingly reflect on the overall price, as in Architecture
3 [41]. Due to the long distance and the amount of power transferred, in Architecture 4,
the total cost is dominated by the HVDC system components. The HVDC converters and
DC cables are the most expensive components, dominating 40% and 34% of Architecture
4’s total cost, respectively. Due to the bulk amount of power at PF13, a bridge link PF
is highly likely inevitable. Additionally, other alternative transmission systems may be
considered, for example, transmitting the 1 GW power via two parallel 500 MW HVDC
systems. Therefore, the reliability degree is increased.

It is of paramount importance to highlight that these costs excluded the land cost
or lease and the legislation and authority fees. Therefore, the cost of Architecture 4 may
seem much lower in comparison with that of other architectures. Table 14 summarizes the
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architectures’ costs, along with the power capacity, indicating a best initial guess for the
OG industry and paving the path for greener highly reliably electricity alternatives.

In all the proposed architectures, adding the proposed grids cables and transformers to
the existing platform grids changes the short-circuit fault levels. This requires modifications
to the older protection systems at each platform. Additionally, retrofitting switchboards
and cubicles is necessary to implement the proposed architectures. This would cost around
£10 million and would be added to the total estimated cost. This includes retrofitting
switchboards, cubicles and protection.

9. Conclusions and Future Directions

Four different power architectures were introduced in this paper, aiming to provide a
solution for a wide range of offshore OG installations. The provided solutions varied from
powering isolated remote OG PFs by dedicated local OWF to importing bulk power from
nearby countries. Most of the proposed solutions are oriented around offshore wind-energy
utilisation; therefore, a green and more sustainable power source is provided for OG PFs.
By creating small power hubs that will import energy from different power sources and
then distribute it to the nearby OG PFs, a massive reduction of CO2 emissions is evident.
Therefore, an electrification solution is available for the OG operators in the UKCS to meet
the UK net-zero targets. However, many challenges are facing the progression of these
solutions and need to be addressed in the near future:

• Energy storage: With OWF capacities reaching 60% in the North Sea, it is still extremely
important to provide some sort of energy storage [42]. A promising solution that can
be integrated with OWFs is green hydrogen-energy storage, which not only will be
green but also will provide supply security for OG operations.

• Electric component footprint: Due to the limited space on the top side of the OG
PFs, two alternative approaches can be adopted to overcome the limited space: either
create the power hubs by using subsea technology, which is gaining potential and
maturity, or utilise nearby gravity-based decommissioned platforms as a power hub.

• Regulations: It needs to be clear who will control and own the operation of these
assets and OWFs. Therefore, government legislations need to organize and protect
all parties for smoother operation. Therefore, a clear pathway for standardization is
inevitable for the net-zero race.

To unlock the UKCS’s potential for a world-leading offshore energy hub and foster
the UK’s unique offshore wind-energy resources, not only is innovative green technology
essential, but so are flexible and clear regulations and standardization.
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Appendix A. Cables and Transformers Ratings

The following tables summarize the details of the selected cable, transformers and
VSC–HVDC converters for all the proposed architectures.
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Table A1. Cables design for Architecture 1.

Cable Power Rating
(MW)

Rated Phase
Voltage (kV)

Rated
Current (A)

Number of
Circuits per

Phase

Maximum
Current per
Circuit (A)

Cross-
Sectional Area

(mm2)

Cable#1 100 66/
√

3 972 2 540 500
Cable#2 20 6.6/

√
3 1950 4 540 500

Cable#3 10 11/
√

3 585 1 660 800
Cable#4 6.5 6.6/

√
3 630 1 660 800

Table A2. Transformers design for Architecture 1.

Transformer
Power
Rating
(MVA)

Voltage
Rating
(kV)

Number
Winding

Estimated
Weight

(t)

Dimensions
L×W×H

(m)
Location

TRF#1 55 66/11 2 100 7 2.9 5.5 PF1
TRF#2 55 66/6.6 2 100 7 2.9 5.5 PF1

Table A3. Cables design for Architecture 2.

Cable Power Rating
(MW)

Rated Phase
Voltage (kV)

Rated
Current (A)

Number of
Circuits per

Phase

Maximum
Current per
Circuit (A)

Cross-
Sectional Area

(mm2)

Cable#5 1500 320/
√

3 3007 5 720 1000
Cable#6 75 320/

√
3 150 1 430 300

Cable#7 75 320/
√

3 150 1 430 300
Cable#8 85 13.8/

√
3 3900 5 720 1000

Table A4. Transformers design for Architecture 2.

