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Net annual CO: emissions (GtCOz/yr) 2050 Baseline Energy Scenario
50 46.5 GtCO:
45
Planned Energy Scenario
40 36.5 GtCO:
5
Transport -8.4 GtCO,
20 .
Buildings -2.3 GtCO, ﬁﬁ‘;ﬂfﬁ”s
25 Other =2.2 GtCO, in 2050
from PES
20 to 1.5-5
Power and heat plants -13.0 GtCO,
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5 Industry -1.0 GtCO,
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Source: IRENA World _Energy Transitions Outlook 2021
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Role of Energy Storage \(&m

ENERGY STORAGE

ENABLE FOR RE, EV AND EE
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Energy Transition
Transform, powerfully
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Energy Storage and National Plan 1
® National Plan of Thailand
COP26
° No. 16 in the country’s ENERGY 4.0 Plan

National Electric Vehicle Policy

.ﬁ committee set up (Dec 2019)

° No. 17 in the country’s ENERGY 4.0 Plan

National Energy Storage Technology

Promotion Committee
(February 2021)

Thailand NDC will be 40% by 2030
Carbon neutrality by 2050
Net GHG emissions by 2065
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* Electric Energy Time-Shift
(Arbitrage)
e Electric Supply Capacity
* Renewable Integration
g Regulation
* Spinning & Non-
Spinning reserve
e \/oltage Support

e Black Start
e Load Following
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» Transmission Upgrade
Deferral

* Transmission Congestion
Relief

-
e Distribution Upgrade
Deferral

* \Voltage Support

Infrastructure

c Power Quality

¢ Retail Electric Energy
Time-Shift

* Power Reliability

* Demand Charge
Management

Adapted from DOE Grid Energy Storage December 2013




TTTTT

d3UUNUIMUB9 ESS Tussuu Power Sys. \@Es IEEE
PrsAEmmEer | . enTec?

1. Usendauasiiuuseansnndunisuanuazes
* gzaani1sasalsalnnlug
* 4185095UUSUNMUBS Renewable power system Tuszuu T9unnTunass
UszAnSnnd sy
¢ YraNISNVUINEYES
2. a¥raEdsnmmnensanelniiin wedu
1. Y3u1au (energy capacity - demand vs. supply)
2. AN (voltage support, frequency regulations)
3, uUszansmwnsldnw/dssudaalu
® Peak shaving

® Demand charge management
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Short duration (< 1 hr) Long duration (1+ hr)

1-2 cycle/day

Very high charge/discharge rate

Many cycle (100/day)

Continuous use
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Application potentials of ESDs

Very Large Scale
(1000 MW) 1 :
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Discharge time at Rated power

Source: A A. Kebede, et. Al. A comprehensive review of stationary energy storage devices for large scale renewable energy sources grid
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[ @ DOE Global Energy Storage Database Home

DOE Global Energy Storage Database

The Official Hub for Global Energy Storage Data

DOE Global Energy Storage Database

The DOE Global Energy Storage Database provides research-grade information on grid-connected energy storage projects and relevant state and federal
policies. All data can be exported to Excel or JSON format. As of September 22, 2021, this page serves as the official hub for The Global Energy Storage

Database.

US DOE Energy Storage Database https://sandia.gov/ess-ssl/gesdb/public/statistics.html
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Global Map of Energy Storage Installations

Instructions

The visualizations can be filtered by country
basis. A pdf/image file of the visualization
can be downloaded using the dowload

buttons.

Select Country to Display:
Al

Filter decommissioned projects based on

. 0. =2 S % ol =
N . Q 3 ) 8%« p the selections below:
e O @) @ 0 ¥ O
. v g Ao d
e 3 ™ Sy YRS o . Q ? Show Decommissioned Projects Only
P @5. ot > R Remove All Decornmissioned Projects

00 °

B 2022 Mapbox @ OpenStreetMap

The size of the circles represents the rated power in kW
. 1

2,000,000 Download PDF
4,000,000

) 6,800,000

The color intensities of the circles represent the rated capacity in kWh.

g L, .02 ) Download Image

US DOE Energy Storage Database https://sandia.gov/ess-ssl/gesdb/public/statistics.h
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Total MW
Deployed:
172,928

Putrped
Storage Hydro
95

US DOE Energy Storage Database https://sandia.gov/ess-ssl/gesdb/public/statistics.html
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* Sodium Sulfur Battery

® Lithiume-1on Battery

# Lead Acid Battery

* Sodium Metal Halide
Battery

» Flow Battery

" CAES

= Flywheels

» Electro-chemical
Capacitor

QIEEE

Power § EnegySocey” | T
Total MW
Deployed:
3,371
_ A%

US DOE Energy Storage Database https://sandia.gov/ess-ssl/gesdb/public/statistics.html
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>95 GW
>1,220 GWh

DOE Global Energy Storage (OCT 2021) https://sandia.gov/ess-ssl/gesdb/public/projects.html
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Installed power by Technology until OCT, 2021

Sodium-based battery,
328.64 MW

Lead-acid battery,
138.60 MW

Nickel-based
battery, 60.39 MW

= e Batteries 2% ———mlll . 7Zinc-based battery,
;889,26 MW 49.33 MW

W

Chart made from DOE Global Energy Storage (OCT 2021) https://sandia.gov/ess-ssl/gesdb/public/projects.html
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Installed power by Technology until OCT, 2021

Lead-acid
battery,
150.44 MWh

Nickel-based
\battery , 19.23
MWh
/_

Zinc-

__based

battery,
856.72

Lithium MWh

866.

