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Abstract
Offshore wind and hydrogen are identified as technologies that support the
decarbonization of energy systems. Hydrogen is potentially useful in enabling the
decarbonization of sectors difficult to enable through direct electrification, and offshore
wind is an option for providing the electricity used in hydrogen production. We consider
the possibility of combining offshore wind with hydrogen production in the Australian
context. A model is developed to represent an off-grid system powered by offshore wind
and solar photovoltaics, with electrical storage providing balancing. The model optimizes
generation, storage and electrolyser capacities to find the least-cost solution for hydrogen
production under specified constraints. Three groups of scenarios are modelled
representing a hypothetical present-day system, a prospective future system in 2030
around when the first offshore wind farms in Australia may be commissioned, and
systems covering possible future cost reduction scenarios for solar PV, offshore wind,
and electrolysers. We find offshore wind may have a useful if subsidiary role in renewable
hydrogen production in Australia by compensating for the lack of solar photovoltaics
availability or cheap storage, although there is usually a price penalty. The results
suggest future prices of offshore wind need to reach AUD 43/MWh for it to play a clear
role in a cost competitive system with a hydrogen cost of around AUD 2/kg, equivalent to
the Australian federal government stretch target for hydrogen production costs.
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1. Introduction
The offshore wind sector is growing rapidly globally. Europe has led offshore wind
capacity deployment globally to date, but the Asia Pacific is a key region of near-term
growth. Projections of deployment show the People’s Republic of China is becoming a
key market for offshore wind power. In addition, national governments in the Asia Pacific
region, including Japan, South Korea, Taiwan, and Vietnam, have developed or are
developing framework legislation designed to provide greater clarity to offshore wind
project developers. In addition, governments have announced mid-term targets designed
to provide certainty to companies considering investing in the sector.
The Australian federal government has also joined other governments in the region by
passing framework legislation supporting offshore wind power development that entered
into law in November 2021. There are a number of offshore wind projects at the proposal
stage, with a combined capacity of more than 25 gigawatts (GW)1. In Australia's
federalized system, some state governments are developing plans to support the
development of the sector. In November 2021 the government of the state of Victoria, for
example, announced AUD$37.9 million dollars in support for feasibility studies and preconstruction development work for three projects, awarded through its Energy Innovation
Fund in a competitive tender process2.
A second important development in Australian is the substantial investment in the
hydrogen sector, including hydrogen produced via electrolyser and renewable electricity.
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https://blueeconomycrc.com.au/projects/offshore-wind-potential-australia/
https://www.energy.vic.gov.au/grants/energy-innovation-fund
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In 2020 the Australian federal government released a national hydrogen strategy mapping
out near-term, mid-term, and long-term pathways for hydrogen development. A key
component of the plan is the development of hydrogen and associated vectors for export
purposes, targeting potential markets in the Asia Pacific such as Japan and South Korea.
Hydrogen is also identified as an important area of investment in the Low Emissions
Technology Statement 2021, released as part of the federal government's Technology
Investment Roadmap. In the second statement, released in 2021, a production target of
AUD$2 per kilo is retained3. The Statement also notes that Australia has a particular
advantage in solar and wind energy resources, and positions the country as a leading
global exporter of hydrogen. The recently released draft for 2022 Integrated System Plan4
by Australian Energy Markey Operator (AEMO) also includes a ‘Hydrogen Superpower’
scenario in which energy demand in Australia quadruples to support export of renewable
energy in Australia via hydrogen.
Setting aside the carbon emissions associated with the production of offshore wind
turbines and related technologies, offshore wind has the potential to support low-cost
hydrogen production through higher electrolyser capacity factor5, the potential for colocation of offshore wind farms with potential end-uses for hydrogen such as in refineries,
or near export and import facilities, and the potential for large scale of offshore wind
power facilities. Offshore wind is being considered in Denmark, as well as in Germany, as
an input into hydrogen production (CESA 2021)6. In the case of the United Kingdom, Aker
Offshore Wind and Aker Clean Hydrogen, and DNV have proposed large scale grid

3

Department of Industry, Science, Energy and Resources, Technology Investment Roadmap:
Low Emissions Technology Statement 2021. Available at: https://www.industry.gov.au/data-andpublications/technology-investment-roadmap-low-emissions-technology-statement-2021/prioritytechnologies
4
Australian Energy Market Operator, Draft 2022 Integrated System Plan. December 2021.
Available at: https://aemo.com.au/consultations/current-and-closed-consultations/2022-draft-ispconsultation
5
The ratio of actual electricity output over a period to the maximum electricity output if the system
operates at full capacity over the same period. Typical capacity factor for good sites is 20%-25%
for solar photovoltaics, 35%-45% for onshore wind, and 40%-55% for offshore wind.
6
Clean Energy States Alliance, Offshore Wind
to Green Hydrogen: Insights from Europe. October 2021. Available at: https://www.cesa.org/wpcontent/uploads/Offshore-Wind-to-Green-Hydrogen-Insights-from-Europe.pdf
THE AUSTRALIAN NATIONAL UNIVERSITY

