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Disclaimer

This analysis for this report was completed on 30" of June
2017 and therefore the Report does not take into account
events or circumstances arising after that time. The
authors of the Report take no responsibility to update the
Report.

The Report’'s modelling considers only a limited set of input
assumptions which should not be considered entirely
exhaustive. Modelling inherently requires assumptions
about future behaviours and market interactions, which
may result in forecasts that deviate from actual events.
There will usually be differences between estimated and
actual results, because events and circumstances
frequently do not occur as expected, and those differences
may be material. The authors of the Report take no
responsibility for the modelling presented to be considered
as a definitive account.

The authors of the Report highlight that the Report does
not constitute investment advice or a recommendation to
you on your future course of action. The authors provide
no assurance that the scenarios modelled will be accepted
by any relevant authority or third party.

Conclusions in the rReport are based, in part, on the
assumptions stated and on information which is publicly
available. No listed author, company or supporter of this
Report, nor any member or employee thereof undertakes
responsibility in any way whatsoever to any person in
respect of errors in this Report arising from information that
may be later be proven to be incorrect.

In the preparation of this Report the authors have
considered and relied upon information sourced from a
range of sources believed after due enquiry to be reliable
and accurate. The authors have no reason to believe that
any information supplied, or obtained from public sources,
was false or that any material information has been
withheld.

The authors do not imply and it should not be construed
that they have verified any of the information provided, or
that the author’s enquiries could have identified any matter
which a more extensive examination might disclose.

While every effort is made by the authors to ensure that the
facts and opinions contained in this document are
accurate, the authors do not make any representation
about the content and suitability of this information for any
particular purpose. The document is not intended to
comprise advice, and is provided “as is” without express or
implied warranty. Readers should form their own
conclusion as to its applicability and suitability. The authors
reserve the right to alter or amend this document without
prior notice.
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Key Messages

MANAGING FLEXIBILITY WHILST DECARBONISING ELECTRICITY
THE AUSTRALIAN NEM IS CHANGING

The pathway to gradual decarbonisation of the NEM raises a number of questions and concerns. This study has
modelled scenarios that deliver an operable grid, able to keep the lights on, rather than simply stacking capacity
to meet demand. The conclusions from the report “Managing Flexibility Whilst Decarbonising Electricity: the
Australian NEM is Changing” are drawn from an exploration of the following questions:

What is needed to maintain a secure and stable grid?

Can planners focus on a limited set of technologies?

What benefits accrue through the NEM to the individual states?

How can we compare the costs of different technologies?

Four key messages emerge from this study. Each tackles an often-quoted myth surrounding the energy system.

A secure grid requires a range of essential services

Grids are not just about energy

To provide electricity reliably and securely requires a range
of services. The grid operator has to date received much of
these services for free from fossil-fuelled power generation.
There is also an increasing market emerging to purchase
these services. These include services that stabilise the
frequency (the grid's heartbeat) like inertia and frequency
response, ones that ensure demand is always met like firm
capacity and flexibility, and ones that keep the power flowing
down the lines like voltage support. There are many others,
some quite technical in nature.

Traditional grid service suppliers are disappearing

Grid services have traditionally been supplied by large
synchronous generators. However, an increase in variable
renewables is pushing many of these off the grid, either
temporarily during periods of abundant energy, or

MYTH 1: GRID SECURITY CAN BE FIXED
LATER

Historically, the choices facing energy system planners
— brown coal or black coal, combined cycle or open
cycle, hydro or nuclear — have not had big implications
for how the grid is operated. They have all provided the
same set of grid services and have all the essential
elements a grid operator needs.

Many of the broader range of technologies available
today only provide a limited number of these services.
Therefore addressing the grid’s security, reliability
and operability, need to be part of the thinking at the
very early stages of planning an energy future.
Choosing a limited set of technologies to power the
grid may lead to a large “second-fix" cost or result in a
mix that is not feasible when it comes to reliable and
secure energy delivery.

permanently by undermining their economics. As many variable renewables are not as adept at providing grid
services, the shortfall is increasing the vulnerability of the grid to disrupted power supply.

Services need valuing to reward existing providers and bring forward new suppliers

Some services already have a market for supply, but others, like inertia, do not. Valuing the essential services would
encourage innovation, bring forward new solutions and support existing providers to help retain their services.

Existing plant can provide many services if made flexible

In a grid with growing variable renewable penetration, the need for flexibility from other conventional fossil-fuelled
generators grows. Plant that has traditionally run baseload could take the opportunity to sell other essential grid
services, if investment is made to be able to operate them more flexibly.

Inflexible plant will struggle to survive

The growth of variable renewables will increasingly diminish the baseload market, and even eliminate it entirely in
the case of the scenarios modelled by Finkel for 2030. To survive, plant that had operated baseload will need to find
other markets (e.g. load following, night-time only running, fast start reserve services, etc.). Plant too inflexible to

adapt to this will likely have to close as their market evaporates.
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It is important to consider the whole electricity system across all timescales to 2050 and
beyond

¢ The value of a power generation technology depends
MYTH 2: LCOE IS USEFUL FOR CHANGING A

on existing grid

Power generation technologies do not have a value or
measure that can be assessed independent of the grid
to which they are to be connected. The existing mix of
generation and storage technologies on a grid makes a
big difference to the best choice for new power
generation additions.

Energy supply is only one of several services that
technologies bring to a grid

The electricity grid needs a range of essential services to
allow it to deliver energy reliably to its customers. These
are often neglected or considered as an afterthought
when targets are set. However, considering services
such as frequency response, reserve, inertia, firm
capacity and flexibility alongside energy at the outset will
lead to a better solution.

Aiming for intermediate emissions reduction targets
without considering the long term goals can lead to
a sub-optimal portfolio

GRID

The Levelised Cost of Energy (LCOE) is widely and
often utilised to show that one power generation
technology is better than another. It was designed as a
metric to compare similar technologies that provide a
common set of grid services, such as firm capacity and
inertia. For example, LCOE can legitimately help
determine which of nuclear, coal, gas, run-of-river
hydro or biomass are the cheapest options for a region
to provide baseload energy.

LCOE gives no credit to other services, such as energy
storage that provides flexibility, nor does it de-value
those technologies that rely on essential services
delivered by the grid, such as extra frequency response.

LCOE does not account for the services that are either
in demand or in abundance in the existing grid. This
metric takes account of energy generation, but not the
time of generation and how that fits with the existing
demand profile of the region. It assumes that the only
commeodity of value is annual energy production and
therefore has limited use in the current grid, as grids are
decarbonising using both dispatchable synchronous
generation and variable non-synchronous renewables.

Choosing a set of technologies to meet an intermediate target, like one for 2030, may lead to a more difficult
pathway beyond that to the eventual decarbonisation objective. Building new unabated fossil-fuelled power
generation, without planning for its decarbonisation or early withdrawal from the market, may result in stranded
assets or locked-in emissions. Building toc many renewables may make it more expensive and difficult to
introduce low carbon flexible technologies, like CCS, needed for eventual decarbonisation.
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The solution will be diverse

¢ To resolve the trilemma, a range of technologies will
be required

The optimal solution to decarbonisation is likely to involve
a range of generation (an “all of the above” solution) and
supporting technologies like storage. Modelling has
shown that technologies have a natural limit in terms of
how much they can contribute to decarbonisation. Too
much unabated fossil-fuelled power generation and high
emissions will be locked in. Likewise with too many
variable renewables, there is a higher cost and strong
rule of diminishing returns.

e Each technology brings a different range of services

MYTH 3: ONE SIZE FITS ALL

Each technology has its advocates, lobbyists and
detractors. Some will struggle to see the benefits of
other technologies and believe the solution will be
mostly, if not completely, delivered by their favourite
form of power generation.

This modelling has shown that the 100% pathway of
any technology runs into problems a long way before a
100% penetration for reasons of cost, emissions or
feasibility, regardless of the technology.

Awind farm is very different from a coal plant and different again from a storage facility. Each technology brings a
unique collection of services and commodities to the grid, and each brings a set of difficulties and problems that
require mitigation. Given the broad range of services required, this modelling shows a range of technologies will be

required.

e Each state must establish regional reliability

The geography, resources and the generation history of each state within the National Electricity Market is diverse.
Some have a natural abundance of fossil-fuelled power generation, while others have very little. Some have solar
PV but little wind, others the reverse. Some have flexible hydro, others have existing dependable but inflexible
generation. Further, the state interconnectors are relatively small and many have limits across which grid services
cannot be delivered. Given this, it is inconceivable that the same solution will apply everywhere.
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Providing reliable low carbon electricity comes at a cost

¢ Total system optimisation will lead to the lowest cost
highest reliability outcomes

Optimising the whole, in this case the NEM, will always
come out with a cheaper, more robust and more stable
solution than optimising each region or state individually.
A national system to trade out differences and share
services brings with it a huge benefit to the participating
states.

@ All low carbon energy forms are more expensive
than existing assets

If low carbon generation were cheaper than conventional
generation, it would already be happening without

targets or support schemes. The favoured deployment of
variable renewable technologies has been driven by
large subsidies supplied through the RET scheme.
Although the LCOE of renewable technologies appears to
be reducing, the total cost of adding them to the grid
increasies as more renewable capacity is built, taking into
account the cost of grid services, curtailment and security
of supply.

