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How to identify most competitive technologies

“Mainstreaming” batteries
and ensure profitable deployment
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The electricity sector is transforming rapidly

What is already happening: What will be needed: @

Global capacity additions Electricity generation from low-carbon sources

0

100% Coal 100%

Gas
80%

7504 I BB Hydro
- .
Wind 60%
1 |

50% I I
I 40%
I Solar
25% I I 20%

0%

%
% 2007 2010 2015 2022 2000 2010 2020 2030 2040 2050

Source: BloombergNEF (2023), IPCC 6th Assessment Report (2021)



https://twitter.com/janrosenow/status/1709931920925270488/photo/1
https://www.ipcc.ch/report/sixth-assessment-report-working-group-3/

Ireland is among the leaders of this transformation!

What is already happening: What is likely to happen: i E

Annual capacity additions Electricity generation from low-carbon sources

100% Other \ 7
Ve
Wind \5&6? /7
N -
eo V4
75% o d
S
A\ 7
38.9%

50%

Solar

21.1%

25%

0%

30%

\"‘(’«"@\ QO P
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Source: EirGrid (2023), ISEA (2023), SEAI (2023)



There are many concepts and technologies for storing energy

Sensible heat Gravitation Pumped hydro
Latent heat Compression o, *‘i”“““
Thermochemical heat 4¢ Motion
> S
z&‘ RN ”
a\Y s,
. Supercapacitor
o
Ammonia % 'LS Capacitance
Alcohols ?; b' Inductance
Hydrocarbons Q Q
/ < g
Redox flow Electrochemical

Sealed batteries
Flow batteries




Lifetime cost is the metric for comparing these technologies

« Accounts for all cost
components required to
serve specific application
(e.g. power conversion to
enable fast response)

* Includes replacement cost
to account for degradation

Levelised

Cost Of
Storage

US$
MWh

LCOS [

Electricity that is discharged
each cycle; should include
annual degradation

If it refers to electricity charged
(against common practice),
round-trip efficiency and DoD
must be accounted for here

Cost to » Reflects round-trip efficiency,
because more energy is
purchased than discharged
(respective power price
service depends on application)

operate,
insure and
periodically

technology
components

« Also accounts for auxiliary
energy (e.g. air conditioning)

Can be a costor a
value depending
on the reusability
or recyclability of
the technology, its
components and
raw materials

\

Investment + O&M + Charging + End of life

Costs

(all costs and
enerqgy output are

Energy capacity - Cycles per year -

Qatpyt

Lifetime

discounted over
the lifetime)

» Determined by application

served by the storage system
« Can have significant impact on

degradation and overall

lifetime as cycle life is limiting
factor for most technologies

« Option 1 - Technical: Number of
years after which energy
capacity degraded to e.g. 80%

« Option 2 - Economic: Pre-defined
number of years, e.qg. secured
revenue



Example: For peak capacity, flow batteries beat lithium-ion

Peak capacity: 10 MW capacity, 300 cycles per year x 4 hours per cycle

365 $/MWh
350 F Charging
300 1 O&M
s
S 250 |
a
a 200 |
S .
£ 150 } Investment
” .
S 100}
J L
50 |
ok

Lithium-ion BESS

Source: Graph generated on www.EnergyStorage.ninja

Specifications

$14.6 m
86% efficiency
3,500 cycles

LCOS in USD/MWh

300
250
200
150 |

100 |

50 |

290 $/MWh

Charging
O&M

Investment

Vanadium flow BESS

Specifications

$25m
68% efficiency
20,000 cycles
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The competitiveness of technologies will change over time

Peak capacity 100% =
8 I\l\.h i e
5 80% - 150 3
Power capacity 10 MW 7 é‘
: : 2 60% =)
Discharge duration |4 hours ° o £
— 100 >
o

| o
Annual cycles 300 > 40% Q
. ) -50 £
Response time >10 seconds S 20% 2
o [}
. . a =

Electricity price 50 USD/MWh 0% Lo

2015 2020 2025 2030 2035 2040

Pumped hydro Compressed air Lithium ion Vanadium redox flow

250 A

150

100 A

50 A

07 T

Median and range of
LCOS in USD/MWh

I I I I

2015 2020 2025 2030 2035 2040

350
300
250
200
150
100
50
0
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400 A
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There are dominant technologies for different requirements

2020 Q1 : :
1024 Q Circles denote typical
o Hydrogen . .
g compreyssedgA.r power system applications:
| .§ PumPeq Hydro « (ST) Inter-seasonal storage
R . (RL) Power reliability
§ Flywheel « (TD) Transmission & distribution
ai ) 2 R R B R investment deferral
&I 2T * (RE) Renewables integration

LCOS increase for
second cheapest
16 technology .