connected projects combining floating offshore wind capacity along with a refinery that will
produce ammonia, liquid hydrogen, and synthetic fuels7.
In this working paper we consider the possibility of combining offshore wind with
hydrogen production in the Australian context. Historically hydrogen produced by
electrolysis using renewable electricity has been more expensive than hydrogen
produced by fossil fuels. The cost of renewable electricity continues to fall, however,
raising the possibility that the production of “green” hydrogen may fall in the future.
Recent estimates suggest in the Australian context suggests that production costs of
AUD$3/kilo is likely to be possible in the coming decade, and prices approaching
AUD$2/kilo is plausible as electricity costs fall8.
We estimate the costs for using offshore wind for hydrogen production in Australia, as
described in the next section. The analysis is intended to help stimulate thinking about
technology options for producing hydrogen in Australia, and for the use of offshore wind
power. Electricity generation and land use needs could also be large under scenarios in
which hydrogen grows to become an important technology option for decarbonisation,
with Deloitte estimating that a total 2050 electrical load requirement of 912 TWh implies a
land-use requirement of 9,260 km2 for a solar dedicated system (equivalent to 4,764 x
74MW solar farms), and 60,154 km2 (equivalent to 2,337 x 106 MW onshore wind
farms)9.
Following Dinh etal. (2021), the study focuses on off-grid systems in which offshore wind
and onshore solar photovoltaics (PV) are dedicated to hydrogen production.10 Such
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https://www.offshorewind.biz/2021/11/04/aker-presents-massive-offshore-wind-to-hydrogenproject-in-scotland-at-cop26/
8
Thomas Longden, Fiona J. Beck, Frank Jotzo, Richard Andrews, Mousami Prasad, ‘Clean’
hydrogen? – Comparing the emissions and costs of fossil fuel versus renewable electricity based
hydrogen, Applied Energy, Vol. 306, Part B, 2022, 118-145.
9
Deloitte, Australian and Global Hydrogen Demand Growth Scenario Analysis: COAG Energy
Council – National Hydrogen Strategy Taskforce. November 2019. Available at:
https://www2.deloitte.com/content/dam/Deloitte/au/Documents/future-of-cities/deloitte-auaustralian-global-hydrogen-demand-growth-scenario-analysis-091219.pdf
10
Leahy, P., McKeogh, E., Murphy, J. and Cummins, V., 2021. Development of a viability
assessment model for hydrogen production from dedicated offshore wind farms. International
Journal of Hydrogen Energy, 46(48), pp.24620-24631.
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systems eliminate the need for grid infrastructure, therefore enabling access to better
resources and suitable ports for the export of hydrogen. Australia’s electricity grid is also
currently reliant on fossil fuel sources of electricity. However, high penetration of
renewables in the Australian electricity system is likely by 203011. Such decarbonized grid
offers the benefit of steady power supply, which is useful for achieving high electrolyser
capacity factor. Future work will investigate the costs and performance of grid-connected
systems.
The study adds to the growing body of research on Power-to-X options that incorporate
offshore wind coupled with renewable hydrogen production, and extends consideration of
the viability of this approach to a new national market - that of Australia - which could be
an important exporter of hydrogen to the Asia Pacific region. It also adds to the growing
body of research that examines offshore wind power in Australia. Australia can be
differentiated from Europe due to its large size, lower population density, and attractive
solar and onshore wind resource availability. A key question for offshore wind in that
context is its competitiveness relative to other decarbonization options not only the direct
supply of renewable electricity, but also its competitiveness as a feedstock for the
production of synthetic fuels such as hydrogen and associated vectors. This research is
the first to address this question.
In the next section we outline the methods used in the study, including the process used
for selecting sites, the modelling scenarios, and the cost assumptions.
2. Methods
2.1 Least-cost optimisation model
In order to examine the costs of hydrogen producing using offshore wind power in
Australia, a system is developed to represent the hydrogen production process, as shown
in Figure 1. The system is powered by offshore wind and solar PV, which generate
renewable electricity that is fed into the electrolyser for water electrolysis. If the
generation from offshore wind and solar PV exceeds the electrolyser capacity, excess
electricity flows to electrical storage, which is battery or pumped hydro energy storage
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Andrew Blakers, Matthew Stocks, Bin Lu, Cheng Cheng, The observed cost of high penetration
solar and wind electricity, Energy, Vol. 233, 2021, 121150.
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depending on location. Stored electricity is later recovered when the electrolyser has
spare capacity. The electrical storage allows load shifting by variable renewable
generation, supporting a higher electrolyser capacity factor. This is beneficial from a cost
perspective due to importance of the capital costs of the electrolyser in overall hydrogen
costs. In some cases, not all excess electricity can be stored as the storage is full or the
storage power is insufficient.

Figure 1: Integrated system comprising renewable electricity from solar PV and offshore
wind, electrical storage, and hydrogen production via electrolysis.
A least-cost optimisation model is developed to simulate hourly energy flow in the system
over a long period (e.g., 10 years). The model optimises capacities of offshore wind
(𝐶!"#$ ), solar PV (𝐶%& ), electrical storage (𝐶'% for storage power and 𝐶'( for storage
energy) and electrolyser (𝐶)*)+,-.*/0)- ) to find the system configuration that results in the
lowest hydrogen production cost. In addition, an upper and a lower bound are specified
for each optimisation parameter, which allows certain system components to be shut
down in certain scenarios. For example, setting both the upper and lower bounds as zero
for solar PV would result in a system powered by offshore wind only.
For a given set of optimisation parameters, an objective function is calculated. The model
then uses Differential Evolution12 to test combinations of the parameters within the
specified range, and find the set of parameters that result in the lowest value for the
objective function. In this study the objective function represents the levelized costs of
hydrogen production (LCOH) plus ‘penalty’, and is defined by:

12

https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.differential_evolution.html
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Equation 1
𝐿𝐶𝑂𝐻 =

∑ 𝐴𝑛𝑛𝑢𝑎𝑙𝑖𝑠𝑒𝑑 𝑐𝑜𝑠𝑡𝑠
+ 𝑃𝑒𝑛𝑎𝑙𝑡𝑦
∑1234
𝐻2𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛,
,

Annualised costs13 comprise costs of offshore wind, solar PV, electrical storage and
electrolyser. For each technology i, annualised costs (𝐴𝐶" ) are calculated using the
following equation:
Equation 2
𝐴𝐶" = (

𝐶𝐴𝑃𝐸𝑋"
+ 𝐹𝑂𝑀" ) × 𝐶" + 𝑉𝑂𝑀" × 𝐸"
1 − (1 + 𝑟" )5#!
𝑟"

Where:
•

𝐶𝐴𝑃𝐸𝑋" is the capital cost of technology i

•

𝐹𝑂𝑀" and 𝑉𝑂𝑀" are the fixed and variable operating and maintenance costs of
technology i

•

𝑟" is the real discount rate for technology i

•

𝑛" is the economic life of technology i

•

𝐶" and 𝐸" are the capacity and annual generation of technology i

Hydrogen production in each hour t is determined by hourly energy flow simulation. In
each hour, the following quantities are calculated:
•

Generation from solar PV and offshore wind:
𝐺𝑃𝑉, = 𝐶%& × 𝐶𝐹%&,,
𝐺𝑊𝑖𝑛𝑑, = 𝐶!"#$ × 𝐶𝐹!"#$,,
Where 𝐶𝐹%&,, and 𝐶𝐹!"#$,, are hourly capacity factors calculated from hourly
meteorological data.

