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U THOVEGIRTEN(VAVY) (2995-Alawuns)
500 kv 25 48,949.62 8,275.248
230 kv 85 70,800.01 16,035.421
132 kv - 133.40 8.705
115 kV 124 15,653.66 14,330.422
69 kV - - 18.800
300 kV (HVDC) - 388.02 23.066
39U 234 135,906.71 38,691.662

n.A. 2565
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Frequency (Hz)

Generation 11,743.5 M&I
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~
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BKK & Metropolitan
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EGAT SYSTEM GENERATION
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girement 2,206.9 MW

View All Data
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' RELATIVE ECONOMICS OF INTEGRATION OPTIONS

| 4 )

e
Shedding

Transmission
Expansion

Coal Ramping
Residential Transmission
Demand Response CT and COGT Reinforcement F '-"";iffﬁ;'é\"d“j

Gas Ramping

Strategic

Cost

RE Curtailment®

Expanded Balancing

Joint Market Advanced Networlk Thermal Storage
Operation Management
Footprint/Joint y Hydro Ramping
Systern Operation” Increased Andillary Inc:||..ls_:tnal =

T R Commercial Demand

Service Liquidity R

esponse
Improved Energy
Market Design

and evolving over

Sub-hourhy
Scheduling and
Dispatch

Option costs are system-dIf:ndant

SYSTEM FLEXIBLE
OPERATION GENERATION STORAGE

Type of Intervention

Source: NREL, EPRI, IEA on Flexibility in 21> Century Power Systems
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ESS Options

Size and discharge durations by
storage technology

A
Discharge duration

Months

Pumped hydro
Compressed air

Weeks

Days energy storage
Hours
Seconds |

System capacity’
kW 10kW 100kW 1MW 10MW 100MW  1,000MW

- Electrical Mechanical  Electrochemical  [Hydrogen-elated |

Source: Bloomberg New Energy Finance. Note: system capacities and discharge durations are based on general use, rather than technical limitations.
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ESS Options

Key - Types of
Storage

Hydrogen-related

Reserve & Response Transmission and Distribution

Services Grid Support

Pumped
Hydropower

Hydrogen &
Storage

Fuel Cells

Hours

Flow Batteries

] Compressed Air Energy Storage

N

Sodium-Sulphur Battery

Advanced Lead-Acid Battery

High-Energy
Supercapacitors

Li-ion Battery

Minutes

Lead-Acid Battery

Pr—————

Nickel Cadmium Battery

Discharge Time at Rated Power

Nickel Metal Hydride Battery

Seconds

Super Conducting
Magnetic Energy Storage

1kW 10kW 100kW 1MW 10MW 100MW 1GW
System Power Ratings, Module Size

Source: http://reneweconomy.com.au/the-missing-link-why-australia-needs-energy-storage-46236/
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Differentiating Characteristics of Different Battery Technologies

Energy density Round Trip Life Span
(kWkg) Efficiency (%) (years) Eco-friendliness

Eco-friendliness
; (150-250) 95 (10-15)
[ Nas |

= 2nd 2nd 3rd X
(125-150) (75-85) (10-15)
(60-80) (70-75) (20-25)

4th 4th 4th X
(40-60) (60-80) (5-10)

WETEE Sth Sth Sth X
5 (30-50) (60-70) (3-6)

Li-ion = lithium-ion, Ma-5 = sodium-sulfur, Ni-Cd = nickel-cadmium.

Source: Korea Battery Industry Association “Energy Storage System technology and business model”
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BESS Application

Generation Transmission/Distribution Consumer/Prosumer

4
RE-Firm
| Demand response |
I >

Transmission/Distribution Consumer/Prosumer
O Frequency Regulation 0 Voltage Support 0 Power Quality/Reliability
0 Black Start 0 Renewable Integration 0 Back-Up
O Renewable Integration O Dynamic Stability Support 0 Peak Load Reduction
0 Spinning Reserve 0O Microgrid Support

