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Indian Grid...One of the World’s Largest

1 national synchronous grid

electricity generation
electricity consumption

installed generation capacity
transmission system
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@6W ‘‘‘‘‘‘ @ 999 4 wind generation
6
9

solar generation

hydro generation

pumped storage installed capacity

Source: IEA Key World Energy Statistics 2021 & IHA 2021 Hydro Status Report
Source: GO15 (2019 data, 2019 provisional data)
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Dimensions

423 GW+
Generation Capacity =7 /32 million km? 1.4 Billion+

: \._5 Area footprint People served
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239 GW+

Peak Demand
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Daily Energy Met o
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177 GW+ 14 + 558 6000+

Renewables including Hydro HVDCs ¥ e ~90,000 Market Participants

112 GW+ Market Transactions
Inter-Regional Capacity
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All India Demand & RE Generation Profile

All India Wind Generation (MW)

Max Energy : 611 MU -
2" August 2023
(13% of consumption)

All India Demand (MW)

Diurnal & Seasonal variation

B (=

cails w3

Maximum Wind : 27 GW @ 02-08-2023 15:30:00 PM (14% Penetration)

y P
)
T Laddey

All India Solar Generation (MW) '

Max Energy : 351 MU -
31st May 2023
(o (7% of consumption)

Peak Maximum Démand: 239 GW
Minimum Demand : 19'6 GW
Ramp : 500 — 600 MW/min .

Maximum RE : 64.1 GW (30% of Demand)
@ 14-06-2023 12:00:00 PM Maximum Solar : 44.3 GW @ 13" Feb 2023 12:30 PM (22%

Penetration)
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All India Installed Capacity

Additiona! Generation by 2030 compared to 2023

50
25T

5GW, 19GW, 57263
1% (I 2% 50 9an
S0

ackeat  Codlslgring s

o

Capacdity (GW)
&
=

2% Nulr 2%
Likely Capacity mix in 2029-30 across all Regions

100%
3% Bi.ss 2% "o — . ]
s
0%
1% Smal'lydro 1% ox
sors.
N 2023 A%
0%
300K 250K 200K 150K 100K 50K 0K S0K 100K 150K 200 250K 300K ’z
Installed Capacity (MW) Eastern N-Eastern Novthern Southern Westem
Source : Report on Optimal Generation Capacity mix for 2029-30 IR O [SOM SN, Ticee Py Soune V| 300 reéee SN
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g Highest RE Installed Capacity in country
52.12 GW

Lift Irrigation — 9 GW

TS - 7.5 GW (kaleswaram - 5.7 GW) ,
KA-1.3GW, AP -0.2GW

Pumped Hydro Storage - 2000 MW

Kadamparai (400 MW) in TN
£ 7N 15-N'Sgr (700 MW) & Srisailam (900
MW) in TS
UNIQUENESS OF

SR GRID y
HVDC Pugalur-Thrissur

320kV, 2000 MW, First VSC HVDC in
India.

1000 MW Units

2x1000 MW units in operation at
Kudankulam

N, ; ST s rrrETTvre, == In 1902 - Shivanasamudra Generting plant
Rspdah: 50@ W e - 2 42MWCommlss1oned
Slllah Ia Stage 1&2 2000 MW e e '
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Transmission
400 kV : 452 Nos ~ 45779 Ckm Southern Region Energy Consumtion Jan 2023 to Aug 2023
= 118 GW 765 kV - 22 NOS - 8315 Ckm " » Thermal » Hydre ¥ Gea/Diesel . = Wind Solar © Others  ® Grid Drawl
PD (B [ Transformation Capacity
VIE omu | 400 kV : 330 Nos ~ 118442 MVA
os ~ 30000 MVA

Energy [MU)

12117 MW

IC 24337 MW 15497 MW ANDHRA PRADESH
16950 MW
PD 203 M0 IC 18389 MW
ME 309 MU PD 12900 MW
185 MU ~d N N 4 ) > h 53
DA 190 MU ME 264 MU . & w"'& ‘;:;\ #5,5; @5@- 5 & e &1@
DA 170 MU > > & > o & > o
IC — Installed Capacity . . Max .
PD — Peak Demand 2027-28 -SR PD:88 GW PUDUCHERRY s.No Scenario Min Consumptlon Consumption Min RE Gen Max RE Gen
ME — Maximum Energy g 5 e IC 32.5 MW (MU) (an Day (MU) Day (MU)
DA — Daily Avg Consumptio PD 512 MW 1 Date 27-07-2023 19-04-2023 16-03-2023 01-08-2023
ME 11 MU 2 Thermal 225 399 356 229
Ic 3405 MW ———— 4 Gas/Diesel 5 6 6 6
= 5024 MW pvemryy 5 Wind 228 29 22 251
v 103 MU IC 6 Solar 59 97 77 83
- vy PD 19387 MW 7 Others 32 34 33 23
ME 415 MU 8 Grid Drawl 273 687 689 436
DA 282 MU 9 | Consumption 911 1329 1250 1104
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SR Highlights — Demand and Energy