Chart made from DOE Global Energy Storage (OCT 2021) https://sandia.gov/ess-ssl/gesdb/public/projects.html



Global Status of ESS Installation (Epes

Power & Energy Society®

$IEEE

ENTEC~|

TTTTT

Installed power by Technology until OCT, 2021

16,432MWh
" 5,95IMWh
19,961

= Bulk Energy Services
(General Energy Applications)

® Ancillary Services

B Transmission Infrastructure
Services

m Distribution Infrastructure
Services

Chart made from DOE Global Energy Storage (OCT 2021) https://sandia.gov/ess-ssl/gesdb/public/projects.html
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Technology and Application Matching (2017)
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IRENA 2017
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Forecasted Energy Storage Capacity

Figure 27 Projections of total stationary storage installed front- and behind-the-meter globally

1400 - :
< IRENA Ref min O IRENA Ref max
1200 4 £ IRENA Doubling min ] IRENA Doubling max
g e BNEF GESF (2017) e BNEF NEO (2017)
E 1000 - ==pNEFNEO (2018) IEA ETP 2DS (2017)
S = |EA ETP B2DS (2017) Deutsche Bank
“ < 800 ~ IRC low s |RC high
E E IDTechEx
@ O 600 -
S
© 400 A
b ]
200 -
T o | T 1
2017 2020 2025 2030 2035 2040

Source: JRC based on various literature sources [31,39,43,52,58,65,83,105]. Abbreviations of the studies can
be found in the references. Note: IEA [103] is not clear as to whether they include behind-the-meter
applications in their projections for storage.

Source: JRC Science and Policy Report “Li-ion Battery for Mobility and Stationary Storage Applications’, 2018



Global Status of ESS Installation @Es

¢ IEEE

Power & Energy Society® ENTECﬁj
Battery storage’s energy capacity growth
Figure ES3. U.S. large-scale battery storage power capacity additions, standalone and co-located
P
megawatts /j
10,000 ela
i cumulative capacity additions, i planned capacity additions,
9,000 2003-2020 . 2021-2023
8,000 E
7.000 standalone battery storage :
co-loceled batlery siorage !
6,000 i )
wind : '//l' 4
"
B fossil fuel ! ',/?':'
4,000 ! G
s | I// ’
3,000 : //
: %
2,000 ' %;;2
| 7
1,000 . i 7 %
0 . PLLEL) b vene : %Z 7///‘ /
standalone  solar w/ wind w/  fossil fuel w/ standalone  solar w/ wind w/  fossil fuel w/

battery battery battery battery battery battery battery battery

storage storage storage storage storage storage storage storage
Source: U.S. Energy Information Administration, Dec 2020 Form EIA-860M, Preliminary Monthly Electric Generator Inventory
Note: Solid yellow, green, and brown bars indicate generating total capacity of solar, wind, and fossil fuels that have battery
storage on-site.

IRENA 2019, Utility-Scale Batteries: Innovation Landscape Brief
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Forecasted Energy Storage Market
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Stationary CACR
Energy Storage S
Market

2021 to 2030

TTTTT

(USD BN)
224.3

(USD BN)
31.22

(USD BN)
25.2

2020 2021 2030

Source: www.precedenceresearch.com

Source: https://www.globenewswire.com/en/news-release/2022/02/15/2385503/0/en/Stationary-Energy-Storage-

Market-Size-to-Hit-US-224-3-Bn-bi-2030.html



Thailand: ESS Current Status ( QIEEE

Power & Energy Society® eNTe C‘|
ISTDA

TESTA

Energy Storage Values in Current Thailand Grid

. h [ feasible
Generation _

[ feasible for some

case
[ not feasible

system operation I Lead ollonin® [ Freauene reslation | Volasesipport | 2 o iormater

T&D Transmission congestion relief* | | T&D upgrade deferral* « flaifdaya

Renewable energy % Renewable energy time shift** | Renewable capacity firming

Behind the £} Peak shaving/Demand charge management **

meter . .
Renewable energy time shift**
Electric service power quality || Electric service reliability -Owned services
**Grid code
Source: - Jiravan Mongkonthanatas, Wiauslu The Future Energy Show Thailand 2019, 27 Nov 2019 33Usan:

dontiAdeniiensimurUsuimelne (TDR), lasan1sfinwenumuivauuaziuziuimdumsduaugaamnssuansedliihamiulaswglnfiwesysyine (Grid Energy Storage), 2019
anATeifienswaUszmelng (TORD way antiuidendanu pnasnsaimningnds, TassnsAnwusslominazsuyuves disruptive technologies Tuiannstuihwesuseimale, 2019
MTEC, Tausudoyalulassnsfinwneldnisaduayuain nesyuimulng LwamiaaLaiumﬂmwadmwgunau uazmaluladldlumsusznaviamsiiihiifinansenusedwndeutios

(Wn51 97(4)) UszdTUeuuszanas w.e. 2561



Thailand: ESS Current Status (ewes

Power & Energy Society®

$IEEE

ENTEC~|

TESTA

Energy Storage Values in Current Thailand Grid

Energy arbitrage -0.5 to 2.5 Baht/kWh

Load following 0.07 to 0.09 Baht/kWh

Spinning reserve 0.023 to 0.028 Baht/kWh

SPP Hybrid firm (Renewable capacity firming) 2.212 to 4.062 Baht/kWh

Electric bill management (no demand charge) Approx. 1.6 Baht/kWh

Peak Shaving 1,500 to 2,800 Baht/kW.year

Frequency regulation 3,000 to 5,500 Baht/kW.year

® BESS cost in energy application -> 400USD/kWh = 12,000Baht/kWh (for 3000 cycles) -> 4 Baht/kWh.cycle
Source:

® BESS cost in power application -> 600USD/kWh = 18,000Baht/kW (for 10 years) -> 1,800 Baht/kW.year