O Energy Arbitrary

U Power Plant Hybridization U Islanding Grid Support 0 Solar PV / DG Smoothing
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Power & Energy Society®
Grid Energy Storage Systems and Application
Other Network
[EE) Load Leveliing Spinning Reserve Generatin
100 MW 4 h Uninterruptible Power Supply Ca acityg
Response < 1sec ' 10-100 MW 0.25-1h P
Response < 1 sec Tt
[ Other Loads
Central 275 - 400 KV High Voltage Transmission Network
Generation Heavy
Industry
Power Factor and Peak Shaving
Fraquuosy Voltage Support 0.5 10 MW <1 h
egulaion 0.5-50 MVAr 9.25-4h Response 1sec
1-50MW 0.25-1h Response <01 s8¢ 8
Response < 1 sec
Distributed Remote
Generation Integration of Community or
Renewables = I I =— ial Si
Solar oy =100 MW 1-90h g Industria) Site
pos Response <i sec Z Distribution Network $tf
ys R E =2 33 kv 0
&
I_ “m | |
- H Voltage S t ]
0.5-50 I.%VArugzas-a b E Load Levelling for @ =3 Emergency
Wind a2 Responsa<0.1secs e Pastponament of Back-up Supply
Farm | © Grid Upgrade 10-50 MW 0.25-.15 h
= 1-10MW & h Response §mins
132 kV Respense <1 sec
33KV 132 kV Light
— L Industry
Distributed Micro-Generation Low Voltage Distribution
Off-Grid Renawablas 240V 11 kv
Time Shift
and Levelling
Alleviates Grid Congestlun . ! ] ! ]
5-10kW 2-24h Micro-Generation Feed-In
Response 2secs Residential 1-2MW 1-10h

Response <1 sec

Source: https://www.mpoweruk.com/grid storage.htm
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Function: SPINNING RESERVE

To provide an effective spinning reserve (ESS is maintained at a level of charge
ready to respond to a generation outage).

Spinning and

non-spinning Replacemeant
reserve B An idealized representation of the four
kinds of reserve power and the time
Failure ocours intervals after an unexpected failure that

they are in use

The timescales of operations are 1-10s of minutes, usually at medium power <1 C.
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Function: Frequency Regulation (Gradient/Droop)

“Frequency reflects any power shortage or oversupply. Duration of
interventions range from milliseconds to minutes.”

-BESS is charged/discharged (Consume/Supply Power) to stabilize
grid frequency.

e 50.20 Hz
‘e
‘e
L2
L2
L2
L2
‘e

- 50.01 Hz

= 1
< ~— p/P,

3 : 49.99 Hz

e
Ce
-
%o
%o
- =
.. -
-
-
‘e
-
e
-

< 49.80 Hz

Depending on ESS parameters, the power tends to be

dispatched or stored at higher C rates (>10).
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Function: RE Smoothing

“Provide dynamic power benefits resulting in improved quality

of the energy delivered.”

AC Power (kW)

Battery Storage (kWh)

1200

1000

80

600

400

200

-200

251

250.5

250

2495

Example of Power Smoothing

Power & En

@ES

ergy Society®
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— AC PV Power
— AC Power with Battery

— Battery Power
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Function: Load Leveling

“Usually involves storing power during light loading periods
on the system and delivering it during high demand periods.”
- less economical peak generating facilities.

- postpone the investments in grid upgrades.

Total Genaerated Power Total  Senerated FPower
Recguiremnment WwWitbhvowt Raeguirermernt WwWwith
3 Ermnaeragy, Storage Energy Storage

Daily Dermvarmc

Power (MW)
0

1O
har Battery Powwer Flow ey
o From i éﬂ:har
Drischarge
-
o] = 12 18 =24
MTirme (Hours)
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Function: Energy Shifting

“Time-shift of energy on a bulk scale.”

Energy supply

Energy supply

Load curve

Power generation

Energy sto=rage Energy storagef’

o

Source: Carnegie, et a

This application requires batteries to handle long discharges

at lower power levels (<0.5C).
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Function: Voltage Regulation

I L e S
| BESS-based conventional size | |

! 4000 MW/ 20.000 MWh ! H

P S e i |
= ' _--‘--- 3 < ] ]
e 'd.-- - . L -
| ] ]

= 1 ' |
R DR et % RN (AR e AR :
= : . BESS-based PSO ! :
- ' : ] 3 | \
S 080 J ] L |
% ° s s z s
.“_ | 1N T | |
= : “NoBESS | H .
> 070 - e e dommm e e i
0.60 : : | :
-0.1000 11.920 23,840 35 960 47980 [s) 600

