Housekeeping notes
• This webinar will start 2 minutes post advertised start time to ensure everyone has dialled in
• Participant cameras and audio are switched off, this has been done on purpose to ensure the
presenters do not have any disruptions
• If you have issues with the audio or visual of the presentation, please contact the moderator via the
Q&A section in the bottom right hand corner of your screen
• Q&A for the presenters will be live throughout the whole session, please submit your questions via the
Q&A section in the bottom right hand corner of your screen. Questions will be answered at the end of
the presentation.
• A recording of this session may be made available on Engineers Australia video viewing platform EA
OnDemand post event – please allow at least ten business days.
• A post event survey will automatically pop up at the conclusion of the webinar, your feedback will be
greatly appreciated.
• Your certificate of attendance for this webinar will be automatically generated and sent to you post
event.
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To achieve carbon emission targets in the National Electricity Market (NEM)
the Eastern Australian power system will need to be decarbonised

Solar PV and Wind are today one of the ‘cheapest’ forms of electricity
generation, so…
Does this mean that adding large amounts of low-cost Solar PV and Wind
is the most cost-effective way to achieve deep decarbonsiation ?

As in many Engineering problems, the answer is:
It depends…

Renewables might have lower electricity generation costs on a single
technology basis, but when they are introduced into a system
(e.g., national electricity system), the answer is not straightforward…
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Overview
1. How should we model costs in the interconnected generation system that underpins the NEM?

2. What are the estimated total system costs if we try to decarbonise only with renewables and storage?

3. What happens to total system costs if we allow nuclear small modular reactors in the mix?

Context
• Doctoral research at UQ to explore the most cost-effective and robust pathway for
decarbonising the Australian National Electricity Market (NEM)

• For this, a new investment and operations electricity system model was
developed to simulate different decarbonisation scenarios considering different
availability and costs of technologies
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Context
• The project is part of the Rapid Switch Project, an international collaborative research effort led by
Princeton University and the University of Queensland, that aims to identify a realistic pace and pathway
for decarbonising the world.

• Research network that seeks to identify viable decarbonisation opportunities using existing technologies
while acknowledging regional technological, social, political, and economic constraints.

• In a series of reports, the project aims to identify roadblocks and unintended consequences that could
slow the deployment and scale up of more sustainable technologies with an eye to address these potential
bottlenecks before they arise.
Rapid Switch Project - Andlinger Center for Energy and the Environment (princeton.edu)
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Context
• The Australian National Electricity Market (NEM) is expected to undergo
a large and significant transformation for reducing greenhouse gas
emissions (GHG).

• The electricity sector represents ~2/3 of national GHG emissions.
• Electrification is a common strategy for decarbonising other sectors.
• Therefore, it is a sector that must be addressed and transformed for
achieving deep decarbonisation.

• The Challenge: deploy a Low-carbon, Reliable AND Affordable
electricity system.
Australian NEM
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The Australian NEM: Complex Network that is expected to undergo significant changes

The multiple MARKETS for electricity in the NEM across
time horizons spanning 12 orders of magnitude
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The Australian NEM is changing
Main renewable and GHG targets by states in the NEM:

•
•
•
•
•

Queensland: 50% renewable energy generation by 2030.
New South Wales: 50% emission reduction target by 2030.
Victoria: 50% renewable energy generation by 2030.
Tasmania: 200% renewable energy production by 2040.
South Australia: 100% renewable generation by 2030.

• Current National GHG emission reduction Target:
43% GHG emissions Reduction by 2030 (below 2005 levels)
… which translates to 83% renewable energy in electricity

source: Clean Energy Australia Report, 2021
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The Australian NEM is changing: AEMO’s official plan
Forecast NEM Capacity by 2050. AEMO 2021 ISP Report

• Between 70% and 100% of existing Coal capacity is
expected to retire in the coming decades.
• A small portion of Gas plants are expected to remain
in the system.

