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Australia has many potential sites for pumped hydro energy storage (PHES). In our initial survey, we have
found about 22,000 sites — the State and Territory breakdown is shown in the table below. Each site has
an energy storage potential between 1 and 200 Gigawatt hours (GWh).

The sites identified so far have a combined energy storage potential of around 67,000 GWh. To put this
into perspective, to transition to a 100 per cent renewable electricity system 450 GWh of PHES storage
would be needed. The potential PHES resource is almost 150 times more than required. Developers can
afford to be choosy since only about 20 sites (the best 0.1% of sites) would be required to support a 100%
renewable electricity grid.

Approximate Approximate energy storage | Minimum

number of sites capacity (GWh) head (m)
NSW/ACT 8600 29,000 300
Victoria 4400 11,000 300
Tasmania 2050 6,000 300
Queensland 1770 7,000 300
South Australia 195 500 300
Western Australia 3800 9,000 200
Northern Territory 1550 5,000 200
TOTAL 22,000 67,000

For comparison, the proposed Snowy 2.0 pumped hydro system would have a storage capacity of about
360 GWh. The Tesla battery to be installed in South Australia has a storage capacity of 0.13 GWh.
Pumped hydro has a lifetime of 50 years compared with 8-15 years for batteries. About 36 km? of lake is
required to support a 100% renewable electricity system, which is a small fraction of existing artificial
reservoirs.

Virtually all sites are away from rivers, and none intrude on national parks or urban areas. The large
number of potential sites provides some confidence that there will be a good number of technically
feasible PHES sites. Site searching and development of a PHES cost model are being explored as part of
an ARENA funded project.
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Website
Data is regularly updated at http://re100.eng.anu.edu.au/research/phes/

Disclaimer

None of the PHES sites discussed in this study have been the subject of geological, hydrological,
environmental and other studies, and it is not known whether any particular site would be suitable.

There has been no investigation of land tenure apart from exclusion of national parks and urban areas,
and no discussions with land owners and managers. Nothing in this list of potential site locations implies
any rights for development of these locations.

The commercial feasibility of developing these sites is unknown. As with all major engineering projects,
diligent attention to quality assurance would be required for safety and efficacy.

Background

As the proportion of wind and solar photovoltaics (PV) extends into the 50-100% range over the next
decade, a combination of additional interstate high voltage transmission, demand management and
local storage is required to stabilise the grid [1]. Pumped Hydro Energy Storage (PHES) constitutes 97%
of electricity storage worldwide and is the subject of this report. Batteries are also likely to contribute
substantially to local storage.

PHES entails using surplus electricity (for example, on windy/sunny days or during off-peak periods) to
pump water from a lower reservoir to an upper reservoir through a pipe or tunnel. Later, the stored
water can be released through a turbine to recover most of the stored energy. Australia already has
three river-based PHES facilities at Wivenhoe in Queensland, at Kangaroo Valley in NSW and Tumut 3 in
the Snowy Mountains (the site of the proposed Snowy 2.0 PHES scheme).

Off-river PHES opportunities are far more prevalent than river-based sites because most of the
Australian landmass is not near a river. Unlike conventional “on-river” hydro power, off-river (closed
loop) PHES requires pairs of reservoirs that are generally 10-100 hectares in size, rather like oversized
farm dams, located away from rivers, urban areas and national parks in hilly country. These sites are
separated by an altitude difference (head) of 200-900 metres. Water cycles in a closed loop between the
upper and lower reservoirs. Energy storage volume (i.e. reservoir size) is typically sufficient for 5-20
hours at maximum power.

The sites identified in this study are at least 300 m above nearby lower elevations where the lower
reservoirs would be located (i.e. minimum “head” of 300 m), except for WA and the NT, which have
fewer large hills than other states and so have a minimum head of 200 m. Most potential sites are dry
gullies near mountain tops. “Turkey nest” reservoirs on flat land and deep open cut mining pits are also
identified.