Source: Optimization of a battery energy storage system using particle swarm optimization for stand-

alone microgrids (Thongchart Kerdphol, Kyushu Institute of Technology, Department of Electrical and

Electronics Engineering, 1-1 Sensui-cho, Tobata-ku, Kitakyushu, Fukuoka.)
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Possible Locations for Grid-Connected Energy Storage

| pistribution | [ Residential

[ Generation I Transmission ]

& Industrial

— “~ >,
— Ly T e ' —... —
Central or Substation Container / Commercial / Residential /
o Bulk Storage o (requiring assembly) ® CES Fleet - Industrial o Small Commercial
Over SOMW Up to 10MW Up to 2MW Up to 1MW Up to 100kW

MOTE: Each location imposes restrictions on both the number of applications available for that location as well as the ES technologies appropriate for the site.
Click on "Location Constraints” for more details.
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Schematic of BESS

¢ IEEE

BMS J/B

BMS = battery management system, J/B = Junction box.
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Schematic of A Utility-Scale Energy Storage System

¢ IEEE

Utility-Scale Battery Energy Storage System

Battery System Operation

Battery o System System

Thermal Mgmt. | Thermal. Mgmt. §—8—& Control & Monitoring
(B-TMS) o (S-TMS) (EMS, SCADA)
' -

Battery 1 Power Electronics
Control & Monitoring | | ‘Thermal Mgmt.

(BMS) N

Power Electronics )
Control & Monitoring Grid

bty | [ Power Hectonics o T %
Pk 171 ConvenionUme & YTansfomer ¢

Power Electronics

Grid Connection

Source: Korea Battery Industry Association “Energy Storage System technology and business model”
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GE ENERGY STORAGE
ENERGY STORAGE UNIT RSU-4000

MODUL. SCALABLE ENERGY STORAGE S TION
FOR UTILITY-SCALE PLICATIONS

PRODUCT DATA UNI ENERGY STORAGE UNIT RSU 0
Nameplate Energy Capacity KWh, 4184
Maximum Power KW - 1300

Maximum DC Current A 1760

DC PARAMETERS

Battery Management System GE Blade Protection Unit (BPU)
Compatible Inverters GE RIU-2500
Inverter Connections 1
Augmentation Option for Lifecycle Management Yes
[ Battery Chemistry Lithium-lon / NMC ]
Continuous Discharge Rate; Pulse Discharge Rate cP <C/3;<C/3
Voltage Class v 1500
Nominal DC Voltage v 1300
Minimum DC Voltage v 790

MECHANICAL INFORMATION

Dimensions (L x W x H) mm 6058 X 2438 X 2890
Package Format 20° High-Cube 1SO (Exterior Access)
Fully Integrated HWAC Dual Self-Contained High Efficiency Units
Fire Suppression Stat-X (Aerosol)
Installation Pad / Pier
Cable Entry Bottom
MNEMA Rating / IP Class MEMA IR/ IP 54
DESIGN CONDITIONS
[ Operating Temperature Range °C -20 (-40 w/ optional equipment package) to +50 ]
Maximum Altitude m 2000
Seismic UBC Zone 4
Audible Noise {at 3m} dBA <70

CERTIFICATIONS & COMPLIANCE
Certifications? UL:9540,1973,1741; UN38.35; CE; EMC
Compliance? MNFPA 70; IEEE C37.32;IEC: 62933,62619,60204; ASTM4169

As of January 2020, Full list of certifications and compliance standards available upen request.

www.ge.com/energystorage

Source: https://www.ge.com/renewableenergy/sites/default/files/related documents/RSU-4000 Data%20sheet 0.pdf
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GE Energy Storage
Reservoir Inverter Unit

Modular, Scalable Energy Storage Inverter
for Litilitv-Scale Annlications

Reservoir Inverter Unit Data

AC Parameters

Mominal Power (at 452C) kv, 2500
Max Power (at 40°C) kWA 2750

=0 AL Uperaling voltage 110-35RWT Woac 250
AC Operating Voltage Range % +/ -10
Grid Frequency (+/-5 Hz) Hz 50/ 60
[ Power Factor Range -1.0 to 1.0 ]
DC Parameters
DC Input Range Voo 800-1500
Max DC Current A 3508
Operational Parameters
[ Max Efficiency % 98.73 ]
TEC Efficiency £ TE.o0
Power Consumption at Stop W 370
Max Power Consumption kw 4.3
Audible Noise (at 1m) dBA <80