MYTH 4: CLEAN ENERGY IS CHEAP

The current electricity supply system is designed
around providing energy that is secure and low cost.
The need to decarbonise adds an additional and
onerous constraint. Any market or process that has a
constraint imposed will incur extra costs. The electricity
system, with all its complexity, is no different.

Furthermore, the system is in need of constant
refurbishment and renewal, making more investment
necessary. New assets nearly always have a higher
total cost than those fully depreciated, even with their
efficiency improvements.

While in the long term it might be argued that this is
cheaper than adapting to climate change, it won't

be cheaper than the current system based on assets
that are mostly depreciated.

The Australian grid has delivered reliable and secure energy for decades. With the majority of electricity
generation provided by coal-fired power generation, this technology has also delivered the services required
for grid stability such as inertia, frequency control, efc. Fossil-fuel technologies have, to date, underpinned the
energy competitiveness of the Australian economy. But, the grid is changing. With increasing penetration of
renewable generation, it is becoming important fo plan for and manage generation asset investment to track
the least cost and highest reliability path to a low emissions future.
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1 Introduction

Australia’s National Electricity Market (NEM) is changing. The changes are driven through both policy
interventions by State and Federal Governments, and by international commitments made in Paris. Rising
electricity prices are also resulting in changes being driven from the bottom-up, with some consumers now
wanting their own generation and storage options, to feel self-sufficient and in control of cost and reliability.
This raises a number of questions and concerns for both the existing generation fleet and new technologies
that might be added to the grid.

* What is needed to maintain a secure and stable grid?

e Can planners focus on a limited set of technologies to deliver the desired outcomes?

* What benefits accrue through the NEM to the states each with their unique characteristics?
* How can we compare the costs of different technologies?

* How does all this assist in decarbonisation?

* At what cost is the transformation to consumer and Australia’s competitive position?

The United Kingdom (UK) has faced similar issues with its ambitious plan to heavily decarbonise the grid by
2030; UK-based Energy Research Partnership (ERP) sought to examine the issue.! It built its own model of
the grid, which specifically included the need for grid services beyond a simple energy-modelling tool. Its
results showed that the value of power generation technologies are very dependent on the nature of the grid
to which they are being added.

The Australian NEM grid is very different to that in the UK, so conclusions from that study cannot be applied
directly to the NEM. The NEM is an “islanded” grid that consists of five state grids that have relatively weak
interconnections. Furthermore, each state is unique with a different set of resources for generation and
different demand shapes.

This current study has two key objectives. Firstly, it seeks to build upon the work of the Energy Research
Partnership (ERP) by adapting its modelling methodology to be suitable for the NEM and validating it against
historic data. To do this, the ERP methodology was incorporated in a new model for the NEM. It was
integrated with Renewables Ninja,2 a weather simulation tool that was set up for the Australian climate.

Secondly, this study aims to begin to answer some of the big questions above, and share some of the
preliminary insights to contribute to the debate around energy futures.

At the heart of its philosophy is ensuring that the decarbonising scenarios assessed deliver an operable grid
that can keep the lights on. This is an approach that goes beyond conventional energy models of just
stacking energy assets to meet demand. The report seeks to share the initial findings to stimulate debate
around the best solutions for the specific issues of the states participating in the NEM, and the objectives of
the Federal Government.

! Energy Research Partnership (2015) Managing Flexibility Whilst Decarbonising the GB Electricity System, London, UK.

% pfenninger, S., & Staffell, I. (2016) Long-term patterns of European PV output using 30 years of validated hourly reanalysis and satellite
data, Energy 114, 1251-1265.
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There are boundaries to this study, specifically:

e There is no intention to forecast electricity prices. The main financial output is the total system cost.
This is the money that needs to be recovered from the consumers to pay for the system, including
annualised capital cost of new build assets as well as on-going fixed costs and costs incurred by
running generation. Prices may be related to capital asset cost, but are subject to many other
influences outside the scope of this work.

e There is no intention to develop a blueprint for the perfectly optimised system. This would be
dependent on study-specific objectives and constraints. Many constraints are political in nature and
so no attempt is made to forecast these. However, the report examines possible future scenarios
based on ones proposed for the NEM and a series of “what-happens-if’ case studies to illustrate
effects and explore the boundaries of a sensible system.

* This study is not a comprehensive exploration of the issues. The scenarios modelled are used as
examples to demonstrate the capabilities of the modelling and stimulate debate.

This study was financially supported by the Australian National Low Emissions Coal Research and
Development (ANLEC R&D).

1.1  Modelling Energy and Grid Services

The NEM model developed for this study takes into account the grid services provided by the various
electricity generation technologies together with simple energy balancing. It challenges current paradigms for
understanding the total system cost for electricity supply. Conventional modelling approaches make simple
comparisons using traditional metrics, like levelised cost of electricity (LCOE), which do not take into account
the grid system requirements. This modelling safeguards the resilience of a grid by maintaining a
minimum level of inertia and seeking to ensure that the operator has the frequency control tools
needed to maintain a stable grid.3

The model at the heart of the work reported here is MEGS — Modelling Energy and Grid Services. Itis a
regional electricity system model that ensures there is sufficient firm capacity to meet demand, while the grid
operator has sufficient services to maintain grid supply and stability.

It follows a similar solution methodology to BERIC (Balancing Energy, Reserve, Inertia and Capacity), a model
used by the ERP in the UK to model flexibility in the system on the UK mainland.” Both were written by the
same author, but MEGS has additional features that includes the ability to model the following:

* Regions with interconnects that can carry energy and reserve services
* Resource limited hydro
e Short term storage

* An integrated approach with the output of Renewables Ninja,2 a resource that, for a given region,
simulates demand and available hydro, wind and PV for historic weather years.

The goal of MEGS is to show the least system-cost mix of generation that satisfies both a demand constraint
and a grid services constraint. Detail on the modelling methodology of MEGS can be found in Appendix 2.

® Jenkins, J.D. & Thernstrom, S. (2017) Deep Decarbonization of the Electric Power Sector: Insights from Recent Literature, Energy
Innovation Reform Project.
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2 MEGS Modelling the Existing NEM

MEGS was run for the 2015 calendar year and compared to actual running patterns for each state. After
adjustments were made for non-market behaviour (such as gas plant running out of merit assigned within the
model due to a historical low-priced gas contracts), agreement was found to be very good, providing
confidence in the model’s output for future scenarios. The charts following in this section show the main
comparisons for each state, both a one-week sample and the annual generation as a pie. MEGS was run on
2.5 hour steps, which was found to be sufficient to characterise the main features of the day, while maintaining
granularity. The effect of the 2.5 hour steps can be seen in the sharper lines compared with the NEM data at
30 minute intervals for the entire period.

21 Queensland

oo Actual Generation - First Week of May 2015 QLD Imports oo MEGS Generation - First Week of May 2015 Net Imports
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Figure 1: Comparing actual and modelled generation (MW) for Queensland

The generation forecast by MEGS proved a reasonable match to the output recorded for Queensland (Qld)
although the gas generation forecast by MEGS was initially too low. There are potentially two primary
reasons for this. Firstly, a number of Qld’s gas plant have gas supply contracts at a significantly lower price
than the price used in the modelling. Secondly, some of the gas plant maybe in a prime position to support
QId’s long grid lines and sparse network and are therefore required to run for grid stability issues. MEGS
does not model grid constraints like this that fall within a state.

To mimic the higher gas generation, some of the gas plant in MEGS is set to “must-run” status. This forces a
minimum level of generation even when it would apparently be uneconomic at the current gas price to run.

MEGS shows some biomass generation not shown in the actual data — this is because much of it is
embedded and too small to report to NEM and so does not show up in the left hand chart (refer Figure 1).
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2.2 New South Wales

Actual Generation - First Week of May 2015 NSW Imports 2000 MEGS Generation - First Week of May 2015 Net Imports
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Figure 2: Comparing actual and modelled generation (MW) for New South Wales

New South Wales (NSW) is dominated by black coal generation, as shown in both the charts above. MEGS
slightly over predicts the level of coal generation and has import dependency of 6%, whereas in reality NSW
generates slightly less and is reliant on imports for 12% of its energy. There is very good agreement with coal
showing the same pattern of load following with a small amount of support from gas, hydro and wind.

2.3 \Victoria
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Figure 3: Comparing actual and modelled generation (MW) for Victoria

In 2015 Hazelwood was still open and providing up to 1,600MW of brown coal-fired power generation for
Victoria. Hazelwood and a further 4GW of similar brown coal plant, allowed Victoria to be a net exporter to
neighbouring states. The brown coal runs mostly baseload (a running pattern that is full power 24/7), very
occasionally dipping load when demand is low and wind is plentiful, as both actual and modelled charts show
in the centre. Modelled and actual output is very similar, with occasional extra generation from gas plant that
MEGS does not pick up.
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2.4 Tasmania

s Actual Generation - First Week of May 2015 TAS Imports

MEGS Generation - First Week of May 2015
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Figure 4: Comparing actual and modelled generation (MW) for Tasmania

The large portion of hydro generation and nominal thermal generation makes Tasmania quite different from
the other states. Hydro is scheduled to over-produce at peaks to export via the Bass Link to Victoria.
Tasmania draws in imports during low demand periods to enable the inflexible Victorian brown coal to run
baseload. Although small in terms of generation and demand, Tasmania acts as a key provider of flexibility to
the rest of the NEM. MEGS models this behaviour well.