L= O

SC
PC
EA
BS

Increasing self-consumption
Peaking capacity

Energy arbitrage

Black start

—_ o O ~—

DR) Demand charge reduction

Duration (hours per discharge)

FS) Frequency response
ramping / inertia)

FG) Frequency regulation
power quality)

HC) High cycle

0,25 T T TR R Y | T T LRI LY | T T LSRR |

1 10 100 1000 10000

Frequency (discharges per year)
Source: Graph generated on www.EnergyStorage.ninja
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(
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There are dominant technologies for different requirements

2020 Q1

Hydrogen
Compressed Air
Pumped Hydro
Lithium Ion

Vanadium Flow
Flywheel

1024 Circles denote typical

power system applications:
« (ST)Inter-seasonal storage
*  (RL) Power reliability

 (TD) Transmission & distribution
investment deferral

gy

K-

256

dest techno

64 FEEES
® F N — * (RE) Renewables integration

LCOS increase for SC

second cheapest
technology . PC
EA

BS

Increasing self-consumption

16 Peaking capacity

Energy arbitrage
Black start

—_ o O ~—

DR) Demand charge reduction

Duration (hours per discharge)

FS) Frequency response
ramping / inertia)

FG) Frequency regulation
power quality)

HC) High cycle

0.25 T T llllrv’ T T Il!llll T T 1"""

1 10 100 1000 10000

Frequency (discharges per year)
Source: Graph generated on www.EnergyStorage.ninja
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There are dominant technologies for different requirements

2020 Q1 . :
1024 - Q ) Circles denote typical
= Hydrogen . . .
_— & Pumpesl Hydro «  (ST)Inter-seasonal storage
9 Lithium Ion . L
" % Yarmdiim Fow (RL) Power reliability
o Flywheel «  (TD) Transmission & distribution

64 investment deferral

80%
40%
20%
10% |
5%

* (RE) Renewables integration
SC
PC
EA
BS

LCOS increase for
second cheapest
technology .

Increasing self-consumption
16 — '”‘ Peaking capacity
Energy arbitrage

Black start

—_ o O ~—

DR) Demand charge reduction

Duration (hours per discharge)

FS) Frequency response
ramping / inertia)

FG) Frequency regulation
power quality)
HC) High cycle

(
(
(
(
(
+ (CM) Congestion management
(
(
(
(
0.25 (
1 10 100 1000 10000

Frequency (discharges per year)
Source: Graph generated on www.EnergyStorage.ninja 10
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Like with technologies, there is a wide range of applications

Location in power system

Generation Network Consumption
T mi |
o aql T 0
Dispatchable Variable Transmission  Distribution Business Private
Povxﬁr Frequency Voltage
quality Renewables regu|ation Support Power
smoothing quality
( Inertia services )
v
= Ppower Peak ( Contingency reserve )
© .
> reliability capacity ( Backup power )
S, p— ( Rampingreserve )
g A Black start ( Seasoralstorage ) ( Power reliability )
c
8 . .
© Increased | \ ( Concectionieles ) ( Demand charge reduction
45 utilisation Load [Renewables] ) .
followin firmin Transmission| | Distribution ,
4 A |\ 2 : deferral [ deferral ] (__ Seffconsumption )
>
l_
Arbitrage [Rene.wables] r Wholesale ) ( Retail arbitrage )
% aitcliice MY GDUEGE (_ Time-of-use bill mgmt. )

Front-of-the-meter =/(7>\<— Behind-the-meter —»

A



Key applications in Ireland are DS3, energy trading and CRU

Type of economic value

Power
quality

R

Power
reliability

&

Increased
utilisation

e

Arbitrage

=

Location in power system

Generation Network Consumption

RTRRY---Y N - S G - B A

Dispatchable  Variable Transmission  Distribution Business Private

(« FFR "\ (Low Carbon
« POR Inertia
« SSRP Service (LCIS)
+ SOR
« TOR172 |,

Capacity remuneration « RM1/3/8 ||Pemand Flex

scheme (CRU) « RRD |procurement ‘ Backup power ’
LDES

procurement

|

Renewable Electricity
Support Scheme (RESS)

[ Self-consumption J

[ Balancing ] [Day—ahead]

Dynamic tariffs ]

[ Intraday ] [ Forvvards] (

Existing

Announced

A

Front-of-the-meter =/(7>\<— Behind-the-meter —»

12



Frequency response can be provided at a cost of ~50

£/kW/yr

Location in power system

Network

)