SR statistics

Max Demand Date & Time of Max Max Demand Max

. . Date of Max . Date & Time of . Date of Max
Constituents Met Max Demand Consumption C ti Constituents Met Max D d Met Consumption C ti
(in MW) Met (in MU) onsumption (in MW) ax Deman e (in MU) onsumption
Andhra 12900 17-06-2023 264 16-06-2023 Andhra 12293  08-04-2022 12:21 235 28-03-2022
Pradesh 13:42 Pradesh
30-03-2023
Telangana 15497 11:01 303 03-03-2023 Telangana 14160 29-03-2022 12:28 280 29-03-2022
25-08-2023
Karnataka 16950 11:00 309 20-04-2023 Karnataka 14818 18-03-2022 11:00 241 03-05-2022
Kerala 5024 18_;);_;0023 103 19-04-2023 Kerala 4385 27-04-2022 21:00 93 28-04-2022
. 20-04-2023 .
Tamil Nadu 19387 12:00 415 20-04-2023 Tamil Nadu 17563 29-04-2022 14:30 388 29-04-2022
Pondicherry 512 17_;)25;425023 12 18-05-2023 Pondicherry 482 06-05-2022 20:00 10 06-05-2022
SR 64337 15-](.)23_-22323 1329 19-04-2023 SR 60876 01-04-2022 10:53 1252 01-04-2022

SR Peak Demand Increased by 3461 MW (5.6%)

SRLDC General Overview ‘ October 2023 \ Page 8
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Southern Region Demand/Generation Characteristic

SR Max Demand — 64337 MW on 15t March 2023

SR Max Wind Generation — 13.85 GW MW on 15t Aug 2023
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SR Max RE-28.1 GW MW on
13th June 2023

SR Max Solar Generation —
18.5 GW MW on 13t Feb

2023
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2021-22 45275 n——

Growth of Installed Capacity in SR (As on 31/08/2023)
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Southern Region Generation

2020-21 42539 I s 109155
2019-20 41012 e 107573

2018-19
2017-18
2016-17
2015-16
2014-15
2013-14
2012-13
2011-12
2010-11
2009-10
2008-09
2007-08
2006-07
2005-06
2004-05
2002-03
2001-02
2000-01

(60,000)

SRLDC

B Total Installed Capacity

36373 I mmmmmmmm——————. 103284
33455 I T 99427

24108 N e 86497
13970 N 72103
13448 e (5071
12846 N (0335
13809 NN 57218
11358 NN 55359

9590 NI 50164
7806 NS 44699
7075 NE— 41670
5952 INEE—— 309521
4544 WEEE——— 37372
4009 WEEEEEE————— 36769
1099 I—— 32734
140 me——— 29188
127 m— 76610

114 me——— 24929
(10,000) 40,000 90,000

B Installed Capacity of RE

General Overview
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Southern Region Source wise Installed Capacity (GW)

| Touls 1.\1ewJ
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Total 124 GW

2003-24 2728

8Thermel WHydo WWnd = Solr WNudear u0therRE

October 2023 Page 10




- fOrz-3fdar

- GRID~INDIA

3]:.]-1 Aeicda TR avay NI

Renewable Energy in Southern Region

SN[ ate [T S5, winglsolar et | on, | O penetration )
al o | Diesel ption
1 AP 70 4 3 78 9 8 -6

12-07- .
iy 159 59%
2 ka 229 27 % 0 59 27 86 3 150 65% e
2022 ° s ——
07-08- ro——
30N S 21 23 5 110 23 133 81 269 49% T — . .
. A~ A S \ :
23-05- / i‘ :
4 15 SO0 e 1 0 2 25 27 48 175 15% N —
14-07- ._ O\
5 SR .. 168 117 8 263 61 323 236 874 37%
B b | 1986: 55kW, 90 kW - First RE Plant . prreer . e

