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Pumped Hydro Storage (PHS)

* The most mature energy storage system
with 150GW storage worldwide

= Technology Basics:
= Two reservoirs at differentelevations

Upper reservoir

High demand

m rbine = Generate powerthrough gravity

to upper Pump-turbine generates = Pump water back up with low cost or excess
. electricity electricity

= Low energy density

= large area and properterrainrequired

Bottom reservoir
= Benefits:
Figure 2 — Pumped storage hydroelectric station - basic principle of operafion (Andrews, 2013, p. 342) " NO |CapaC|ty |OSS form Charge and diSCharge
cycles

= Greatforlongdischarge and frequentuse



Economics of Energy Storage Systems
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Source: Deloitte, 2016, Energy storage: Tracking the technologies that will transform the power sector



Decision Making Criteria

" Head availability
* 100m+

= Storage Capacity
* 4-10 hoursstorage

= Generation Capacity
* 100MW +

= Water resources and quality

= Topography for reservoir to be constructed
= CAPEX/Financing

= Construction of reservoir(s)
"= Power generation system
= Transmissionlines, roads, buildings, ...etc

A S

Source: Video extract from Deutsche Welle’s YouTube:



Mining Operations

Source: ABB lllustration (




Kidston PHS Project (250MW)

History Why this works?

* Gold producingmine shutdownin 2001 *  Minimize CAPEX by utilizing existing

«  250MW: 1,500MWh Capacity (6 hours) infrastructures:

_ *  Both reservoirs and the balance storage pit already exist
*  CAPEX of SIM/MW, ~25% of typical cost (S300M

) *  Existing transmission line & local distribution network
project)

*  Alarge volume of good quality water already in the pits
* Therewill also be 320MW solar plants on site «  Existing water pipe and water license from nearby dam

* Repurposelegacy assets fromrisk managementto
revenue generation

UPPER RESERVOIR

(TURKEY'S NEST) HEAD POND &

naEoE e Economicopportunities—bringnew economic
POWERHOUSE opportunities to communitiesthat are remote and
LOWER RESERVOR often dependent on resource projects

(ELDRIDGE PIT)

wsseroav — © Environmentalupsides—no additional
environmental impact comparingto constructinga
new lower or higherreservoir

BALANCE STORAGE
(WISESPIT)

Source: Genex Power website (



Marmora PHS Project (400MW)

History

* Gold producingmine shutdownin 1979
*  400MW; 2,000MWh (5 hours); 258m elevation

e CAPEX of $1.8M/MW, ~50% of typical cost
(S700M project)

Conceptual

Source: Northland Power website (

Why this works?

Reduces CAPEX by utilizing existinginfrastructures:
One reservoir already exist

Area available to construct a second reservoir
*  Near transmission line (8km)
A large volume of good quality water already in the pits

Repurpose legacy assets

Economicopportunities—bringnew economic
opportunities to local communities

Environmentalupsides—less additional
environmental impactina brown field project

Community support—13 communities

Challenges

Costis still too high to justify investment, especially
in a jurisdiction with surplus energy




Prosper-Haniel coal mine PHS (200MW)

History
* Coal producing mine will shut down in 2018
*  200MW,; 800MWh Capacity (4 hours)

* CAPEX unknown, but it will likely be much higher than
the previous two projects

50 meters

mreress  \Why this works?

* Utilizing existing infrastructures:
. Use underground mine areas as a lower reservoir

*  Existing transmission line & local distribution network

* Repurpose legacy assets from risk management to
revenue generation

oomemsaepn © ECONOMIC and environmental upsides similar to
previous two projects

Challenges

* Prepare an underground reservoir is cost intensive to
remove existing infrastructure and engineer an area
that water does not leak

* Actual cost not yet determined (study underway)

Photo credit: University of Duisburg-Essen



Opportunities in Asia

There are many near end-of-life and abandoned
mines in Asia

A closure sites is a liability to the mining company

Re-purposing legacy assets from risk management
to revenue generation is a win-win situation

Miningassets can readily minimize the CAPEX of at
least one reservoir

Some mines have both surface and underground
operations, which may be converted to the two
reservoirs

Take advantage of existing electrical infrastructure

Sustain and create economic opportunities

Photo Credit:

Freeport-McMoRan Indonesian mine (
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Characteristics

of energy
storage

technologies

Power rating

(MW)

Technologies

Super-

Storage

duration (h)

Cycling or
lifetime

10,000-

Self-

discharge

(%)

Energy
density
(Wh/1)

40,000-

Efficiency (%)

Response
time

0.01-1 ms-min 20-40 10-20 80-98 10-20ms
capacitor ' 100,000 120,000
SMES 0.1-1 ms-min 100,000 10-15 ~6 1000-4000 80-95 < 100ms
- 100-1,000 4-12h 30-60 years ~0 0.2-2 0.1-0.2 70-85 sec-min
- 10-1,000 2-30h 20-40 years ~0 2-6 0.2-0.6 40-75 sec-min
20,000-
- 0.001-1 sec-hours 100,000 1.3-100 20-80 5,000 70-95 10-20ms
- 10-100 1min-8h 2,500-4,400 0.05-20 150-300 120-160 70-90 10-20ms
- 0.1-100 1min-8h 1,000-10,000 0.1-0.3 200-400 1,300-10,000 85-98 10-20ms
- 01-100 1-0h 12,000-14,000 0.2 20-70 0.5-2 60-85 10-20ms
0.01-1.000 min-weeks 5-30 years 0-4 600 0.2-20 25-45 sec-min
S Y (200 bar) '
50-1.000 hours-weeks 30 years negligible 1,800 0.2-2 25-50 sec-min
' y 919 (200 bar) '
I:] Electrical |:| Mechanical |:| Electrochemical . Chemical

Source: Deloitte, 2016, Energy storage: Tracking the technologies that will transform the power sector




Unsubsidized Levelized Cost of Storage Comparison

TRANSMISSION
SYSTEM

Levelized Cost
of Energy

Compressed Air

Flow Battery(V)

Flow Battery(Zn)

Flow Battery(O)
Lithium-Ton®

Pumped Hydro
Sodium®)

Thermal

Zinc

Range

PEAKER
REPLACEMENT

Flow Battery(V)

Flow Battery(Zn)

Flow Battery(O)

Flywheel
Lithium-Ton®
Sodium®)

Thermal

Zinc

FREQUEN!
REGULATION

Flywheel(©
Lithium-Ton®

DISTRIBUTION
SUBSTATION

Flow Battery(V)

Flow Battery(Zn)

Flow Battery(O)

Flywheel

Lead-Acid
Lithium-Ton®
Sodium®

Thermal

Zinc

$116

$140
$314
$434
$340
$267
$198
$301
$227

$152

$280

$447
$342 $479 ©
$285 $399 @
$320 = $447 ©
$290
$277 $388 @ $456
$502 @

$159 ©$190 © $233 $277

$690
$549
$630
$561

$657
© 8789
$704
© 8778
¢ $813
$803

$555
$581

$348 ©8406 ¢ $487

© $638

8617 ©
$563 © 8627
$626 «

$933

$959
$862

DISTRIBUTION
FEEDER

Source: Lazard LCOE v2.0, December 2016

Flow Battery(Zn)

Flywheel

Lead-Acid
Lithium-Ton®
Sodium®)

Zinc

$983
$1,014

$815

$1,346

$1,455

$1,710

$0

$200 $400

$600 $800 $1,000
Levelized Cost ($/ MWh) |

$1,200 $1,400 $1,600

¢ Low/High ($/kW-year)

$1,800




Kidston
Project
parameters

Project Parameters determined as a result of the Technical Feasibility Study process:

Parameter Value
Installed Capacity 250MW
Storage Capacity 1,500MWh
Continuous Generation Duration 6 hours

Turbine Configuration

2 x 125MW Fixed Speed Turbines

Upper Reservoir Volume

2.8 Gigalitres or 2.8 Million m®

Upper Reservoir FSL 579.0
Upper Reservoir MOL 571.0
Upper Reservoir Fluctuation 8.0m
Lower Reservoir FSL 376.6
Lower Reservoir MOL 349.0
Lower Reservoir Fluctuation 27.6m
Maximum Gross Head 230.0m
Minimum Gross Head 194.4m
Net Head Ratio 1.23

Time to Ramp Up to Full Generation Capacity 30 seconds

Source: Lazard LCOE v2.0, December 2016




