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ABSTRACT
Australia has significant offshore wind and wave energy po-

tential that can provide a long-term solution to the ever-increasing
power demand and contribute to the future energy mix. The in-
tegration of offshore wind and wave energy has been proposed
previously, but considered to be difficult due to the high cost and
high intermittency of developing ocean renewable energy sources.
In addition, the economic analysis of the integrated offshore wind
and wave systems, considering life cycle cost, energy benefits,
market regulation costs and future carbon price, has not been
studied thoroughly in Australia. Therefore, this paper aims to
investigate the economic feasibility of a co-located offshore wind
and wave energy farm in multiple key locations around the Aus-
tralian coastline. The high-fidelity life-cycle cost and economic
benefit models are developed under different technical deploy-
ment constraints. Furthermore, the paper studies the impact of
electricity market regulation cost and future carbon prices on de-
ploying the proposed combined energy farm. The results of this
paper provide a guideline for industry leaders, investors and pol-
icymakers at the pre-planning stage of ocean renewable energy
system development and deployment.

Keywords: Offshore wind, Wave energy, Techno-economic
analysis, Combined system, Australia

1. INTRODUCTION
Net-zero emission by 2050 is legislated by the Australian

government. As reported in [1], the method of electricity gener-
ation is the largest source of emission (34% of the total in 2019)
in Australia. Therefore, renewable energy is the most likely can-
didate to offer a smooth energy transition towards the net-zero
emission target. AEMO (Australian Energy Market Operator)
report published in 2022 [2] has provided a comprehensive path-
way toward 100% renewables for Australia’s National Electricity
Market (NEM), which also highlights possible engineering chal-
lenges on renewable energy utilisation. It was concluded in [2]

∗Corresponding author: qiang.gao@adelaide.edu.au

that enhancing the renewable energy resource mix and the tran-
sition between various renewables plays a key role in smoothing
out intermittency as well as providing an affordable and reliable
energy supply.

In [3], offshore wind and wave have been identified as po-
tential energy resources, which can provide a long-term contri-
bution to the national energy mix during the energy transition.
Moreover, the integration of offshore wind and wave energy is
emerging, which can more efficiently capture largely untapped
ocean renewables. As it was reported in [4], the combined wind
and wave energy systems can be divided into two categories: co-
located system and hybrid system. The co-located system utilizes
the independent platforms but shares the common grid transmis-
sion infrastructure in the same marine area. The hybrid system
accommodates both offshore wind turbine (WT) and wave energy
converter (WEC) on a single platform which further reduces the
overall cost by sharing multiple system components.

As it was studied comprehensively, the combined offshore
wind and wave energy conversion systems can reduce intermit-
tency and variability [3, 5], can increase the energy dispatchability
[6, 7], can reduce the costs (hence the levelized cost of energy,
LCOE) [8, 9] and can enhance the energy production [3, 10].
Moreover, other synergies [11] were observed between the two
renewable sources, which include the improvement for operation
and maintenance [12].

However, the development of the offshore renewable industry
is still in its infancy in Australia, although the local workforce and
industry are mature enough in onshore renewables (including
wind, solar and hydro). In addition, whilst multiple locations
around the Australian coastline have been identified with great
potential for future hybrid development [3, 13], a detailed analysis
of the feasibility and economic potential of combined offshore
wind and wave energy has not been performed for Australia’s
Exclusive Economic Zone (EEZ). This also hinders the practical
implementation of development strategies for policymakers and
project developers.

In general, LCOE and LACE (the levelized avoided cost of

1 Copyright © 2023 by ASME



energy) are the most common fundamental matrices to evalu-
ate the economic potential for new energy technologies. Note
that LCOE defines the total cost of energy production over the
expected economic lifetime of a generation unit and is usually ex-
pressed in dollars per megawatt-hour ($/MWh). However, LCOE
does not capture the energy benefits and is insufficient to value the
power system attributed to a particular generation source. There-
fore, LACE is proposed [14, 15] as it captures revenue available to
a generating source by considering the marginal generation price
in the electricity market. However, LACE does not consider the
energy market and environmental sector regulations, such as reg-
ulation penalties from the local electricity market and the impact
of future carbon pricing.

Therefore, this paper aims to investigate the high-fidelity life-
cycle cost of a co-located offshore wind and wave energy farm
in multiple key locations in Australia’s EEZ. Then, the economic
feasibility of developing the proposed combined energy farm is
studied by integrating the electricity market regulation cost and
future carbon offset benefits based on a new LACE matrix.