Commissioned at Muppandal, lyanaruthu - TN Capacity Area
10 WAV - 30.06. 2021

§ NTPC Simhadri 25 MW SRLOC
‘ G instalied ity 15 WAV - 21,08, 2021
WEG installed capac %
- Name of the PASS ( ) P x;(.)s x:/ 2;si12n 2;(;21 1
Ll lu‘u‘ v z - . -
i NTPChomogtindsny: | 10O [ sww-saona0ss] oo

20 MAV - 01.07.2022

Palakkad 339596 22 MV - 31.03.2022
NTPC Kayambulam 92 MW 35 WAV - 19.0%, 2022 | Kerala SLDC

35 WAV - 2406, 2022

Cumbum 596.29

Annual CUF
Sengottai 284396 1. RE-19.82 %

2. Solar—20.31
3. Wind - 19.31

Aralvaimozhi 1845.5

General Overview ‘%‘ October 2023 Page 11




Time

Southern Region
Puducherry
Tamil Nadu

Kerala

Kamataka

Telangana 128

Andhra Pradesh

SRLDC
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Renewable Energy in Southern Region

RE BREAK-UP IN SOUTHERN REGION AS ON 31/07/2023

10

787 Ker TOTAL: 868 MW

0 2000

TR
Ly

3965 SR ISGS: 5655 MW

]

260 7S TOTAL: 6270 MW

2577 G2 AP TOTAL: 7531 MW

4000 8000 8000 10000
BWind E Solar W Other

General Overview

1870

12000

LZZE TN TOTAL: 16950 MW

Kar TOTAL: 12825 MW

14000 16000 18000

October 2023 Page 12
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Flexibility needed for RE integration

India’s commitment at COP26 at Paris : v' Requirement of high flexibility with high levels
v Achieve the reduction in CO2 emission by 1 billion ton by of renewable energy integration.
2030. v’ Operation of coal based plants in a more
flexible mode & RE with storage is the need
v' Meet 50 per cent of the energy requirements from of hour in the wake of huge intermittency
renewable energy by 2030 and variability of renewable based
generation

v" 500 GW Non-fossil energy capacity by 2030.
Y _ . _ Flexibility depends on system-specific
Integration of such massive amounts of RE which are characteristics, including:

intermittent and distributed in the power system pose v Current and planned mix of generation
serious challenges to grid operations. T

Flexibility in existing generation sources
Interconnections with neighbouring power
systems

v Hourly, daily, and seasonal profile of electricity
demand and RE.

v
v

General Overview s October 2023 \
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Grid Planning and Operation Considerations

RE is variable, uncertain and nonsynchronous, raising new considerations for grid
planning and operations.

e 800 - e bt - Sy~ —— -— e st

1. System balancing requires more flexibility.
The need for operating reserves can increase.
3. More transmission and changes in planning )
are needed. o :
4. Existing Conventional generation need to be

N

more flexible. -
5. Voltage control and inertia response comes at i "W\ MWWN‘{ | ,/‘h Y
- | ‘ N
an added cost. i W” 4 W i
§ . w’*ﬂ W M‘J
LM (
. \v‘ww
e E L L P LR L LR LR L L ELE L L EE L
BPBIREEEEEEIERIIERLALIRILEEREINININ
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Impact of Cloud Cover Bhadla Solar Park
i Selar Generaton on a typeal Cougy 33y v{’-., -
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MW vs time of 3 i e
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different plants at
Badla Solar Park

/
/4
I B0 AP . ., * Largest solar park in the world
e e * Spread over a total area of 5,700 hectares

(14,000 acres) in Bhadla, Rajasthan, India.
* Total capacity of 2245 MW.

General Overview October 2023
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Solar Eclipse on 21st June 2020

* Solar eclipse - 0956 to 1429 hrs

All India Solar Forecast vs Actual

e N Incdia Forecast{Ascuming clear sky conditions) —— All india Farecast|{ Day Ahead) Al India Actunl
Description Expected Actual X IS stortofthe tciipse  Manimum Ecipse #1991 8 Ecliae
i )
Solar Generation 11.9GW | 11.16W || : : LTS
Reduction £ 13000 /T\ ; / i
g 11000 ' B : 3 :
Avg Ramp Down rate/min 102 84 MW/Min ; 000 E \ / ;
MW/Min x L -8 U
: : ENSR8RAIGENRTEURNTICNRERILRER
Avg Ramp Up rate/min 104 96 MW/Min FEEE a8 a832333943983438X322
MW/Min :
: All India Forecast vs Actual Ramp Rate
Thermal generatlon 1600 MW 400 B Forecast- All India Ramp Rate @ Actual- All India Ramp Rate
Variation % 300
200
Hydro generation 7000 MW s 100
. . 3 0
Variation § 300
. . . s -200
Gas generation variation 1050 MW s-m
-400