Jiravan Mongkonthanatas, YJnausaly The Future Energy Show Thailand 2019, 27 Nov 2019 53U54310:
dontidfoviiensiaunysuinelne (TORD, TasansAnwaruumnzauuaziussmslumsduaiugnamnssuasasinihamdulassielniivesussine (Grid Energy Storage), 2019
antuidoitomsiiannyszmelne (TOR) was aataddendanu pasnsaluminends, lassmsnuussloviuazduyuaes disruptive technologies lufamstiihwesuszmele, 2019
MTEC, sausadeyalulasamsinunelédmsatiuayuann nespuianliih Womsduaiunislindsnumyuidou wasmaluladililunisuszneuianislihiiinansevusedaundotion
(@951 97(8)) UszaUeuuszanas w.e. 2561
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Energy Storage Values in Current Thailand Grid = @ SN~—w——
$100/kWh
Energy arbitrage -0.5 to 2.5 Baht/kWh Q
Load following 0.07 to 0.09 Baht/kWh
Spinning reserve 0.023 to 0.028 Baht/kWh
SPP Hybrid firm (Renewable capacity firming) 2.212 to 4.062 Baht/kWh Q
Electric bill management (no demand charge) Approx. 1.6 Baht/kWh 0
Peak Shaving 1,500 to 2,800 Baht/kW.year Q
Frequency regulation 3,000 to 5,500 Baht/kW.year @

BESS cost in energy application -> 400USD/kWh = 12,000Baht/kWh (for 3000 cycles) -> 4 Baht/kWh.cycle
BESS cost in energy application -> 250USD/kWh = 7,500Baht/kWh (for 3000 cycles) -> 2.5 Baht/kWh.cycle
BESS cost in energy application -> 100USD/kWh = 3,000Baht/kWh (for 3000 cycles) -> 1 Baht/kWh.cycle
BESS cost in energy application -> 60USD/kWh = 1,800Baht/kWh (for 3000 cycles) -> 0.6 Baht/kWh.cycle



Ess — Tuily Nl
orsemsoon | enrecT 75

\\ |/

1 an wse 5
& 215157 b
—
3 wn 5 > Tleum
L Jaonsiy l i ?  8,910..

Source: IRENA World _Energy Transitions Outlook 2021




ESS Key Parameters

o

& Energy Society®

ENTEC~I -

TESTA

Figure of merit Unit AIVNUNNE
Specific energy density Wh/kg o D 0% e a4 -
wasulndn da Uniln wse fa Usuas

_ . . => AUINAIIY
Volumetric energy density Wh/liter
Specific power density W/kg . o DY o oA,

Aaglnin deuwn w3e fa Usuns

. _ . => 918/ ¥1satldizawinls

Volumetric power density W/ liter

-~

) ™ Specific Power (W)
~ /
/ 4 m ”

\ ,L»)’ .
S ' \

Specific Energy (Wh/kg) d s
Energy Density (Wh/1)

Image Source : http://batteryuniversity.com/learn/article/battery definitions
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Figure of merit Unit AIINNUIE
Capital cost per unit power S/kW
Capital cost per unit energy $/kWh
1A

Cost per unit energy per cycle

$/kWh-cycle

Cost per unit power per cycle $/kKW-cycle
o gs a 1 W 3 [ 1 Y =&
_ MUIUATINUTEINNIAUNAIUENSaIE lARBRLS
Life cycle cycles od &
N5 recharge => T4lanaAse
o oy < -] o [ &
uTNEsaNULKaINNAUNAILLIUUIUIY
Shelf life years Ingndadinnauuanuiviun
=>grunsanulduiuwinls
Operating temperature range °oC Yaeauniinldaula
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Figure of merit Unit AIIUNNE
i o DNINAIUTENINNANUNTWLA sl wassunazauld
iciency o 4 o
=> wsaluiounlylan %

Self. Disch o6 dnsdruveasnungydeluiialilaldanusendsnutudiy
elf- Discharge rate o/year - , a o
=> @elwluwinlsdialilaly

TF ¢ ¢

) J’ 1'1,.
Charge Discharge
Kosses Bidaes
State of charge Depth of discharge Round-trip efficiency Self Discharge Rate
(50C) (DoD)
The current state of a The amount of a battery’s capacity that has The ratio of the energy Self-discharge decreases the
battery. been used. Most manufacturers will specify a recovered from the energy shelf life of batteries and
storage device and the energy causes them to initially have

less than a full charge when
actually put to use.

maximum DoD for optimal performance
related to lifetime of the battery after
repeated use.
A fully discharged battery will have shorter
reusable lifespan.

input into the device.
Losses includes heat loss.

greensavawak.com

now-before-going-solar/going-solar-chapter-15-know-your-battery/

ttps://greensarawak.com/things-to-
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Power vs. Energy Density

Comparison of power density and energy density Decreasing storage volume
100,000

- : —— — 3 ¥ e e : =7
- 2 i : : 1 T ! — - = &
2 Capacitor| F KAf
10,000 £ —fgmEs| === : :
A : |
= -—iLu 11 B e ‘
E W I ' Fuelcell| | =
é 1,000 = 3 = ; — = :  — T 0t
'g a —— - : . . ‘ =
> S S R Lo B 5 V |Nas | |
© 1 | |
- | | | |
g 100 & s f—t === ! 1 + = s .f__f_*_ =
o = ] ZZ:,: ] 3 { i : 2  mes ma
o | — ] -7 - i — ] R N N S I A O —
- Lead-acid|
10 :
—|PHS| |CAES| "V’RB'_P.SB_: _anr' 1 ==t 11
1 ¥ b ;1 1 L L ' LAl