•

Electricity directly fed into the electrolyser from solar PV and offshore wind:

13

Equivalent annual expenses to own and operate an asset, including capital costs shared across
the lifetime of the asset and annual operating and maintenance costs.
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𝐷𝑖𝑟𝑒𝑐𝑡𝐹𝑒𝑒𝑑, = min (𝐺𝑃𝑉, + 𝐺𝑊𝑖𝑛𝑑, , 𝐶)*)+,-.*/0)- )
•

Excess electricity from solar PV and offshore wind:
𝐸𝑥𝑐𝑒𝑠𝑠𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦, = max (0, 𝐺𝑃𝑉, + 𝐺𝑊𝑖𝑛𝑑, − 𝐷𝑖𝑟𝑒𝑐𝑡𝐹𝑒𝑒𝑑, )

•

Spare electrolyser capacity:
𝑆𝑝𝑎𝑟𝑒𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦, = max (0, 𝐶)*)+,-.*/0)- − 𝐷𝑖𝑟𝑒𝑐𝑡𝐹𝑒𝑒𝑑, )

•

Electricity stored in storage (storage charging, assuming all round-trip losses of
storage occur during the charging process for simplification):
𝐶ℎ𝑎𝑟𝑔𝑒, = min (𝐸𝑥𝑐𝑒𝑠𝑠𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦, , 𝐶'% ,

•

𝐶'( − 𝐶𝑢𝑟𝑟𝑒𝑛𝑡𝑆𝑡𝑜𝑟𝑎𝑔𝑒,
)
𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

Electricity recovered from storage (storage discharging):
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒, = min (𝑆𝑝𝑎𝑟𝑒𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦, , 𝐶'% , 𝐶𝑢𝑟𝑟𝑒𝑛𝑡𝑆𝑡𝑜𝑟𝑎𝑔𝑒, )

•

Update storage level:
𝐶𝑢𝑟𝑟𝑒𝑛𝑡𝑆𝑡𝑜𝑟𝑎𝑔𝑒,78
= 𝐶𝑢𝑟𝑟𝑒𝑛𝑡𝑆𝑡𝑜𝑟𝑎𝑔𝑒, − 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒, + 𝐶ℎ𝑎𝑟𝑔𝑒, × 𝑆𝑡𝑜𝑟𝑎𝑔𝑒𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

•

Hydrogen production:
𝐻2𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛,
= (𝐷𝑖𝑟𝑒𝑐𝑡𝐹𝑒𝑒𝑑, + 𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒, ) × 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑒𝑟𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝑖𝑛 𝑘𝑔𝐻2
/𝑘𝑊ℎ)

The objective function also has a ‘penalty’ component that allows an upper or lower limit
to be set for any variable. For example, if the annual contribution from solar PV is limited
to no more than x%, then the ‘penalty’ component will be calculated by:
Equation 3
1234

1234

1234

𝑃𝑒𝑛𝑎𝑙𝑡𝑦 = max (0, U 𝐺𝑃𝑉, − 𝑥% × W U 𝐺𝑃𝑉, + U 𝐺𝑊𝑖𝑛𝑑, X)
,

,

,

In Equation 3, the ‘penalty’ component will be positive when generation from solar PV
exceeds x% of total generation. As the ‘penalty’ component represents total exceeding
generation from solar PV in MW summed over a year, it is several orders of magnitude
larger than the actual cost component and a very small overbuilt solar PV capacity will
lead to a significant increase in LCOH. The model will therefore prioritize the ‘penalty’
component in the optimization to make sure this overbuild does not happen, in another
THE AUSTRALIAN NATIONAL UNIVERSITY

word limiting the contribution from solar PV to be lower than x%. Similarly, the ‘penalty’
component can be utilised to apply constraints on attributes such as minimum electrolyser
capacity factor to model a system that requires steady supply of hydrogen (e.g., hydrogen
as industry feedstock).
2.2 Site selection
The ideal site for co-located offshore wind and hydrogen production has good wind
resources and easy access to the infrastructure required for hydrogen production and
export. In the Australian Hydrogen Hubs Study14 prepared for the COAG Energy Council
Hydrogen Working Group, the consulting and engineering company ARUP identified a list
of potential hydrogen export hubs in Australia based on a range of criteria, including land
availability and ownership, infrastructure, and port potential. A second study by the Blue
Economy CRC15 identified 12 potential offshore wind sites in Australia considering
available wind resource, water depth, distance to existing substations and the coastline.
However, many of the identified offshore wind sites were selected based on its gridconnection capability, which had little value for the off-grid system modelled in this study.
These sites will be useful for the future model of grid-connected systems.
For the purpose of analysis, we adopted the sites identified as potential hydrogen hubs by
ARUP filtering out those with less competitive wind resources. For each potential
hydrogen hub, the wind resources within 200km of the port is assessed (Figure 2).
Protected areas and areas with water depth greater than 1000m (current technical limit
for floating offshore wind) were removed. For each state of Australia (excluding the
Australian Capital Territory), one site with the best overall wind resources was selected
for modelling. This allows a wide distribution of sites with varying meteorological
characteristics across the Australian coast. Corresponding solar sites are assumed to be

14

ARUP, COAG Energy Council Hydrogen Working Group, Australian Hydrogen Hubs Study:
Technical Study. November 2019. Available at:
https://www.industry.gov.au/sites/default/files/2021-09/nhs-australian-hydrogen-hubs-studyreport-2019.pdf
15
Blue Economy CRC, Final Project Report: Offshore Wind Energy in Australia. July 2021.
Available at:
https://www.dropbox.com/s/nzrhz0bqwy3vu6y/BECRC_OWE%20in%20Aus%20Project%20Repor
t_P.3.20.007_V2_e190721.pdf?dl=1
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located close to the port, but outside protected or urban areas. Zoomed-in maps around
each site are available in Appendix A.