The structure of this paper is as follows: Section 2 introduces
the data collection, system configuration and energy generation
and variability. The detailed life-cycle cost models and economic
matrix of an offshore energy farm are developed in 3. Section
4 analyses the primary results of this study and conclusions are
drawn in Section 5.

2. DATA COLLECTION AND SYSTEM DESCRIPTIONS
2.1 Site Selection and Data Sources

In order to assess the techno-economic feasibility of offshore
energy systems and to cover the wind and wave climate diversities
in Australia [3], multiple key locations in the Australian coastal
region were selected as shown in Fig. 1 and geographic informa-
tion is listed in Table. 1. These locations have been identified with
good potential for developing offshore renewables [3, 16] in terms
of either industry interests, state government energy policies or
renewable energy zones and targets.

Newcastle

Sydney

Gippsland
Portland

Kingston SE

Port Lincoln

Albany

Cliff Head
WA

VIC

SA
NSW

FIGURE 1: THE MAP OF CHOSEN LOCATIONS IN THIS STUDY

The wind and wave resources in the studied areas are obtained
from wind-wave hindcast data (by the WaveWatch III model)

TABLE 1: GEOGRAPHIC INFORMATION OF EIGHT OFFSHORE
SITES AROUND AUSTRALIA

Locations State Coordinates Depth Distance

Newcastle NSW 32.9◦S 151.9◦E ∼ 80 𝑚 ∼ 15 𝑘𝑚

Sydney NSW 34.0◦S 152.3◦E > 100 𝑚 ∼ 117 𝑘𝑚

Gippsland VIC 38.9◦S 146.9◦E ∼ 25 𝑚 ∼ 16 𝑘𝑚

Portland VIC 38.5◦S 141.8◦E ∼ 50 𝑚 ∼ 23 𝑘𝑚

Kingston SE SA 36.7◦S 139.3◦E ∼ 45 𝑚 ∼ 49 𝑘𝑚

Port Lincoln SA 34.9◦S 135.5◦E ∼ 70 𝑚 ∼ 10 𝑘𝑚

Albany WA 35.3◦S 117.7◦E ∼ 70 𝑚 ∼ 23 𝑘𝑚

Cliff Head WA 29.5◦S 114.8◦E ∼ 50 𝑚 ∼ 46 𝑘𝑚

[17]. This hourly data operates on a series of nested grids of 4
arcminutes (∼ 7 km) in Australian regions and has been validated
by in-situ wave buoy and satellite altimeter observations [18]. The
main parameters of the data set considered in this paper include
the wind speed 𝑣𝑤 at 100 m height, significant wave height 𝐻𝑠 ,
wave peak period 𝑇𝑝 and the bathymetry (water depth 𝑑𝑤𝑎𝑡𝑒𝑟 ).

To evaluate the economic benefits and viability of developing
offshore energy in multiple locations, historical data of different
States in Australia with the hourly resolution, such as demand
information, electricity market price and regulation service cost,
are obtained from AEMO [19]. In addition, the transmission net-
work and substation geographic information data were obtained
from [20]. Note that the same analysis method described in this
paper can be applied to other sea locations in Australia.

2.2 System Configurations
In this paper, a DC-linked hybrid power unit is considered

based on the study [4, 21] as illustrated in Fig. 2. The direct-
drive (DD) technology is used for offshore WT (see Fig.2a) as it
eliminates the traditional gearbox hence greatly reducing the risk
of drive-train failure in the harsh marine environment. The WEC
conversion system is illustrated in Fig. 2a. Note that the buoy
and the Power-take-off (PTO) system convert the kinetic energy
in the incident wave to mechanical energy in the form of shaft
power which is coupled with the conventional rotating generator.

A DD brushless permanent magnet synchronous generator
(PMSG) is considered with a DC-DC converter. Note that the
topology can easily be integrated into WECs to provide a com-
mon coupling point for a DC link within and among the hybrid
power units. In addition, the rotor side converter (RSC) is needed
to achieve maximum power tracking, and the grid side converter
(GSC) is required for the main grid connection either at the off-
shore or onshore substations.

Figure. 2c shows the layout of the hybrid power unit (HPU),
which integrates one WT with four WECs. The four WECs
are evenly distributed around WT with a distance of 300 m to
reduce the hydrodynamic impact between conversion devices.
WEC power is delivered to the common coupling point at the
WT platform via WEC-to-WT cables. In addition, the power of
the HPU is transformed to the offshore substation via inter-array
cables (Fig.2b). In terms of transmission technology selection, a
break-even distance between HVDC and HVAC is about 56 km
as reported in [22].