AEMO recommends that at least 7.5GW.s of inertia be available,* MEG models this as the minimum in each
state, however the model suggests this was not achievable in Tasmania. It should be noted, however, a lower
inertia is acceptable, within a region, so long as the system has smaller generation units and/or faster acting
Frequency Control Ancillary Services (FCAS). In Tasmania, the system is secure against the loss of the Bass
Link through the use of fast loss disconnection services contracted with an aluminium smelter.

2.5 South Australia

Actual Generation - First Week of May 2015 MEGS Generation - First Week of May 2015

SA Imports Net Imports
[I5A Solar Csolar

SA Wind

Wind
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2o A = SA Hydro
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=54 Brown coal
—SA Demand
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== Hydro

=0CGT
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= Biomass
~ mEBlack coal
= Brown coal
ccs
—Demand

Annual Generation

y

South Australia (SA) is a very different profile to other NEM regions. Wind farm development has given it a
generation profile strongly dependent on weather. The effect can be seen in the charts above where an
average windy day is followed by a period with no wind, ending with four very windy days. SA is absolutely
dependent on, and makes good use of the interconnectors to Victoria.

Annual Generation

N

Figure 5: Comparing actual and modelled generation (MW) for South Australia

* AEMO (2016). National Transmission Network Development Plan. www.aemo.com.au/Electricity/National-Electricity-Market-
NEM/Planning-and-forecasting/National-Transmission-Network-Development-Plan (Accessed July 2017).
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The interconnectors are a source of coal and gas fired power generation supply during shortfalls of
renewables, and export during periods of excess. Victoria then is acting as a “purveyor of flexibility”,
transferring it from Tasmanian hydro and moving it into SA.

MEGS predicts the pattern well although the pie chart seems to suggest it slightly under-predicts the brown
coal generation. However this coal plant (Northern Power Station) has now been decommissioned and does
not feature in future runs.

2.6 Key Messages from 2015 Data

¢ Coal fired power generation during 2015 supplied more than 80% of the demand across the NEM.

e Coal and gas fired power generators are relied upon to provide the grid services to maintain stable
operation.

* MEGS is able to reliably model both energy supply and grid service criteria faithfully consistent with
the actual dispatch experienced in 2015.

* The NEM operates as 5 separate grids that are only weakly interconnected.

* The regional grid service requirements are different. For both Tasmania and SA, the inertia criteria
used by other states could not be applied due to the lack of high inertia fossil generation in these
states.

* SA s highly reliant on the dispatchable generators in other states to maintain stability for its grid.

* Tasmania’s hydro plant is an important source of flexibility for the rest of the NEM, although Tasmania
is a net importer of power.

» Significant changes have occurred to the NEM grid since 2015. The closures of Northern Power
Station in South Australia and Hazelwood in Victoria have changed both market conditions and grid
vulnerability to disruptive instability.
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3 Tools to Interpret the MEGS Modelling Results

3.1 The Load Duration Curve

Many of the results presented make use of the Load Duration Curve. These are compiled by a sorting
process along the x-axis of the NEM’s 17,520 half-hourly trading periods. The period with the highest demand
is shown on the left and the minimum demand period on the right. This gives a simple curve with a negative
or zero slope at all points. The load for a given period is shown on the y-axis. The left hand chart of Figure 6
illustrates this for a system with a peak demand of 850MW and minimum around 380MW.

This can then be augmented to illustrate the annual share of energy supplied by each technology. For
example, a new curve could be constructed from “demand net of PV output”. This is shown as the grey area
in the centre chart of Figure 6. The difference between the original demand curve and the “demand — PV” is
coloured yellow and this area represents the annual PV output. Wind is treated in the same manner by being
netted off from the demand and then resorted. In this report, its energy output will be coloured green, but is
not shown in this simple example.

The right hand plot in Figure 6 shows the baseload plant that runs 24/7 in black. This is a simple rectangle as
output is constant. Although it could be placed anywhere in the grey area, conventionally the high merit plant
is shown at the bottom of the chart.

900 L

800

New demand with solar

E8  Demand Shape sorted
netted off & re-sorted

from highest to lowest

Now showing Baseload plant

Figure 6: Construction of load duration curve

Further plant can be added to illustrate different generation technologies or plant types, generally working
from high load factor plant nearer the bottom, to peaking plant higher up. Note how the shapes are distinctive;
plant running either at full load or minimum stable generation (MSG), will appear as the orange slice. Mid-
merit plant runs with load factors between 20% and 70% and often follows load, so could be any shape (refer
to Figure 7). Peaking plant will generally occupy a small triangle on the left. In all cases, the area represents
the energy generated by that plant
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800

700

600 600

500 500

J
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full load (left) to MSG (right
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Figure 7: The load duration curve with mid-merit and peaking plant

This format neatly demonstrates the running pattern of different plant over the year, and shows the effect of
renewable generation on the demand profile. In summary, high load factor plant are shown at the bottom and
peaking plant nearer the top. Renewables are at the very top and can be thought of as being netted off the
demand to reshape the curve for dispatchable plant below.
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3.2 Decarbonisation Pathway Curve

The contribution of a particular electricity generation technology to decarbonising the grid is examined in the
results section using decarbonisation pathway curves. To generate these curves, multiple runs of MEGS are
undertaken to examine the effect of progressively adding one type of generation plant. The curves plot the
grid carbon intensity (x-axis) and total system cost (y-axis) — refer to Figure 8 for a worked example.

The costs modelled here are the annualised costs of capital for new plant, and all fixed and operating costs
going forward. No attempt has been made to calculate the depreciation and debt repayment costs of prior
investments, which will be the same for all scenarios. Generally, the base case will be shown at the origin,
and successive plots in steps of new build will be illustrated as points on a line moving away from the origin.

50% 50%

40% 40% '
Future scenario
30% 30% /

2

"

o

o

£

o 20% +10GW of renewables

o 20%

o

g 10%

= +5GW of renewables 10%
0%

-10% 0% Today oo 20% 30% 40%

10% -10% -5% 5% 10% 15% 20% 25% 30% 35%
= o . . . .
Reduction in Emissions o]

Figure 8: Example of a decarbonisation pathway chart

For example, in Figure 8, the total system cost starts in the bottom left for the base case, and as 5GW of
mixed renewables are successively added to the system, it makes progress on decarbonisation but also
increases cost. The points represent scenarios with different plant mixes, as illustrated with the inset pie
charts on the right hand plot. The aim of decarbonisation is to move to the right, at the lowest cost (flattest
line). Ideally costs would go down, but there is no pathway that has been discovered through this modelling
that achieves such a reduction in the absence of subsidy or other intervention in the economics (markets,
etc.).

3.3 Effect of Weather

With access to 10 years of consistent weather data, simulated renewables output from Renewables Ninja®
(Imperial College software), and simultaneous market data from the NEM, it is possible to do some analysis
on the effect weather has on key parameters for each year.

Figure 9 plots the Total System Cost (TSC) against the carbon intensity for a scenario with high renewables
growth (14GW extra for both PV and wind). There’s a clear correlation as a year with high renewables output
would reduce both carbon and cost through saved fuel burn. The year with highest renewable output is 2013,
which resulted in emissions 5% less than average, and costs 3% lower. 2011 was a poor year for renewable
generation, whereas 2015 was a very typical year. This validates the use of weather data from 2015 for the
much of the analysis as a typical year for renewable generation.
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Figure 9: Effect of weather on cost and emissions

Analysis of the weather data also allows other questions to be answered, such as the length of wind or solar
droughts that must be included in planning. If we define a drought day as a day when renewable output for
the day falls below 50% of the daily average, then analysing the ten years of data gives the likelihood of
droughts of a certain length. Another useful output is the amount of storage that would be needed to cover a
drought period. It is assumed that long-term storage would make up the difference between actual output and
50% of expected daily output. For example, for Victoria a drought day is defined as a day when the wind load
factor is less than 15.5%; i.e. if it was 10%, then storage would be required to produce on average 5.5% of
wind capacity during that period. It is clear that Queensland is far from ideal for wind power. Not only is the
expected capacity factor low, but it experiences long and frequent periods of little wind. The southern states
fair much better, but still have a wind drought every 5 years of around 9 days in length. If storage were to be
provided to back this up, then in SA it would need to hold at least 23MWh for each MW of wind. SA has about
1600MW of wind so to secure this against a wind drought would need 285 batteries of the size being built by
Tesla at time of writing. The economics of this operation would be poor with some of the storage only being
used once every 5 years.

If the NEM is taken as a whole, then drought lengths are shorter and storage requirements are less. This
shows the advantages of stronger interconnection and optimisation across the NEM, which can be set against
costs of transmission upgrades to achieve an unconstrained national market.

