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My focus is energy storage and project development

Oliver Schmidt

Imperial College

« Researcher
London

« Consultant QStorage Lab

+ Developer dvip.energy




Our planet is becoming a more dangerous place ...

Canada wildfire season is now the
Global temperature change worst on record Greece Battles Its Most Widespread
| Wildfires on Record
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June 29, 2023

Cernada: Fou1: missing after historic rains August 23, 2023
trigger ﬂOOdm‘g "Historic flooding event” in Greece dumps
e more than 2 feet of rain in just a few hours
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... because global CO, emissions are still rising

CO, emissions [Gt]
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Global CO, emissions

Global CO, emissions
are still increasing
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But, the electricity sector is already transforming

What is already happening:

Global capacity additions
100%

75% IIIIIIII Solar
50% I I I I
Wind
25%
Hydro
Other
Gas
0% Coal
2007 2010 2015 2021

Data from BloombergNEF

What will be needed:

Electricity generation from low-carbon sources
100%

30%
60%
40%
20%

0%
2000 2010 2020 2030 2040 2050

Data from the [PCC 6t Assessment Report



https://www.ipcc.ch/report/sixth-assessment-report-working-group-3/
https://about.bnef.com/blog/cost-of-new-renewables-temporarily-rises-as-inflation-starts-to-bite/

Flexibility is needed to match low-carbon supply and demand

Hourly / Daily scale

Electricity supply / demand in the UK (GW) mm Nuclear = Wind Solar —Demand
50

40
30

20 UK storage capacity 2022

10 « Pumped hydro: 30 GWh

« Battery storage: 3 GWh
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Flexibility is needed to match low-carbon supply and demand

Monthly / Yearly scale

Natural gas storage [TWh_,orific] ——European Union —United States

1250 -
1000 -

750 -

« Fossil fuels: 100 TWh

500 ~
* Electricity: 0.03 TWh
250 -

\ & UK storage capacity 2022

O I I I I I I I I I I I
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022



Electricity storage is one of four options to provide flexibility

[ Electricity demand ]
Flexible Network Demand-side Electricity
generation interconnection response storage

R B

[ Electricity supply (low-carbon) ]




By 2040, the UK may need 24 - 46 GW electricity storage...

‘Leading the way’ scenario for GB

. . E ® US

power system by National Grid Germany | 80

3 80% A Britain " !

5;,- + Europe ! E
« Year: 2040 8 =

S 60% | 1 60 g
» Electricity demand: 450 TWh 3 ]

2 <
« Peak demand: 95 GW g aom | 2
» Share of wind and solar: ~80% : §

S 20% w

G% 1 r - I 1 G
0% 20% 40% 60% 80% 100%

Share of demand met by intermittent renewables

You will need 29 GW of storage [ 24 - 46 best estimate]

Data from National Grid, Future Energy Scenarios, 2023 Graph from www.EnergyStorage.ninja
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http://www.energystorage.ninja/

...and 170 - 570 GWh energy storage capacity

‘Leading the way’ scenario for GB op . qe500
power system by National Grid - Germany o]
" & Britain

"+ Europe

 Year: 2040
 Electricity demand: 450 TWh
e Peak demand: 95 GW

0.1% ¢ 1 450

Storage energy capacity {GWh)

Storage erergy capacityyelative to annual energy demai

01% : ] 45

e Share of wind and solar: ~80%
001% * E m 445
G;‘?f: EGI% 45”& EC;% 8[;% 1{];]%

Share of demand met by intermittent renewables
You will need 220 GWh of storage [ 170 - 570 best estimate]

Data from National Grid, Future Energy Scenarios, 2023 Graph from www.EnergyStorage.ninja
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http://www.energystorage.ninja/

Which technology will we use?

2020 stationary storage:
175 GW

0.1 GW
Flow battery

0.1 GW

15 GW /0.6 e Supercapacitor
Lithium ion Sodium 01GW
99% in 2015-2020 ~2 GW sulphur Hydrogen
Other
1oa oW \ Co?ﬁ?)rGe\é\ged
Pumped hydro

0.1 GW Air
10% in 2015-2020 Lead acid
0.1 GW
Flywheel

2030 stationary storage:

620 GW



There is a wide range of electricity storage technologies...