1 10 100 1,000 10,000

Energy density (Wh/L)
Increasing storage volume

Source: Lue_X 2015 Overview of current dev in ESS for power system
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Power vs. Energy Density ~ SNe—
Decreasing storage weight
Comparison of specific power and specific energy
10.000 —r I e s s e I
: : - |Supercapacitor | f
- |Capacditor | I - !
P = i — - ~ uidon |
5 | | |Flywheel |
g 1,000
g = . i
o [ [smes] [T
e :
: —Iﬁ L —
a 100 T —+—+++++4YRB § 52 N :
w B ] Vo e i T T
— NiCd | |NaS
L ! ! - ' Lead-add — ‘
- ZnBr| -
= = | TES |
10 A A i | A A E 1.3 :
1 10 100 1,000
Specific energy (Wh/kg)
Increasing storage weight

Source: Lue_X 2015 Overview of current dev in ESS for power system
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Rated Power, Energy

1second 1minute Thour
16W P 1 ; 37 Szz:)
o 3 > Large CAES d FHS _q1day
‘ 't’ - |Li-ion |” i ’,' Large CAE ,,&.'
R v \ Phg
100MW SMES ,’I’ ZnBr ':’Il o ,/M‘CAE » > 2 L \ES |
: L mcqdiEulbsieis s )
Small CAES Flywheel | N2 |l I Lt
! : MR S _A1month
10MW ::"f;;" . : f ”I
> e P
c 222 X 7
g 0 iy, -
- K P
MW : > = o 7 PHS
% 4 o sf — == 421 } ”
o i i s 1 Vi St el . i NaS
o 1IN e\ »”
100kW |2 7 S E7 24
= e \ 727
Supcapacitor TE SCatan 3=
77 Li-i Ko L
10kW | —= - I— 7 . v~ 14
{Lead-acid \|‘— = g e VRB
: i f 7 F s ” | ,”
R |[ 1t ’, ’I
1kW T L e
0.1kWh 1kWh 10kWh 100kWh 1MWh 10MWh 100MWh 1GWh 10GWh

Rated energy capacity

*1indar annatrintinn

Source: Lue_X 2015 Overview of current dev in ESS for power system
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Land and Water Footprint

:
:

E 500 —om- oo - B
E =
E [~ H]] %
e -- El

(=]
w =
ﬂ [~ 'dm &
g 300 —-- e - =
5 w5
% 200 ---  mm—o| -- 2
E - 200 E

100 - B o - 100
0
PSH Flow Other CAES Gas turbine PSH CCET Coal Muclear
Batteries battery
Land footprint Water footprint

Source: Decourt, B. and R. Debarre {2013), “Electricity storage”, Factbook, Schlumberger Business Consulting Energy Institute, Paris,
Framce. Mational Energy Technology Laboratory (NETL) (2010}, “Life cycle analysis: supercritical pulverized coal (3CPC) power plant,
METL, September, Pittsburgh. Mational Renewable Energy Laboratories (MREL) (2013), Renewable Electricity Futures Study (RE Futures)
Colden, CO, United States, www.nrel.gov/analysis/re_futures/.

IEA 2014: Technology Roadmap for Energy Storage
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Efficiency
100% —PHS
$ - CAES
90% 1 I - Liquid air
-o-Flywheel
aainki ) ~+Lead-acid
& Li-ion
el %o &-Nas
114
I ' -#-NiCd
b 3 . ~+-VRB
®.901 & ZnBr
1991
el I & PSB
-o-Capacitor
1978
== =& SuperCap.
L —+-SMES
=] ® -B-5olarFuel
& FuelCell
20% i
*Under construction -+-TES

Cycle efficiencies of EES technologies

IEA 2014: Technology Roadmap for Energy Storage
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ESS Installed ==|
Capltal Price Energy —f o
Storage orage
Systegm System Stirana Storage Power
o g Balance of Equipment
ock
System
Controls &
System Integration Communication

Engineering Procurement & Construction

Project Development

Grid Integration

Source: US DOE Energy Storage Grand Challenge Roadmap December 2020. Web [20 M
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Operating

Costs
0&M Fixed 0&M Varlable

Source: US DOE Energy Storage Grand Challenge Roadmap December 2020. Web
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Decommissioning =

Costs Disconnectlon

Site Remediation

Recycle/Disposal

Source: US DOE Energy Storage Grand Challenge Roadmap December 2020. Web




ESS Cost Structure (s SIEEE

TTTTT

$250

5200

$100
550 I
; *

Sodium-Sulfur Lithium-ion Lead Acid Sodium Metal Zinc Hybrid Redox Flow Pumped
Halide Cathode Storage Hydro

R
=
L
=

S/kWh-year

Electrochemical Mechanical

M Capital Cost WBOP MWMPCS WCE&C MHOEM #2025 Total 5/kWh

Source: US DOE Energy Storage Grand Challenge Roadmap December 2020. Web
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M Capital Cost W BOP mPCS ECEC MHO&M & 2025 Total 5/kW

Source: US DOE Energy Storage Grand Challenge Roadmap December 2020. Web
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For Integration of variable RE

G

Operation of a Electrification o
decentralised of end-use Digitalisation ~ Hydrogen o, . . .
system sectors
©j gﬂt
Storage
Value _
complementaries Emerging
in renewable innovations
generation for the integration Electri
ectric
uf_sular and vehicles
wind power
Qs
Encourage =
flexibility Energy as
a service
E} l!.
o= —
. . m 4 0% @ o]
Empowering Value spatial Peer-to-peer
consumers complementarities Aggregators electricity trading