Table 1: Wind drought within the NEM

No of MWh of storage
Long tgrm droughts > 1 Length of “1in 5 req.mred, per_MW of
State capacity . ” wind capacity, to
week in year” drought . .
factor lenath survive 1 in 5 year
g drought
QLD 16% 70 21 days 48 hours
NSW 31% 15 12 days 27 hours
VIC 31% 6 10 days 28 hours
TAS 38% 4 9 days 37 hours
SA 33% 5 9 days 23 hours
NEM 30% 1 6 days 14 hours
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4 MEGS Modelling Technology Scenarios

4.1 Base Case

Due to the significant changes that have occurred in the NEM since 2015, for comparison purposes, a base
case was chosen that best reflected the NEM grid portfolio and conditions in 2017. This is done by choosing
the Base Case very much like the 2015 test model in Section 5.1, except with Hazelwood (1600MW Brown
Coal), Northern (520MW Brown Coal) and Torrens A (480MW Gas Steam) now decommissioned. Gas price
was increased to $12/GJ. These changes bring the system more in line with today’s (2017) situation as a
starting point, but still based on 2015 weather data — a “typical” or “ordinary” year.

4.2 Technology options to decarbonise the grid

A number of different generation technologies have been proposed as being able to decarbonise the grid.
MEGS was used to examine three options: renewables, combined cycle gas, and supercritical coal with
carbon capture and storage. For each technology group, new capacity was added in steps to explore the
pathway to a lower carbon system. The Base Case is the starting point and reference for these series. The
three pathways are explored in the following section.

4.2.1 Renewables
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[
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Figure 10: Pathway to decarbonisation using renewables
(black curve — left axis, red curve — right axis, black square — capacity stack, right hand bar chart)

In this scenario, a mixture of renewables is added to the grid, supported by some battery storage. Each point
on the black line, moving away from the origin, represents an additional 15GW of capacity added, distributed
amongst the States according to their demand and suitability for PV or wind (i.e. most PV is added up north,
most wind down south). The capacity additions include a small amount (10% by capacity) of 4-hour battery
storage, which was found to be the optimum amount in terms of total system cost. Alongside the capacity
additions, as much coal plant is decommissioned as possible without compromising grid security. The slope
of the line is the cost of abatement — this is shown as the red curve.

The first step results in a reduction in carbon emissions of around 17% at a cost of $75/tCO,. However,
successive steps see a diminishing return for emissions reductions and an accelerating cost, which makes for
a rapidly increasing abatement cost, reaching about $230/tCO, after emissions have been reduced by 60%.
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The bar chart shows the capacity on the system by step four (marked on the chart with the black square),
which achieves an emissions reduction of 55%. This required an additional 27GW each of wind and solar.
This is equivalent to building Australia’s largest wind farm 68 times over and the largest solar park 270 times
over.

42.2 Gas
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Figure 11: Pathway to decarbonisation using gas
(thin red and black lines from Figure 10)

The second option modelled was to build combined cycle gas turbines (CCGT), which is a high efficiency way
of generating electricity from gas. They are as reliable as coal, so can replace it on a like-for-like basis in
terms of power and grid services delivery. Each step represents the addition of 5GW of CCGT distributed
between QLD, NSW and VIC. The other two states already have a low emissions intensity due to their high
renewables grid mix, so adding gas here would achieve little in terms of decarbonisation.

To aid comparison, the chart shows the results for the renewable scenario as thin faint lines. The addition of
unabated gas to the system initially makes good progress, displacing coal and hence reducing emissions.
However, after 23GW have been added, all the existing coal has been closed and no further progress is
made, as gas is now the technology with the highest emissions on the grid. After this, further progress can
only be made by switching tactics and adding a lower emission technology to displace the gas plant just built,
or by adding CCS to reduce its emissions. The cost of abatement is initially more expensive than adding
renewables, but unlike renewables, it is constant until nearly all the coal has been replaced.

The bar chart shows the scale of change for step four. It achieves the same effect as the 60GW renewables
scenario, at the same cost with just 20GW of combined cycle plant, but it requires almost the complete closure
of the existing coal fleet.
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4.2.3 New Build CCS
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Figure 12: Pathway to decarbonisation using new build coal with CCS
(thin red and black lines from Figure 10)

The final chart in this series shows the effect of building coal with Carbon Capture and Storage (CCS). The
initial steps are more expensive than renewables, but the abatement cost curve crosses over around 45%,
after which renewables becomes a more expensive way of decarbonising the system. Of all the options
explored, CCS offers the potential to go the furthest, achieving 80% emissions reduction. The scenario
modelled was for brown and black coal to be built complete with CCS, but gas CCS is also an option and
would be about the same cost as coal at a gas price of $12/GJ.

4.3 Technology Options — Conclusions

Three scenarios for technology additions have been explored to examine the limitations of each at
decarbonising the NEM, without an attempt to examine an optimum solution.

* The effectiveness of carbon abatement and the value to the system of a technology vary significantly
according to how much of that technology is already on the system. This is most noticeable with the
renewables scenario with an exponential-like cost curve. The other technologies also have very
marked inflexions. Hence no simple metric which assumes linear behaviour and is independent of the
grid (like LCOE), can adequately describe the benefit a technology brings.

e Of the three, the renewables mix is the cheapest for the initial steps towards decarbonisation, at less
that $80/tCO, abated. However, its costs rapidly increase, as renewables find they suffer diminishing
returns compounded by increasing costs of integration. Both the gas and the coal-CCS scenarios
were cheaper at decarbonising the system beyond a 45% reduction from today’s emission level.

* New coal that is prepared for future CO, storage delivers immediate near term grid stability services
while also securing the path to lowest cost carbon abatement in the long term.

* Given these conclusions, it is likely that a hybrid solution produces the least cost pathway to
decarbonisation. Coal with CCS has a crucial role to play to deliver the services required for deep
decarbonisation in the long term.
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5 MEGS Case studies

The Finkel Report® on the Australian electricity system included modelling a decarbonisation pathway to 2050
with a staging post at 2030. A similar scenario has been modelled in MEGS, in addition to an alternative
“hybrid pathway”, incorporating CCS with renewables. These are examined in the following sections and
compared with the Base Case.

5.1 Base Case

The Load Duration curve, capacity stack and a typical week are shown for the Base Case 2017 run in Figure
13. These can be compared directly with the results in the following sections.

The starting point is dominated by coal with only a small penetration of renewables. Much of the coal is
baseload, with some load following for about a third of the black coal fleet. Grid stability issues (other than in
SA) are easily solved with support from the fossil plant.
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Figure 13: Base case load duration, capacity and typical week’s schedule for NEM

5.2 Decarbonisation pathway to 2030 — renewables

The second 15GW step in the renewables scenario described in Section 4.2.1 (refer specifically to Figure 10),
is very similar to the blueprint examined in the Finkel Report for 2030. The MEGS model examined how
flexible various power plants may need to operate, the provision of grid services and an examination of the
operability of the system with 44% renewables. To generate this level of renewable output in MEGS, a new
build of 13GW each of wind and PV, supported by an extra 2.5GW of battery storage, was required. This is
very similar profile to that used in the Finkel Report — 12GW of wind and 15GW of solar (the latter including a
small amount of integrated storage) in the Energy Intensity Scheme (EIS) scenario.

® Finkel (2017). Independent Review into the Future Security of the National Electricity Market: Blueprint for the Future, Commonwealth of
Australia.
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Figure 14: Finkel Report- 2030 scenario (EIS case)

Figure 14 shows the overall pattern for the NEM. The renewables have been able to displace coal to reduce
emissions as designed; shown by the larger areas of green (wind) and yellow (solar) and reduced black (black
coal) area compared to the base case illustrated in Figure 13. There is now a small but significant amount of
curtailment of renewables. This is not a problem in itself but represents energy that has been paid for but is
not utilised. Emissions are reduced by 32%, which is larger than the 28% reduction predicted in the Finkel
Report. This may in part be due to MEG’s slight overestimation of coal generation in the base case.

With confidence that MEGS is producing a good representation of the Finkel 2030 scenarios, it is worthwhile
having a look at what this means for the operation of plant within the States. It will be seen from what follows
that the different resources and history make each state unique leading to diversity across the NEM.
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5.2.1 State by State Analysis of the Finkel 2030 Scenario

QLD has the best solar resource within the NEM,
and has been most accommodating to solar, so it
assumed that this would get a disproportionate
amount of the new build PV (almost half the
total).

The effect of this on the running of coal in QLD is
shown in the adjoining figure. On sunny days,
solar is able to provide most of the power needs
at midday, meaning there is no load for coal to
generate against — it has to shut down.

However, it is needed overnight and on dull days
(such as the first day in the chart).

This is a punishing generation pattern from a
maintenance viewpoint; it will shorten equipment
life and will probably require significant
investment in plant health monitoring systems. If
coal is unable to provide this flexibility, other
more dynamic, dispatchable plant will have to
take up this role.

In this scenario, the coal plant in NSW has a
pattern dictated by wind more than solar. The
chart shows the same week, but here the week
starts with little wind for a few days, followed by a
strong output that almost completely pushes all
other plant off the system. A small amount
remains to provide inertia and frequency control
services.

The schedule for coal may seem less punishing
(less starts), but when the wind drops the fleet
will be expected to return to service from cold at
the same time. The pattern is also less
predictable than the daily cycle in QLD. While
forecasting capabilities are continuously
improving, wind is not as predictably cyclic as
solar.

