Stabilising 100% Renewable Grids:
The Integrated FIRM Strategy

Dr Bin Lu

ANU Centre for Energy Systems
>4 Bin.Lu@anu.edu.au

@ DrBinLu.com | Turning Science into Stories

Generation
Flexiblg renewable
generation, e.g.,

» Hydropower
* Biomass
* Geothermal

Storage

Mass electricity storage,
&

* Pumped hydro
* Batteries

* Thermal

» Compressed air
» Power-to-gas

Transmission
Interconnection between
electricity grids via:

« High-voltage
alternating current

« High-voltage direct
current

Utilisation
Response from demand-
side participation, e.g.,

* Electric vehicle
batteries

* Hot water storage

* Industrial hydrogen
storage

*
* . o*
~*

o~

NN

N/
o~

Australian
National
University



Global Renewable Energy Growth
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Growth of solar and wind share in generation capacity, G20
economies. Data source: IRENA (2025).
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Falling Costs of Renewables

Figure 3.8 Global utility-scale solar PV project LCOE and range, 2010-2024 Figure 2.14 LCOE of onshore wind projects and global weighted average, 2010-2024
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Source: IRENA (2025).
Solar PV Wind

* Cost fell by 90% (417 - 43 USS/MWh, 2010-2024) * Onshore: cost fell by 70% (113 - 34 USS/MWh, 2010-2024)
* Australia’s 30-30-30 goal: 30% efficiency, 0.30 AUS/W, by 2030 * Offshore: cost fell by 62% (208 > 79 USS/MWh , 2010-2024)
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Solar & Wind Characteristics
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Power output (% of rated capacity) from Darlington Point Solar Farm (orange) and Coopers Gap Wind Farm (blue).

Source: Lu (2025), Net Zero.

* Solar & wind: weather-dependent, variable and uncertain (not a bug, but a feature!)

* Capacity factors: solar <30%, wind ~33% on average (Australia)
* Variability occurs at multiple timescales: minutes, hours, days, months.
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Challenges of High Renewables

m Interconnection m Distillate = Gas mBattery mWind = Solar
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South Australia’s generation mix (7—14 March 2025) highlighting challenges of
high renewable energy penetration. Source: Open Electricity.
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FIRM Strategy

Generation
Flexible renewable
generation, e.g.,

» Hydropower
* Biomass
* Geothermal

Storage

Mass electricity storage,
croM

* Pumped hydro

* Batteries

* Thermal

» Compressed air

* Power-to-gas

Transmission

Interconnection between

electricity grids via:

* High-voltage
alternating current

* High-voltage direct
current

Utilisation
Response from demand-
side participation, e.g.,

* Electric vehicle
batteries
* Hot water storage

* Industrial hydrogen
storage

Flexible renewable generation

* Hydropower & bioenergy provide operational flexibility

Interconnection between electricity grids

* Electricity flows across regions, smoothing out renewable

variations

Response from demand side

* Smart energy systems empower consumers to support grid

balancing

Mass electricity storage

* Energy shifts day/night, windy/windless periods

FIRM strategy to unlock system-wide flexibility across
the electricity supply chain. Source: Lu (2025) Net Zero.
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Flexible Renewable Generation

Hydropower

annica.com/topic/Three-Gorges-Dam

Storage dams, run-of-river .
Fast ramping to stabilise the grid

1400 GW worldwide (one third of ¢
renewables)

Constrained by resource limits and
environmental impacts .

Bioenergy

Crops, residues and waste for power,
heat, and fuels

Potentially carbon neutral, but emits
pollutants and particulates

150 GW worldwide

Land-use competition with food, feed and
materials

fireenergy.com/projects/geysers/

Geothermal

Heat from Earth’s crust
High capacity factor (e.g., > 80%) for 24/7
baseload power

Geographically constrained, e.g., Pacific
Ring of Fire
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Interconnection of Grids
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Solar Energy Production During 4 September 2025 Wind Energy Production During 4 September 2025

o
=

©
<}

-]
o

N
o

5 5
8 3
£ £
2 2
z z
3

G i
(8] o

Thu 03:00 06:00 09:00 12:00 15:00 18:00 21:00 Fri Thu 03:00 06:00

Grid interconnection aggregates solar and wind across regions, creating a smoothing effect.

Source: Aneroid Energy.

Changji-Guquan HVDC link (China)

Norway

Kviidal
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United
Kingdom

https://new.abb.com/systems/hvd/references/nsnlink.

North Sea Link (Norway—-UK)

Easy voltage conversion with transformers

Needs converter stations (power electronics)

Higher losses (reactive power, skin effect, frequency-related)

Lower losses (~3% per 1000 km)

Low terminal cost, high line cost

High terminal cost, low line cost

Dominant for national and regional grids

Cost-effective for very long -distance and undersea links

Grids are synchronously coupled: faults can spread

Grids are decoupled: faults remain isolated
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Response from demand side

Re

\

/
o

sidential & commercial

EV batteries, hot water tanks, home batteries
Embedded in local grids, close to final consumption
Reduce grid pressure by shifting loads

Flexibility without behaviour change

From homes to industries, demand-side storage is a powerful

buffer for renewables.