Physical Parameters

Dimensions (L x W x H) mm 6058 X 2438 X 2890
Weight kg 17000
Ambient Temperature Range eC -30 to +50
Elevation m <2500

IP Class / NEMA Rating IP 54 / NEMA 3R
Cable Entry Bottom
Communications

External Standard RS-485 / Ethernet / FO
Response Time mSec <100

Source: https://www.ge.com/renewableenergy/sites/default/files/related documents/RIU-2500 Data%20sheet.pdf
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Equipment
Ground Fault Monitoring Yes
AC Circuit Breaker Yes (Lockable)
Fused DC Load Switch Yes (Lockable)
Integrated LV Auxiliary Power Supply Yes
Features

/ Anti-islanding Yes
Reactive Power Compensation Yes
Low Voltage Ride Though (LVRT) Yes
High Voltage Ride Through (HVRT) Yes

\ Frequency Ride Through Yes

Certifications & Compliance
Certifications UL 1741; IEC 62109

SA/Rule 21; IEEE 547; |EC 62477,

Complance PRC-024 (Optional); AS300 (Optional); CE Mark

1. Lovwsr aimbisnt temperature -80°C opticnal with kit

2. Higher altitudes up to 4000m (with derating) on request

Source: https://www.ge.com/renewableenergy/sites/default/files/related _documents/RIU-2500 Data%20sheet.pdf
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2. Temperature Rating 3. Altitude Rating
12 12
10 10
3 o8 0.8
F] £
g 06 £ 08
a
0.4 0.4
02 02
00 00
30 -20 10 0 10 20 30 40 S0 &0 500 1000 1500 2000 2500 3000 3500 4000
Temperature (°C) Altitude (m)

4. Nominal Capability Curve™

-3.0 -2 -2, -1.5
Q (MVar)

30

**245°C represented in blue; <40°C represented in orange
www.ge.com/energystorage

©2020 General Electric. All rights reserved. *Trademark of General Electric. All other brands or names are property of their respective holders. GE reserves
the right to make technical changes or modify the contents of this document without prior notice. Agreed particulars within purchase order will prevail.

Source: https://www.ge.com/renewableenergy/sites/default/files/related documents/RIU-2500 Data%20sheet.pdf
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Nominal Capacity 75Ah (1.67kWh) /0.2CA

Voltage Range 16.210 25.2V (2.7~4 2V/cell)

Current

WE I EL R E NI -20 to 50 deg.C (Capacity will vary with Temp.)

Expected Lifetime 8000 cycles at DoD 100% and 25 deg.C

(epes | QIEEE

Power & Energy Society®

Item Characteristics

EETGTITI 225A (3CA) (Max.300A (4CA) for short period )

Charging 225A (3CA)

Item

High output density

High energy density

Model

MAZ2a (Hitachi Automotive Systems, Lid.)

CH75-6 (Hitachi Chemical Company, Ltd.)

Configuration

Voltage/capacity

Energy density

Power density

Features

48-cell series connection
173 [V]/5.5 [Ah]
46 [Wh/L] (100%)
863 [Wikg] (346%)

* Compatibility between battery output and capacity that
provides rapid high-charge performance for regenerative
power charging

+ Thin module designed for onboard automotive use

G-cell series connection
22.2 [VV75 [Ah]
102 [WhiL] (221%)
250 [W/kg] (100%)

* High energy density that enables compact, high-capacity

system configurations
» Greatly reduced drop in output performance at low
temperature (=20°C)



http://www.hitachi.com/rev/archive/2017/r2017_02/07/index.html
http://www.hitachi.com/rev/archive/2017/r2017_02/07/index.html
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NG

Power Production
Renewable Integration Capacity Reserve
Smooth and firm the output of a renewable power generation Provide power and energy capacity to the gridas a
source such as wind or solar. standalone asset.

Ancillary Services

Charge or discharge instantly to provide frequency requlation,

voltage control, and spinning reserve services to the grid.