Operationally, this will be a challenge and
existing operators will likely not view this as an
economic option without revenue to support such
operating conditions.
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Figure 15: QLD generation pattern for Finkel 2030
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VIC is also dominated by wind, but in contrast to
NSW and QLD, it is assumed that the existing oo
brown coal plant here is inflexible and unable to 2000
shutdown and restart. Its cheaper fuel also
means it is more cost effective to run through at
minimum stable generation than black coal
would be, as can be seen in the plot.
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5.3 Decarbonisation pathway to 2050

One option for the continued decarbonisation of the system is to continue to deploy renewables as envisaged
by the Finkel Report. The energy intensity scheme (EIS) scenario takes the system to a renewables
penetration of 70%. This matches step 5 of the renewables scenario in Section 4.2.1 (refer specifically to
Figure 10) explored by MEGS, so it is useful to explore the implications that come from the modelling.
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Figure 20: MEGS view of the NEM for Finkel 2050 Scenario

The first thing to note is that there is a large amount of energy that is curtailed due to lack of demand. It would
not be easy or cheap to solve this problem with a very large amount of storage, as the excess energy comes
as the result of a run of windy days (as illustrated by the weekly chart above) separated from the periods when
it could usefully be deployed. This means that it is necessary to overbuild renewables to achieve the desired
penetration level. The centre chart shows that MEGS needed 68GW of renewables to achieve this, supported
by 7GW of new storage. The Finkel Report 2050 scenario has 60GW of new build.

It is possible that the modelling behind the Finkel Report has not taken due consideration of the scale of
curtailment and the need for grid services across each region of the NEM. Additionally, the level of flexibility
embedded in the MEGS model for coal-fired power generation could increase the generation capacity
requirement for renewables. These unknowns will affect the level of curtailment and emissions.

The solution here is costly, the cost of abatement of renewables in the last step getting to this point is
$234/tCO,, which is indicative of a sub optimal approach. The following section looks at an alternative hybrid
solution, choosing the most cost effective pathway at each stage.

5.4 Decarbonisation pathway to 2050 — an alternative hybrid solution

The decarbonisation pathways described in Section 4.2 showed us that we should expect renewables to get
progressively more expensive, so it would be worth taking stock at 2030 and looking for other options. There

are five options explored (shown in Table 2) along with the starting point (as per the EIS 2030 scenario —
Finkel Report).
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Table 2: Options for first step from 2030 onwards

Capacit CO, reduction Cost increase Abatement cost
Technology added additilz)n (gW) from original from original for next step
baseline baseline ($/tCO,)
Starting point: o o
Renewables build to 2030 92% Ak
1. Renewables mix 15 48% 70% 101
2. Gas CCGT 5 47% 68% 105
3. Super critical coal 5 37% 55% 168
4. New Coal CCS 5 52% 85% 128
5. Retrofit Coal CCS 5° 52% 76% 99

The most cost effective option for the next step (highlighted in orange in Table 2) is retrofitting coal with CCS.
This option is adopted in the model and the next step is from a system with the Finkel Report 2030
renewables scenario incorporating the conversion retrofit of 7GW of coal to CCS. This facilitates low
emissions generation capable of grid service provision. At this point, it is also assumed that there is no more
coal that is suitable for retrofit (only the highest efficiency stations are suitable), hence this option is not
available for the next modelling step.

Table 3: Options for second step after choosing CCS retrofit.

Capacit CO; reduction Cost increase Abatement cost
Technology added additilz)n (GyW) from original from original next step
baseline baseline ($/tCO,)
Renewables build to 2030 o o
+ Retrofit CCS 92% [
1. Renewables mix 15 67% 105% 115
2. Gas CCGT 5 65% 100% 107
3. Super critical coal 5 56% 89Y%, 184
4. New Coal CCS 5 70% 117% 137

For this step, the addition of Gas CCGT was the most cost effective option. This process can continue, but at
this point the system has passed the 2050 decarbonisation level achieved in section 5.2 of 62%, through a
mix of renewables, coal CCS and gas, on a cost optimal pathway. The final step was $107/tCO, a
significantly more cost effective option than the renewables only approach of $234/tCO..

® This 5GW of added capacity is the result of approximately 7GW of unabated coal plant retrofit with post combustion capture.
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Figure 21: Mixed generation, cost effective solution for 2050

Figure 21 shows the resultant plant mix and operation. The retrofitted CCS plant occupies the baseload
market, with new gas taking up a high load factor. Curtailment of renewables has been kept to a minimum.
The remaining coal occupies the mid-merit position, working flexibly with OCGT, hydro and storage at peaks.
This simple construction of the least cost pathway to decarbonisation has made use of a diverse range of new
technologies — solar, wind, batteries, coal-CCS and gas CCGT — alongside a significant proportion of existing
plant. Given these outcomes, the optimal solution will be diverse.
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It is important to appreciate the value of the different grid services modelled in MEGS, and of some of the
features of the NEM. Three aspects were examined: the value of grid services, the value of the
interconnectors and the value to the system of new storage providing grid services. To do this, the three
scenarios in Section 4.2 were run for the current system, and for a system with a high penetration of
renewables in Section 5.2.1. Table 4 summarises the results:

Table 4: MEGS illustrates the value of grid services

Changes to System Running
Cost ($M)

Base case asset
portfolio

MEGS runs 086, 092-094

2030 : 43% renewables
portfolio

MEGS runs 084, 095-098

2050 : 70% renewables
portfolio

MEGS runs 105,106,103,107

Running cost before 3,733
sensitivities below ($M/year) 7,414 6,099

Doubling of I/C capacities -270 -163 -174
No Inertia Constraint or -97 -207 -354
requirement for FCAS

New wind and batteries unable +15 +83

to provide grid services

The Table 4 shows the three scenarios that were tested — today, 2030 with 43% renewables and 2050 with
70% renewables. For each, the scenario was re-run with some changes to test the sensitivity. All the
sensitivities only affect the system’s “day to day” running costs. The first sensitivity tests the value of further
interconnection. For all three scenarios doubling the interconnector capacities reduces system running cost
(as expected) by between 3-5%. This means that spending on capital with an annual payment of around
$200M p.a. would pay back. Depending on the cost of capital that could be around $2B to double

interconnectors.

The values for inertia/FCAS are relatively low for the base case (as might be expected on the current system
with its abundant supply of services) but rise to significant levels as renewables are added. The values in the
table represent the level of miscalculation if grid services are not taken into account by the modelling. In the
2050 scenario they represent more than 9% of the running cost. This is likely to rise further if the system is

driven to higher renewable targets.

The final row shows the value that will be lost if the batteries installed by owners of PV panels are not used for
grid services but just arbitrage energy for the owners. It is small initially in 2030 but significant by 2050.
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7 Experience of Other Grids

The electricity challenges currently faced by all levels of Australian governments is not unique. Two different
national systems have been examined below to highlight this. Great Britain has some similarities to the
Australian system, with a diverse generation portfolio and a relatively low, but growing, level of renewable
penetration. Germany is often seen as a flagship for a high renewable penetration system, but like Australia,
has a seemingly unshakable high dependence on coal.

7.1 Great Britain

In 2008 the UK became the first country to set a legally binding target to decarbonise the energy system and
set up an independent body to advise on the pathway and monitor progress. This organisation, the
Committee on Climate Change, advised early on that the electricity system should be decarbonised first,
preferably down to 50g/kWh by 2030. To date the UK government has accepted the carbon budgets set by
the CCC and aims to decarbonise the electricity system by 2030 although with a central target of 100g/kWh.

Since the early 1990s the carbon intensity of the grid has been steadily reducing through a combination of low
carbon support programmes and good fortune. Renewables and nuclear have been encouraged through a
number of support schemes over this period and the availability of cheap gas in the 1990s combined with a
market restructuring led to the “dash for gas”, which replaced a large proportion of coal generation. In the last
decade EU restrictions around SOx, NOx and other pollutants has restricted generation from remaining coal
and last year the government announced that there would be no unabated coal generation post 2025. All EU
generators are subject to the Emissions Trading Scheme which puts a price on Carbon. Although the price is
low in the UK it is supplemented by taxes to a level of around $35/tonne.

It was in this context that the Energy Research Partnership, with a mixed membership of industrials, SMEs,
government departments, academics and NGOs, set about examining how the deep decarbonisation
envisaged could be achieved. The focus was on the grid serving the UK mainland and the effects of a
continued growth of variable renewables.’

There are a number of similarities between the NEM and the UK grid:
e They both have a peak demand around 50GW.

* The NEM is completely isolated. The UK has only weak interconnections with continental Europe and
Ireland.

* They have both seen a growth of wind and solar, the UK having 14%, compared to 8% penetration for
the NEM.

There are some notable differences between the NEM and the UK electricity market:

* There are very few binding constraints within the UK grid. There is a constraint on flows between
England and Scotland but these are being overcome by “bootstrap” undersea cables.

* There is little hydro.

On the whole the UK is a relevant case study for the NEM, with a number of similarities but being slightly
further down the decarbonisation path. Therefore the conclusions from the ERP study are worth noting.
These were developed by analysing the results of the forerunner of MEGS which was written specifically to
examine these issues:

e Firm low carbon capacity (such as nuclear, biomass or CCS) is needed to decarbonise fully.
* The value of technologies can only be assessed though whole system modelling.

e Grid services are becoming increasingly scarce and need markets to develop new suppliers.