Figure 2: Wind resources with 200km of each ARUP identified potential hydrogen export
hub, with protected areas and deep water areas excluded. Locations of hydrogen hubs
from Geoscience Australia16. Basemap credit: Esri.
A summary of the offshore wind and onshore solar sites selected through this process is
shown in Table 1.

16

Geoscience Australia, Potential Hydrogen Export Locations. February 2021. Available at:
https://researchdata.edu.au/potential-hydrogen-export-locations/1680744
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Table 1: Summary of identified offshore wind and solar sites for modelling. CF stands for
capacity factor.
State

Port name

NSW
Port Kembla
NT Gove (near town
of Nhulunbuy)
QLD Brisbane (Gibson
Island)
SA
Port Lincoln
TAS
Hobart
VIC Port of Hastings
WA
Oakajee

Offshore wind
Solar PV
Lat
Lon
CF
Water
Port
Lat
Lon
CF
depth (m) distance (km)
-34.82 150.95 32%
98
41
-34.47 150.89 21%
-12.05 136.69 29%
24
16
-12.23 136.51 24%
-27.81 153.76

38%

95

76

-27.43 153.14 24%

-34.91
-43.65
-39.05
-27.81

45%
52%
55%
53%

88
29
70
46

50
98
85
106

-34.72
-42.88
-38.23
-28.60

135.37
146.72
144.77
114.01

135.83
147.30
145.52
114.61

22%
18%
19%
28%

Hourly wind speed and capacity factor data for 2010-2019 were downloaded from
windatlas.xyz17 for each site, using 150m hub height and the power curve from IEA
15MW Offshore Reference Wind Turbine18. Hourly solar irradiation data over the same
period was downloaded from Solcast19 and solar system outputs were modelled using
NREL’s System Advisor Model (SAM)20 with solar PV systems assumed to be single-axis
tracking.
Hourly and daily correlation between solar PV and offshore wind for the sites selected are
shown below. Most sites show low or negative correlation except Oakajee, WA, which
has 22% correlation between hourly solar PV and offshore wind generation and 41%

17

Available at: http://windatlas.xyz/download/
IEA. Technical Report: Definition of the IEA Wind 15-Megawatt Offshore Reference Wind
Turbine, IEA Wind TCP Task 37. March 2020. Available at:
https://www.nrel.gov/docs/fy20osti/75698.pdf
19
Available at: https://solcast.com/
20
National Renewable Energy Laboratory. System Advisor Model. Available at:
https://sam.nrel.gov/
18
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correlation for daily generation.

Figure 3: Hourly and daily correlation between solar PV and offshore wind for the selected
sites
2.3 Modelling scenarios
Three scenarios were modelled in order to investigate the potential role of offshore wind
in low carbon hydrogen production in Australia.
In the Baseline Scenario an off-grid renewable hydrogen system supplied by offshore
wind and solar PV was modelled for the seven sites identified in Section 2.2. Polymer
electrolyte membrane (PEM) electrolyser was used in the system as it is suited for
variable renewable generation. Pumped hydro energy storage is the preferred storage
technology for the proposed system due to its lower costs for energy storage from hours
to days. Three of the seven sites (Port Lincoln, Gove, and Oakajee) do not have a
potential pumped hydro site nearby, and for these three sites battery was used. In the
baseline scenario the model ran a free optimization with no constrains applied on solar
PV, wind, electrolyser or storage capacities. Current costs and electrolyser efficiency
(introduced in Section 2.4) were used. This scenario examines the hydrogen costs and
optimized system configuration if the proposed system were built today.
In the Solar PV-constrained Scenario, the system was modelled for 2030 for each site,
which represents the expected timeframe for the first offshore wind farm in Australia to be
commissioned. These scenarios are designed to examine the role of offshore wind in
THE AUSTRALIAN NATIONAL UNIVERSITY

which constraints are applied to the fraction of total electricity generated by solar PV in
order to account for potential land use conflicts for solar PV deployment. The contribution
from solar PV (in terms of total electricity generated) was limited to 0%, 10%, 20%, 30%,
40%, and 50%. To account for uncertainties associated with projected 2030 costs, a
sensitivity analysis was carried out to establish lower and upper bounds for the hydrogen
production costs, by varying all cost components (offshore wind, solar PV, electrolyser
and storage) by ±20%.
Finally, in the Varying-costs Scenario, an assumption-free analysis was carried out by
modelling cross-matched costs of solar PV, offshore wind and electrolyser with
incremental cost reductions. Each individual modelling was represented as ‘VC(x,y,z)’,
with x (cost reduction for solar PV) and y (cost reduction for offshore wind) ranging
between 0% - 90% (in 10% step) and z (cost reduction for electrolyser) ranging between
0% - 80% (in 20% step), representing n% cost reduction from 2020 level. The
optimisation was unconstrained and as a best case scenario for the role of offshore wind
in hydrogen production, this analysis was done for the site with the most attractive
offshore wind resources (i.e., Port of Hastings in VIC). This effectively eliminates
concerns regarding uncertainties of future costs and allows anyone with a set of preferred
cost assumptions to easily identify key characteristics of the optimized system under
custom cost assumptions. This scenario also provides insights on the target price for
offshore wind to be competitive for hydrogen production in Australia.
1.