More: Lu et al. (2025) Renewable Energy, 123920.
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Industrial

Hydrogen & e-fuel production as large flexible loads

Ramp up/down with renewable availability
Flexibility from minutes to months
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Mass Electricity Storage

The energy future will be built on a mix of diverse,

complementary storage solutions.

80% round-trip efficiency

85-95% round-trip efficiency (lithium-ion)

40-55% round-trip efficiency

60—-70% (adiabatic CAES)

50-100 year lifetime

10-20 year lifetime

30-40 year lifetime

30-40 year lifetime

Needs suitable geography, geology &
hydrology

Can be built almost anywhere

Can be built almost anywhere

Needs high-pressure environment, e.g.,

underground salt caverns

Cost: tens—hundreds USD/kWh

Cost: hundreds USD/kWHh, falling fast,
modular design

Cost: tens USD/kWh

Cost: hundreds USD/kWh

Ramps in minutes, provides inertia

Responds in seconds, fast response

Ramps in minutes—hours, provides inertia Ramps in minutes, provides inertia

Source: Lu (2019) Short-Term Off-River Energy Storage.
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Energy Balance Modelling

Energy balance modelling can provide insight into the energy reliability and affordability
of high-renewable scenarios.

Can do

* Develop various strategies for balancing variable renewable energy resources

* Investigate trade-offs between energy storage (energy time-shifting) and electricity grid interconnection (energy
geo-shifting)

* Identify most challenging periods when renewable energy is constrained while electricity demand is high

Cannot do
* Power system stability analysis (subseconds to minutes)

* AC network modelling (reactive power flows)

-
'
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imulation Snapshots

S

Smart Grid

Super Grid

7 Grids
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s Hydropower

s Wind turbines

Solar photovoltaics

s Transmission

mmmmm Short-term off-river energy storage (STORES)

s Biomass

Source: Lu (2021) Energy, 119678.

Operational demand (adjusted with DES)

-- Operational demand (original)
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FIRM Modelling Framework

Solar PV .
AEMO Integrated Generation Demand

System Plan

ANU Electric
Vehicle &

Hydropower )
Heating models

AEMO Generation (existing)

: Energy balance model
Information

(2020-2029, 30-minute intervals)

Energy statistics Power flows J
Pumped - : o oA
ANU Global Atlas P Generation Grid . :
@ hydro storage * Integration interconnection High-voltage High-voltage
! - * Spillage * Intrastate DC backbone AC
| Electric car s 1
Tesla Model S : e * Loss transmission | Electricity transmission

: Energy storage

LCOE/LCOG/
LCOB

Constraints
* Reliability/energy balance

* Resource limits U.S. EIA HVDC

+ Transmission constraints Optimisation Least-cost Electricity assessment
* Reserve configurations transmission

AEMO 100%
Debugging BELETELIES

Source: Lu (2021) Energy, 119678.

September 2025 TEQSA PROVIDER ID: PRV12002 (AUSTRALIAN UNIVERSITY) CRICOS

13 ANU Centre for Energy Systems | Stabilising 100% Renewable Grids: The Integrated FIRM Strategy PROVIDER CODE: 00120C

_



Two-Step Modelling Approach

Input decision variables:
CVRE(i)a CMassP(j)’ CMassS(j)

J :
Calculate net load ij() E oo D)

Estimate flexible renewable generation:
J T -
Xi—0 Xt=0 GpieripieU>

Estimate interconnection requirements:
TImer(ka t)

Calculate energy deficit: ZjJ=0 EpesicitGs t)

Calculate LCOE + Penalties

Converge
tolerance met?

Yes

Least-cost
solution

Source: Lu (2025) Net Zero.

Energy traces: TSyrg(i, t), Ep4aqGs 1),

EResponse(] > t

Cost assumptions, modelling
constraints

Input least-cost solution:
CVRE(i)! cMassP(j)’ CMassS(j)

Decide flexible renewable generation
step-by-step: GeieyipieU> )

Update interconnection requirements:
Tlmer(ks t)

Output cost and energy information

Cost Energy
components statistics

The advantage of this two-step modelling
approach is that it separates the time-

consuming scheduling (Step 2) from heuristic
optimisation (Step 1).

* Co-optimise generation, storage and
transmission using high-resolution,
chronological data.

* Integrate diverse strategies to support
high shares of solar and wind.
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FIRM Model Applications

Y

\ 5
@nﬂm Philippines
y

Guinea

New.
Zealand

Research coverage
* Australia, New Zealand
* Southeast Asia: ASEAN-10 + Timor-Leste

* Northeast Asia: China, Japan, Korea

Key findings

* FIRM strategy makes high-renewable grids reliable,
affordable & resilient.

* Transition to 100% renewables delivers substantial
energy, economic & environmental benefits.
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ASEAN Study
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Q1. Is a Super Grid technically and economically viable?
* Yes — Technically feasible with HVDC technology

* Yes — Cost-competitive versus isolated national markets

Q2. Benefits for ASEAN?
* 20% fewer electricity generation capacity
* 70% more wind energy integration

* 65% low energy storage needs
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Questions?

Dr Bin Lu

ANU Centre for Energy Systems
>4 Bin.Lu@anu.edu.au

@ DrBinLu.com | Turning Science into Stories
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