Most of the sites in the eastern States are conveniently located near the coastal backbone transmission
system that spans Queensland, NSW, Victoria and South Australia (with connection to Tasmania by
undersea cable).
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The large number of upper storage sites identified provides some confidence that there will be a
sufficient number of feasible PHES for very large-scale storage. Each site requires extensive investigation
to determine its suitability. The occurrence of cyclones, storms and floods means that reservoirs must
be constructed to a high standard. However, if a site is problematical then alternative sites are likely to
be available nearby.

Summary spreadsheet

A spreadsheet is included listing characteristics of all of the sites identified in this work. This spreadsheet
contains only basic information relating to each potential site.

Matched lower reservoirs are not included at this stage.

The head is assumed to be 400 m in most cases to allow a ballpark estimate of potential energy storage.

PHES sites by state

Further work is in progress, with the following interim results. While the landscape is set in stone, the
data are not. We are continually working on improving our model, and will continue to upload updated
information to the website. Details are located at:

http://re100.eng.anu.edu.au/research/phes/

The following table provides details regarding the distribution of sites within each State and Territory:

NSW/ACT Thousands of sites scattered over the eastern third of the state

Victoria Thousands of sites scattered over the eastern half of the state

Tasmania Thousands of sites scattered throughout the state outside national
parks.

Queensland Thousands of sites along the Great Dividing Range within 200 km of

the coast, including hundreds in the vicinity of the many wind and PV
farms currently being constructed in the state.

South Australia Moderate number of sites, mostly in the hills east of Port Pirie and Port
Augusta
Western Australia Concentrations of sites in the east Kimberly (around Lake Argyle), the

Pilbara and the South West (near Perth); some are near mining sites
including Kalgoorlie. Fewer large hills than other states, and so the
minimum head has been set at 200 m rather than 300 m.

Northern Territory Many sites about 300 km SSW of Darwin; a few sites within 200 km of
Darwin; many good sites in the vicinity of Alice Springs. Fewer large
hills than other states, and so the minimum head has been set at

200 m rather than 300 m.

South Australia

We have identified 185 potential sites with a combined energy storage capacity which is about 10 times
more than required to support a 100% renewable electricity system in the state. South Australia is less
hilly and has fewer opportunities than other regions.
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Queensland

We have identified 1,769 potential sites with a combined energy storage capacity which is about 100
times more than required to support a 100% renewable electricity system in the state.

Tasmania

We have identified 2,053 potential sites. Tasmania already has large water storages, several of which are
suitable for pumped hydro energy storage. The large number of upper storage sites identified in this
work provides confidence that there will be a sufficient number of feasible PHES for very large-scale
storage.

Victoria

We have identified 4,404 potential sites with a combined energy storage capacity of 11,274 GWh, which
is about 100 times more than required to support a 100% renewable electricity system in the state.
Interestingly, there are a higher concentration of potential PHES sites in eastern Victoria —in a similar
location to many of the brown coal-fired power plants.

Sites in the vicinity of Nunniong (Eastern Victoria) have high heads of 600-800 m, and one site in
particular also has an attractive water to rock ratio. This can be seen in Figure 10.

The Tallangatta Valley also has many good sites, close to a 330 kV transmission line. This proximity
lowers costs associated with grid connection.

New South Wales and the Australian Capital Territory

We have identified 8,578 potential sites with a combined energy storage capacity of 29,062 GWh, which
is about 200 times more than required to support a 100% renewable electricity system in the region.
Heads of 400-600 m are commonly available in NSW.

The Araluen Valley offers outstanding opportunities for off-river PHES: heads of up to 600 m, and a short
steep pressure pipeline.

There are also outstanding sites in the vicinity of Glen Innes. This area has become a renewable energy
hub, with wind and solar photovoltaic farms that have been completed and some under construction,
including the Sapphire and White Rock Wind Farms, and the White Rock Solar Farm. A Sapphire Solar
Farm is also in the planning stage.

Closer to the ACT, using Cotter Dam as a lower reservoir means that heads are small (~100 m), and may
not be economically competitive. Naas offers heads of 300 m and is the most attractive region of the
ACT for PHES. Corin Forest is another potential site, but will probably be unsuitable for several reasons.