Page 21



% 'g ]
MANAGING FLEXIBILITY WHILST DECARBONISING ELECTRICITY
‘ @ THE AUSTRALIAN NEM IS CHANGING ® ‘

7.2 Germany

Germany is a world leader in the installation of weather dependant renewable power generation technologies,
with 51GW of wind and 42GW of solar installed in a 200GW capacity grid (up from 138GW in 2010), designed
to meet a demand that ranges from 40-80GW.” It has achieved this via the adoption of a strong combined
energy and climate policy since 2007, with the aim to transform the German energy system. The stated aims
of the Energiewende is for the transformation to be:

* cost-effective, consumer friendly and efficient,
* environmentally compatible, and
* increasingly generated from renewable sources.?

Alongside the promotion of renewable generation is the nuclear phase out programme mandated by the
government after the 2011 Fukishima disaster.® Additionally some 10GW of new lignite plant has been added
to the German system since 2010. From 2010 to 2017, the following changes have occurred:

* Alarge increase in intermittent renewables from 32% to 47% of installed capacity.

* Areduction in nuclear from 20GW to 10GW, and eventually to zero by 2022.

e The closure of some new gas plant.

* A huge reliance on interconnectors to sell excess renewable and import requirements.

Since 2008, Germany has doubled their installed capacity of renewables, but have only seen a decrease in
emissions by 7% in that period. Emissions levels have only decreased in the last three of six years.9

Germany’s renewable electricity production typically meets 50% or less of the total demand on the system,
despite this however, large amounts of the renewable energy electricity is exported to neighbouring countries
via large interconnections. This is shown in Figure 22,” where solar and wind output is highly correlated with
exports to neighbouring countries. Without strong interconnectors and receptive grids, this would lead to
significant curtailment of renewable production.

7 Fraunhoffer Institute (2017) Energy Charts, https://www.energy-charts.de/power_inst.htm. (Accessed 2017).

® Hake J.F, W. Fischer, S. Venghaus & C. Weckenbrock (2015) The German Energiewende — History and Status Quo,
Forschungszentrum Jilich, Institute of Energy and Climate Research

® The Economist (2017) Is Germany's Energiewende cutting GHG emissions?, http://www.eiu.com/industry/article/1205236504/is-
germanys-energiewende-cutting-ghg-emissions/2017-03-20. (Accessed 2017).
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Figure 22: German electricity production and exports, week 25 2017

The thermal (coal, gas fired and nuclear) based electricity remains a very significant portion of Germany’s
electricity production — even during high renewable generation periods (refer to Figure 23).7 While some of
the thermal plants reduce or cease production regularly, the low flexibility, high CO, emitting lignite based
power plants continue to generate at high levels. This is in part due to the ability to export electricity to
neighbouring markets in periods of over generation, and the physical characteristics of large thermal plants.
Without a disptachable low-emissions electricity source and strong interconnections, deep decarbonisation is
likely to be extremely complex and expensive.
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Figure 23: Daily electricity production by generation type, week 26 2017

The German electricity grid is embedded in a much larger network with large interconnectors into 9
surrounding countries. This has a major impact into the operation of the German network, with large amounts
of inertia guaranteed as well as other grid services able to be shared. This reduces the native German
requirements for grid services, and results in smoothing wind and solar output over a large geographic area
beyond Germany’s boarders, see Figure 24
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Figure 24: Electricity import and export of Germany to its neighbours in 2015

In summary, the German experience does not provide much technical evidence on how Australia, as a whole
or states individually, could deal with very high levels of renewable penetration as:

e the actual levels of penetration remain lower than the goals in most Australian jurisdictions.
* the level of actual and planned interconnections between Australian regions remains small.

* as each state increases its own renewable penetration, its ability to rely on other jurisdictions for grid
support is limited.

* Australia does not have the benefit of being a small part of a large, synchronous generation system.

However, a key learning is that to facilitate an energy transformation of the scale required, strong energy and
climate policy at multiple levels of government is required for an extended period of time.
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1 Grid services

The NEM spans Australia’s eastern and southern states and is one of the largest interconnected grids in the
world, spanning 4,500 kilometres. However, in addition to the delivery of electricity, there are technical
requirements to ensure a stable grid. Frequency Control Ancillary Services (FCAS) are used to maintain the
frequency on the grid at any point in time, close to fifty cycles per second (50Hz) as required by the NEM
frequency standards.

1.1 Grid services terminology

To “keep the lights on”, the power system needs to be secure. It should be able to operate within defined
technical limits, despite an incident such as loss of a major transmission line or large generator. It also needs
to be reliable by having enough capacity to supply demand. The Australian Energy Market Operator (AEMO)
is responsible for maintaining power system security and reliability in accordance with standards and
guidelines.

A secure system: The power system is in a secure and safe operating state if it is capable of withstanding
the failure of a single network element or generating unit. Security events are caused by sudden equipment
failure (often associated with extreme weather or bushfires) that results in the system operating outside of
defined technical limits, such as voltage and frequency."®

A reliable system: A reliable power system has sufficient generation and network capacity to meet the
consumer load in that region. Reliability events are caused by insufficient generation or network capacity to
meet consumer load. Reliability events due to insufficient generation and interconnector capacity are usually
predicted ahead of time by supply and demand forecasting.10

Unserved Energy: A measure of the amount of black-out suffered by consumers. It is the total energy
demand in MWh that was not met as a result of customers being involuntary cut off from supplies.

Inertia: The ability of the system to resist changes in frequency is determined by the inertia of the power
system. Inertia is provided as a consequence of having spinning generators, motors and other devices that
are synchronised to the frequency of the system. Historically, inertia has been provided in the NEM by large
amounts of synchronous generators, such as coal and gas-fired power stations and hydro plant.

However, many new generation technologies, such as wind turbines and PV panels, are not synchronised to
the grid, have low or no physical inertia, and are therefore, currently limited in their ability to dampen rapid
changes in frequency.

Rate of change of frequency (RoCoF): The rate at which the frequency changes determines the amount of
time that is available to arrest the decline or increase in frequency before it moves outside of the permitted
operating bounds. AEMO may constrain the power system to reduce the size of a potential contingency and
minimise the resulting initial frequency change. Alternatively, an increase in the level of inertia in the power
system would permit the occurrence of larger contingencies for a given level of initial RoCoF."

System strength: Non-synchronous generators provide little contribution to system strength. System
strength is a measure of the current that would flow into a fault at a given point in the power system. Reduced
system strength in certain areas of the network may mean that generators are no longer able to meet
technical standards and may be unable to remain connected to the power system at certain times."®

'® AEMC (2017) Delivering a more stable power system to keep the lights on. www.aemc.gov.au/News-Center/What-s-
New/Announcements/DELIVERING-A-MORE-STABLE-POWER-SYSTEM-TO-KEEP-THE. (Accessed 2017)
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Transmission Constraint: A limitation on the flow that can be carried on part of the transmission network.
When that constraint is binding (i.e. more power would flow if the limitation were lifted) it can lead to different
prices on either side of the constraint in markets such as the NEM.

Ride-through: The ability of generators and loads to withstand or ‘ride-through’ changes in frequency can
influence the ability to maintain control of power system frequency following a contingency event. Generators
and loads have a range of capabilities to withstand RoCoF. Generators and loads must also be capable of
riding through network faults. Generators that trip as a consequence of high RoCoF may exacerbate the
disturbance to the system and lead to an even higher RoCoF by both contributing to the overall size of the
contingency as well as reducing the level of inertia in the system."®

Firm capacity: Firm capacity power plants have the ability to generate or dispatch electricity on demand, and
include gas, coal, hydro, geothermal, biomass and nuclear power plants. The thermal plants are typically
operated as consistently as possible — with a minimal stable generation state.

Flexibility: A flexible power plant has the ability to adjust its power output as demand for electricity fluctuates
throughout the day. Flexibility impacts overall efficiency and maintenance costs.

Reserve: The operating reserve is the generating capacity available to AEMO within a short amount of time to
meet demand in case of a supply disruption. The operating reserve is made up of the spinning reserve as
well as the non-spinning or supplemental reserve.

Response Timeframes: Key timeframes for ensuring grid stability and security range from the microsecond
level out to the seasonal level and are described in Table 5. Beyond stability, the security of electricity
supply can stretch to months and years.

Table 5: Timeframes for ensuring grid stability and security

Timeframe Stability/Security Issue Stability/Security Response Measure

Instantaneous “cycle-by-cycle” acting

Microseconds System Strength (e.g. magnetic to electrical energy exchange
inertia)
Very fast acting
Frequency ) . .
Sub-second rapid rate-of-change (e.g. inherent or synthetic inertia, battery
P 9 response)
Fast acting

~ A few seconds Frequency Control ..
(e.g. governor valve or stored electricity)

Load following

~ Fi inut Electricity Market Balanci
ive minutes ectricity Market Balancing (e.q. generator dispatch target)
Reser
A few minutes to Contingency for generation ese V? . . .
a few hours loss or forecast error (e.g. spinning reserve or gas turbine with fast
start)
Da Electricity Market Daily Diurnal supply matching
y Supply Matching (e.g. sufficient fuel or energy storage)
Electricity Market Seasonal Seasona! gupply matching . .
Season (e.g. sufficient fuel storage alongside fossil

Supply Matching

generation)

" ACA Low Emissions Technology (2017) Grid Services Terminology 102. Brisbane, Australia.
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2 Modelling Philosophy

The NEM model developed for this study takes into account the grid services provided by the various
electricity generation technologies together with simple energy balancing. It challenges current paradigms for
understanding the total system cost for electricity supply. Conventional modelling approaches make simple
comparisons made using traditional metrics, like levelised cost of electricity (LCOE), which do not take into
account the grid system requirements. This modelling defines the resilience of a grid by its level of
inertia and seeks to ensure that the operator can maintain a stable grid.

