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6.2

Co-located evenly between all
biomass plants except Paynes
Find

CST Biomass backup

Mullewa

Geothermal HAS Station

GENERATION

TOTAL

E. Albany

Hydro storage

150

N.Geraldton

Hydro storage

150

Darling Range dams

Hydro storage

200

2400
2800
300

300

10900
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Scenario 2 – Lower Cost:

The strategy for proportioning the various renewable generation other technologies is to maximise the
use of the lowest-cost renewables, using a combination of biomass and pumped-hydro for backup.
This scenario utilies:








Wind (increased to 3000 MW)
Solar CST( reduced to 1500 MW)
Solar PV (increased to 3000 MW) with large tracking solar farms
Pumped Hydro increased to 2000MW
Biomass configuration: at 2500 MW, slightly lower than Scenario 1.
Wave Energy configuration: as per Scenario 1
Geothermal HDR/EGS configuration: as per Scenario 1

New transmission connections and costs are as per Scenario 1 with minor differences in connectors.
This scenario still entails over-build of wind, solar CST and biomass with a total of 10,800 MW of
generation to provide for a maximum peak of 5,500 MW. The cost for this is estimated at $38 billion
for new generation, significantly less than Scenario 1.
Pumped hydro storage ponds using dams or ocean cliffs with seawater, as per Scenario 1, would be
needed but with total power capacity of approximately 2,000MW and would cost about $5 billion.
Nomnally 500MW would be located at dams near Perth, and the remainder at either or of the grid,
north of Geraldton and/or east of Albany.
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6.3

Scenario 3 - Business as usual (BAU)

The BAU scenario assumes the same mix of fossil fuel generation concentrated at Collie and
Kwinana with a minor amount of wind, and that SWIS demand is scaled up account for growth to 2029
without gains in efficiency or waste reduction, resulting in a 47% increase in demand plus a 15%
spinning reserve for peak demand. This scenario assumes that the power stations are all replaced at
a cost of $16.7 bilion, but without being CCS equipped. Cost of implementing this, if viable would add
significantly to both capital costs and LCOE. $3.9 billion would be required to replace some
transmission infrastructure or increase its capacity, but there would be no pumped storage required.
In addition, the increased demand will require an increased gas supply to SWIS generators, in the
form of a new pipeline or other has not been costed.
As the scenario capacity factors did not differ much from the cited maximum CF, scenario LCOEs
were adjusted proportionally by applying the formula:
Cost per megawatt hour = Max.CF * LCOE at max. CF / scenario CF

6.4

Transmission Infrastructure

Upgrades to existing Transmission:
It is assumed that upgrades of existing transmission infrastructure is required regardless of whether
Business as Usual (BAU) fossil generation or renewables are used, and the estimated costs for the
scenarios within this report are included.
New transmission connections for renewable energy scenarios 1 and 2:
For new transmission lines and substations to connect each of the renewable generation plants to the
main 330 kV transmission infrastructure, refer to Table 7.
Based on the proposed new renewable energy generation there will have to be major augmentations
of the existing 330kV transmission backbone. Additional double circuit 330kV transmission lines in the
North Country Region, Eastern Goldfields Region and south of Muja and Collie Power Stations will be
required to transfer large amounts of power from large scale remote wind farms, solar PV/solar
thermal plants, biomass and wave generation and pumped storage to the existing 330kV backbone
of the SWIS. Each of the 500MW solar farms in scenario 1 will be expected to act as spinning reserve
for the others, as such the proposed strengthening of the transmission infrastructure reflects this.
Cost: The cost of double circuit 330kV lines would be at least $3m per kilometre
and a single circuit 330kV $2m per kilometre. There will be a significant cost for 330kV switchyards
and substations at the end of these lines - assume $50m each. Total cost of new transmission
infrastructure (including a rail link Narrogin – Collie) is estimated to be $13.9 billion for both renewable
energy scenarios.
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Table 7. New transmission infrastructure for renewable energy
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7.