2 Copyright © 2023 by ASME
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FIGURE 2: SYSTEM DIAGRAM OF: A) HPU, D) TRANSMISSION TOPOLOGY AND C) THE TOP VIEW OF HPU.

2.3 Assessment of Energy Resources, Generation and
Variability
It is known that the wind power density (𝑃𝑤𝑖𝑛𝑑) is propor-

tional to the cube of the wind speed (𝑣𝑤) at hub height, given
by:

𝑃𝑤𝑖𝑛𝑑 =
1
2
𝜌𝑎𝑣

3
𝑤. (1)

where 𝜌𝑎 is the air density (assuming 1.15 kg/m2 at 15 ◦C) at hub
height. The power density (power per unit of crest width, kw/m)
of irregular wave (𝑃𝑤𝑎𝑣𝑒) can be defined based on the linear wave
theory and assumption of deep water [18], given by:

𝑃𝑤𝑎𝑣𝑒 =
𝜌𝑤𝑔

2

64𝜋
𝐻2

𝑠𝑇𝑒 (2)

where 𝐻𝑠 and 𝑇𝑒 are the significant wave height and wave energy
period (𝑇𝑒 = 0.857𝑇𝑝). 𝜌𝑤 and 𝑔 are the water density and gravity
acceleration constant respectively.

The energy generation of wind and wave can be estimated
by the power curve of a WT and the power matrix of a WEC
(given the wind hub speed and wave statistics). These methods
have been widely used to assess the energy availability, variability
and economic analysis for offshore energy farms [3, 23], to avoid
costly simulation studies and to obtain a quick assessment. In this
analysis, a commercial WT, Gamesa G128-5 MW, is selected as
a reference WT. A typical WEC type (WaveStar C6 600 kW)
is used to represent the generic wave energy generation. The
power curve and the power matrix of the benchmark turbine can
be found in the study [3]. Note that the hydrodynamic analysis
of foundation types is applied to the WT, hence the impact of the
platform on the WT power curve and the direction information
are ignored in this paper.

To evaluate the power variability of offshore wind energy,
a normalized variability index, coefficient of variability (CV), is

used in this paper, given by:

𝐶𝑉 =
𝜎𝑥

`𝑥

. (3)

where 𝜎𝑥 and `𝑥 are the standard deviations and the mean power
of generation time series.

3. ECONOMIC MODELLING
3.1 Life-cycle Cost Models

To evaluate the life-cycle cost (LCC) of offshore wind-only
systems and combined wind and wave (WW) systems, two exem-
plar energy farm configurations with the same 500MW installed
capacity are considered in this study. The offshore farm includes
100 5 MW WT in a standalone wind farm and 67 combined WW
generation units (5 MW + 2.4 MW) in a combined energy farm.
Therefore, both options can utilize the same electrical transmis-
sion infrastructure.

The life-cycle cost model of offshore wind and wave farms is
illustrated in Fig. 3, where the LCC models of an offshore wind
farm can be divided into two different subsystem costs: gener-
ation systems and connection systems. In terms of the project
development procedure, LCC can be categorized by capital ex-
penditure (CAPEX in cyan), operational expenditure (OPEX) (in
green) and decommissioning expenditure (DCPEC in grey). The
details of these cost capsules are described in the following sub-
sections.

The LCOE used in this paper is given by:

LCOE =
CRF · (CAPEX + DCPEX) + OPEX

AEP
, (4)

where CAPEX is the overnight capital cost. OPEX and DCPEX
are the annual operational expenditure and the total decommis-
sioning cost. CRF is the capital recovery factor [24], which is
defined at 7.1% based on the interest rate (5% p.a.) and 25 years

3 Copyright © 2023 by ASME
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SYSTEMS AND CONNECTION SYSTEMS; 2) BY VARIOUS PROJECT PERIODS, SUCH AS CAPEX, OPEX AND DCPEX.

of the project’s economic life. The Annual Energy Production
(AEP) from 2017 to 2021 is calculated by:

AEP = 𝛼 · [ ·
(︄ 2021∑︂
𝑡=2017

𝐸𝑡

)︄
/5. (5)

Here 𝐸𝑡 is the energy generation at year 𝑡. 𝛼 is the energy farm
availability, estimating at 94% [25] for wind-only system and
96.3% for combined system [26]) and [ is the energy conversion
efficiency, estimating at 90.5% (1.8% of electrical losses and
7.7% of aerodynamics losses [27]).