We need to replace this significant amount of retiring capacity with lowcarbon, affordable and reliable electricity generation sources
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The challenge
Electricity systems are Complex systems with a range of technologies (each with different technical and economic
parameters) operating together to match electricity demand at ALL TIMES.
Different technologies have different investment and operating costs, but they also pose a different value to the
system:
Solar PV and Wind have low costs (estimated LCOE ~$50 to $60 /MWh), but they are variable and location specific,
thus they required additional support services and investment (e.g., storage, backup, transmission, etc) to firm their
generation.
Dispatchable low carbon electricity generation technologies (as nuclear and hydro) have higher costs (estimated LCOE
for NuclearSMR ~$100/MWh, and even lower), but they can provide firm dispatchable generation.

What are the opportunities and costs of operating and planning low-carbon electricity
system, and what’s the most cost-effective approach to achieve deep decarbonisation?
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Our approach
•

For capturing the whole system implications of decarbonising the NEM, we need to simultaneously capture the investment and
operation dimensions of the system.

•

This will allow to determine the full system impacts and the most cost-effective approach for achieving deep decarbonisation.

•

For this, we developed a long-term electricity capacity planning model with an embedded short-term operational/unitcommitment formulation.

•

The model is applied to the whole NEM, and different runs were conducted for different GHG limits and capital costs (CAPEX)

Main features of our Investment and Operations Electricity system model:

MILP
Least-Cost
Optimisati
on

Model type

Investment &
operations

System dimensions
captured

2040/
hourly
Time horizon &
Time resolution

Renewables,
coal, gas, hydro,
among others

Generation
technologies

Nuclear
SMR
Additional case
evaluated

instantaneous &
near-real-time
CAPACITY,
system strength
and stability
issues

UNIT COMMITMENT MODELS
• SRMC: Short-Run Marginal Costs
• Operational constraints and costs
• Fixed and variable O&M
• Fuel costs
• Ramping and cycling costs
• Unit commitment constraints
• …etc.

..but usually long-term
investments and divestments
are not captured

One Century

One Decade

One Year

One Quarter

One Month

One Week

One Day

One Hour

One minute

system investment simultaneously optimised
over five regions with 24x365 = 8760 hourly dispatch
One second

One millisecond

Model Definition – which time domains does our model address?

CAPACITY PLANNING MODELS
• LRMC: Long-Run Marginal Costs
• Capacity mix
• Investment
• Divestments
• Storage, transmission
capacity and investment, etc

..but usually these models lack
the resolution to capture
operational constraints

Approach of this study: Long-term capacity
planning model with operational constraints
captured through an embedded unit commitment
formulation and inter-region transmission
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Model overview
Model Objective Function - Minimize Total System Costs:
𝑀𝑖𝑛 𝑍
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Subject to a set of CONSTRAINTS on:
CAPACITY :
• Supply = demand at every
hour
• Generation < Capacity (or
committed capacity for
thermal plants)
• Generation > min stable
generation for thermal plants
• VRE and Hydro generation <
resource availability

THERMAL :
STORAGE :
• Storage level (min max)
• In and outflows
• Round trip efficiencies
TRANSMISSION :
• Interconnector capacities
• Flow less than capacity

•
•
•
•
•
•

Heat rates and fuel use
(dependent on output)
Ramping up and down limits
Min UP and DOWN times
Min Stable Generation
Emission limits
Maintenance requirements

UNIT COMMITMENT
(with individual units
grouped in clusters):
• Committed capacity
< installed capacity minus
units in maintenance
• Committed capacity
increases with capacity
coming online and
decreases with capacity
turned off, among others..
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Technologies considered in the model
Core technologies Included: Black and Brown Coal, Solar PV, Wind, Concentrated Solar Thermal, Open Cycle Gas Turbines,
Combined Cycle Gas Turbines, Hydropower. Storage technologies include Pumped Hydro and Li-Ion batteries.

An additional set of cases were modelled allowing investments in Nuclear Small Modular Reactors:
Nuclear Small Modular Reactors (SMR):
Small modular reactors (SMRs) are advanced nuclear reactors that have a power capacity of up to 300 MW(e) per unit, which is about
one-third of the generating capacity of traditional nuclear power reactors. SMRs, which can produce a large amount of low-carbon
electricity, are:
Small – physically a fraction of the size of a conventional nuclear power
reactor.
Modular – making it possible for systems and components to be factoryassembled and transported as a unit to a location for installation.
Moreover, SMRs offer savings in cost and construction time, and they can
be deployed incrementally to match increasing energy demand.
The study referenced the NuScale SMR plant, based on the best available low, central and high project cost estimates in the UQ study
What would be required for nuclear energy plants to be operating in Australia from the 2030s