RENEWABLE ENERGY TECHNOLOGIES FOR THE SWIS GRID

7.1

Energy storage: Pumped storage hydropower

Of the various forms of energy storage, pumped-hydropower and biomass appears to be most
suitable for W.A. (Biomass storage is included in biomass generation). Compressed air and batteries
are other storage options but are generally about 10 and 100 times (respectively) smaller in capacity
than hydro and much more expensive. There are no suitable underground caverns for air storage in
the SWIS area.
Stand – alone hydropower is not possible in the SW of WA because flow is limited and suitable sites
have already been dammed or occupied by other infrastructure (e.g. rail line along Avon River). For
these reasons pumped hydropower - between two dams on a river or between a cliff-top pond and
the ocean – are the main renewable energy storage back-up options for large-scale wind and solar in
WA. They are envisaged to be:




Small pumped hydropower plant(s) near Perth for instantaneous backup reserve as well as
helping with grid stability countering voltage fluctuation. A system of 500 MW capacity could
be built by constructing lower storage reservoirs, headrace pipes and hydro plant on the
Wellington and or Serpentine Dams.
Pumped ocean-storage hydropower plants located at the northern and/or southern ends of
the SWIS grid to absorb some of the high wind energy in those areas and provide up to 1500
MW of backup power.

Sites close to the coast of sufficient elevation (90 - 100 m) to provide the necessary head are rare in
the South West and some are on land with high conservation values. However there are a few sites
that may be suitable within 100 km of Geraldton and Albany
Hydro energy is generated by two-way turbines which can act as pumps and generators, and is
calculated by the formula:
E = mghe
where m = mass of water, g = force of gravity and h = head (height), e = efficiency factor
Efficiency factors for the proposed cliff top system with 100 m head are applied twice – when water is
pumped up and when it flows back, giving a round-trip efficiency of approximately 76%, made up of
pipe friction loss (6%) and turbine efficiency loss (18%). Pipe friction increases as diameter is reduced
and distance increased. To keep friction losses low, short large diameter pipes are required
The proposed cliff-top storage with up to 2000 MW capacity would comprise 25 headrace tunnels or
pipes about 5 m in diameter less than 1 km in length feeding 80 MW hydro generators, with intake /
discharge into the ocean. Two 1200 ha cliff-top clay / membrane sealed ponds 10 m deep would
provide 2000 MW of power for 24 hours. The engineering works are capital intensive, each pipe being
equivalent to the Perth Rail tunnel. The capital cost of pumped ocean storage is rounded up 12% from
that stated in Fig.7 below, to $2500 to account for higher costs in WA. of LCOE of $86/MWh is
estimated from Table 9…. below, assuming 10% discount rate, life of 80 years and adding 7% for
additional operating and maintenance of sea water systems
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Table 8. Cost estimation for pumped ocean storage hydropower
dollars per kW
capacity
dollars per kW
capacity

US NREL cost estimate (Fig 7 below)

2,230

Capital cost in WA including large sea water ponds
add 12%

2500

Levelized Cost of Energy (LCOE)

8.6

c/kWh

Levelized Cost of Energy (LCOE)

86

dollars per MWh

Figure7. Capital cost breakdown for pumped storage hydropower

Table 9.
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7.2

Biomass

There is potential to supply 9600 GWh per year from sustainable sources of woody and waste
biomass. About half of this would be sufficient to provide 2000 MW of backup power for 100 days, but
in the scenarios presented, the need for this has been reduced to a minimum, to approximately 10%
and 12% of the total annual energy demand for Scenario 1 and 2 respectively.
Table 10.
Potential for Biomass Energy in Western Australia
Dry biomass (oil mallee) from 10% of WA grain belt (0.1*14mHa * 2.6t / ha/
yr.)*

3,640,000 tons/yr

Straw and wood (plantation) waste**

2,000,000 tons/yr

Annual BIOMASS FUELED ELECTRICITY generated @ (1.7 MWh/dry ton)

9600 GWh

Total annual generation WA South West Grid 2029

23,000 GWh

Potential TOTAL BIOMASS FUELED ELECTRICITY % of total energy sent
out in 2029
*B. Rose (pers. com)

34%

**D. Harrison, Verve Energy (pers. com)

The least cost configuration would be biomass storage as solid, at source and/or generation plant. All
new fuelled thermal power plants built must be compatible with biomass combustion – i.e. fluidised
bed (for solid biomass fuels), gasification (syngas produced from biomass or electrolysis using
renewable electricity) or renewable liquid fuels (such as bio-oils). A strategy for production of
renewable fuels from biomass and electro-chemical means is a pre-requisite for any 100% renewable
energy plan.
A least cost strategy for renewable fuelled electricity would include:



Chipping and pelleting plants located at hubs in agricultural areas and waste processing
centres serviced by existing by rail.
Railing biomass chips and pellets to CST plants for co-firing and/or Collie/Kwinana (about 2 c/
t km), combusting the biofuel in modified existing coal fired generation units and new pyrolysis
gas fired units.