Source: IRENA World _Energy Transitions Outlook 2021
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A Race to Drive Down Cost

lL.AFARD 1l LAZARD'S LEVELIZED COST OF STORAGE ANALYEIS V7.0

Unsubsidized Levehized Cost of Storage Comparison—Capacity ($ka—}rear}

Larard's LCOS analysis evaluates storage systems on a levelized basis to derive cost metrics based on nameplate capacity

(P00 RO F 100 RIRITT) $55 . a7

[PO0 MRS 200 RS $101 - $17TE

- s1m1 - sazz
1 R 2 T a1 - $318

[ Lewelized Cost ($/kW-year)

In-Front-af-the-Meter

Behind-the-Meker

Source:: Lazard's Levelized Cost of Storage 2021
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A Race to Drive Down Cost

[ AFARD Il LAZARD'S LEWELIZED COST OF ETORAGE ANALYEIS W7.0

Unsubsidized Levelized Cost of Storage Comparison—Capacity ($,/ KW-year)

Lazard's LCOS analysis evaluates storage systems on a levelized basis to derive cost metrics based on nameplate capacity

(DO0 M F 1 D0 MR $55 . sa7
(P00 LW 200 AN $101 - E 3]
(P00 M F SO0 RAAT) $181 - | =
e -~ I -
50 M £ 200 BT $165 - S2e6
LRl A L gl - $318
0.5 RS 2 RN 378 - 521
{0,006 LW 50025 RN %545 _ $785

k] S0 F200 5500 5400 500 S5O0 b ] 5500 000
[Lewelized Cost ($/kW-year)

Behind-fe-Heler

Source:: Lazard's Levelized Cost of Storage 2021
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Benchmark - traditional storage > Pump Hydro Power

2,500

2,000

1,500

1,000

Cost in US, dollars per kibwatt

500

Source: https.//www.statista.com/statistics/799341/¢loba
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2,135

1,385

1315 69

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

ydropower-installation-cost/
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A Race to Drive Down Cost
90% ﬂ 44% @
adls . 411

3 4

" 4C.

-
EEEN

0.05%/kWh.cycle (~$60/kWh @ 3000 cycles) $80/kWh

(~1.5 baht/kWh.cycle) (pack for 300 miles EV)
29118t ~ 4-6 baht/kWh.cycle (Li-ion batt)

Source: US DOE Energy Storage Grand Challenge Roadmap December 2020. Web [20 May, 2022
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A Race to Drive Down Cost

Table ES.1. Summary of compiled 2018 findings and 2025 predictions for cost and parameter ranges by technology type — BESS.'™

Sodium- Sodiom Metal Redox
Sulfur Battery Li-lon Battery Lead Acid Halide Zine=-Hybrid Cathode Flow Battery
Paramefer 2018 2025 2018 2025 2018 2025 2018 2025 2018 2025 2018 2025
Capital Cost — Energy AD0-1,000 | (300-675) [ 223323 T (156-208) | 120-200 | (102-247) | 520-1.000 [ (36d-630) | 265265 § (179-190) | 435082 | (326-643)
Capacity (5/kWh) ahl (465) 271 (189) 260 (2200 T (482) 265 (192) 555 (393)
Pawer Conversion 230-470 | (184-329) | 230-470 § (184-329) | 230470 | (184-329) | 230-470 | (184-329) | 230-470 | (1R4-325) | 230-470 | (184-329)
pystem (PCS) {3AW) 350 | @iy | 288 211 350 (211) 350 211) 350 211y 350 211)
Balance of Plant (BOF) BO-120 | {75-11%) &l-120 (75-115) &i-120) (75-113) &0-120 (75-113) &0-120 (75-115) 80120 (75-11%)
5 KW) 100 {95) 104 {95) 100 {95) 100 (95} 104 (95} 100 (95)
Construction and 120145 | (115-138) | @2-110 (B7-10%) I60-192 | (152-182) 08126 | (100-119) I57-188 § (149-179) | 173207 | (164-197)
Commissioning (3/kWh) 133 (127) 101 (96) 176 (167) 115 (110) 173 {164) 190 {180)
Total ijeﬂ Cost 2 304-5 170 001, 919-3 69| 1.570-2 323 3{1,231-1,676) | 1.430-2 522 § {1 275-2 060y [ 2 B10-5 094 32 115-3, 4400 | 1.998-2.402 3{1,571-1,956) | 2. 742-5 236 (2 219-3 Bld)
(S/kW) 3.626 (2.674) 1.876 (1.446) 2,194 (1.854) 3,710 (2.674) 2,202 (1.730) 3430 (2.598)
Total ij et Cost S00-1,203 § (480-924) 393581 (30B-419) 358-631 (319-540) TO3-1,274 (520-R60) S00-601 {393-459) aR6-1,307 [555-951)
{($/kWh) 907 {669) 469 {362) 549 {464) 928 {669) 551 {433) 858 (630)
= [0&M Fixed (3/kW-yr) 10 (%) 10 (%) 10 (%) 10 (%) 10 (%) 10 (%)
= J0&M Variable {cents KWh) 0.03 0.03 0.03 0.03 0.03 0.03
System Round-Trip 0.75 .86 072 0.83 0.72 0675 (0.7
Efficiency (RTE)
Annual RTE 0.34% 0.50% 5.40% 0.35% 1.500% 0.40%
Degradation Factor
Fesponse Time (limited by 1 sec 1 sec 1 sec 1 sec | sec 1 sec
PCS)
Cweles at 80% Depth of 4 00 3.500 Q00 3.500 3,500 10,000
Discharge
Life (Years) 13.5 10 26 (3) 12.5 10 15
RL 9 (10) 9 (10) 9 (10) 7 (9) 6 (%) 8 (9)
RL 8 (9) 8 {9) & {9) & (%) 5 (7) 7 (%)
t:] An E/P ratio of 4 hours was used for baticry technologies when calculating toital costs.
RL = manufacturing readiness level: O&M = operations and maintenance; TRL = technology readiness level.