Main Inputs
CASE
CAPEX

FOM

Fuel Price

Start up Costs

($/kWh yr)

($/GJ)

($/MW Start up)

VOM ($/MWh)
Technology

Low

Central

Brown Coal VIC
Black Coal QLD

Limited to Existing
Capacity

Black Coal NSW

NUC_LOW

$5.50

$131.5

$0.7

$120

$4.30

$53.9

$3.0

$120

$4.30

$53.9

$3.0

$120

NuclearSMR CAPEX
($/kW)
$4,698,000

NUC_CENTRAL

$6,641,000

NUC_HIGH

$7,955,000

NUC_VERY_HIGH

$9,912,000

NuclearSMR

OCGT

$1,407

$1,407

$4.10

$12.6

$10.0

$100

CCGT

$1,675

$1,675

$3.70

$10.9

$10.0

$25

Operational parameters

$569

$778

$0.00

$17.0

$0.0

$0

FOM (A$/MW yr)

$100,000

$1,492

$1,732

$2.90

$25.0

$0.0

$0

VOM (A$/MWh)

$5.3

Fuel cost (A$/GJ)

$0.60

$0.00

$51.3

$0.0

$0

SolarPV
Wind
Hydro reservoir

Limited to Existing
Capacity

Biomass
CST

Value

Efficiency (%)

33%
40%

$8.40

$131.0

$0.0

$0

Ramp rate (% per hour)

$0.00

$0

Min Stable Gen (%)

30%

$4,449

$5,234

$0

$86.10

Pump Hydro

$214

$214

$0

$18.5

Min up and Down times (hr)

12

Batteries li-Ion 2h

$194

$253

$0

$8.1

Start up costs ($/MW start up)

$350

source: GenCost (2021). CSIRO & AEMO report
forCentral and Low 2040 Costs projection

source:What would be required for nuclear energy
plants to be operating in Australia from the 2030s.
Stephen Wilson. The University of Queensland
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International literature review
• Wide range of estimates

Selected from more than
60 papers in full global
literature review. Not all
papers in this field
provide both VRE share
and profile-related
integration costs

• Mostly EU or US studies
• Pattern increases exponentially
with higher VRE shares
• Integration costs are significant
for VRE shares >25%
• Results tend to be system-specific
• Pre-existing hydro either reduces
costs if included in VRE, or stops
short of 100% if excluded

[estimates from ANU
currently an outlier]

• Lower bound estimates:
$25/MWh by Blakers et al for
100% VRE in Australia
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Results: 1)Decarbonising with renewables and Storage
$200
$190

First set of Runs: Seeking to decarbonise
the NEM only with Renewables and Storage
(pump hydro and batteries).

REN&STO_CENTRAL_CAPEX

$180

Average electricity system cost ($/MWh)

$170
$160

Electricity System costs increase as
decarbonisation limits get more stringent.

$150
$140

Sharp increase seen as a fully decarbonised
electricity system is approached
(0 kgCO2/MWh).

$130
$120
$110
$100
$90
$80
$70
2019 NEM Emissions: ~650 kgCO2/MWh)

$60

Electricity system costs increases ~2.5 times
from a 300 GHG limit (which represents
around 50% decarbonsiation) to a fully
decarbonised system.

$50
300

200

100

50

25

0

CO2 emissions Limit (kgCO2/MWh)
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Results: 1)Decarbonising with renewables and Storage
225
Wind

Installed Capacity (GW)

200

SolarPV

175

Batteries

150

Pump Hydro
Hydro

125

Biomass
100

OCGT

75

CCGT

50

Coal

25

2022 Installed
capacity

0
300

200

100

50

25

0

Seeking deep decarbonisation with a
purely Renewables and Storage system
increases system size significantly
System size increases ~1.5 times when
comparing the 300 GHG system versus the
current installed capacity.
System size increases ~4 times when
comparing the fully decarbonised system
versus the current installed capacity.
And this significant overbuild of SolarPV,
Wind and batteries comes at a cost…

GHG emissions limit (KgCO2/MWh)
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Results: 1)Decarbonising with renewables and Storage

Electricity system cost ($ million AUD)

$40,000
Transmission
Costs

$35,000

Storage Costs

The significant overbuild of SolarPV, Wind and
batteries comes at a cost…

$30,000
VRE curtailment
Costs

$25,000

Ramping Costs
$20,000
VRE Inv&Op Costs

A considerable increase in Storage,
Transmission and VRE curtailment costs is
seen as the fully decarbonised system is
approached.