Cost and technical assumptions

Costs in this study are in AUD with an average exchange rate of 1 AUD = 0.75 USD.
Costs of large-scale solar PV, offshore wind, and electrolyser were from GenCost 20202121, which is collaboratively developed by CSIRO and AEMO to report electricity
generation and storage costs in Australia. The current costs reported in GenCost are
based on cost data from Aurecon22, which is commissioned by AEMO to provided

21

CSIRO. GenCost 2021: Final Report. June 2021. Available at:
https://publications.csiro.au/publications/publication/PIcsiro:EP2021-0160
22
Aurecon Australasia. 2020 Costs and Technical Parameter Review Consultation Report for
Australian Energy Market Operator. 2020. Available at: https://aemo.com.au/THE AUSTRALIAN NATIONAL UNIVERSITY

updated costs and technical parameters for generation and storage technologies in the
Australian context. The data reported by Aurecon and in GenCost reflect the costs of
projects recently constructed or are under construction in Australia, along with bid
information from EPC auctions. For technologies that are not yet deployed in Australia
(e.g., offshore wind), international averages are used for reference with adjustments to
account for higher costs for the first few new market entrants.
GenCost also provides estimations of projected future costs for major generation and
storage technologies under three scenarios (Central, High VRE and Diverse Technology)
representing different levels of efforts towards zero emissions and different technology
learning rates. Costs in the ‘High VRE’ scenario presented in GenCost were adopted in
this study to represent the pursuing efforts to 1.5 degrees temperature increase and net
zero emissions by 2050 worldwide. In this scenario a 15% learning rate is applied to
offshore wind.
Note that GenCost does not provide estimations of operating and maintaining (O&M)
costs for offshore wind and the electrolyser. IRENA23 estimates that O&M for current
offshore wind projects were in the range US$70/kW p.a. to US$129/kW p.a (AU$93172/kW p.a.), with the lower range observed in established markets (Europe and China).
Aurecon24 estimated that a hypothetical project in Australia would cost AU$158/kW p.a.,
which is at the high end of the IRENA range. This is reasonable considering Australia
does not have commissioned offshore wind farms yet. In this study the O&M cost
estimated by Aurecon was used, and it was assumed that the O&M cost would drop in the
same rate as the capital cost.
O&M costs of PEM electrolyser were assumed to be 3% of capital expenditures (CAPEX)
per annum, based on Aurecon’s estimation. Current lifetime of PEM electrolyser is 50-80k

/media/files/electricity/nem/planning_and_forecasting/inputs-assumptionsmethodologies/2021/aurecon-cost-and-technical-parameters-review-2020.pdf?la=en
23
International Renewable Energy Agency. Renewable Power Generation Costs in 2020.
Available at: https://www.irena.org/publications/2021/Jun/Renewable-Power-Costs-in-2020
24
Aurecon Australasia, 2020
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hours according to IRENA25, and is expected to increase to 100-120k hours by 2050. 25
years was used in this study as the capacity factor is expected to be relatively lower when
the electrolyser is powered by variable renewables. Cost assumptions for solar PV,
offshore wind and electrolyser are summarized in the table below.
Table 2: Cost assumptions for solar PV, offshore wind, and PEM electrolyser.
Capital
($/kW)
2020 (Baseline scenario)
Large scale solar PV
1,505
Offshore wind
5,771
PEM electrolyser
3,510
2030 (Solar PV-constrained scenario)
Large scale solar PV
768
Offshore wind
5,223
PEM electrolyser
758
Real discount rate: 6%

Fixed O&M
($/kW p.a.)

Variable
O&M ($/MWh
p.a.)

Economic life
(years)

17
158
105

-

25
25
25

17
143
23

-

25
25
25

Costs of pumped hydro energy storage from the Global Atlas of Closed-Loop Pumped
Hydro Energy Storage26 was used in this study. Pumped hydro is a widely-deployed
mature technology, and future cost reduction is likely to be neglectable. Therefore, costs
of pumped hydro energy storage were assumed to be constant in this study.
Table 3: Cost assumptions for pumped hydro energy storage
Power components
Storage components
Fixed O&M
Variable O&M
Periodic O&M
Economic life

$707/kW
$63/kWh
$11/kW p.a.
$0.4/MWh p.a.
$150,000 at year 20 and 40
60 years

GenCost also estimates costs of battery on a total cost basis for storage durations of 1h,
2h, 4h and 8h, but does not separate the power and energy components. This cannot be

25

International Renewable Energy Agency. Green Hydrogen Cost Reduction: Scaling up
Electrolysers to Meet the 1.5⁰C Climate Goal. 2020. Available at: https://irena.org//media/Files/IRENA/Agency/Publication/2020/Dec/IRENA_Green_hydrogen_cost_2020.pdf
26
Matthew Stocks, Ryan Stocks, Bin Lu, Cheng Cheng, Andrew Blakers, Global Atlas of ClosedLoop Pumped Hydro Energy Storage, Joule, Volume 5, Issue 1, 2021, 270-284.
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directly used in this study because the power and energy capacities of storage were
optimized separately and therefore the storage duration was variable27. In this study, the
Bradley function28 (𝑦 = 𝑎𝑙𝑛(−𝑏𝑙𝑛(𝑥))) was used to fit the data provided by GenCost and
calculate the cost of battery in AUD/kWh for any storage duration (Figure 5). Aurecon’s
estimations for the O&M costs of battery were also used and the same cost reduction rate
(as that for the capital costs provided by GenCost) was applied. Lifetime of battery was
assumed to be 20 years according to GenCost.
Summary of the cost assumptions for battery and the curve fitting parameters (a, b) are
shown in the table below.
Table 4: Cost assumptions for battery

2020
2030

Capital ($/kWh)
for 1h storage
789
441

Fixed O&M
($/MW-h p.a.)
4,833
2,701

Variable O&M a
($/MWh p.a.)
-145.109
-108.426

b
-0.03819
-0.12825

Figure 4: Curve-fitting for battery cost (AUD/kWh) against different storage durations for
2020 and 2030.

27

Battery has relatively cheap power but expensive storage. Cost of total system (in $/kWh)
changes non-linearly with the storage duration. At low storage duration (<4h), cost of the power
component is significant and therefore cost in $/kWh is high and decreases dramatically with
increased storage duration. When the storage duration is higher, cost of the energy component
dominates and the cost in $/kWh decreases much more slowly.
28
See: https://www.originlab.com/doc/Origin-Help/Bradley-FitFunc
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The following technical assumptions were made in this study:
•

Electrolyser efficiency: Aurecon29 estimated the hydrogen production rate to be
60kWh/kg, excluding energy loss due to compression. IRENA30 estimated it to be
50-83kWh/kg for the whole system in 2020, and <45kWh/kg by 2050. Energy loss
during compression depends on the end use: the higher the pressure the higher
the loss. For pipeline the loss is around 6%, while for tanks the loss is around 15%.
Using 15% compression loss and Aurecon’s estimation, the current hydrogen
production rate would be approximately 70kWh/kg, which is within IRENA’s range.
In this study it was assumed that the energy required for hydrogen production
would drop linearly from 70kWh/kg in 2020 to 45kWh/kg in 2050, resulting in
62kWh/kg in 2030.