3.1.1 CAPEX. The CAPEX for an offshore energy farm
compromises the development and consenting cost (𝐶𝐷&𝐶 ), the
equipment building cost (𝐶𝐵𝑢𝑖𝑙𝑑), the installation cost (𝐶𝑖𝑛𝑠𝑡𝑎𝑙𝑙)
and the power connection cost (𝐶𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛), which is repre-
sented by:

CAPEX = 𝐶𝐷&𝐶 + 𝐶𝐵𝑢𝑖𝑙𝑑 + 𝐶𝐼𝑛𝑠𝑡𝑎𝑙𝑙 + 𝐶𝐶𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛, (6)

The D&C cost includes but is not limited to site selection,
survey, characterization, permitting and array design. In this
paper, the𝐶𝐷&𝐶 of a 500 MW offshore energy farm is estimated at
157.5 MA$, which is in line with the values of 105 M=C (assumed
a currency exchange rate of 1.5) for an exemplar 500 MW offshore
wind farm in the studies [25, 28]. Note that the D&C cost is
assumed to be the same for the bottom-fixed wind farm and
floating wind farm. In addition, due to the lack of wave projects
being commercialized, the 𝐶𝐷&𝐶 for a WEC array is estimated
by 12% of the total initial investment of WEC farm [29].

The WT equipment cost includes the turbine cost (𝐶𝑡𝑢𝑟𝑏𝑖𝑛𝑒)
and foundation cost (𝐶𝑓 𝑜𝑢𝑛𝑑) which usually are the biggest share
of the total CAPEX of the offshore wind farms. In this paper, the
generic turbine (including tower, nacelle, hub and blades) cost
is estimated at 1300 A$/KW based on the average wind turbine
pricing from most market orders received by [30].

The foundation type selection is primarily based on the water
depth of the selected sea site. In this paper, both bottom-fixed
and floating foundations are considered to accommodate various
water depths in different locations, being deployed at the depth
below and above 55 m, respectively. The cost of the monopile
foundation is estimated by a parametric expression reference to
the hub height (ℎ), turbine diameter (𝐷turbine) and water depth
(𝑑water) in study [31], given by:

𝐶
𝑓 𝑖𝑥𝑒𝑑

𝑓 𝑜𝑢𝑛𝑑
= 480 · 𝑃𝑊𝑇 [1 + 0.02(𝑑water − 8)] ·[︄

1 + 0.8 · 10−6

(︄
ℎ

(︃
𝐷turbine

2

)︃2
− 105

)︄]︄
[kA$/turbine]

(7)

The floating foundation provides benefits in manufacture,
transmission and installation procedures. Since this is a novel
platform, the cost matrix cannot be found in the public domain.
Therefore, in this paper, the semi-submersible floating platform
is considered and its cost has been estimated by the steel material
cost (1500 A$/t), platform mass (550 t/MW, estimated by [32])
and manufacturing process (cost factor of 2 [27]).

The installation cost of an offshore WT is highly determined
by the travel distance to the shore and installation vessels. Due
to the lack of large-scale offshore wind farm deployment in Aus-
tralia, the installation costs of the turbine and foundation in this
paper are estimated by the installation vessel rent cost and the
number of days needed for installation, which is given by:

𝐶𝑖𝑛𝑠𝑡𝑎𝑙𝑙 = 𝑁𝑢𝑛𝑖𝑡

(︄
(𝑇𝑡𝑢𝑟𝑏𝑖𝑛𝑒 + 𝑇𝑓 𝑜𝑢𝑛𝑑 + 2 · 𝑇𝑡𝑟𝑖 𝑝) · 𝐶Jack-up

𝑣𝑒𝑠𝑠𝑒𝑙

𝑁
Jack-up
𝑣𝑖𝑠𝑡

)︄
,

(8)
𝐷𝑎𝑦𝑡𝑟𝑖 𝑝 =

2 · 𝑑𝑠ℎ𝑜𝑟𝑒
𝑉

Jack-up
𝑣𝑒𝑠𝑠𝑒𝑙

· ℎ𝑤𝑜𝑟𝑘
, (9)

where 𝑁𝑢𝑛𝑖𝑡 is the number of generation units in the offshore
farm. 𝑇𝑡𝑢𝑟𝑏𝑖𝑛𝑒 and 𝑇𝑓 𝑜𝑢𝑛𝑑 are the number of days for turbine and
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foundation installation. 𝑇𝑡𝑟𝑖 𝑝 is the days for travelling from the
shore to the installation sea site which is estimated by the specific
vessel speed (𝑉𝑣𝑒𝑠𝑠𝑒𝑙) and working hours (ℎ𝑤𝑜𝑟𝑘 , 16 working
hours for one day in this paper). The installation day cost of the
Jack-up vessel (𝐶Jack-up

𝑣𝑒𝑠𝑠𝑒𝑙
) and vessel travel speed are estimated at

350k A$ and 20 km/h [33]. The WEC installation cost is normally
estimated at 8-17% of the initial investment and hence, the WEC
installation cost in this paper is estimated at 13% of the initial
WEC investment [34].