Transmission

T

Distribution

Power
quality
R
5
©  Power
> reliability
S jjt
E
O
-
S
o Increased
5 utilisation
)
QA
>
|_
Arbitrage

|

|

Voltage
support

Contingency reserve

Ramping reserve

N N ) N

]
Inertia services )
)
)
)

Seasonal storage

Congestionrelief )

. . )
ransmission
deferral

e - ()

I

Distribution
deferral

AR R R R
Wholesale
arbitrage

Source: Graph generated on www.EnergyStorage.ninja

Battery specs

« 10 MW /5 MWh
« £2M capex

» 85% efficiency
10 years lifetime
« 8% discount rate

Lifetime cost [£/kW /year]

50 |

40

30

20

10

~50 £/kW/year

Charging
O&M

Investment

Lithium-ion BESS

13
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But, frequency response revenues have fallen below that

Average battery energy storage revenue (Ek/MW/yr)

30

250

£153/ MW

100 I |‘

il

Jan Apr Jul Oct Jan

2022

Source: Modo Energy (Jennings, 2023)

Frequency response
revenues have fallen
73% in 2023

o £5Tk/MW
[]
II|||'
Apr Jul  Oct
2023

«

Lithium-ion BESS

N L~
N [
~50 £/kW/year
'E >0 Charging
g : Oo&M
2 40
=
X _
S~
&30 |
)
7 _
S
o 20 | Investment
E
dd
& 10
—
) |

14


https://modoenergy.com/research/battery-energy-storage-revenue-december-2023-balancing-mechanism-wholesale-

This is because frequency response markets are saturated

Battery capacity contracted in frequency response (GW)
® Monthly FFR m Dynamic Containment ® Dynamic Moderation ® Dynamic Regulation = Uncontracted

4
3.5 GW
3.5 Dynamic Moderation and Dynamic = il
3 Regulation have increased in size as - ‘
Monthly FFR was phased out | N |
25 mn ¥ 1.9 GW of capacity
= I B uncontracted in
9 _ i December 2023

1.5

0

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2022 2023

—

Source: Modo Energy (Middleton, 2023)

1.5 GW

Market size

(frequency
response)

15


https://modoenergy.com/research/q4-update-2023-battery-energy-storage-revenues-balancing-mechanism-ancillary-services

FFR in Ireland is saturated as well - expect <60 €/kW/year

FFR contracted volumes (MW) - DS3 Volume uncapped
1800
1600

1400
1200 Ba ttery

1000

800

600
Other

400

200

<z,

X
2020 Apr-210ct-21Apr-220ct-22Apr-230¢t-23 <€ @?5\

o

S - M “The TSS scalars should be reduced from October 2024.
[...] option to close the procurement of FFR-TORZ2.”

committee September 11, 2024

Source: EirGrid (2024), SEM Committee (2024) Everoze (2019)

FFR bids - DS3 Volume capped

“Batteries in Ireland to provide
frequency response for less
than 60 €£/kW per year”

DS3 Volume Capped
procurement in 2019

4 “The aim of System Services
Future Arrangements (SSFA) is to
introduce daily competitive
auctions for system services”

- /

Electricity Storage Policy
Framework for Ireland 2024

16



Power price trading can be provided at ~160 £/kW/yr

Location in power system SN L
| |G
Network
Transmission  Distribution ~160 £/kW/yr
Pﬁg\ﬁr Frequency Voltage
quanty regulation support — 150 | O&M
0 Q ( Inertia services ) atte Y Specs E e
r_>5 F;.OVE)I.EI{F (_ Contingency resenve ) 10 MW/ 40 MWh =
reliability : W
g Aw (N T =TT - £7.5 m capex ~ 100 f
7
Seasonal storage . . o
S S — « 85% efficiency S |
5 Increased ( Congestion relief ) ° 10 years IIfetlme £ i Investment
G utlisation T ission| ( Distribution E 50
ransmission| | Di
QA " deferral [ deferral ]  5-year replacement = |
> .
- * 8% discount rate |
Ar%ge tholesale 0
arbitrage o ]
- Lithium-ion BESS

Source: Graph generated on www.EnergyStorage.ninja 17
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But, this is not yet profitable, even at longer durations

NN L
o Price (E/MWH Wholesale trading in the GB market Charging M Discharging
100
50 ¢
0
Nov 15 Nov 25 Dec 05 Dec 15 Dec 25
b) State of Charge (MWh) 16 hours (+300%) = £120/ kW-year (+40%)
15
10 ¢
5 L
Ot . | . ! .
Nov 15 Nov 25 Dec 05 Dec 15 Dec 25