•

HVDC loss: transmission loss between offshore wind farms and the substations
was assumed to be 3% per 1000km according to IEA31. The offshore wind farms
modelled in this study are 16km - 106km away from coast, so the loss is
approximately 0.05% - 0.3%.

•

Storage efficiency: round-trip efficiency for pumped hydro energy storage was
assumed to be 80% according to Blakers et al.32 and for battery was 84%
according to Aurecon.

3. Results
In this section the results of the analyses described above are reported. First, a
breakdown of the levelized cost of hydrogen (LCOH), and the average electrolyser
capacity factor for the Baseline scenario is shown for each site.

29

Aurecon Australasia, 2020.
International Renewable Energy Agency, 2020.
31
IEA-ETSAP. Electricity Transmission and Distribution. - Technology Brief E12. April 2014.
Available at: https://iea-etsap.org/E-TechDS/PDF/E12_el-t&d_KV_Apr2014_GSOK.pdf
32
Andrew Blakers, Matthew Stocks, Bin Lu, and Cheng Cheng. A review of pumped hydro energy
storage. Progress in Energy, Volume 3, Number 2, 2021. Available at:
https://iopscience.iop.org/article/10.1088/2516-1083/abeb5b
30
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Baseline Scenario

Figure 5: Breakdown of LCOH and average electrolyser capacity factor under the
Baseline Scenario
Based on the 2020 cost assumptions introduced in Section 2.4, cost of solar PV
generated electricity ranges between $56/MWh in Oakajee (WA) to $84/MWh in Hobart
(TAS). Cost of offshore wind generated electricity ranges between $127/MWh in Port of
Hastings (VIC) to $239/MWh in Gove (NT).
The modelled LCOH ranges between $11/kg – $14.8/kg across sites. Lower costs are
observed for Brisbane (Gibson Island) and Port Kembla, which have relatively good solar
resources and cheap storage (pumped hydro) available. As a result, the optimized
systems for these two sites are powered by solar PV only, with pumped hydro energy
storage balancing variable generation from solar PV and keeping the electrolyser
operating at 70%-75% average capacity factor.
The three sites that require battery storage (Gove, Port Lincoln and Oakajee) have
significantly lower electrolyser capacity factor compared to other sites. This is due to the
trade-off between expensive storage and cost penalty for operating the electrolyser at
lower capacity factor. Hobart, Port of Hastings and Port Lincoln have offshore wind
included in the optimized systems, due to different reasons. While all three sites have
relatively good wind resources, offshore wind is competitive in Hobart and Port of
Hastings because the solar resources at these two sites are poor (with capacity factors of
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18% and 19% respectively). Port Lincoln, on the other hand, lacks cheap storage and
therefore requires offshore wind, which is not highly correlated with solar, to maintain a
60% electrolyser capacity factor. This is evidenced by the fact that solar plays a larger
role in Port Kembla, which has cheap pumped hydro energy storage, even when the solar
resource in Port Kembla is not as good as that in Port Lincoln.
Oakajee does not have offshore wind in the optimized system despite its good offshore
wind resource (capacity factor of 53%), likely due to the high correlation between offshore
wind and solar (Figure 3). The three sites that incorporate offshore wind have relatively
higher electrolyser capacity factor33 but require less storage, due to the countercorrelation relationship between solar and offshore wind.
In general, this suggests the potential for offshore wind to play a supplementary role in
the optimised system by making up for the lack of energy availability. For example,
compensating the lack of cheap generation (solar PV) in Hobart and Port of Hastings, and
compensating the lack of cheap storage (pumped hydro) in Port Lincoln. Note that
offshore wind needs to have low or negative correlation with solar PV to be able to play a
role in the system. Overall, the LCOH is higher than estimates of PEM-based hydrogen
production in Australia, which range from AUD6.08-7.43/kg in the base case, to AUD2.292.79/kg in a best case scenario. It also exceeds a LCOH of AUD2-3 estimated to be
required for hydrogen exports to be competitive in the potential export markets of
Singapore, the People’s Republic of China, South Korea, and Japan34.
Solar PV-constrained Scenario
In the second scenario we considered the performance of an optimised hydrogen
production system in 2030 where the role of PV is constrained, which may be possible
due to land-access or other issues. As with the Baseline scenario, the LCOH breakdown
and average electrolyser capacity factor is provided for each site in the PV-Constrained

33

Compared to other sites with the same type of storage.
CSIRO, 2018. National hydrogen roadmap–pathways to an economically sustainable hydrogen
industry in Australia, p. 52. Available here: https://www.csiro.au/~/media/DoBusiness/Files/Futures/1800314_EN_NationalHydrogenRoadmap_WEB_180823.pdf?la=en&hash=36839EEC2DE1BC38D
C738F5AAE7B40895F3E15F4.
34
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scenario, and shown in the figures below. The change in LCOH with all cost components
(solar PV, offshore wind, electrolyser, storage) varied by ±20% are also shown to
represent the impact of uncertainties around projected costs in 2030.