The weather window (which the offshore site has to be acces-
sible) significantly impacts the offshore energy farm installation
procedure and specialized vessel charter period. Therefore, this
paper considers the weather limitations of vessels with maximum
operability at 1.65 m for 𝐻𝑠 and 16 m/s for 𝑣𝑤. In addition, the
standby cost of vessels is estimated by the time ratio (TR𝑤𝑒𝑎𝑡ℎ𝑒𝑟

is defined by comparing the available time of operation a year
and the total hours in a year) and the percentage of the standard
day rate (25% is used in this paper to reflect the OPEX of the
shipowner), which is given by:

𝐶𝑠𝑡𝑎𝑛𝑑𝑏𝑦 = 0.25 · 𝐶𝑖𝑛𝑠𝑡𝑎𝑙𝑙

(︃
1

TR𝑤𝑒𝑎𝑡ℎ𝑒𝑟

− 1
)︃

(10)

It should be noted here that subject to the availability of special-
ized installation vessels in the global market, the optimal schedule
of using such vessels for installing large offshore WT is expected
to become critical in the future.

The connection costs are divided into the substation cost
(𝐶𝑠𝑢𝑏) and cabling cost (𝐶cable). The substation cost is estimated
by:

𝐶𝑠𝑢𝑏 = 𝑁off-sub

(︂
𝐶

equip
off-sub + 𝐶 install

off-sub

)︂
+ 𝑁on-sub𝐶on-sub. (11)

Here, 𝑁off-sub and 𝑁on-sub are the number of offshore substations
and onshore substations (2 and 1 are used for HVAC and HVDC
substations for a 500 MW energy farm). 𝐶equip

off-sub and𝐶 install
off-sub are the

equipment cost and installation costs of offshore substations. The
key cost parameters of substations are shown in Table. 2. Note
that all the values in Euro are converted to Australian dollars
based on the average currency exchange rate (1.5 between AUD
and Euro) in 2021.

TABLE 2: THE INPUT PARAMETERS FOR SUBSTATION COST [8,
22, 31, 35].

Substation AC offshore DC offshore DC onshore

Equipment 34 M=C 142 M=C

84 M=C
Installation

Fixed foundation 23.8 M=C

Float foundation 18.6 M=C

The cabling cost includes inter-array cable cost (𝐶inter-cable)
which is estimated by a regression equation in [36] and the trans-
mission cable cost (𝐶trans-cable) which can be estimated by:

𝐶trans-cable = (𝐶equip
cable + 𝐶 install

cable ) · 𝐷𝑡𝑟𝑎𝑛𝑠 . (12)

Here, 𝐶equip
cable and𝐶 install

cable are the unit price of cable acquisition cost
(kA$/km) and installation cost (kA$/km). 𝐷𝑡𝑟𝑎𝑛𝑠 is the transmis-
sion distance to the nearest onshore transmission substation. The
input parameters are shown in Table. 3.. Note that the costs of
the utilization of AC compensators and Static Synchronous Com-
pensator (STATCOMs) have not been directly analysed and it is
assumed to be covered in the HVAC substation cost if selected in
this work.

TABLE 3: THE INPUT PARAMETERS FOR TRANSMISSION CABLES
[27, 36, 37].

Transmission Cables HVAC HVDC

Equipment 1036 k=C/km 443 k=C/km

Installation 624k =C/km (single cable, single trench)

Note that dismantling WTs will require the use of specialised
vessels, cranes and other heavy equipment. Therefore, due to
the limited knowledge of decommissioning offshore wind farms,
this cost has been estimated in relation to the installation cost
with ratios of 70%, 90% and 10% for the completed WT (incl.
foundations), substations and undersea cables respectively. In
addition, the return value of a WT is assumed at approximately
375 kA$/MW (250 k=C/MW [22, 27]), 112.5 kA$/MW for a semi-
submerged floating WT and Jacket based WT, respectively.