Source: K. Mongird Energy Storage Technology and Cost Characteriztaon Report
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$/kWh
1,000 A ——— BNEF observed values:

900 annual lithium-ion battery price

_,_f—~”’"’ﬂ index

800 2010-16

700

600 /////

500

400

300 137 USD/kWh — 2021

200 S e amao 100 Uil.)/-k-Wh 2024 61 USD/kWh - 2030

|
0 v

2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

Source: Source: Bloomberg New Energy Finance June 2017



Which Technology? - BESS ( QIEEE

TTTTT

Cumulative capacity by 2030, GWh

27%
40%

B us
B China

B Markets
excluding
China & US

194

o MEARC [ Europe [ Asia Pacific [ Americas Source: Wood Mackenzie.

Source: Baker and Mckinsey 2022, Battery Storage - a global enabler of the Energy Transition 2022
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FIGURE 2 - AVERAGE LITHIUM-ION
BATTERY COST USD (2021)
2013 684

2014
2015 263 393
2076 221 8 303

2017 159 YN 226

2018 134 -y 185

2019 112 48 gl3}

2020 140

2027

607

132 B Cell B Pack Source: BloombergMNEF.

Source: Baker and Mckinsey 2022, Battery Storage - a global enabler of the Energy Transition 2022
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Chemical Cost (US$/kWh)

1000 %/ PPy-ACICu-PBA
G < Mo,
LuTis, VRFE CANEMIT 57 NTR/MMO
mm ,. C 00 LTO LM SWLCO LifPb Sh
NiCd, 1899 RO C,/LMO f AQDS/Br, ZniZn, V.0,
ZNIOGH, 1899 > val Ui A A Cuou € /NEMEZ2
CofFe @ LiMos, C/LMNO C/LRMO LMNG
10 Pb acid, 1859 L/ 2 & s C,/LFP L LAN < O Li,S fair (OH)
In/air, 1878 Zn/MnC, :”"“’f:] @ & rere CALMP aire .
ERTECY Na/FZ-MNO L1,S felr (H7)
Ma'S Na,5 /air (OH)
1 ® U Na,S fair (H*)
il
e B L R B S RN B
1950 1960 1970 1980 1990 2000 2010 2020
Year
B Li metal < Zn**-based @ Redox flow A Liion (C, anode) A Lijon (S5 anode) ﬂ This work
@ High temperature r Other T Na ion [nonagqueous) V Na ion (aqueous) <] Mg?*-based

Source: Li et al. Air-Breathing Aqueous Sulfur Flow Battery for Ultralow-Cost Long-Duration Electrical Storage,
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104_ L} L} lllll‘l[ L] L ll‘llll 1 8 1 ll‘l'l' L] T T TN
-

1 week
1 year

1 month

A Existing PHS
¥ New Greenfield PHS
Underground CAES

—

o
w
|

s 1l

L

Installed Cost (US$/kWh)

e
10} |
R taa Lo BUEAE s MRSRE ot See Na* ]
chemicalcost(Na*) 3
1 ol el ‘ N | s 2 2811

1 10 102 103 104

Duration E/P (hours)

Source: Li et al. Air-Breathing Aqueous Sulfur Flow Battery for Ultralow-Cost Long-Duration Electrical Storage,
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Classification of Electrical Energy Storage Technologies J

Mechanical Electrochemical Electrical
[Pumpod Hycro 21| | o oonserybatiry || |(—_Copecter
Eompmed Ait-CAEﬂ

- Flow battery L Superconducting

Flywheel-FES Redox flow/Hybrid flow Magnetic-SMES

_ —
Thermochemical Chemical Thermal
Solar fuels Hydrogen Sensible/latent
Solar hydrogen Fuel cell/Electrolyser heat storage

Source: Lue_X_2015 Overview of current dev in ESS for power system
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Lowest levelised cost in 2020 Lowest levelised cost in 2040
1024 t 4 : 4 1 Il N
= PHES PHES
- CAES CAES
256 Li-ion - Li-ion r
VRFB VRFB
Flywheel Flywheel
§') 64 Hydrogen L Hydrogen L
-g CArea etatinnarg
@
2 1
@
Q.
"
3
=
1

0.25 2 ' i
100 1000 10 100 1000

Discharges per year Discharges per year

Source: K. R. Pullen, “The Status and Future of Flywheel Energy storage, Joule, 3, 1394-1403, June 19, 2019
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Energy Storage and Grid Total Raised: $
|
@  Lmitec Status Tot! Raaed: $1 518 1o flampe Tatal Renee ST245TM
|
—— I TA . e . y 1 ~ \ CONNECTED e
stem f2p HEE =007 eeee Qoo | SGN NECOM e e
€COSTOR
3570.280 $366.00M 3256 67M 5120000 $113352M 31570084 346.260M $13.0aM 59 280 £ 46M1 $8.32M S8.22M

Inc CABAN H . Cumulus
[ £ o K
Rumoen  QESS B (D piclo’  owem gl Coesn  CGEIDNY @Coder
e :
$92 380 $61.23M $42.70M $32.73M $23717M $23.24Mm $7.53m $£5.435M &5 £4.00M $3.07M S$2.65M

— ng Capital Raised To Date:
ENCELL  @ueecris  SBFOWER /::& - ZELgs Eneroy Storage and Grid
!—\;. e T US: $1.91B; EU: $124.81M