Figure 6: PV-Constrained scenario - breakdown of LCOH, average electrolyser capacity
factor, and LCOH sensitivity analysis results for Port Kembla and Brisbane (Gibson
Island).
Under 2030 cost assumptions introduced in Section 2.4, electricity generated by offshore
wind costs $197/MWh in Port Kembla and $167/MWh in Brisbane (Gibson Island), while
that by solar PV costs $41/MWh in Port Kembla and $36/MWh in Brisbane (Gibson
Island). Such a significant cost difference between offshore wind and solar PV results in
PV-only systems in unconstrained cases and large cost penalty when the contribution
from solar PV is limited. For both sites, limiting the contribution from PV to 50% would
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introduce a $4/kg cost penalty, and excluding solar PV from the system would increase
the hydrogen cost by 180%.
In the optimized system, the trade-off between high electrolyser capacity factor and the
costs of doing so is largely affected by the electrolyser cost. Under 2020 cost
assumptions (Baseline scenario in Figure 6), the cost penalty for low electrolyser capacity
factor is high (because electrolyser is expensive) so adding storage is beneficial. Under
2030 cost assumptions, electrolyser is 78% cheaper than in 2020, and therefore the cost
penalty for lower electrolyser capacity factor is minimal and storage is no longer needed
because the cost of storage is larger than its benefit.
For both sites, varying the cost components by ±20% has a moderate impact on LCOH,
which varies by approximately 17% - 20% for different levels of solar PV contribution. As
with the Baseline Scenario, the LCOH remains higher than the estimated requirement for
hydrogen to be competitive in export markets.
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Figure 7: PV-Constrained scenario: Breakdown of LCOH and average electrolyser
capacity factor for Hobart and Port of Hastings.
Offshore wind resources in Hobart and Port of Hastings are more competitive, with a
capacity factor of 52% and 55% respectively, and correlate weakly with solar PV. This
result in significantly lower cost penalty when solar PV is constrained, with $1.2-1.3/kg
penalty for 50% PV limit, and around $3/kg penalty for offshore wind only systems.
However, despite excellent wind resources in these two sites, unconstrained systems
under 2030 cost assumptions are also powered by solar PV only. This is because
electricity from solar PV costs $46-48/MWh in these two sites while that from offshore
wind costs twice as much ($115-121/MWh), largely offsetting offshore wind’s advantage
from its higher capacity factor. Similarly, LCOH varies within the range 17% - 20% when
costs of solar PV, offshore wind, storage and electrolyser are varied by ±20%. The
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absolute changes in LCOH are generally smaller (<$2/kg) compared to those for Port
Kembla and Brisbane (Gibson Island) because the cost of hydrogen production when
solar PV is constrained is lower due to better offshore wind resource in Hobart and Port of
Hastings. However, when the system is unconstrained, hydrogen production is cheaper in
Port Kembla and Brisbane (Gibson Island) because solar resource is better in these two
sites.
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Figure 8: PV-Constrained scenario: Breakdown of LCOH and average electrolyser
capacity factor for Gove, Port Lincoln and Oakajee.
The three sites that require battery storage show similar patterns as other sites which has
cheaper storage available (pumped hydro). Under 2030 cost assumptions, even the
cheaper pumped hydro storage is not required because its benefits cannot outweigh its
costs (due to low electrolyser cost). Therefore, the choice of storage technology would not
affect the system behaviors when solar PV constrained. The cost penalty for constraining
solar PV in Gove is similar to that in Port Kembla and Brisbane (Gibson Island) as these
sites do not have good offshore wind resources, while that in Port Lincoln and Oakajee
show similar patterns as that in Hobart and Post of Hastings.
The conclusion is that falling electrolyser costs undermine the case for offshore wind in
the long-run so long as PV production is unconstrained. Offshore wind has a subsidiary
role to play in solar PV constrained scenarios, although there is a price penalty35.
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A consultation draft for GenCost 2021-22, which included updated current (2021) and future
costs for electricity generation and storage technologies, was recently published. The new
GenCost expected lower cost for offshore wind in 2030, and higher costs for solar PV and
electrolyser. Note that the numbers in this consultation draft are subject to future change, and the
final version will not be published until the second quarter of 2022. Therefore, we used the cost
estimations in the previous GenCost 2020-21 in this study, but modelled a sample scenario using
the new costs as a demonstration, as shown in Appendix B.
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Varying-costs Scenario
The assumed GenCost for offshore wind in the analyses above is high by international
standards. Indeed, the consultation draft for the new GenCost 2021-22 assumes a
substantially lower offshore wind cost (see footnote 38 and Appendix B). In 2030 it stands
at AUD115/MWh for Port of Hastings (an excellent site with 55% capacity factor), while
recent auctions in the European market for delivery in 2025 have produced a price of
around AUD68AUD/MWh36. Thus, the LCOH may be affected by conservative
assumptions about learning rates for offshore wind in the Australian context.
To examine the role of offshore wind in hydrogen production under different price
assumptions for offshore wind and solar PV technologies, below we vary the costs of
offshore wind and solar PV in 10% intervals, starting from 2020 costs. This analysis is
done for various electrolyser cost levels, recognising that a lower electrolyser cost is likely
to reduce the utility of offshore wind.
The offshore wind contribution, electrolyser capacity factor, required storage for a
normalized system with annual hydrogen production of 150,000 tonnes (equivalent to
approximate annual hydrogen production from a 1GW electrolyser running at 100%
capacity factor), and cost of hydrogen production in the optimized system with 20%
electrolyser cost reduction from 2020 level are shown below.
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In 2019, 5.5GW were awarded capacity, at an average strike price of £40.63/MWh, which is
equivalent to AUD75.51 (GBP1 = AUD1.85851, 14 December 2021).
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Figure 9: Offshore wind contribution, electrolyser capacity factor, required storage per
unit, and LCOH for varying offshore wind and solar PV costs, with 20% electrolyser cost
reduction.
The results in Figure 10 suggest there is a wide range for offshore wind to contribute
considerably in the optimized system with varying solar PV costs. For example, for solar
PV cost within the range $30-60/MWh, offshore wind needs to cost approximately $70110/MWh to achieve 40% - 60% contribution (the edge between the blue region and the
green region in the top left graph). Recent auction results in Europe, which have settled at
around a price of around AUD68AUD/MWh, suggest this is achievable if Australia
matches prices achieved in the European market over the next decade.
It can also be observed that the required storage capacity correlates negatively with the
contribution of offshore wind, with high offshore wind resulting in lower need for storage,
and vice versa. This is because offshore wind has a higher capacity factor and more
consistent generation compared to solar PV, which requires storage to make up for the
lack of generation during the night. Electrolyser capacity factor is maximized when there
is a balanced contribution from both solar PV and offshore wind, or when the solar PV
cost is extremely low (<$10/MWh) and a moderate amount of storage is deployed to
balance the generation from solar PV.
With 20% cost reduction for the electrolyser, LCOH is within the range $3.5-10.5/kg, with
the higher range observed only when both solar PV and offshore wind costs are high
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(close to assumed 2020 levels). A neutral cost reduction scenario with $40/MWh for solar
PV and $80/MWh for offshore wind will result in a LCOH of $7.5/kg.
The analyses are repeated below for 40%, 60% and 80% electrolyser cost reductions. A
general trend can be observed that with increasingly lower electrolyer cost, the role for
offshore wind falls. In the ‘worst case’ for offshore wind (80% electrolyser cost reduction),
offshore wind needs to reach $50-80/MWh to achieve 40% - 60% contribution, for a PV
cost ranging between $30-60/MWh. The capacity factor of the electrolyser also becomes
gradually lower because it is of increasingly less value to maintain high electrolyser
capacity factor, especially when the costs for doing so (storage) is assumed constant and
do not drop along with the cost of electrolyser.
With moderate electrolyser cost (40% - 60% cost reduction), storage is still commonly
required when the system is powered by solar PV only. However, with low electrolyser
costs (80% cost reduction), the value provided by storage is outweighed by its costs,
meaning storage is no longer required.
LCOH drops gradually with lower electrolyser cost, as expected. With 80% electrolyser
cost reduction, $2/kg cost of hydrogen can be achieved when both solar PV and offshore
wind cost around $20/MWh, which is very difficult to achieve. An even lower electrolyser
cost would be needed to meet Australia’s target for hydrogen production cost37. A 93%
electrolyser cost reduction scenario, representing GenCost’s estimation for 2050
electrolyer cost, is modelled and presented in Appendix C. Offshore wind contributes to
50% of the total electricity generation if its cost is reduced to $43/MWh, which would
result in a LCOH of $2/kg.
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Department of Industry, Science, Energy and Resources, Technology Investment Roadmap:
Low Emissions Technology Statement 2021. Available at: https://www.industry.gov.au/data-andpublications/technology-investment-roadmap-low-emissions-technology-statement-2021/prioritytechnologies
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Figure 10: Offshore wind contribution, electrolyser capacity factor, required storage per
unit, and LCOH for varying offshore wind and solar PV costs, with 40%, 60%, and 80%
electrolyser cost reduction.
4. Discussion
Offshore wind and hydrogen are identified as key technologies to support the
decarbonization of energy systems globally. Hydrogen is identified as a potentially useful
tool in enabling the decarbonization of sectors identified as difficult to enable through
direct electrification, and offshore wind is potentially an option for providing the electricity
used in hydrogen production.
This paper examines the possible role of offshore wind in hydrogen production in the
Australian context. A model is developed to represent the hydrogen production process,
powered by offshore wind and solar photovoltaics (PV), which generates renewable
electricity that is fed into an electrolyser for water electrolysis. The results suggest that
falling electrolyser costs undermine the case for offshore wind in the long-run, if solar PV
production is unconstrained. Where solar PV capacity is constrained, offshore wind
potentially has a subsidiary role in renewable hydrogen production in Australia, even
under conservative assumptions for offshore wind price reductions and aggressive
electrolyser cost reductions, although with a price penalty. If offshore wind learning rates
support more rapid reductions in generation costs to the region of AUD43/MWh, this
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would result in a LCOH of $2/kg, equivalent to the Australian federal government stretch
target for hydrogen production costs.
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Appendix A: Offshore wind farm locations