Biomass energy from modified large coal power plants is estimated to cost $118/MWh, compared with
$148/ MWh for new smaller regional power plants. Biomass co-firing of CST plants is assumed to be
similar cost.
Assumptions for supplementary heating of CST with biomass:







The CST system's molten salt storage, boiler and steam turbine are used
Fuel is plantation grown woodchips (cost approx. $58 per MWh)
Woodchips are used to fire a heat exchanger which heats the stored molten salts
Additional infrastructure installed : burner and heat exchanger
Woodchips are delivered to the CST plants by existing rail lines
LCOE adjustment for actual capacity factor CF which difference of CF from reference, by ratioing
the LCOE capital cost component of plant and O&M plus fuel cost. i.e.LCOE = (Levelized capital
cost component at max. CF x ratio(Max. CF / actual CF) + fuel cost. See see Tables 1 and 2.
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A small amount of traditional biomass (300MW) is needed comparatively near to Perth as the main area
of demand (Collie and Kwinana) to aid with grid stability. There are technologies being developed such as
flywheels, dynamic inverters and low cost battery storage, along with the proposed pumped hydro, that
may, closer to 2029, make the requirement of this biomass unnecessary.
Table 11.
Biomass fired electricity cost calculation

Assumed price delivered to rail *

$70

Delivered biomass price per dry tonne (10% moisture)
Add $4/ tonne for 200 km average rail haulage to CST
plants &/or Collie/Kwinana @ 2c/ tonne km***
fuel price per MWh electricity @ 1.7 MW h per tonne dry
biomass

$94.50
$98.50
$57.94
$60120

LCOE for sugar cane waste plant (free fuel) in 2020 **
Small regional power station < 50 MW, assuming LCOE
for OM fuel steam thermal plant is median price for
bagasse plant with free fuel ($90) plus fuel cost ($56) /
MWh
$148
Modified Collie Coal power station 300 MW units,
assuming capital and other operating costs $60/MWh
plus fuel cost $58/MWh
$118
*Abadi et al, 2012.
**AETA, 2012
***Oakajee Rail Network Report, 2009
****Note: that supercritical black coal (without storage) is forecast
to cost $110 - 145/ MWh in 2020 (AETA, 2012)

per green
tonne 45%
moisture
per dry tonne
10% moisture
per dry tonne
10% moisture
MWh
MWH

per MWh

per MWh ****

Most of the biomass fired electricity would be sold as dispatchable backup power and therefore its
capacity factor may be low. Spot prices on the NEM currently range from $40 to $250 per MWh
depending on demand (BREE, 2012). At times when demand is high and back-up is needed prices
are in the range $100 – 250 per MWh and may peak at over $1000 for brief periods.
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7.3

Wave Energy configuration:

There are a number of wave energy technologies available, but one of the potential candidates for
this scenario is the CETO subsurface buoy system of Carnegie Wave Energy Corporation, of WA
(http://www.carnegiewave.com/).
This technology is in the commercial demonstration phase of development and projects of up to 5MW
capacity are in progress, the latter at Garden Island, WA. Prior discussion with CWE in 2010 indicated
that deployment of 120 MW could be achieved by 2020 (Ref: WA Renewable Energy Scenarios
Discussion Paper, SEN 2010, http://sen.asn.au/files/SEN_REscenarios_discussionpaper_web.pdf)
and development appears to be going to plan at this stage. It has been assumed that with
implementation experience, up to 500 MW could be installed around SW WA by 2029, in a number of
good wave energy sites from Geraldton south around to Albany, tying in with load centres via existing
and new transmission infrastructure . It is possible that a mix of this and other technologies could be
installed to make up this generation capacity. Costs used are per BREE AETA 2012 report.
Carnegie technology continues to develop and is currently in the CETO V design version. In lieu of
commercially proprietary performance information on the latest design, SEN uses available data for
the CETO III buoys which are nominally rated at 240kW each. As a worst-case condition for power
generation, in the locations these would be placed, (i.e. lowest expected sea state with significant
wave height (Hs) of 1.5m), the buoys would generate approximately 20% of this power, 100% of the
time as the table below indicates.
Figure 8. Wave environment offshore Fremantle
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7.4

Geothermal Energy Configuration

The geothermal resources in Western Australia are shown in Fig. 9 indicating areas of heat of 120
deg. C or higher, which is generally considered the lower limit which is economically feasible for
generating electrical power. An example of this is the 3.4MW Unterhaching Geothermie plant which
uses the “Kalina Cycle” for improved conversion efficiency. Lower temperature resources however,
are able to be used for direct heating, air-conditioning, desalination, and other.
Figure 9. Geothermal resources in the SW of Western Australia.