$15,000
Hydro&Biomass
$10,000
Coal and Gas
Inv&Op Costs

$5,000

At the fully decarbonised system around 50% of
total system costs are costs incurred to
accommodate VRE variability and locationspecificity.

$0
300

200

100

50

25

0

GHG emissions limit (kgCO2/MWh)
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Results: 1)Decarbonising with renewables and Storage
VRE Curtailment is the cost component that increases the
most with higher decarbonisation levels.

40%
35%

Higher levels of VRE penetration increases events of demand
saturation, as we are putting more VRE in periods in which
these resources were already generating.

30%
25%
20%

We could be overproducing ~40% of annual demand
requirements!

15%

Thus, the utilisation factor of VRE plants is reduced,
increasing their curtailment rate.

10%
5%
50
25
0

100

200

300

0%
600

Curtailed VRE (% of annual energy)

45%

This in turn increases their specific capital costs, as we have
less units of actual output to recover investment.

GHG emissions (kgCO2/MWh)
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Results: 1)Decarbonising with renewables and Storage
Utilisation factor decreasing drastically for all units as
decarbonisation ambition grows.

70%

Reduced utilisation have a direct impact on capital
utilisation, and specific capital costs.

50%
Coal
CCGT
hydro
wind
solarPV
OCGT

40%
30%
20%
10%
50
25
0

100

200

0%
300

Utilisation factor (%)

60%

GHG Emissions limit (kgCO2/MWh)

For instance: at the 50 kgCO2/MWh, the long-term
generation cost estimated for Coal and CCGT is
$232/MWh and $157/MWh respectively.
At the Zero carbon emission limit, long-term generation
cost of SolarPV is $98/MWh and for Wind is
$186/MWh.
In a market based system, these technologies will need to
recover that costs for keep operating.
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Results: 1)Decarbonising with renewables and Storage
In a real system – these units will need to capture a price of at least that level to recover costs.
But…what if they are not capable of recovering that cost? Of if their price is capped at a certain level?
Possible consequences:
• Owners may start considering closing/reducing operations
• Closures occur earlier than anticipated (some of this is already observed)
• Generators start demanding compensation payments
• Capacity payments are introduced
Recent events in the NEM gives us insights that in a market based mechanisms, these events can occur and can have
significant consequences in the entire electricity system, even risking big blackouts just for not having the appropriate
market mechanisms in place that capture the value of different generation technologies.
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Results: 1)Decarbonising with renewables and Storage
Load and generation profile for the ~600 kgCO2/MWh limit

Load and generation profile for the ~100 kgCO2/MWh limit

Under a more stringent GHG
emission target, all generators
in the system are required to
ramp up, down more and
more often for
accommodating increasing
variable generation.
This leads to increase ramping
costs. Also we see increases
storage and curtailment.
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Results: 2)Decarbonising with low-costs renewables and Storage
$200
Average electricity system cost ($/MWh)

REN&STO_CENTRAL_CAPEX

$180
2019 NEM Emissions: ~650 kgCO2/MWh)

What if we allow a further CAPEX
reduction of SolarPV, wind and
batteries?

$160
$140
$120
$100
$80
$60
$40
300

200
100
50 25
CO2 emissions Limit (kgCO2/MWh)

0
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Results: 2)Decarbonising with low-costs renewables and Storage
Average electricity system cost ($/MWh)

$200
$180
$160

REN&STO_CENTRAL_CAPEX
REN&STO_LOW_CAPEX

Electricity system costs decreases but
not significantly.

2019 NEM Emissions: ~650 kgCO2/MWh)

This can be explained in part because
our central CAPEX case already
considers a strong cost reduction from
today to 2040 levels, and because the
fundamental variability challenges of
VRE resources are still present and
strong in the system.