Transformer
Power
Rating
(MVA)

Voltage
Rating
(kV)

Number
of Units

Power
Rating
(MVA)

per Unit

Estimated
Weight

per Unit
(t)

Dimensions
per Unit
L×W×H

(m)

Location

TRF#3 95 320/11 1 100 144 7.8 3.3 5.8 PF5
TRF#4 78 320/11 1 80 110 7.4 3.1 5.8 PF6
TRF#5 78 320/11 1 80 110 7.4 3.1 5.8 PF7
TRF#6 85 320/13.8 2 80 110 7.4 3.1 5.8 PF8

Table A5. AC-cables design for Architecture 3.

Cable Power Rating
(MW)

Rated Phase
Voltage (kV)

Rated
Current (A)

Number of
Circuits per

Phase

Maximum
Current per
Circuit (A)

Cross-
Sectional Area

(mm2)

Cable#10 600 320/
√

3 1200 2 660 800
Cable#11 44 66/

√
3 428 1 485 400

Cable#12 39 66/
√

3 379 1 430 300
Cable#13 61 66/

√
3 590 1 660 800

Table A6. DC-cables design.

Cable Power Rating
(MW)

Rated DC
Voltage (kV)

Rated
Current (A)

Maximum
Current

per Circuit (A)

Cross-Sectional
Area (mm2)

Cable#9 300 ±320 469 523 150
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Table A7. Transformers design for Architecture 3.

Transformer
Power
Rating
(MVA)

Voltage
Rating
(kV)

Number
of Units

Power
Rating
(MVA)

per Unit

Estimated
Weight

per Unit
(t)

Dimensions
per Unit
L×W×H

(m)

Location

TRF#7 310 132/320 1 310 326 13.1 7.3 7.7 Onshore
SS

TRF#8 930 320/66 3 310 185 13.1 7.3 7.8 PF9
TRF#9 100 66/11 1 100 144 7.8 3.4 6.1 PF9

TRF#10 40 66/11 1 40 76 6.9 2.9 5.4 PF10
TRF#11 50 66/11 1 50 87 7 2.9 5.5 PF11
TRF#12 80 66/11 1 80 118 7.4 3.1 5.8 PF12

Table A8. VSC/HVDC-converters design for Architecture 3.

VSC-HVDC Power Rating
(MW)

Rated DC
Voltage (kV)

Converter
Model

Power
Capability

(MW)

Number of
Units

Transmission
Distance

Conv#1 300 ±320 M7 405 1 Onshore
Conv#2 300 ±320 M7 405 1 57 km

Table A9. AC-cables design for Architecture 4.

Cable Power Rating
(MW)

Rated Phase
Voltage (kV)

Rated
Current (A)

Number of
Circuits

per Phase

Maximum
Current per
Circuit (A)

Cross-
Sectional Area

(mm2)

Cable#15 30 66/
√

3 290 1 335 185
Cable#16 75 66/

√
3 730 2 430 300

Cable#17 90 66/
√

3 875 2 540 500

Table A10. DC-cable design for Architecture 4.

Cable Power Rating
(MW)

Rated DC
Voltage (kV)

Rated
Current (A)

Maximum
Current per
Circuit (A)

Cross-Sectional
Area (mm2)

Cable#1 1000 ±320 1562.5 1644 1000

Table A11. Transformers design for Architecture 4.

Transformer
Power
Rating
(MVA)

Voltage
Rating
(kV)

Number
of Units

Power
Rating
(MVA)

per Unit

Estimated
Weight

per Unit
(t)

Dimensions
per Unit
L×W×H

(m)

Location

TRF#13 1000 132/320 3 350 326 13.1 7.3 7.7 Onshore
TRF#14 1000 320/66 3 350 326 13.1 7.3 7.7 PF13
TRF#15 12.5 66/11 1 12.5 56 6.7 2.7 4.8 PF13
TRF#16 31.5 66/6.6 1 31.5 68 6.8 2.8 5.4 PF14
TRF#17 80 66/11 1 80 118 7.4 3.1 5.8 PF15
TRF#18 100 66/11 1 100 144 7.8 3.3 6.1 PF16

Table A12. VSC/HVDC-converters design for Architecture 4.

VSC-HVDC Power Rating
(MW)

Rated DC
Voltage (kV)

Converter
Model

Power
Capability

(MW)

Number of
Units

Transmission
Distance

Conv#1 1000 ±320 M9 1220 1 Onshore
Conv#2 1000 ±320 M9 1220 1 275 km
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