SSS Sensible heat Gravitation
Latent heat Compression
Thermochemical heat 'I¢ Motion
< > e
<& Bon
\\ 7
A Sy
Dy
O=O S 3
e N
3 <
Hydrogen = S «
Ammonia o g Capacitance )
Hydrocarbons Inductance )
Alconols Electrochemical

b

Sealed batteries
” Flow batteries

QO0000000000,
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... that all fit for different purposes

Short-duration

Medium-duration

Long-duration

1 yearH
- 1 month- d
o 1 weekH e
S Thermal
o 1 day- Compressed
5 .
3 Batteries Redox flow Sodium-sulphur Pum?pe ydro
o)) 1 hourH Lithium-ion
E Lead-acid
S
b ' Thermal
.5 1 min- FI)ANheeIs Chemical
Mechanical
1 secH Capacitors E:Ezgijl]emical
100 ms—
1 kWh 1T MWh 1T GWh 1 TWh

Energy capacity
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This is confirmed when looking at projects installed globally

Hydrogen
Pumped hydro
Compressed air
Sodium-sulphur
Flow battery
Lead-acid
Lithium-ion
Flywheel

Supercapacitor

| 0.25 [0.1-0.6]
| 0.21[0.2-0.24]

0.3 1

| 16 [3-26]
| 7.9 [5-21]
| 7.1 [2-25]
| 6.0[3.2-76]
| 3.8[1.8-5.3]
1.6 [0.7-4.1]
1.3 [0.7-3.8]
10 30

Discharge duration (hours)
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Lifetime cost is the metric to decide which technology to use

Levelised Cost Of Storage:

LCOS

- US$

MWh

Investment + O&M + Charging + End of life

Energy capacity - Cycles per year -

Lifetime

15



In peak capacity, flow batteries beat lithium-ion BESS

Peak capacity: 300 cycles per year x 4 hours per cycle

LCOS in USD/MWh

300 |
250 |
200 |
150 |

100 |

365 USD/MWh

350

502

Charging
O&M

Investment

Lithium-ion BESS

Specifications

362 USD/kWh,,
86% efficiency
3,500 cycles

LCOS in USD/MWh

300 f
250
200
150 |

100 |

50 |

290 USD/MWh

Specifications

Charging
* 625 USD/KWh,,,,
Q&M . 68% efficiency
« 20,000 cycles
Investment

Vanadium flow BESS

Graph from www.EnerqyStorage.ninja
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But, technology competitiveness changes over time

. 100% -
Peak capacity w Iy <
0 E.‘Ih ;
O T~ =
= 80% 150 =
Power capacity 10 MW ﬁ B
‘ _ 2 60% - 2
Discharge duration |4 hours = 100 =
5 o
Annual cycles 300 2 40% Q
. el - c
Response time >10 seconds 8 20% >0 2
o ]
Electricity price 50 USD/MWh a >
0% — —0
2015 2020 2025 2030 2035 2040
Pumped hydro Compressed air Lithium ion Vanadium redox flow
S < | 250 350 1000 700
v = 600 - —
[ 200 300 7 800 500 | |
s X 250 -
b 9, 150 200 4 600 400 8
5] | 1
€ 2 | 100 - 1 | 150 - 1 | 400 300
e £ 100 - 1 200 -
5 wn 50 - | 50 | | 200 100 |
s O
o9 O 7T 71 71 1 O 1T—7T 1 71 T 1 e L I
= 2015 2020 2025 2030 2035 2040 2015 2020 2025 2030 2035 2040 2015 2020 2025 2030 2035 2040 2015 2020 2025 2030 2035 2040

Graph from www.EnerqyStorage.ninja
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There are dominant technologies for different requirements

2020 Q1

Hydrogen
Compressed Air
Pumped Hydro
Lithium Ion

Vanadium Flow
Flywheel

1024

256

Best technology

64

LCOS increase for
second cheapest

16 < technology

Duration (hours per discharge)

0.25

1 10 100 1000 10000

Frequency (discharges per year) Graph from www.EnergyStorage.ninja
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At the same time, there is a wide range of applications...

Generation

7

Dispatchable

Variable

Location in power system

Network

)

Transmission

T

Distribution

Consumption

@

Business Private

Renewables
smoothing

Power Peak
reliability capacity
F

Load
following

Renewables
firming

]

Power
quality
R
=)
©
>
O
-
@)
C
S
@ Increased
HC—D utilisation [
()]
3 N
|_
Arbitrage

Frequency
regulation

|

Voltage
support

Contingency reserve

Ramping reserve

[
( Inertia services
(
(
(

Seasonal storage

( Backup power )
(

Power reliability )

Congestion relief

) ( Demand charge reduction )

(= . . N\
Transmission
deferral

I

Distribution
deferral

] ( Selfconsumption )

|

Renewables
arbitrage

|

Ve N\
Wholesale

| arbitrage |

( Retail arbitrage )

( Time-of-use bill mgmt. )

A

Front-of-the-meter

> 7A+— Behind-the-meter —»

Relation to variable renewables:



At the same time, there is a wide range of applications...