Figure A1: Offshore wind site (Port Kembla) in NSW

Figure A2: Offshore wind site (Gove) in NT
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Figure A3: Offshore wind site (Brisbane – Gibson Island) in QLD

Figure A4: Offshore wind site (Port Lincoln) in SA
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Figure A5: Offshore wind site (Hobart) in TAS

Figure A6: Offshore wind site (Port of Hastings) in VIC
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Figure A7: Offshore wind site (Oakajee) in WA
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Appendix B: Modelling of PV-Constrained scenario for Port of Hastings using 2030
cost projections in the consultation draft for GenCost 2021-22

Figure B1: Breakdown of LCOH and average electrolyser capacity factor for Port of Hastings under the PVConstrained scenario, modelled using updated 2030 costs in the consultation draft for GenCost 2021-22.

Under updated costs assumptions for 2030, cthe ost of PV-generated electricity in the
Port of Hastings is $49/MWh, while that for offshore wind is $52/MWh38. Considering that
offshore wind costs similar to solar PV but has significantly higher capacity factor, in the
unconstrained system offshore wind contributes to 95% of total electricity generation. It
means that applying constraints on PV contribution has no cost penalty unless solar PV is
completely disabled, which would only increase the hydrogen production cost by
$0.01/kg. The large difference between the cost assumptions in GenCost 2020-21 and
that in the consultation draft for GenCost 2021-22, as well as the different modelling
results with these two sets of cost assumptions, shows how much the cost projection
could change within a year, and the large uncertainties associated with cost projections. It
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These costs are for Port of Hastings, which has excellent offshore wind and poor solar
resources.
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justifies the necessity to present an ‘assumption-free’ scenario, which was modelled in the
‘Varying-costs’ scenario.
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Appendix C: 93% electrolyser cost reduction
Offshore wind contribution and LCOH with 93% electrolyser cost reduction (2050
GenCost assumption) is shown below. The 2050 GenCost solar PV cost assumption
($35/MWh) is marked. Here, offshore wind contributes 50% of the total electricity
generation if its cost is reduced to $43/MWh, which would result in a LCOH of $2/kg,
comparable to the estimated cost of blue hydrogen produced using steam methane
reforming (SMR) with carbon capture and storage (CCS)39 and would meet Australia’s
target for hydrogen production cost40.

Figure C1: Offshore wind contribution and LCOH for varying offshore wind and solar PV costs, with 93%
electrolyser cost reduction
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Thomas Longden, Fiona J. Beck, Frank Jotzo, Richard Andrews, Mousami Prasad, ‘Clean’
hydrogen? – Comparing the emissions and costs of fossil fuel versus renewable electricity based
hydrogen, Applied Energy, Vol. 306, Part B, 2022, 118-145.
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Appendix D: Energy balance over a sample period for Port of Hastings, VIC is
shown below.

Figure D1: Energy balance over a sample period for Port of Hastings, VIC in the Baseline scenario.,
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