24610 $15.00M 57.5TM 55030 s1.92M

“

. oz Tt R3ised: 5199 024 lo Other Total Rk $77 HM

=coFLow ER ALow § TECH ﬂ‘!ﬁ@?ﬁlﬂﬁ nodﬂow G&ZIH "‘ TANE i-G3N

sioa.Tam $15.55M 369.61M $213M 2. 00M SE5.78M £5.27M 33.5084 $1.390 $1.27m

Capital Raised To Date: Energy Storage and Grid  Asia: $199.02M ‘Capital Raised To Date: Energy Storage and Grid Other: $77.71M

The Battery Report 2021” Volta Foundation & Intercalation, 8 January 2022. Web [20 May, 2022]
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Innovators | Stationary Storage
Company Technology Tot. Funding, Stage Major Investors®
ZincFive Rechargeable Mi-Zn battery for emergency $3EM. Series C Heligs Capital Ventures, Giming Wenture
backup power ) Partners
e Metal-hydrogen batteries over wide temperature $112M. Series A Schiumberger, Peter Lee
EHERVENLIE range for 2-12 hrs of storage
;Fﬂrr;? Long-duration {100-150 hrsll rechargeable iron-air $36EM, Series D ArcelorMittal, Energy Impact Partners,
i batteries Breakthrough Energy Ventures
Li-ion fast D charging f id infrastruct d
FREEWIRE rranfasttiee argﬂ::;; [nirastruetare an $105M, Series C Riverstone Holdings, BP Ventures
. Mot It batteries for wind and sola
F'l Amb” clien-=at ba E”?yﬁt;::: Ane soEr pawer $211M, Series C Reliance Industries, Khosla Ventures
Heat exchanger-based with superheated molten . Chevron Technology Ventures, Proman,
JMALTA £87M, Series B
salt Breakthrough Energy Ventures
RELECTRIFY F Cell-llevel battery management system and $4.5M. Series A Energy Innovation Capital, Clean Energy
inverter R Finance Corporation
ELESS™ Medium duration (4-12 hrs) iron flow battery $308M, SPAC Bill Gates, SoftBank

H Mot exfausttie it of companies
" Most stothanany slonage companies ane veniurebocksd as apposed fo shateglc pantnershins, parth due fo the higher copew required, longer dewslopment time £ langer ime paniod Ffor nedurn

The Battery Report 2021” Volta Foundation & Intercalation, 8 January 2022. Web [20 May, 2022]
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Qi zincFive Nickel-Zinc “‘
L] L] L]
Immediate Power Short Duration Long Duration
Energy Storage Energy Storage
l ] ]
I i
<1 Hour 1 Hour - 6 Hours 6 Hours - 150 Hours
ZincFive's Immediate Power batteries offer Short Duration batteries discharge energy over Long Duration energy storage, including
high discharge rates, safely, in a small moderate periods of time. electrochemical (batteries), mechanical and
footprint. thermal solutions store and provision energy
for prolonged periods.
Applications: uninterruptible power supplies, Applications: backup power, renewable energy Applications: grid-scale energy storage,
industrial starters, grid peak shaving. storage, electric vehicle propulsion. renewable storage.
N J

https.//zincfive.com/
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EnerVenue secures 250 MWh
order for nickel-hydrogen
batteries

EnerVenue has agreed to supply batteries to Green Energy
Renewable Solutions for use in customized building blocks for

E N E R V E N U E maritime applications, construction sites, and other heavy
. industry projects. The agreement marks EnerVenue’s fourth
Ni-H2 BATTERY major battery supply deal since it launched operations in 2020.

SEPTEMBER 23, 2022 BEATRIZ SANTOS

®  Found in 2020 w/ $12M
® Series A $100M
®* “Reinventing technology that's

been used for space exploration

for nearly 30 years.”

Source: https.//www.energy-storage.news/we-think-we-can-beat-lithium-ion-enervenue-bids-for-battery-storage-supremacy/
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ENERVENUE
Ni-H2 BATTERY

FILLING TUBE

(4P TErMINAL
s

W ||
HILS
e, 'I.'-_
At

®  Foundin 2020 w/ $12M
® Series A $100M

b ®* Wide range of operating T
e ® Long life time >30,000 cycle

Um”m *  $20,000/kWh = $100/kWh

Source: https.//www.energy-storage.news/we-think-we-can-beat-lithium-ion-enervenue-bids-for-battery-storage-supremacy/
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Eos Energy Storage

Zn-ion BATTERY Eos customer takes zinc battery storage
master supply agreement to 1IGWh

By Andy Colthorpe
July 6, 2022

& Americas, US & Canada le Grid Scale Il Business, Products, Technology

® Foundin 2008
® NASDAQ 2020
® 3-12 duration for grid

® Current deal
$325/kWh
(@MWh scale)

Source: https.//eosenergystorage.com/
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Eos Energy Storage * Found in 2008
Zn-ion BATTERY ° NASDAQ 2020
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® 3-12 duration for grid
® Current ~ $325/kWh -> Targeted $95/kWh

End of Discharge
and Rest
Oxidation: »
I Din"e 2 e I DIn'*+ 2¢

(]
=
-
= S
=
=
=
=
.
: 3 55 [F
3 N ST Reduetion: ‘5 T meduction: (¢
g 3 (Hatida lon)* € |3 . {Halige Ton)* € 15
.
= X Eﬁ
+1- «1- = . Electrolyte 2
Cathode | Anode he Cathode | Anode  Cathode Cuhelk Anodc Anode

Source: https.//easenerg ystorage. com/
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Batteries for clean energy Liquid battery startup Ambri ready to
Liquid Metal BATTERY embark on first utility demonstration
project with Xcel Energy
*  Found in 2010 |
By Emme Penrod in BB ¥ & =

® Sb based battery

® Backed by Bill Gates

® 5 pilot projects planned
in 2023

® 4-12 hr duration

® 20 years life

Source: https.//www.energy-storage.news/we-think-we-can-beat-lithium-ion-enervenue-bids-for-battery-storage-supremacy/
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Batteries for clean energy 1. Charged State
Liquid Metal BATTERY ) anc S Lo rated - The greatest energy revolution since John B. Goadenough?