T%T

Grid Reliability

Transmission & Distribution Support

Supply power and energy capacity at a distributed location to
defer or eliminate the need fo upgrade aging grid

Microgrid

Build a localized grid that can disconnect from the main power grid,
operating independently and reinforcing overall grid resilience.

Peak Shaving

Source: https://www.tesla.com/powerpack

Discharge at times of peak demand
to avoid or reduce demand

charges.

infrastructure.
00o
00o
L]
Smart Energy Consumption
Load Shifting Emergency Backup Demand Response
Shift energy consumption from one

point in time to another to avoid
paying high energy prices. Where
applicable, this price optimization
accounts for solar or other on-site
generation.

Provide intermediate backup power

to your business in the event of a

grid interruption. This function can
be standalone or fied to solar.

Discharge instantly in response to

signals from a demand response

administrator to alleviate peaks in
system load.
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TESLA: SOUTH AUSTRALIA RiEialuad
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sl sl sl =i

Last September, a 50-year starm damaged critical infrastructure in the state of South Australia,
causing a state-wide blackout and leaving 1.7 million residents without electricity. Further blackouts
occurred in the heat of the Australian summer in early 2017 In response, the South Australian
Government as a leader in renewable energy, looked for a sustainable solution to ensure energy
security for all residents, now and into the future, calling for expressions of interest to deploy grid-
scale energy storage options with at least 100 megawatts (MW) of capacity.

Source: https://www.tesla.com/blog/tesla-powerpack-enable-large-scale-sustainable-energy-south-australia
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TESLA: SOUTH AUSTRALIA

’| Power

70 MW, 10min
grid services

30 MW, 3 hours
load shifting

Time

Diagram of power and duration of the two

sections of battery

Objective Function Ref.

Tesla Hornsdale  Lithium lon Battery - Grid reliability against Stand-by spinning - Energy Storage

(South Australia) 100 MW/129 MWh transmission or reserve Association
generation loss (regional -Tesla Report
blackout)

- Integrating Hornsdale 1
GW wind & Solar farm in
2020



https://en.wikipedia.org/wiki/File:Hornsdale_battery,_diagram.png
https://en.wikipedia.org/wiki/File:Hornsdale_battery,_diagram.png

EGAT Power System Analysis/Study

Comply with EGAT’s Planning/Operation Criteria

including:

— Steady-State Power Flow Study
— Transient Stability Study

— Short-Circuit Current Study

— Line Energization Study

\@;s

¢ IEEE




EGAT Criteria
Steady-State Power Flow Study

Bus Voltage Limits:

® Normal system voltage limits

®* Emergency system voltage limits (N-1)

Line Loading Limits:
®* Normal system loading limits

®* Emergency system loading limits (N-1)

Transformer Loading Limits:

® Normal system loading limits

®* Emergency system loading limits (N-1)

@Es

Power & Energy Society®
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98 -105 % of nominal values

92 -108 % of nominal values

100 % of nominal values

100 % of nominal values

100 % of nominal values

120 % of nominal values
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Power System Stability

I
- Ability to remain in operating equilibrium
- Equilibrium between opposing forces

Power System

L3 Bl I |
Stablllty and Angle Stability Voltage Stability
Control - Ability to maintain - Ability to maintain

synchronism steady acceptable
- Torque balance of voltage
synchronous machines - Reactive power
balance
| * | *
Transient Mid-term | | Long-term Large-
iyt Stability Stability Stability Disturbance
i Voltage
POWER SYSTEM STABILITY - Lfi.rge disturbance - Severe upsets; large voltage Stability
AND CONTROL - First-swing and frequency excursions
aperiodic drift - Fast and slow - Uniform system - Large
- Study period dynamics - frequency disturbance
up to 10 s - Study period - Slow dynamics - Switching events
to several min. - Study period - Dynamics of
Small-Signal to tens of min. ULTC., lo.ads
Stability - Coordlpatlon of
protections and
| | | controls
Non-oscillatory Oscillatory Small-
Instability Instability Disturbance
Voltage
- Insufficient - Insufficient Stability
synchronizing damping torque
torque - Unstable control action - Steady-state
P/Q- Vrelations
| I I 1 - Stability margins,
Q reserve
Local Plant Interarea Control Torsional
Modes Modes Modes Modes