2.1 Background

The model at the heart of the work reported here is MEGS — Modelling Energy and Grid Services. Itis a
regional electricity system model that ensures there is sufficient firm capacity to meet demand and that the
grid operator has sufficient services to maintain grid supply and stability.

It follows a similar solution methodology to BERIC (Balancing Energy, Reserve, Inertia and Capacity), a model
used by Energy Research Partnership in the UK to model flexibility in the system on the UK mainland." Both
were written by the same author, but MEGS has additional features that includes the ability to model the
following:

* Regions with interconnects that can carry energy and reserve services
* Resource limited hydro
e Short term storage

* Weather-dependent renewable energy technologies (wind and solar PV) by soft-linking to the
Renewables Ninja model.?

MEGS departs from more traditional modelling as it captures the requirement and supply of grid services
beyond the need to match generation with demand (net of imports). This need has come about because in a
grid that is transitioning towards low emission renewables (especially wind and PV), there is increasing
requirement on system operators to have access to the frequency response, reserve and inertia services. The
conventional sources of these services are being lost as fossil-fuelled power generation is being displaced
from the system.

Historically, due to high levels of synchronous generation on the grid, the cost of these has been small and
mostly neglected, and some services, like inertia, have been supplied for free. However, this is no longer the
case as weather-dependent renewables have the potential to both increase demand for and reduce supply of
these services. Figure 25 shows how MEGS compares to other modelling techniques.
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Figure 25: MEGS model comparison to other methodologies

2.2 Modelling Method
2.21 Balancing Energy and Grid Services

At the heart of the MEGS model is the balancing of several services essential to the operation of a stable grid.
The model calculates an optimal mix of generation for each scheduling point (typically a selection of half hours
from the year being modelled). At each point the following constraints are applied:

* Energy must balance: For each region, generation + imports must equal demand + exports.

* There is sufficient supply of reserve and response services: For each region, generators’
provision + imports must be at least the minimum requirement + exports + any extra due to the
running of weather dependent generation in that region.

* There is sufficient grid inertia: Each region must have a minimum level of inertia from generation
and other inertial sources sourced from within that region. Note: The inertia requirements are very
region specific and dependent on the type of energy generation assets and demand requirements of
the consumers.

As well as half hourly constraints there are some daily considerations that apply to energy-limited plant.
For each day:

¢ Hydro generation is limited: Output from reservoir hydro must match energy inflow for that day.
This does not reflect how a reservoir operates every day. However, it is an artificial feature that
allows hydro storage to be accounted for and effectively used for modelling purposes.

e Storage must balance: Output from storage must equal input multiplied by its round trip
efficiency each day.

2.2.2 Plant operating modes

Plant is modelled collectively in fleets with the same characteristics in the same region. For example, all of
Queensland’s black coal (about 10GW) is modelled as one fleet. Generation is scheduled in fleets according
to type, so the fleet of CCGTs is scheduled as one, all wind turbines as another, etc. However, the solver has
freedom to assign any proportion of the fleet to one of four operating states (completely off, minimum gen,
spinning reserve level and full load). In effect, there are no quanta associated with individual units.
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2.2.3 Scenarios

A typical model run will encompass a year of operation with a set of generation assets that are used to meet
the demand for energy and grid services. As the purpose of this modelling is to explore decarbonisation
scenarios, most runs will incorporate new low emissions plant which has been built to displace high carbon
power generation and thus reduce emissions overall.

To allow the rapid exploration of a set of scenarios, there is a pre-processor which sets up a series of runs
with different levels of new generation for each run. This work has included a study of the effectiveness of the
new capacity at displacing existing generation without reducing grid security. MEGS uses the results of this to
decommission the optimal amount of existing high carbon power generation for each new build scenario.
Some of the results presented are based on these series of MEGS runs, which can cover 10-20 scenarios.
For example, MEGS can be set up to explore the addition of PV to the system in steps of 15GW, whilst
decommissioning a mixture of black and brown coal. For each model step, it will build PV in each region as
determined by the input data and remove the maximum amount of coal plant possible without increasing the
likelihood of blackouts.
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3 Data and Assumptions

3.1 Technology Cost

There were 66 rows of plant data in the model, with the costs of the new plant types that were built in the
model or decommissioned listed in Table 6. All other plant costs played little part in the operation of MEGS,
as most were a constant offset for all model runs. The cost of capital was 9% for all plant types and was
annuitised over 30 years. The low battery cost was to take account of its recent rapid decline in cost, but is
consistent with Jacobs'? in their modelling for the Finkel Report.13 Where relevant, all other cost and
assumptions are in agreement with the Australian Power Generation Technology Repor’[.14

Table 6: Plant cost data (2017)

Plant Type Capex Fixed OPEX Variable Cost Fu_II _Load
($/kW) ($kWiyr) $/MWh - excl fuel Efficiency
Existing Black Coal - 58 1.4 34%
Existing Brown Coal - 55 3.0 24%
New CCS Black Coal 7,000 55 9 30%
New CCS Brown Coal 8,500 65 11 26%
Retrofit CCS Black Coal 3,860 70 11 23%
Retrofit CCS Brown Coal 4,700 65 14 17%
New CCGT 1,450 20 1.5 50%
New Black Coal 3,000 45 2.5 40%
New Brown Coal 3,850 55 3.0 36%
New Wind 1,950 60 0 -
New Solar 2,100 35 0 -
New Battery (4 hour) 800 0 0 90% cycle

3.2 Fuel and Carbon

To ensure a low carbon plant with high running cost operated in a high merit position, the model included a
subsidy to force that running regime. For example, if there were no subsidy mechanism, a coal with CCS
plant would not displace an unabated coal fired power plant. To ensure the low emissions aspect of CCS is
valued, the algorithm picks it to run ahead of unabated coal by introducing this subsidy. This mimics the effect
of any scheme that penalises carbon emissions (or promotes low carbon intensity) such as CET, EIS, carbon
trading or a carbon tax, which are all similar ways to achieve this end. At the end of the model run, the
original unsubsidised costs are used to calculate the total system cost reported in the results.

The cost of fuel is given in Table 7 below. For capture plant, there was an additional cost of carbon storage of
$15/tCO..

"2 Jacobs (2016) Projections of uptake of small-scale systems, AEMO 2016
 Finkel (2017) Independent Review into the Future Security of the National Electricity Market: Blueprint for the Future,
Commonwealth of Australia 2017

¥ CO2CRC (2015), Australian Power Generation Technology Report 2015.
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Table 7: Fuel cost data (2017)

Fuel Cost Carbon intensity
($/GJ) kg CO./GJ

Black Coal 3.0 92

Brown Coal 1.4 95

Gas 12 56

Diesel 21 70

3.3 Regional Data — Demand and Inertia

Annual energy demand was assumed to be the same in all model runs — there was no growth or decline to
2030. Demand shape was derived from the 2015 metered data reported by the NEM: consumer demand net
of embedded solar, most of which is behind the meter. Renewables Ninja was used to estimate this “hidden”
generation based on the known installed capacity and historic weather data (as described in 3.5), which was
then added back to the NEM data to derive the gross consumer demand.

Minimum inertia levels were estimated based on not exceeding a ROCOF of 2 Hz/s for the loss of 600 MW of
generation or import using the standard relationship below.

Minimum Inertia = 50Hz/2 x Largest Loss/ROCOF

For South Australia and Tasmania, lower values were allowed. South Australia struggled to meet its minimum
inertia for many model runs, so an import restriction was imposed on the interconnector to allow it to run
securely with lower inertia. Tasmania would not normally be secure against disconnection of Bass Link, but it
is understood that fast acting load disconnection services that act within a cycle (20ms) of the interconnector
tripping allows it to run at significantly lower inertia levels than would otherwise be secure.

Table 8: Regional data

Peak Demand Minimum Inertia Limit

State

(MW) (MW.s)
QLD 8,831 7,500
NSW 12,667 7,500
VIC 8,659 7,500
TAS 1,657 2,500
SA 2,918 5,000

3.4 Interconnectors

All links had a nominal cost of $1/MWh for transfers of energy. This low but non-zero value prevents
unphysical circulating flows and represents the cost of the small losses on the transmission grid, but does not
restrict interstate flows. The model is insensitive to its exact value, so no attempt was made to model this
more precisely. Links could be used to transfer energy or reserve services, provided the sum did not exceed
the capacity. Reserve could always be transferred in the opposite direction to energy flow up to the link
capacity, irrespective of flow. The following values were used for the interconnectors:
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Table 9: Interconnector data

Link Start Link End Transmission Capacity

(MW)

QLD NSW 1,185

NSW QLD 810

NSW VIC 1,150

vIC NSW 1,500

VIC TAS 478

TAS VIC 594

vic SA 513

SA viC 750

3.5 Renewables Ninja

Historic data on Australia’s renewable output is limited to the past 6 years for wind and 2 years for solar, which
is insufficient to represent the year-to-year variations in the underlying weather. Solar data is particularly
limited as installed capacity is distributed over individual rooftops and thus most is not monitored by AEMO.