3.1.2 OPEX. The O&M services for an offshore energy farm
include the operations related to the management (such as health
and safety, control and operation) of the asset, including the WTs,
monitoring and vessels and quayside infrastructure, and the main-
tenance activities, such as planned maintenance and unplanned
service in response to system faults. In light of this, the associated
annual operational expenditure (OPEX) comprises the operation
and maintenance cost (𝐶𝑂&𝑀 ), insurance cost (𝐶insurance) and
administrative cost (𝐶𝑎𝑑𝑚𝑖𝑛), which is given by:

OPEX = 𝐶𝑂&𝑀 + 𝐶𝐼𝑛𝑠𝑢𝑟𝑎𝑛𝑐𝑒 + 𝐶𝑎𝑑𝑚𝑖𝑛, (13)

Unlike onshore operations, offshore energy O&M are more
complex and highly influenced by the weather conditions and
availability of specialised vessels. Due to the lack of large-scale
offshore farm projects, in this paper, a first-order estimation of
𝐶𝑂&𝑀 is estimated at about 137 A$/kW (86 £/kW in [35]) which
is close to the average value between 89 A$/kW and 200 A$/kW
[23, 28, 30, 35, 38]. Note that, an additional cost at a value of
60 A$/MW/kW per year (the variable cost which is associated
with distance to the shore, 𝑑𝑠ℎ𝑜𝑟𝑒) is used in this paper for far
shore distance (> 60 km). The O&M cost of the WEC system is
estimated to be 4% of its total CAPEX [34]. Note that, due to the
coordinated efforts such as the shipping vessel, storing and labour
costs, the total installation cost and OPEX of the combined wind
and wave system have 10% and 12 % reduction, respectively [26].

The insurance cost (𝐶insurance) relies on the development
phase of the project and different calculation methods have been
proposed, such as 15% of O&M cost in [26], 22.5 to 30 A$/kW
[25] and about 1% of the initial cost of WT [39]. In this study, the
unit insurance cost of 26.5 A$/kW/year is used for the selected
WT. The insurance cost of a WEC is estimated as 2% of the O&M
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cost of co-located farm [28]. Furthermore, the fixed annual labour
(such as technician and managers services) and administrative
cost (𝐶𝑎𝑑𝑚𝑖𝑛) is estimated at 7.15 MA$ in this study based on the
500 MW benchmark wind farm [25].

3.2 Economic Matrix
To evaluate the economic potential of offshore energy farms

with consideration of grid regulation and carbon price on devel-
oping offshore energy, a novel LACE model has been developed,
given by:

LACE =

(︃∑︁ 𝑗=60
𝑗=1 Price𝑗 ·MEP𝑗

5·𝑃installed + REGC
)︃

ECF + 𝐶𝐶 (𝐶𝑃 + COB)

AEP/𝑃installed
,

(14)
where Price𝑗 and MEP𝑗 are the average electricity marginal price
(in A$/MWh) and the amount of energy generation (in MWh) at
month 𝑗 . In this study, 60 months of price and generation pro-
files have been considered between 2017 and 2021. The REGC
represents the annual regulation cost which is estimated by gen-
eration profiles, demand profiles and annual average regulation
price (19.31 A$/MWh and 12.94 A$/MWh obtained from AEMO
[40]) and the calculation method is based on the study [33].

The CC and CP are the capacity credit (in %) and the capacity
payment (in A$/kW) with an estimated value at 25% [14] and 750
A$/kW (capital cost for large gas turbine [38]). It is noted that
CC represents the ability of the unit to provide system reliability
reserves and the CP represents the value to the system of meeting
the reliability reserve margin.

To immune the significant price fluctuations due to rare
events or conditions, the Escalation Calibration Factor (ECF)
is proposed to capture the long-term (10 years) price variation
pattern. It is calculated by the geometric mean of price variations
(in %) of each year from 2012 to 2021.

In terms of environmental sector regulations, a carbon price
would be an effective mechanism to support the ambitions of
100% renewables by 2030 and net zero goals by 2050 in Australia.
In this paper, the annual carbon offset benefit (COB, unit in
A$/kW) can be estimated from the emission factors and annual
energy produced (AEP, MWh) by the offshore wind farm, which
is given by:

COB =
𝑃𝑐𝑎𝑟𝑏𝑜𝑛 · EMF · AEP

𝑃installed
. (15)

Here, 𝑃𝑐𝑎𝑟𝑏𝑜𝑛 and EMF are the carbon price (56.4 A$/MWh
[41]) and emission factor (dimensionless) which is a coefficient
to convert the generation activity into greenhouse gas (GHG)
emission with values of 0.70, 0.21, 0.83 and 0.55 for NSW, SA,
VIC and WA, respectively [42].