Source: Graph generated on www.EnergyStorage.ninja 18
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Increasing discharge duration beyond 8 hours adds no value

(a) Profit (USD/kW-year)

~ Australia & Japan

250 | ¥ Europe & US

200t

150 ¢

100

50

1 2 4 8 16 32 64
Duration (hours)

Source: Monetizing Energy Storage (2023)

(b) Increase in profit (USD/kW-year)
for one extra hour duration

1 2 4 8 16 32 64
Duration (hours)

Based on day-ahead wholesale prices from 2012-19 in various markets

19



Trading profits in Ireland in 2023 were even lower than in GB

www.EnergyStorage.ninja

Profit: USD / kW / year

350

Duration:

Year: 2023
Market: Day Ahead

Efficiency: 85%
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Trading profits in Ireland diminish less with longer duration

Wholesale trading profits - relative to discharge duration

250 8 hour
4 hour
200 = 2 hour
m 1 hour
150
100
) I .
=

2020 2021 2022 2023

Source: Graph generated on www.EnergyStorage.ninja

Wholesale trading profits - relative to annual cycles

180
160
140
120
100

500 cycles
400 cycles
m 300 cycles
m 200 cycles
®m 100 cycles

2023

21
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90% of the value can be captured trading 25% of the year

a) Revenue (vs max)

100%

90%

80%

70%

60%

50%

40%

30%

Arbitrage revenue (vs max)

20%

10%

0%

B == Naordics
i == EUrope
i [, AMerica

B Australia
N - I . i m— |apan

800 ! 2,000 | 4,000
= hours hours | hours

; | i | 1

0 100 200 300 400 500

Number of cycles per year (full equivalent)

Note: Based on day-ahead wholesale prices from 2012-19 in various markets

Increase in revenue

b) Increase in revenue

10% . .
9% + 800 2,000 |
hours hours

8%
g
< /% F === Nordics
9
£ 6% | w—s  EUrope
§ w— N. America
g 5% r Australia
|
£
L 4% F
e
o 3%
2

2% |

1%

0%

0 100 200 300 400

Number of cycles per year
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Therefore, multiple revenue streams must be combined

350

300 Profit 1

1 Loss

250

200 |

150
100

50

Lifetime cost Lifetime revenues Lifetime revenues
without stacking with stacking



In GB, complex revenue stacking is the reality

Annualized revenues of battery assets in Q4/2023 by market and duration o~
m Wholesale " DCL mDCH mDML mDMH mDRL mDRH =BM mFFR mNon-BMU Charges
80
70 i
j “
P el R R oMU oo
.i represents
I ~ one specific

o e e T A
g
I |

: i
o {!i | " “I Illlll ||“ ||| 1] II | | II

0.5h-0.9h 0.9h-11h 1.1h-1.5h 1.5h-2h

lil ||| battery asset
—
Longer duration battery = More arbitrage services (Wholesale, BM)

Source: Matt Middleton (Modo Energy, 2024) 24



https://modoenergy.com/research/q4-update-2023-battery-energy-storage-revenues-balancing-mechanism-ancillary-services

All the insights and tools shown here
are available in this book and website

“Essential for me as an investor
to navigate this complex, fast-
paced enerqy storage industry.”

Gerard Reid, Alexa Capital

“The go-to resource... exemplary
in terms of academic rigour set

in areal world context.”

Jim Skea, Chair of the IPCC

User-friendly tools for custom analyses: www.EnergyStorage.ninja

% Energy Storage Ninja x

©

W Pro Login

| Home Value Analysis Models
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Project Economics

Arbitrage

System Need

System Value

Cost Analysis

V
V.

Lifetime Cost

Competitiveness

Landscape

Investment Cost

Competitive Landscape

@D (!

OXFORD

MONETIZING
ENERGY
STORAGE

a toolkit to assess future cost and value
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This highlights the need for storage to optimize volatility

250

200

-
un
o

Arbitrage profit (USD/kW-year)
o
o

9y}
o

m US

+ Europe

A Japan
Australia

10 20 50 100 200
Standard deviation in hourly power prices (USD/MWh)

7500

Revenues are driven by volatility,
so instead of acting only in one
market, revenues are maximized
by ‘skimming volatility cream’ of

multiple markets.