Ref: http://www.geothermal.org.au/final_reports/Project3%20Hydrothermal%20Modelling%20in%20th
e%20Perth%20Basin%20WEB.pdf)
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The anticipated sites with suitable for generating electricity are estimated to occur near the SWIS (in
the “Perth Basin”) only Northeast of Geraldton.
There are two potential options for harvesting geothermal in Western Australia, as summarised below.
Hot Sedimentary Aquifer (HSA):
HSA resources are generally in porous materials which makes drilling and heat extraction relatively
straightforward. There are several geothermal energy companies in WA and one example of work-inprogress with this technology is that of Green Rock Energy which has received $5.4 million of LEED
funding for a 25MW+ plant. (Ref:
http://www.greenrock.com.au/media/2012_06_25___ASX___Announcement_LEED_Funding_succes
s_FINAL.pdf). Their “prospective drilling target is focusing on identification of zones where natural
fractures are likely to provide sufficient permeability for the flow rates necessary for commercial
geothermal fluid production”.

7.5

Hot Dry Rocks (HDR)/Engineered Geothermal Site (EGS):

This energy conversion technology by Geodynamics Ltd, (Ref:
http://www.geodynamics.com.au/home.aspx) is presently in the development stage as it has had
some setbacks, which it appears to be overcoming methodically. Furthermore, geothermal resource
exploration in WA has been slowed by lack of availability of drilling rigs.
As the future success and deployment rate is difficult to predict, its contribution to the overall mix of
renewable generation has been estimated to be approximately only 300MW by 2029.
This technology is capable of electricity generation at rated capacity continuously (apart from
downtime), and depletion rates are estimated to allow 20 years at a site. If the plant is moved to
another site, it is expected that the original site will regenerate to prior temperatures within decades.
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7.6

Implementation Rate

To reach the necessary installed capacity of the 2029 scenario 2, the rates of deployment are per
Table 12. Compared to installation timeframes of existing renewable generators, these are
achievable, provided forward planning and coordination is done. Examples of forward planning for
renewable energy generation are in practice in California, Texas and Queensland, known as
“Renewable Energy Zones” (Ref: http://www.westgov.org/rtep/219
http://rti.cabinet.qld.gov.au/documents/2009/jun/qld%20renewable%20energy%20plan/Attachments/Q
ld%20Renewable%20Energy%20Plan.pdf)
Table 12. Implementation rates by 2029
Tot. Installed Capacity, MW in
2029 Scenario 2

Approx. Avg. Implementation
Rate, MW/yr over 16 years

Wind

3000

180

Solar PV (utility, commercial, residential)

3000

180

STC w/storage

1500

90

Pumped-hydro storage

2000

120

Biomass

2500

150

DSM (demand side management)

800

50

Wave

500

30

Geothermal

300

20
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APPENDICES
Appendix 1:
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Appendix 2: Calculation - Metro/Light Rail energy consumption
Using City of Melbourne Yarra Trams; ref. info 2009:
Yarra Trams data states 100MWh for 8 months operation
For 12 months:
100 * 12 / 8 = 150 MWh/year
for 501 trams:
501 * 150MWh = 75.15 GWh/year = 0.075 TWh/yr

Appendix 3: Calculation - Pumped-Hydro Energy Storage
Using dam/s near Perth – Example: 5 GWhr from Wellington dam:
Use 25GL (14%of tot dam cap of 186 GL), with 167m height (full) above sea level (34m deep), with
100m fall to new lower dam.
http://www.watercorporation.com.au/d/dams_storagedetail.cfm?id=18320)

Inputs:

Symbol

Volume

V

2.50E+10

L

Height

h

100

m

Density

rho

Round-trip Potential-toElectrical energy
conversion efficiency.

e

Calculated:

Value

Conversion

1

25

GL

kg/L

0.75

Equation

Value

Conversion

Energy

Ep

=rho*V*g*h

2.45E+13

Nm

6,813

MWhr

Electrical Energy

El

=Ep*e

1.84E+13

Nm

5,109

MWhr
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Appendix 4: Storage options
(extracted from “Variability of Wind and other Renewables: Management Options and Strategies”, Intl
Energy Agency).
Hydro storage facilities, whether in the form of pumped-hydro or hydro reservoirs, have played a key
role in many countries in providing several grid balancing services. Their advantages are the potential
for large-scale electricity storage (>1000MW capacity, depending on location), fast response times
and relatively low operating costs. A fully loaded hydro facility can replace a conventional power
station for several hours if needed. However, beyond hydro storage, there has been very little
commercially available storage technology that operates on today's electricity grids. The main reason
is that large-scale grid integration replaces to a certain extent the function of storage, as discussed in
the previous sections and that other storage technologies are as yet not cost competitive. Storage
systems within the grid have to compete against other technologies for the operational reserve
services they could provide, and there is no a priori advantage to storage systems over generators
for example. Only hydro-storage systems have a long history of utilisation and are thus well
established in today's markets.
Certain storage systems such as flywheels and certain battery types could become viable to provide
specific support services for renewables in the frame of bridging very short-term output fluctuations
(less than one minute) which also has the advantage of minimising the impact of power quality issues.
One fundamental problem with storage is that where energy is converted from one type to another,
conversion losses and thus inefficiencies are inevitably incurred, see table 3 below for details. This is
true for batteries and hydrogen fuel cells (where electrical energy is converted to chemical energy
storage) and flywheels (where electrical energy is converted to kinetic energy).
Table 3: Various storage technologies and typical technical performance
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Appendix 5: Calculation - Energy Potential for Biomass: Dry Mallee
Woodchips
Energy content is 19.5 MJ/kg = 5.41 kWh/ Kg = 5.4 MWh per tonne.
Assume generation efficiency 35% = 1.9 MWh per tonne of dry chips.
Allow 10% for drying and handling; say 1.7 MWh electricity per tonne.
Electricity Generation:
Western Australia
Dry biomass from 10% of WA grain belt (0.1*14,000,000 Ha * 2.6t / Ha/ yr )

3,640,000

tons/yr

Annual electricity generated @ (1.7 MWh/dry ton)

6200

GWh

Total annual generation WA South West Grid 2029

26500

GWh

TOTAL BIOMASS % of total energy sent out in 2029

23%

GWh

Add 2 million tonnes of straw and wood waste

3400

GWh

TOTAL

9600

GWh

TOTAL BIOMASS % of total energy sent out in 2029

36%

Note: 2 million odd tonnes of wood and straw waste (ref: D. Harrison, Verve Energy)
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Comparison with Estimated mallee biomass from Great Southern
Bartle, Abadi et al calculated that up to 3 million
tonnes of wet biomass could be produced if 10% of
the Great Southern (400 – 700 mm rainfall) were
planted to mallee. Great Southern is about 2.1 million
Ha and is the highest yielding dry land agricultural
area.
Assuming 10% dry weight is 55% of the wet weight
this is up to 1.65 million tonnes of dry woodchip or
pellet from the Great Southern. In terms of electricity
generation this is 1650000*1.7/1000 = 2800 GWh or
10.5% of projected 2029 generation.

Appendix 6: Pumped storage power calculations
Cliff top storage 1170 ha in area, 10 m deep with headrace tunnels 5 m diameter and 1 km long
E= mgh; 1 cu m water
falling 1 m height=

375,000

joules

0.00981
0.002725
0.000002725

MJ
kWh
MWh

1 cu m water falling 1 m
height
cu m falling 100 m in 1 hr.
102 MWh
Corrected for 75%
efficiency and density
78.1734375 MWh
1.02=
Power of turbine =
78 MWh
MWh/1hour
25 turbines with 5m diam. headrace tunnels about 1 km long would provide
about 2000 MW of power

Cliff –top storage

Headrace diam. 5 m

Vol. Cu m (pond
1170 ha, 10 m deep)

full discharge time
through 1 pipe (days)

117,000,000

9810

13

discharge
time hrs.
312

Length 1
km
flow rate
(cu m/hr )

vel. approx.
m/sec

375,000

5.31

x-sect area of
head race sq m
19.63

Notes: 1/ Friction loss for water travelling 2 ways in 1 km pipe 5 m in diameter is about 6 .5 M head, or 6.5%
for a 100 M head
2/ Turbine efficiency is > 90% (http://en.wikipedia.org/wiki/Water_turbine),
http://www.mpoweruk.com/hydro_power.htm
http://www.tasonline.co.za/toolbox/pipe/velfirc.htm
Friction calculation
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