Therefore, the economic potential (EP) can be assessed by
comparing LACE and LCOE, given by:

EP = LACE − LCOE. (16)

It is noted that the net value between LCOE and LACE shows
the initial understanding of the economic feasibility of an off-
shore wind energy farm in a given location. The positive value
of difference indicates better economic potential for developing
offshore wind energy and vice versa.

4. RESULTS
This section analyses the major results of offshore wind and

wave energy resources assessment, LCC cost breakdown and
economic potential of both standalone offshore wind farm and
combined energy farm.

4.1 Resources Assessment
Table. 4 shows the main parameters of offshore wind and

wave resources in 8 sea locations in Australia. In general, the off-
shore wind resources are abundant in these locations (most above
8.5m/s defined as medium to high wind by IEC wind Turbine
classes [43]), particularly in the Sydney site, Kingston SE and
Cliff Head with power density above 0.85 kW/m2. Wave energy
has great potential in the southern and western parts of Australia,
such as Portland, Kingston SE, Port Lincoln, Albany and Cliff
Head, with wave power density above 40 kW/m. This makes a
unique possibility for integrating offshore wind and wave energy
in a multi-purpose platform. It is noted that, due to the shallow
water and geographic barrier of Bass Strait, the wave resource is
not rich in Gippsland.

TABLE 4: OFFSHORE WIND AND WAVE ENERGY RESOURCES IN
EIGHT SITES FROM 2017 TO 2021.

Locations Wind resource Wave resource

𝑣𝑤 (m/s) 𝑃𝑤𝑖𝑛𝑑 (kW/m2) 𝐻𝑠 (𝑚) 𝑇 𝑝 (𝑠) 𝑃𝑤𝑎𝑣𝑒(kW/m)

Newcastle 6.7 0.30 1.50 9.3 11.6
Sydney 10.2 1.03 2.04 9.1 19.1

Gippsland 8.5 0.64 1.02 9.7 4.5
Portland 8.6 0.63 2.79 14.0 57.5

Kingston SE 9.6 0.90 2.62 13.7 47.3
Port Lincoln 8.1 0.54 2.38 14.1 42.8

Albany 9.1 0.80 3.07 13.7 65.9
Cliff Head 9.8 0.88 2.76 13.9 53.5

The WT foundations and transmission technologies highly
rely on the site specifications such as water depth and the dis-
tance to the point of common coupling (PCC) of the onshore
grid. Therefore, the various foundation types and transmission
topologies are selected in this study, as shown in Table. 5. It can
be seen that the floating platform is used in locations with a water
depth of more the 55 m (such as Newcastle, Sydney and Albany)
and the HVDC technology is more economic for transmission
distances over 56 km (such as in Sydney, Kingston SE and Cliff
Head).

TABLE 5: TECHNICAL CONFIGURATIONS AND ENERGY PRODUC-
TION CHARACTERISTICS IN EIGHT SITES FROM 2017 TO 2021.

Locations Technical parameters System Configs. (WT/WW)

Found 𝐷𝑇𝑟𝑎𝑛𝑠 Trans. AEP (TWh/yr) Capacity Factor CV

Newcastle Floating 22 km HVAC 1.22/1.43 0.30/0.34 0.99/0.69
Sydney Floating 118 km HVDC 2.46/2.54 0.60/0.60 0.60/0.49

Gippsland Fixed 39 km HVAC 1.88/1.67 0.46/0.39 0.79/0.74
Portland Fixed 21 km HVAC 1.87/2.12 0.45/0.50 0.77/0.49

Kingston SE Fixed 127 km HVDC 2.25/2.37 0.55/0.56 0.66/0.47
Port Lincoln Fixed 7 km HVAC 1.74/1.96 0.42/0.46 0.79/0.52

Albany Floating 34 km HVAC 2.07/2.29 0.50/0.54 0.71/0.45
Cliff Head Fixed 72 km HVDC 2.43/2.57 0.59/0.60 0.60/0.45
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In terms of energy generation characteristics, the combined
wind and wave energy farm has more annual energy production
compared to the standalone wind farm except for the Gippsland
location, as shown in Table. 5. Also, the capacity factors (CFs,
which are defined by the ratio of total annual energy generation
and theoretical maximum annual energy generation) in most off-
shore locations are greater than 0.40 (except Newcastle) which
is higher than the typical onshore wind energy farm in Australia
(normally less than 0.35). In addition, the combined system has
the advantage of reducing energy variability but presents differ-
ent levels in all locations. For example, the combined system
in Albany has the best power smooth effect with 36% reduc-
tions of energy variability while Gippsland presents the lowest
performance (4% reduction).