EGAT Criteria
Stability
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- When a three-phase fault is applied to a bus, the fault must

be cleared in:

4  cycles for
5  cycles for
7 cycles for

8  cycles for

500 kV,
230 kV,
115 kv, and

69 kV

- Outage of the largest generating unit
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Time-simulation

300.00
[deg]
200.00
100.00
.00
-100.00
-200.00
0.0000 g.onnn
— |} G_BB0_CF32: Rotor angle with reference to reference machine angle 50.325
— NTMZ H1: Rotor angle with reference to reference machine angle | | | | | 6.0000 2.0000 [s] 10.000
— P%N H1: Rotor angle with reference to reference machine angle mz b . | N | | |
o 1P 13 Rotor angle wih eferanceto rfurence machine. angl ransient Stability — Frequency |
NTN1 H1: Rotor angle with reference to reference machine angle 50200 T |
— NNG2Z H1: Rotor angle with reference to reference machine angle
e NNP H1: Rofor angle with reference to reference machine angle
X¥B_H1: Rotor angle with reference to reference machine angle
— FG_1000_CF1: Rotor angle with reference to reference machine angle
50.075
40.050
49.825
49.700 .
0.o000 2.0000 4.0000 6.0000 8.0000 sl 10.000
KK4_500: i &g v
TTK_S00: i q v
REZ2_500:
MNTN2_500: i Fi
KKG_500: Electrical Frequency
KLM_500: i Fi
MR32_500: L eq Y
CYP2_500: Electrical Frequency
UB3_500: i
— 53 _500: Electrical Frequency
1S5_500(1): i eq ¥




(epes | QIEEE

Power & Energy Society®

EGAT Energy Storage System

BESS, Pump Storage/Hydro, Hydrogen

EGAT S:UUNNINUWAWIU NWU.
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EGAT BESS Project Powerunewmv
BESS at Chaiyaphum and Lopbuiri

Focused Areas/Locations for Installation of BESS B Nawens @ss ]

®  Clustered area that high penetration of wind and Chai Badan ) BESS 16 MWh
solar

s | ¢IEEE

Chaiyaphum
®  System with 115 kV and remote to 230 kV main grid

Committed RE by 2022
EGAT’s Substati Total
s Substation Wind oler )
(MW) (MW)
Bumnet Narong .
(Chaiyaphum) 140.7 7.5 218.2
Chai Badan

(Lopburi) 207.0 94.2 301.2
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BESS at Chaiyaphum
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System requirements
and characteristics of
battery types must be
considered when
choosing a battery.

- Battery Selection Criteria

SYSTEM REQUIREMENTS

System configuration
Discharge current

Daily depth of discharge
Autonomy

Accessibility
Temperature

BATTERY CHARACTERISTICS

Energy storage density
Sealed or unsealed
Allowable depth of discharge
Charging characteristics

Life cycles

Electrolyte specific gravity
Freezing susceptibility
Sulfation susceptibility
Gassing characteristics
Self-discharge rate
Maintenance requirements
Size and weight

Terminal configuration
Auxiliary hardware availability
Manufacturer reputation
Cost

Warranty
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Battery Storage Price

Lithium—-ion battery price outlook

Lithium—-ion battery pack price (real 2018 $/kWh)
1,400

1’200A
1,000

800

600 A 2024 implied 2030 implied
price $94/kWh price $62/kWh
400 A

A

Sl e ——

200

0

2010 2015 2020 2025 2030
A Observed prices == = 18% learning rate

Source: BloombergNEF

“Batteries will fall much faster than you are forecasting.”
(About 80 % Cost Reduction over the past decade)

Source: https://about.bnef.com/blog/behind-scenes-take-lithium-ion-battery-prices/
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AauEangduszuUlWni (Grid/System Flexibility)

Definition “Power system flexibility the ability of a power system to respond to

change in Demand and Supply”

Signs of Inflexibility:
- conventional plants that cannot reduce output,
- limited transmission capacity to balance and demand and

- load that cannot absorb excess supply, surplus of renewable energy.

Source: NREL, EPRI, IEA on Flexibility in 21°' Century Power Systems