Connection of Bendora and Cotter reservoirs offers a head of abut 240 m. A 14 km long tunnel/pipe
would be required, and the volume of Bendora is a modest 12 Gigalitres (GL). For comparison, the
Snowy 2.0 proposal entails a 25-30 km long tunnel between Tantangara and Talbingo reservoirs, and an
attractive head of 650 m. Tantangara can store 254 GL (about 21 times more than Bendora).

Connection of Corin and Tantangara reservoirs entails a 25 km long tunnel and a head of 250 m, and is
not attractive.



Western Australia

We have identified 3,826 potential sites with a combined energy storage capacity of 8,692 GWh, which
is about 200 times more than required to support a 100% renewable electricity system in the region.

The size and distance between population centres in WA have led to the construction of the South West
Interconnected System, which stretches from Albany in the South, East to Kalgoorlie, and to Kalbarri in
the North. Although WA does not have mountainous terrain, there are many potential sites for PHES.

The North West Interconnected System serves the resources centres in the vicinity of Port Hedland.
There are very good potential PHES sites in this area, which could support a 100% renewable energy site
—in which renewable electricity could be used instead of coal to reduce iron ore, and produce steel for
export.

Lake Argyle is a man-made reservoir, located in northern WA. The lake is abutted by hilly regions, which
could host PHES sites. This area is of particular interest — the outstanding solar resource, and energy
storage using PHES, along with an HVDC connection through to Indonesia, could be used to export
renewable electricity to South East Asia.

Northern Territory

We have identified 1,547 potential sites with a combined energy storage capacity of 4,669 GWh, which
is about 1000 times larger than required to support a 100% renewable electricity system.

The NT electricity network is made up of several smaller systems, serving population centres. The good
solar resource in these areas could be coupled with PHES systems to convert these small networks to
100% renewable electricity systems. Many of the smaller systems are currently powered using diesel
generators — which are both noisy and polluting. Diesel fuel is expensive, and must be transported long
distances. Many areas in Australia, such as King Island, Coober Pedy, Rottnest Island and Lady Elliot
Island, are moving away from solely diesel powered grids, due to their high costs.

Finding PHES sites

Potential sites for off-river PHES can be identified from a geographic information system (GIS) platform
such as ArcGIS based on algorithms with defined search criteria. Detailed information such as head,
reservoir area, average dam depth and storage capacity is then derived from the search results for
further analysis.

Many of the sites may turn out to be unsuitable.

A turkey nest reservoir entails a continuous earth wall around most of the impoundment. A head-of-
gully reservoir entails a relatively short wall across a gully high in the catchment (to maximise head and
minimise the flood risk).

In this work the identified sites assume earth and rock walls with a maximum height of 40 m. The
average water depth of these sites is around 20 m and the minimum area is generally 10 hectares, giving
a minimum water volume of 2 Gigalitres in most cases. Dam walls have a slope of 1:1
(horizontal:vertical), yielding a calculated volume of rock.



Different wall heights will produce different dam shapes and volumes. At a later stage, we will extend
the analysis by using different wall heights in the range 10-80 m. However, the most prospective regions
are picked out by the sites we have identified using 40 m walls.

Good sites
Good PHES sites have the following characteristics:

e large head: 300-600 m heads are desirable. Doubling the head doubles energy and power but
often does not double the cost. For comparison, the existing Tumut 3 PHES system has a head of
150 m

e Gentle slopes behind the dam wall: so that a modest wall can impound a large amount of water

e large water volumes: in our modelling we generally require a minimum of 1 GL, which roughly
corresponds to 1 GWh of stored energy (for ~400 m head)

e Large volume of stored water compared with the volume of rock required for the dam. That is, a
large water/rock ratio. A ratio above 10 is desirable, and preferably much higher

e Short and steep connecting pressure pipes/tunnels between upper and lower reservoirs to
minimise length/cost

e  Minimum conflicts with indigenous, environmental, social, heritage, urban, agricultural and land
management aspects

e Appropriate geological characteristics

e Good access to roads and high voltage power lines

e Good access to water

Limitations

This work focuses on upper reservoir sites since there are far fewer potential upper reservoir sites than
potential lower reservoir sites.

After identifying a suitable upper reservoir site, the remaining steps are to identify a lower reservoir site
and a tunnel/pipe route connecting them. The sites identified typically have large areas of flat land at
the base of the hills suitable for lower reservoirs (which are not included in this material).