To provide the consistent, long-term data required by MEGS, the half-hourly output from weather-dependent
renewables was modelled using the Renewables Ninja platform.15 This combines global weather data from
NASA'® with physics-based models of solar PV panels,2 and wind farms."” The simulation method is
temporally and spatially explicit, and is derived from consistent meteorological data meaning the correlations
between wind and solar, between farms at different locations / in different states, and between renewable
output and demand are modelled explicitly. Half-hourly capacity factors for each state were calculated based
on weather data from the years 1999 to 2016, to align with historic demand data.

This technique is similar to that applied by Prasad (UNSW)18 and Laslett (Murdoch Univers,ity),19 except that it
also includes validation and correction to ensure that the resulting capacity factors match with reality. The
underlying NASA weather data used in these studies under-estimates wind speeds in Victoria and NSW by 6—
10%, and over-estimates speeds in Tasmania and Western Australia by 8-9%. Similarly, the irradiance data
over-estimate solar PV capacity factors by 3-11%. Validation and correction was performed using output data
from AEMO, the APVI database® and PV Output database,? using the methods described elsewhere® '’

"® https://renewables.ninja

'® Molod A, Takacs L, Suarez M and Bacmeister J, 2015. Development of the GEOS-5 atmospheric general circulation model: evolution
from MERRA to MERRAZ2. Geosci. Model Dev., 8(5): 1339-1356.

' Staffell, I. and Pfenninger, S., 2016. Using bias-corrected reanalysis to simulate current and future wind power output. Energy, 114,
1224-1239.

'® Prasad, A.A., Taylor, R.A. and Kay, M. 2017, Assessment of solar and wind resource synergy in Australia. Applied Energy, 190, 354-
367.

' Laslett, D., Creagh, C. and Jennings, P., 2016, A simple hourly wind power simulation for the South-West region of Western Australia
using MERRA data. Renewable Energy, 96(A), 1003-1014

% Historic metered data from 471 individual Australian solar PV farms, from http://pvoutput.org
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The wind simulation included each farm that was operating as of December 2016, consisting of 69 wind farms
totalling 4,006 MW (see Figure 26).21 For the solar PV simulation, it was not possible to simulate the output of
each individual panel in Australia as there are ~1.7 million systems and their locations are not precisely
known. The national solar fleet was simulated as a sample of 500-1,500 panels per state, which were
randomly assigned based on the population density22 multiplied by the PV installation density per LGA®, so as
to best match the actual distribution of installed panels. The orientation and tilt of each panel were randomly
assigned based on the distributions observed from around 500 systems installed in Australia.”®

Figure 26: Map showing the locations of wind and solar farms simulated in this study

3.6 Capacity Credit

With the assumption of no increasing demand, the market is assumed to be fully supplied by an existing asset
portfolio. Therefore, in order to maintain comparable market conditions, having the model “decommission” an
equivalent quantum of existing capacity compensates for adding new capacity to this grid. To maintain and
not compromise system security, decommissioning is constrained to ensure there is always sufficient supply
capacity

For thermal plant the assumption is that each MW of new plant allows 1MW of old plant to be closed. For
renewables, the calculation is more complex. MEGS calculated the capacity credit by first calculating the level
of absolutely firm supply, which gave an unserved energy equal to the standard set by AEMO (0.002%). This
was based on 10 years of data. A certain level of renewables were then added to the system (e.g. 1GW of
wind), and a new net demand calculated by subtracting output for those 10 years (as calculated by
Renewables Ninja). The process of finding the level for 0.002% unserved energy was repeated. The
reduction in this level was the capacity credit of the first GW of wind. Then a second GW of wind was added
and the whole process repeated to build up capacity credit as a function of wind penetration. This function
was then fed to MEGS as a best-fit logarithmic function, one for each state and one for each technology.

# Farm data taken from The Wind Power Database. http://www.thewindpower.net/. (Accessed 2017).

% Columbia University (2016), Gridded Population of the World, Version 4 (GPWv4). http://dx.doi.org/10.7927/H4HX19NJ. (Accessed
2017).

# Australian PV Institute (APVI) Solar Map, funded by the Australian Renewable Energy Agency, http://pv-map.apvi.org.au. (Accessed
2017).
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4 NEM Interconnectors

The NEM consists of five interconnected electrical regions — Queensland, New South Wales, Victoria, South
Australia and Tasmania (refer to Figure 27). The regions are connected together electrically via
interconnectors and operate as “one market with multiple regions.”
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Figure 27: Interconnectors in the NEM

The NEM includes generator plants, high voltage transmission lines, transformers and distribution lines on the
supply side of its infrastructure. The demand side is made up of consumers in manufacturing plants, factories,
offices and homes. While each region contains both major generation and demand centres, consumers may
be supplied with electricity produced by any generator or combination of generators in the NEM.
Interconnectors are used to import electricity into a particular region when the price of electricity in an
adjoining region is low enough to displace local supply, or when local supply cannot meet demand.

4.1 Interconnector congestion

Since supply and demand is kept in balance in ‘real-time’ and the connections between suppliers and
consumers have limitations, congestion occurs from time to time. Congestion occurs because there are
physical limits to the transmission infrastructure of the grid. There are also security limits that are imposed to
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maintain the integrity of the grid. It is important that the interconnectors are operated within their capacity to
maintain the physical and operational security of the grid.

The interconnector limits are broadly characterised by thermal and stability limits:

* Thermal limits refer to the physical properties of the transmission lines, for example, as electricity is
transmitted through a line, heat is generated — which causes the lines to sag. The limits of a line’s
sag relate to minimum distances that a line must maintain from the ground. Other infrastructure, such
as transformers, also has thermal limits driven by the degradation of insulation at high temperature.

e Stability limits refer to the ability of the system to withstand loss of generation or transmission
infrastructure. For example a system is usually operated to at least an n-1 standard, meaning any one
piece of infrastructure can be unexpectedly lost and the remaining system will remain within its limits.
These limits are usually lower than thermal limits and are dependent on the state of the system, so
can change minute by minute.

Hence congestion is specific to electricity flow, transmission capabilities and a specific point in time. Within
the NEM, congestion may emerge within one 5-minute dispatch interval and be gone before the next, or last
for much longer periods of time.

In theory, congestion may be eliminated if significant additions to interconnectors are constructed; however
this comes at additional cost. Congestion is therefore a result of both physical and economic constraints.

4.2 Congestion and the dispatch process within the NEM

Congestion manifests itself in both physical aspect and the financial aspect of the NEM.**

AEMO manages the physical aspect of the market, determining which generators will generate how much
electricity via a dispatch process. This dispatch process is broken down into five-minute dispatch intervals.
Each of these intervals need to be the least-cost combination of generation available with the price and
quantity put forward by the market participants; this needs to be achieved within predefined parameters for
maintaining system security.

4.21 Congestion and the dispatch process

The information characterising the systems capability, security and reliability is contained in set of “network
constraint equations” used by AEMO. A network constraint is thus the limitation imposed on the dispatch
relating to the physical capability of the transmission network taking into account system security
requirements. In calculating the least-cost feasible dispatch, some factors may be adjusted or ‘controlled’ and
others are fixed or given.

Congestion can be defined as occurring when there is a binding network constraint. A network constraint is
considered to “bind” when it has a direct and limiting impact on dispatch. This congestion may occur when
particular transmission limits have been reached and the system cannot accommodate increased power flow.
This congestion can be viewed as occurring at a particular point or system boundary. Congestion may also
be viewed as a constraining influence of a network limit on the optimality of generation dispatch. For
equations that incorporate an interconnector (more than 75% of them do), the binding of the constraint would
affect generation dispatch in at least two regions of the NEM.

% This section is relies heavily on an excellent paper which, while a little dated, explains the complexity of interconnectors and
congestion. It is available on the web - http://www.aemc.gov.au/Markets-Reviews-Advice/Congestion-Management-Review - Appendix A
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4.2.2 Congestion and the financial market

When congestion occurs it may cause differences in the wholesale or marginal cost of electricity supply in
different regions. This is shown in Figure 28.2° These differences in prices play an important role within the
NEM. In the short term they provide signals to generators in higher-priced regions to increase supply and
demand centres in higher-priced regions to consume less. In the longer term, price differences can
encourage efficient decisions by market participants concerning when and where to invest in generation and
load assets.

$ 45.20

$ 39.67 oMW

|

Figure 28: Differences in NEM wholesale electricity prices

® Adapted from: Red Dolphin Systems (2017) PocketNEM Overview, http://www.reddolphin.com.au/pocketnem/pn-overview.php
(Accessed 2017).
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4.3 Summary: the consequences of congestion

In summary, there are both direct and indirect as well as short and long term consequences of congestion.
Direct consequences include:

* Higher system cost
o The most direct impact of congestion is that more expensive generators have to be
dispatched to meet demand than otherwise would be the case. Ultimately the consumer will
pay for this.

* System security issues
o Congestion increases the likelihood of system security and supply reliability issues.

Indirect consequences include:

e Trading risks for participants
o Congestion increases trading risks (both physical and financial) — and depending on how the

generators respond leads to short and long term reduced economic efficiency.

* Uncertainty for investors
o Congestion may weaken economic signals that support efficient investment decisions
regarding generation, demand and transmission assets.

* Sub optimal location of assets
o Generation and other assets maybe located to relieve congestion rather than a more logical

location for sourcing the fuel or cooling water.
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