4.2 Economic Assessment
To evaluate the economic feasibility of developing an off-

shore energy farm in Australia, the results of major parameters
of LCC breakdowns (such as CAPEX, OPEX and annual expen-
diture, AnEXP), annual regulation cost (REGC), carbon offset
benefits (COB) and overall economic potential index (such as
LACE, LCOE and EP) are analysed and given in Table. 6.

In general, the CAPEX of offshore energy farms in these loca-
tions are between 4307 A$/kW and 6452 A$/kW for a standalone
wind system and between 4747 A$/kW and 6197 A$/kW for a
combined system. The wide CAPEX range significantly depends
on the locations deployed and the technologies used. For example,
due to the expensive floating foundation and long-distance trans-
mission, the Sydney location has the highest CAPEX compared to
other locations. In contrast, Port Lincoln has the lowest CAPEX
resulting from cheaper fixed foundations and adjacency to the
PCC of the grid. It is noted that the CAPEX of the combined
system in Sydney and Albany are slightly lower than that of a
standalone wind system. The possible reasons for cost reduction
are the significant shared opportunities (such as infrastructure,
installation and O&M costs).

The values of OPEX are calculated similarly in most loca-
tions (except Sydney) as their estimations are based on the power
capacity and are located less than 60 km from the shoreline. Syd-
ney location has higher OPEX due to the additional variable cost
for far shore operation (greater than 60 km). The annual expendi-
ture (defined by AnEXP = CRF · (CAPEX + DCPEX) + OPEX)
covers the impact of the financial loan and economic lifetime on
an offshore energy farm. Typically, the value for a combined sys-
tem is higher than the standalone wind system (in most locations)
unless significant cost-sharing (such as in Sydney).

Due to the variability involved in the offshore renewables, the
estimated REGC for offshore wind-only farms account for 7.1%
of total annual expenditure (AnEXP) which could be a maximum
of 21 mA$ per year in Gippsland and a minimum of 15 mA$
per year in Newcastle. As it was summarised in Table. 6, REGC
for the combined system has been reduced by an average of 25%
compared to that of wind only system. It is also found that the
magnitudes of these regulation reductions are proportional to the
values of CV in different locations. For example, Albany has
the most significant regulation reduction and Gippsland has a
minimal regulation reduction.

The carbon offset benefits significantly depend on the annual
energy production and emission factor of the electricity grid in
different Australian States. Kinston SE and Port lincoln have
low COB as SA has the lowest EMF due to all generation ca-
pacity from gas, while Gippsland, Portland, Newcastle and Syd-
ney locations show high COBs due to high EMF (attributed to
the dominated coal power plant) in VIC and NSW. The value
of COB indicates the significance and potential for developing
low-emission generation (such as ocean renewables) in the future
carbon market to meet the net zero.

It is shown that the combined offshore wind and wave energy
farms in most locations have more competitive LCOE compared
to the standalone wind farm (excluding Gippsland). In addition,
due to the increased energy production and lower energy vari-
ability (less regulation penalty), the combined WW system has
better LACE than the standalone wind farm. In general, Kingston
SE, Gippsland and Portland have the best economic potential for
developing offshore wind energy. However, Portland, Kingston
SE, Sydney and Port Lincoln have a great potential for develop-
ing combined energy farms due to the abundant wind and wave
resources n these locations. However, due to the insufficient wave
resource, the LCOE of the combined energy farm in Gippsland
is 21% higher than the value of the wind-only energy farm. It
should be noted that Newcastle has the highest LCOE and lowest
economic potential for developing both offshore wind and wave
energy compared to other studied locations. Finally, this study
aims to provide a preliminary techno-economic assessment of
developing offshore wind and wave energy in Australia. How-
ever, the detailed evaluation highly relies on specific projects,
locations, local supply chains, labour markets, etc.

5. CONCLUSION
This paper investigates the feasibility of combined wind and

wave energy farm and compares it with a standalone offshore
wind farm via a techno-economic assessment. The results in this
paper indicate that compared with the standalone wind farm, the
combined wind and wave energy farm has unique advantages,
such as lower LCOE, a lower regulation penalty from the elec-
tricity market and higher energy production and carbon offset
benefits. In terms of location, Portland in VIC and Kingston
SE in SA present better feasibility than other locations for devel-
oping combined energy farms. In addition, the analysis models
developed in this paper can be easily applied to study offshore
wind-only or wave-only farms in other Australian sea locations.
The future work will apply this analysis method to develop a
detailed mapping of combined wind and wave energy across all
Australian exclusive economic zones.
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