Location in power system

Generation Network Consumption

7

=4t F g o)

Dispatchable Variable Transmission  Distribution Business Private
PS;\I'ﬁr Frequency Voltage
quality regulation support Power
quality
( Inertia services )

.
<  Power Peak
> reliability capacity
O
E
S I Black start
C
O
@ Increased
“'C—) utilisation
ollowin

v A 9
<
|_

Arbitrage

=

( Contingency reserve ](

) ( Power reliability )

Backup power )

( Seasonalstorage

— ( Demand charge reduction )

aroitrage (_ Time-of-use bill mgmt. )

A

Front-of-the-meter > ,‘(7\4— Behind-the-meter —

Relation to variable renewables:



... that may roughly follow 4 phases of deployment

Phase Description Arcl'.nety.pe Deployrr!ent Dlscha.rge Response time
application potential duration
<20% Pre- ) : _ Mostly :
) 2010 Low-cost nuclear power Various 8-12 hours Minutes
s
-
(2]
>
X
()]
c
()
©
9
(&)
>
-
~
Ll
(a et
>80%
A ) low ‘\ ll mid ANN) high ? 'l uncertain  Concept from NREL
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https://www.nrel.gov/docs/fy21osti/77480.pdf

System stability markets (Phase 1) are relatively shallow...

Frequency regulation (PRL) —

4500 450

4000 - | L 400

3500 - ) _— - 350
3000 - f/////‘ | | ) - 300
2500 1 %”””4 >_____4+\\\\\* - 250
2000 1 I - 200
1500 - \\\\\\% - 150
1000 -

- 100

Weighted price [EUR/MW-week]

500 - - 50

Cumulative battery storage capacity [MW]

2012 2013 2014 2015 2016 2017 2018 2019



... and operation in spot market arbitrage is not yet profitable

LCOS in USD/MWh

150

100

50

LCOS: 180 USD/MWh

Charging

O&M

Replacement

Investment

Specifications

Lithium-ion BESS

* 10 MW / 40 MWh

15 years

550 cycles p.a.

86% efficiency

8% discount rate

800

Price (USD/MWh)
N s O
o © O
S © o

o

40

30

20

10

State of Charge (MWh)

Revenue: 100 USD/MWh

Discharging
03-Jan 10-Jan 17-)Jan 24-)an 31-Jan
| | | [ ﬂ
H
AAAAAAAAAAAAAA Jl A .l " ' JJ " A 'l A o JA U ' ' 'l J
03-Jan 10-Jan 17-)Jan 24-Jan 31-Jan

Graph from www.EnerqyStorage.ninja
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Therefore, multiple revenue streams must be combined

350

300 ¢

250

200

150 |

100 |

50

Lifetime cost Lifetime revenues Lifetime revenues
without stacking with stacking



Option 1: Sequential stacking

Period 1 Period 2 Period 3 Period 4 Example :\; z
20 100%

Enhanced Frequency
Regulation (EFR)

L
- TRIADs

(Demand reduction)

50%

-
o
I

0%

N
o
|

Charge

Active power in MW (bars)
o
State-of-charge in % (line)
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Option 2: Sequential stacking in opposite directions

Period 1 Period 2 Period 3 Period 4 Example :\; z
100%

7] S —

- Dynamic containment
50%

—_
o
I

- Balancing mechanism

0%

Active power in MW (bars)
= o

State-of-charge in % (line)
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Option 3: Parallel stacking

Active power in MW (bars)

20

-
o

o

N
-

Period 1

Period 2

zAPPZ

Period 3

Period 4

Charge

100%

50%

0%

State-of-charge in % (line)

S L7

Example Z==i=s

- Dynamic regulation

- Wholesale market

27



Option 4: Overlapped stacking

20

-
o

Active power in MW (bars)
o o

Period 1 Period 2

A %

Period 3

Period 4

Charge

100%

50%

0%

State-of-charge in % (line)

S L7

Example Z==i=s

Capacity market

Firm frequency
response (FFR)
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All insights and tools available in my book and website

OXFORD

MONETIZING
ENERGY
STORAGE

a toolkit to assess future cost and value

OLIVER SCHMIDT e IAIN STAFFELL
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