A cost model is under development in this project that will allow optimisation of the pipe/tunnel route
and lower reservoir site. Future releases of information will include this material.

Visualising potential sites for upper reservoirs

Google Earth is a free publicly available application that allows visualisation of potential PHES sites [2].
Google Earth used in 3-D mode with 3:1 vertical exaggeration provides good visualisation from any
direction. Files with the right format (kml or kmz) can be loaded into the “Places” field to allow 3-D
visualisation of potential reservoirs.

A kml file is available for download for each region. Opening this file with Google Earth allows
visualisation of sites in 3D from any angle. Also shown is a representation of the dam walls. Clicking on a
blue reservoir brings up data about that reservoir. Clicking on a dam wall brings up information about
that dam wall, such as length, area and volume.
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Figures
Maps of Regions
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Figure 1: PHES sites around Australia
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Figure 1: Potential PHES sites in Queensland are located near the Great Dividing Range.
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Figure 2: PHES sites in South Australia (ArcGIS® software by Esri. ArcGIS® and ArcMap™ are the intellectual property of Esri)
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Figure 3: PHES sites in Tasmania
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Figure 4: Potential PHES sites in New South Wales.
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Figure 5: Potential PHES sites in Tasmania.
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Figure 6: Potential PHES upper reservoir sites in Region A, east of Port Augusta. The lower reservoirs would be at the western foot of the hills (bottom of the
image).
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Figure 7: Potential PHES upper reservoir sites near Townsville (Qld). The lower reservoirs would be at the foot of the hills (bottom of the image).
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Figure 8: Potential PHES upper reservoir sites near Araluen (Canberra district). The lower reservoirs would be at the foot of the hills. Head is up to 600 m.
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Figure 9: Potential PHES upper reservoir sites near Avoca (Tasmania).
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Figure 10: Potential PHES upper reservoir sites near Nunniong (Victoria) The site in the centre has a very good water to rock ratio.
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Figure 11: Potential PHES upper reservoir sites near the Tallangatta Valley (Victoria) The easement corridor for the 330 kV transmission line can be seen in this
image.




Pumped hydro energy storage

Renewable electricity

As the proportion of wind and PV extends into the 50-100% range, a combination of additional
interstate high voltage transmission, demand management and local storage is required to balance the
electricity grid.

Local storage confers resilience in the event of transmission line failure. Additionally, it allows greater
utilisation of expensive high voltage interconnectors to other states by storing excess wind and PV for
transmission at a later time, thus increasing the average load in the powerlines (and reducing their
required capacity and cost). PHES and batteries are both likely to be prominent in local storage.
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Figure 10: Net new capacity installed worldwide in 2016 [3,4,5]. PV and wind are the largest and second
largest sources of new generation capacity, followed by coal.

PHES

Pumped hydro energy storage (PHES) entails using surplus energy to pump water uphill to a storage
reservoir, which is later released through a turbine. About 20% of the stored energy is lost in the storage
cycle. PHES constitutes 97% of electricity storage worldwide, 159 gigawatts (GW) [3].

In addition to storing energy, pumped hydro storage has additional capabilities that help support the
electricity system. PHES can provide excellent inertial energy storage (the heavy rotating generator)
which helps stabilise the system against disturbances, fast response time (idle to full capacity in one or
two minutes) and black start capability (to restore a collapsed grid).
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Australia already has river-based PHES facilities at Wivenhoe, Kangaroo Valley and Tumut 3. However,
off-river PHES opportunities are far more prevalent than river-based sites. Unlike conventional “on-
river” hydro power, off-river (closed loop) PHES requires pairs of reservoirs that are generally 10-100
hectares in size, rather like oversized farm dams, located away from rivers and national parks in hilly
country. These sites are separated by an altitude difference (head) of 200-900 metres, and joined by a
pipe or tunnel containing a pump and turbine.

In these systems, water cycles in a closed loop between the upper and lower reservoir. About 10% of
the energy is lost in the pumping cycle and another 10% in the generation cycle, for a round trip
efficiency of around 80%. They consume little water (evaporation minus rainfall) and have a much
smaller environmental impact than river-based systems. Energy storage volume (i.e. reservoir size) is
typically sufficient for 5-20 hours at maximum power.