Liquid Metal Solid antimony (Sb) particles
Calcium (Ca) alloy (positive elecg'ode)
(negative electrode)
2. Discharging
4. Charging iy 4a S
Batteries absorb CaiCl,-based
power from the grid salt electrolyte Half-reactions

(1) Ca > Ca? + 2e

e
(2) Ca®* + Sb, + 2e' & CaSb,

Half-reactions
(3) CaSb, 2 Ca? + Sb, + 2e
(4) Ca?* + 2¢ » Ca

Overall charge reaction
CaSb, + Energy 2 Ca + Sb,

'@\ Overall discharge reaction
> Ca + Sb, & CaSb, + Energy

3. Discharged State

Ca and Sb form an intermetallic alloy

Source: https.//www.energy-storage.news/we-think-we-can-beat-lithium-ion-enervenue-bids-for-battery-storage-supremacy/
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Fe-Air BATTERY

® Foundin 2017
® Backed by Bill Gates and Jeff

Iron-Air Battery:

Bezos Reversible Rusting
02

* Cheap = $20/kWh

® Long duration — multidays

CCCCCC

T/
77

DDDDDDDDD

® Hundreds of cycles

02

Source: Y-M. Chiang, Presentation @ TESTA Symposium No. 2, September 16, 2022
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Leveraging the lowest-cost iron materials from the steelmaki
supply chain

ironOie Iron Ore Direct Reduced Hot Briquetted Bino Atomizel
Pellets Iron (DRI) Iron (HBI) g / Carbe

% i 8 0

More oxidized More metallic
Higher impurities Lower impurities
Lower cost Higher cost

Direct Reduced Iron (DRI) is the lowest cost form of metallic iron

fg'r'g; © 2021 Form Energy 2

W.H. Woodford et al., One Earth, 2022, https://doi.org/10.1016/j.oneear.2022.03.003

Source: Y-M. Chiang, Presentation @ TESTA Symposium No. 2, September 16, 2022
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Fe-Air BATTERY

The Iron-Energy Nexus: Long duration storage and clean steel

100% CLEAN IRON-AIR B
ELECTRICITY
IRONMAKING
GREEN HYDROGEN e 2 St
P o
@ @ iMame E} Iron DRI &
ore
MULTI-DAY S GREEN STEEL
STORAGE . Shaft MAKING
furnace nnn

Long duration energy storage
accelerates the path towards
100% clean electricity

energy © 2022 Form Energy 35

W.H. Woodford et al., One Earth, 2022, https://doi.org/10.1016/j.oneear.2022.03.003

Source: Y-M. Chiang, Presentation @ TESTA Symposium No. 2, September 16, 2022
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French flywheel storage
system specialist secures €10
million investment

Madagascar-hased Filatex has invested €10 million in French
flywheel storage system manufacturer Energiestro. The two
companies are planning to deploy Energiestro’s flywheel storage
solutions across Madagascar and Mauritius

FEBRUARY 24, 2022 GWENAELLE DEBOUTTE

FLYWHEEL
® Foundin 2014 (France)
®* 10kWh -1 MWh

® >1Mcycles
® Used pre-stressed

concrete

20-50 KwH |
> 1 MILLION CYCLES

Source: https.//energiestro.net/
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ENERGIESTRO plans to produce a range of flywheels with storage capacity from
10 kWh to 1 MWh.

The table below gives the main features of the flywheels of the intended range:

FLYWHEEL
c ity Diameter Height Mass Power
apac
(m) (m) ) (kw)

10 kWh 1,0 1,5 3,0 10

20 kWh 1.3 1,9 6,0 20

50 kWh 1,7 2,6 15 50
100 kWh 2,2 3,2 30 20

1 MWh 4.6 7,0 300 200

Source: https.//energiestro.net/
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JIALTA

THERMAL STORAGE
MOLTEN SALT

® 10-150 hr storage
® < $100/kWh

* 100MW/ 1000+ MWh

® Life 30 years

Power & Energy Society®

QIEEE
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Pumped heat energy storage
seeks to demonstrate
commercial readiness

Southwest Research Institute (SWRI) has commissioned a first-of-
its-kind pilot plant pumped heat energy storage demonstration
facility with tech from US startup Malta. Its 10-150+ hour energy
storage technology is said to be applicable in a range of grid-
scale applications.

SEPTEMBER 5, 2022 MARIJA MAISCH

Source: https.//www.maltainc.com/
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JIALTA

THERMAL STORAGE
MOLTEN SALT

8 HR - 8 DAYS 1000MWH SYSTEM SIZE

Charge Mode Discharge Mode
(heat pump) (heat engine)

Hot molten
salt tank

Charge Motor (electricity in) Motor (electricity out)

= compressor

Heat exchanger

Heat exchanger

Coolant Coolant cold Coolant cold Coolant
ambient tank tank tank Malta ambient tank

Source: https.//www.maltainc.com/
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Enabling a Renewable World

I I ENERGY VAULT

GRAVITATIONAL

® Foundin 2017
(Switzerland)

® Long duration

30 TON BLOCK 5 GW IN SWITZERLAND

Source: https.//www.maltainc.com/
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COMPRESSED AIR

'"Transformational’: Goldman Sachs $250m
backing for gigawatt-scale compressed-air
energy storage

Source: https.//www.maltainc.com/
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