$140
$120
$100
$80
$60
$40
$20
300

200

100

50

25

0

CO2 emissions Limit (kgCO2/MWh)
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Results: 3) Decarbonising allowing NuclearSMR in the mix
What If we allow NuclearSMR in the Mix ?
..as we saw, the LCOE (generation cost) of NuclearSMR is currently
around double the LCOE of Wind or SolarPV (~$100/MWh vs $50/MWh)
Would the model choose to invest in NuclearSMR?
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Results: 3) Decarbonising allowing NuclearSMR in the mix
Average electricity system cost ($/MWh)

$200
REN&STO_CENTRAL_CAPEX
REN&STO_LOW_CAPEX
NUC_INC_CENTRAL_CAPEX

$180
$160

Allowing Nuclear SMR in the Mix

2019 NEM Emissions: ~650 kgCO2/MWh)

1) NuclearSMR Central CAPEX
case
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$80
$60
$40
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200
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25
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CO2 emissions Limit (kgCO2/MWh)
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Results: 3) Decarbonising allowing NuclearSMR in the mix
Average electricity system cost ($/MWh)

$200
REN&STO_CENTRAL_CAPEX

$180

REN&STO_LOW_CAPEX
NUC_INC_CENTRAL_CAPEX

$160
$140

Allowing Nuclear SMR in the Mix

NUC_INC_LOW_CAPEX

2) NuclearSMR Low CAPEX case

2019 NEM Emissions: ~650 kgCO2/MWh)
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$80
$60
$40
300

200
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CO2 emissions Limit (kgCO2/MWh)
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Results: 3) Decarbonising allowing NuclearSMR in the mix

Average electricity system cost ($/MWh)

$200
REN&STO_CENTRAL_CAPEX

$180

REN&STO_LOW_CAPEX
NUC_INC_VERY_HIGH_CAPEX

$160

NUC_INC_CENTRAL_CAPEX

$140
$120

Allowing Nuclear SMR in the Mix

NUC_INC_HIGH_CAPEX

NuclearSMR High and VERY High
CAPEX cases.

NUC_INC_LOW_CAPEX
2019 NEM Emissions: ~650 kgCO2/MWh)
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300

200

100

50

25

0
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Results: 3) Decarbonising allowing NuclearSMR in the mix
Average electricity system cost ($/MWh)

$200
REN&STO_LOW_CAPEX
NUC_INC_VERY_HIGH_CAPEX

$160

NUC_INC_HIGH_CAPEX

This result becomes particularly evident as GHG
limit approaches zero → Significant differences in
costs when Nuclear SMR is allowed. Average
electricity system cost is between (60%-240%)
higher when NuclearSMR is not allowed in the
mix.

NUC_INC_CENTRAL_CAPEX

$140
$120

Across most of the cases the model chooses to
deploy NuclearSMR, because it results in lower
electricity system cost.

REN&STO_CENTRAL_CAPEX

$180

NUC_INC_LOW_CAPEX
2019 NEM Emissions: ~650 kgCO2/MWh)

$100
$80

Under less stringent decarbonisation limits, this
difference is reduced, as the system can rely more
on Coal and Gas for fulfilling electricity demand.

$60
$40
300

200

100

50

25

0

CO2 emissions Limit (kgCO2/MWh)
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Results: 3) Decarbonising allowing NuclearSMR in the mix
300 kgCO2/MWh limit

$160
160
120
80

$140
$120
$100
$80

40
0

200

solarPV

$180

wind

$160
160
120
80

$140
$120
$100
$80

40

$60
$40

$200

0

$60

Electricity System Costs ($/MWh)

$180

Installed Capacity (GW)

Installed Capacity (GW)

200

$200
Electricity System Costs ($/MWh)

240

0 kgCO2/MWh limit
240

$40

•

When carbon emission limit is reduced (from 300 to 0 kgCO2/MWh), a significant increase in total installed capacity (GW) is seen for
the case that does not allow to deploy NucelarSMR in the mix (increasing between 2 and 2.5 times).

•

The system that allows to deploy NuclearSMR in the mix, reduces the need to overbuild solarPV, wind and storage.

batteries
pump hydro
hydro
biomass
OCGT
CCGT
Coal
NuclearSMR
Elec System
Cost

Results: 3) Decarbonising allowing NuclearSMR in the mix
As the emission limit gets more stringent,
NuclearSMR start adopting a more peaking
role for smoothening the variability of VRE
resources.