Off-river PHES differs significantly from conventional river based hydro:

e The reservoirs are small (1-100 hectares rather than thousands of hectares)

e Minimal flood control measures are needed because the reservoirs are deliberately placed away
from watercourses with sufficient catchment to cause serious flooding.

e The heads are 2-5 times larger because the upper reservoir can be on top of a hill rather than in
ariver valley. An increased head is advantageous because a doubled head allows doubling of
energy stored and power developed, while the cost is generally less than doubled.

e Minimal environmental impacts as river flows are not disturbed

Alternatives to pumped hydro storage

PHES constitutes 97% of the world's energy storage markets and has about 159 GW of global
deployment [3].

Batteries are currently expensive for long term storage (greater than a few hours), but are declining in
cost. Small-scale residential batteries, electric vehicle batteries and low temperature thermal energy
storage using heat pumps for space and water heating and cooling are becoming important,
contributing substantial storage capacity and demand response capability to renewable energy systems.
Importantly, these compete with high retail prices “behind the meter”.

Storage methods other than those mentioned above are under development but have small scale of
deployment hitherto, and it is difficult to obtain reliable cost estimates. Compressed air energy storage
requires a special geologic structure such as a large underground cavern (hundreds of megalitres) to
store high-pressure air, and there are two large commercialised facilities operated around the world.
High temperature thermal energy storage such as molten salt has relatively low deployment of its
primary technology (solar thermal energy).

Hydrogen storage has high round trip losses (typically 50% via electrolysis of water followed by fuel cell
generation). Other energy storage technologies such as flywheels, superconducting magnetic and
supercapacitors are either still at an early stage of development, or are not capable of grid-scale time
shifting of energy use (GWh of electricity).

Energy storage in pumped hydro

The energy storage capability of a PHES system is the product of the mass of water stored in the upper
reservoir (in kg), the usable fraction of that water, the gravitational constant (g = 9.8 ms?), the head (in
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metres), and the system efficiency. By way of example, a PHES system might comprise twin 20 hectare
reservoirs, each 20 metres deep, with a usable fraction of 85%, separated by an altitude difference
(head) of 400 metres, and operating with a round-trip efficiency of 81% (90% for each of the pumping
and generating cycles).

The usable mass of stored water when the upper reservoir is full is 20 Ha * 10,000 m? per Ha * 85%
usable faction * 20 metres depth * 1000 kg/m? (density of water) = 3.4 billion kg = 3.4 gigalitres (GL).

The effective energy storage capacity taking account of both pumping and generating losses is 3.4 billion
kg * 9.8m/s2 (gravity) * 400 m head * 81% efficiency = 11 terajoules (TJ) = 3 GWh (gigawatt-hours). This
much energy storage can generate 300 megawatts (MW) of power for 10 hours. Roughly speaking,

1 GWh of energy storage requires 1 GL of stored water for 400 m head.

Energy storage needs

The National Electricity Market (NEM) and grid covers eastern and southern Australia but excludes
Western Australia, the Northern Territory and remote regions. Recent work shows that about 450 GWh
of widely distributed storage is required to stabilise the NEM when renewable electricity reaches 100%
(mostly wind and PV with some existing hydro and bio energy) [1].

Water use

The use of fresh water rather than salt water is preferred to reduce corrosion of turbines, pumps and
pipes and to minimise the risk of salt contamination of the land environment. Typically, about 85% of
the stored water is available for use in a PHES system.

Rainfall would be above 600 mm per year since most good sites are near the coast. Reservoirs would be
lined if necessary to minimise seepage from the reservoirs.

Evaporation rates in reservoirs are relatively high at up to 2500 mm per year [6]. Evaporation
suppressors in the form of coverings over the water reduce evaporation by reducing solar heating of the
water, trapping water vapour and reducing wind flow across the water surface. High quality suppressors
reduce evaporation by 90% [7]. This means that rainfall exceeds annual evaporation in most years, and
top-up water requirements will be minimal. Harvesting of small amounts of water from micro gullies
located near the reservoirs provides additional water at low cost. Whether or not evaporation
suppressors were used would depend upon the cost of commercially supplied water or the availability of
local water.