26



But, 1 GW of storage already reduces abitrage profits by 20%

Day-ahead wholesale power market

(a)

(b)

SN L
Z| | N

(c)

250 .
= P5-P95 range with +5 GW lithium ion with +10 GW lithium ion 0 Specific profit (GBP/kW-year)
3 =\ edian 1 GW
= 200 - 60 47 |
@ ' -20%
% 50 + _
O 150 A
}
Q. 40 + i
}
()]
% 100 A 30 -+ |
o,
2
1+ 20 — n
w
% 50 -
< -\/\/\-\- v“\.——/\ — /\-—-—- 10 —+ ~
=

O T T T T T T T T T T T T T T T T T T T T T T T T T O : : : ! I

0:00 600 12:00 1800 0000 600 1200 1800 00000 600  12:00 18:00  0:00 0 5 10

Storage Capacity (GW)

More pronounced impact likely on other
wholesale markets, because

» Day-Ahead auction: ~15 GWh per hour
 Intraday auction: ~0.5 GWh per hour

« Continuous intraday: ~3 GWh per hour .



Arbitrage profits in Australia are also most consistent

Profit: USD 7 kW / year www.EnergyStorage.ninja
300

200

« Revenues in wholesale power trading
in Europe were driven by gas price
crises in 2021-2023 - generally

19 23 19 2319 23 -
= i i — significantly lower
Germany Italy Netherlands

100

« Revenues in mainland Australia (e.q.,
SA, VIC) are consistently high due to

Market: Day Ahead Duration:

400 -
Efficiency: 85% 8 hours

4 hours

300 =2 hours o High wind and solar penetration

m 1 hour

200 o High solar irradiation

100 o Power network constraints

o (Realtime spot market)

19 23|19 __ 23

South Aus. Victoria 28




Option 1: Sequential stacking

Period 1 Period 2 Period 3 Period 4 Example ; z
20 e 100%

—_
o
[

0% TRIADs (Demand

- Enhanced Frequency
Regulation (EFR)
- charge reduction)

0%

N
o
[
|

Charge

Active power in MW (bars)
o
State-of-charge in % (line)

29



Option 2: Sequential stacking in opposite directions

Period 1 Period2  Period3  Period 4 Example ; z
20 o 100%
- Dynamic
Containment Low
10 ¢ 50%
- Balancing mechanism
0%

OR

N
o
T

Wholesale market

Active power in MW (bars)
o
State-of-charge in % (line)

Dynamic
Containment High

30



Option 3: Parallel stacking

Active power in MW (bars)

20

—_
o

o

N
o

Period 1

Period 2

App 2

Period 3

Period 4

Charge

100%

50%

0%

State-of-charge in % (line)

| N LA
Example ZITS

- Dynamic regulation

- Wholesale market

31



Option 4: Overlapped stacking

20

—_
o

Active power in MW (bars)
=) o

-20

Period 1

Period 2

Period 3

Period 4

Charge

100%

50%

0%

State-of-charge in % (line)

| N LA
Example ZITS

Capacity market

Firm frequency
response (FFR)

32



Falling cost is driving the uptake of lithium ion

Lithium-ion battery packs ($/kWh)

$1,200

$1,000

$800

$600

$400

o

$

2010 2012 2014 2016 2018 2021

Product price ($/kWh,p)

= 1.300928011 = 8.686974579
= 16.84790055 = 30.31459775
= 57.34293473 = 94.75805918
= 151.2643788 = 243.9369896
10,000 +
3000 |
1,000 + 2010 -
_ T 2015
300 | =
i,
.,
“w 2021
100 IIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIII 1
0.01 0.1 1 10 100 1000

Cumulative installed capacity (GWh,p)
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Similar to how the uptake of solar PV was driven

Lithium-ion battery packs ($/kWh)

$1,200

$1,000

$800

$600

$400

$200

$

o

2010

2012

2014

2016

2018

2021

Product price ($/kWc,p) or ($/kWhc,)

30000 [ 1085 " PV Module (25 £ 1%, 1980-2020)
o " L
g * Lithium-ion (EV packs, 24 + 2%, 2010-21)
ey 1990
10,000 | "oy
: =y 1995
“‘."-_2_000
“tuy 2005
.'..‘!.D u ™1
T 2010
.
1,000 + 2010 W, .
' " . 4.2015
[ | - ."U.
] u
22015 W
"-.-. a
#. 92020
"% 2021
100 IIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 J
0.01 0.1 1 10 100 1000

Cumulative installed capacity (GW,,p) or (GWh,p)
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But, most storage technologies experience cost reductions

Product price (USD/kWh,,,)

20,000

10,0001

5,000

2,000

1,000+

500

200

.....
. .
ooy
o

100
0.0001

0.001 0.01 0.1 1 10 100 1,000
Cumulative installed nominal capacity (GWh,,)

10,000

Scope:
e System m Pack

Technology:

A Cell
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