Annual utilisation factor of NuclearSMR: 93%

Most of NuclearSMR´s ramping events occur at
day time, reducing its output when solarPV is
generating, and then increasing generation back
again at evening and night times.
The potential benefits offered by SMR on
having an increased flexibility, could be an
important attribute for supporting the
transition to a deep decarbonised electricity
system.

Annual utilisation factor of NuclearSMR: 82%

Results: Comparing NuclearSMR vs NoNuclear cases
$35,000

Note for reference: current NEM
wholesale revenues are heading
off this chart: $300+ per MWh
x 200TWh/y = $60 billion /y

Transmission
Costs
Storage Costs

$30,000
$25,000
$20,000

VRE curtailment
Costs

Previous range of NEM
wholesale annual revenues for
generation $75/MWh x 200
TWh/y = $15 billion /y

Ramping Costs

$15,000

VRE Inv&Op
Costs

$10,000

Hydro&Biomass

Deploying Nuclear SMR contribute
to reduce, or avoid, the costs of
integrating large shares of VRE in
the system.
The case that doesn´t allow Nuclear
SMR in the mix present higher costs
across all categories, relative to the
case that does allow to deploy this
technology

$5,000
Coal and Gas
Inv&Op Costs

50

25

REN & STO

NUC_INC

REN & STO

NUC_INC

REN & STO

REN & STO
100

NUC_INC

$0
NUC_INC

Electricity System Cost ($ million AUD)

$40,000

NucSMR Inv&Op
Costs

0

GHG emissions limit (kgCO2/MWh)
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Results: Comparing NuclearSMR vs NoNuclear cases
Transmission
Costs

Additional costs
for accommodating
Variable renewables

$35,000
$30,000

Storage Costs

$25,000

VRE curtailment
Costs

$20,000

Ramping Costs

$15,000

VRE Inv&Op
Costs

$10,000

Hydro&Biomass

$5,000
Coal and Gas
Inv&Op Costs

50

25

REN & STO

NUC_INC

REN & STO

NUC_INC

REN & STO

REN & STO
100

NUC_INC

$0
NUC_INC

Electricity System Cost ($ million AUD)

$40,000

As the carbon emission limit
tightens, the VRE integration costs
associated with VRE curtailment,
storage and transmission
expansion increases much more
drastically for the case that doesn´t
allow NuclearSMR, versus the case
that does allow it.
Around 50% of total system costs
are associated with additional costs
for accommodating solarPV and
Wind.
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Results: Comparing NuclearSMR vs NoNucelar cases
The Long-term electricity generation
costs (or LCOE) of Wind and Solar is
in fact lower than the LCOE of
NuclearSMR.
However, if the additional VRE
integration costs are added to the cost
of SolarPV and Wind generation,
NuclearSMR can be more cost
competitive at high decarbonisation
limits.
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Conclusions
1. How we model the NEM is crucial to ‘see’ total system costs and not overlook (some of) them

2. If we try to decarbonise only with renewables and storage, total system costs will become very high

3. Allowing SMR nuclear in the mix dramatically reduces the costs of a fully decarbonised system

THANKS
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Extended conclusions
•

Achieving deep decarbonisation comes at a cost. However, depending on the mix of technologies allowed or available in the system, is
the magnitude of the average electricity system cost increase.

•

For the cases that only rely on renewables and storage for deep decarbonisation, a dramatic increase in costs is seen when a zerocarbon electricity system is approached. In contrast, when NuclearSMR is allowed in the mix, a much more contained increase in
costs is seen.

•

Even though the CAPEX for NuclearSMR is four to eight times higher than the CAPEX for wind and solarPV, respectively, lower
electricity system costs are achieved when NuclearSMR is deployed.

•

The above point can be explained because including NucelarSMR delivers multiple economic and operational benefits, as the
technology contributes to reduce renewables integration costs (as storage curtailment costs, transmission costs, etc) that would
otherwise appear when deploying a large VRE and storage based system.

•

This suggests that the availability of NucelarSMR in the system, even if much costlier than VRE resources in terms of overnight
capital cost or levelized cost of energy, is a more robust decarbonisation alternative that could improve chances of achieving an
affordable and reliable zero carbon electricity system.