The initial water fill would be required over the next one to two decades as reservoirs are progressively
constructed, and amounts to much less than 1% of the annual commercial water market.

Sites for off-river pumped hydro storage

An ideal PHES site has a large head because doubling the head doubles the power and energy available
from the upper reservoir, and halves the water requirement for a given amount of storage, but usually
does not double the capital cost.

Another important requirement is that the pipeline or tunnel connecting the upper and lower reservoirs
be short and steep for a given head. A slope of steeper than 1:15 is preferred to minimise cost.
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Preferably, the reservoirs are not located below any significant catchment to avoid the cost associated
with coping with once-a-century floods.

Some potential sites will be unsuitable because of poor geology, restrictions on allowed land use or poor
access.

The three common types of site are:

e Turkey nest: the upper reservoir is built at the top of a flat hill. Earth and rock is scooped from
the interior to create a continuous earth wall perhaps 20 m high;

e Head of gully: an earth wall is placed across a small gully near the top of a mountain to impound
water. This design has the advantage that the wall length and hence cost is reduced compared
with a turkey nest reservoir;

e Old mine sites: the mining pit can form the lower reservoir, and the upper reservoir can be a
turkey nest reservoir located near the edge of the pit. An example is the proposed 250 MW
Kidston PHES project in an old gold mine in north Queensland [8].

Pipes, pumps, turbines, generators, substations and powerlines are standard equipment that is widely
available from the hydroelectric power industry. Construction of reservoirs within Australia draws upon
extensive experience in the construction of farm dams and tailings dams for mining operations.

Acknowledgements

Support from the Australian Renewable Energy Agency (ARENA) for PHES site searching and the
development of cost models for PHES is gratefully acknowledged. Responsibility for the views,
information or advice expressed herein is not accepted by the Australian Government.

Some figures were created using ArcGIS® software by Esri. ArcGIS® and ArcMap™ are the intellectual
property of Esri and are used herein under license.

References

1. 100% renewable electricity in Australia, Andrew Blakers, Bin Lu and Matthew Stocks, Australian
National University, February 2017
http://www.sciencedirect.com/science/article/pii/S0360544217309568

2. Google Earth: https://www.google.com/earth/

3. http://www.ren21.net/status-of-renewables/global-status-report/

4. http://www.irena.org/menu/index.aspx?mnu=Subcat&PriMenulD=36&CatID=141&SubcatID=17
19

5. http://www.world-nuclear.org/information-library/facts-and-figures/world-nuclear-power-
reactors-and-uranium-requireme.aspx

6. Monthly evaporation calculator http://readyreckoner.nceaprd.usq.edu.au/EvaporationCalc.aspx

7. Evaporation Reduction by Suspended and Floating Covers: Overview, Modelling and Efficiency,
Xi Yao, Hong Zhang, Charles Lemckert, Adam Brook and Peter Schouten, Urban Water Security
Research Alliance, Technical Report No. 28, August 2010

8. Genex Power. The Kidston Hydro Project. 2016; Available from: http://www.genexpower.com.au/the-
kidston-hydro-project.html

23


http://www.sciencedirect.com/science/article/pii/S0360544217309568
https://www.google.com/earth/
http://www.ren21.net/status-of-renewables/global-status-report/
http://www.irena.org/menu/index.aspx?mnu=Subcat&PriMenuID=36&CatID=141&SubcatID=1719
http://www.irena.org/menu/index.aspx?mnu=Subcat&PriMenuID=36&CatID=141&SubcatID=1719
http://www.world-nuclear.org/information-library/facts-and-figures/world-nuclear-power-reactors-and-uranium-requireme.aspx
http://www.world-nuclear.org/information-library/facts-and-figures/world-nuclear-power-reactors-and-uranium-requireme.aspx
http://readyreckoner.nceaprd.usq.edu.au/EvaporationCalc.aspx
http://www.genexpower.com.au/the-kidston-hydro-project.html
http://www.genexpower.com.au/the-kidston-hydro-project.html