» Other solar eclipse faced on 26.12.2019

Integratio

General Overview
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All India Daily Electricity Demand Profile* over the years - .
W ~-Jan-10 —Jan-15 —Jan-21 —Jan-23 :
zsowo Sourde wise contabution for mesting moening remp of appeox. 72 OW
u U E C Hydro 100W |, Thermal: 34 GW _ Solsr: 33 0W, Wind -5 GW 0 70.
23 210387 MW a
210000 IMatning Max.) E
Lload Factor B3.4 % 185725 MW ; w
190000 {Evening Max,) R 0 65 g
o
170000 155484 MW -~
{Night min | Load Factor 84.2 % .
150000 0.60-
o
130000 N o~ - = B
110000 7 ’ Lozlc!. ’JZICT.;!;S % TS— . . L] o N
o606 11— | | | 2017 2022 2027 2032 2037
- et Lood Factor 90.3 % | | Region
g *Demand Profie of mosth's max demand met day ¥ Eastem 4 Souwnem Forecast changes in load
0000 . factor 2017—2037 by region &
4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 92 W Northam - Wesem il of Indi yTeg
® Northeastern <4 Alllndia (Of all ot India

Source: CEA 2018

v’ Total load factor will decline by 4% by 2037
v WR & SR will see decline of 7% & 6% from 2020 to
20237

SRLDC General Overview ‘ October 2023 \ Page 17

v Decline in Load factor in India over the years
v Indicate growing need for flexible resources
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Increasing variation in demand

Daily difference between Max and Min All India Demand from 01-04-2008 to 31-01-2020

60k

v' Daily load profile becoming more variable
v’ Large variation between peak & off-peak demand

v' Requirement of load following or peak demand
management services

MW

SRLDC General Overview ‘ October 2023 \ Page 18
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The Duck belly is increasing |

B 4 12 16 0 24 22

32 36 40 43 43 N2 S8 0 8 &

n

Té¢ B2 84 B2 W

= ) —— Al INDAA Damand e A1 INDIA Nt Domand Market UMCP $0-04-202 1 (Saturcay)
(Y] y b , Ave. y i
[—l AN SNDAR Dasnand: 20859 A8Us il o .|
All INDIA Net Demand: 3795.4 MUs M 173713 MW, Min 185022 MW, Avg: 130542 MW
135000 900
180000
800
175600
170000 7.0
185000
- 600
160000
1 S0
150000
145000 &0
140000
~160 GW coal  :w
135000
on bar
130000 100

v" Reduction in Pmin thermal units along could facilitate integration of

! | ’

(1343888804 1 "'.'1327"". 13233282 21922418 1125521112
TR T B s i
.
]

SRLDC

General Overview

3

B R
higher Solar capacity
v Increase in flexibility needs & ramping

requirement of the rest of the generation fleet.

October 2023 ) Page 19
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System Inertia

. Inertia
A Re Ponetration @ inortia All India Demand . . . . .

18 180 Conventional units are the main sources of inertia as they

N = rotate at the same frequency as the electricity grid.
i o e r e *  Decreasing Inertia
- anyndian G0 . S — Renewables: Increase in non-synchronous
§ Y s - machines
9 . e . . .
e - . S At — Reducing trend of inertia
"3 (et e e o e s ep o o e & . e o e
1 e " Inertia Decreasing T % et © i — Low System Strength in the vicinity of RE complexes
§ . : 1Ot IcInity « P
£ i w 3 and reduction in System Inertia leading to
£ . Y e Iy oo " * Lower Frequency Nadirs

e D e 8 . I * Unit trip, UFR operation

0 A PP * Higher RoCoF

1dan-2014 25 Aug-2015 e IS Apr-2017 6-Dec-2018 o Protect|on ma|operat|on

* Instability
Planning of synchronous condenser facility,
Inertia calculated using Curve Fitting Method G d f g . _I_ d 1_ b . 1_ d
https://posoco.in/wp-content/uploads/2022/01/Assessment-of-Inertia-in-Indian-Power-System. pdf Il Ormlng Inver ers nee . O € prlorl VAS
as part of fransmission planning for RE
SRLDC General Overview ) October 2023 \ Page 20
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Large diurnal and seasonal variation in Inter-regional power flow

e SRImpent - 1130 3028
va W et P - 67,68 2922 o
©x0 .l
wm L o i e
| p . v :
‘oo 0 |
‘ -
Lo 2000 | / "
. s l\ - " 1 {
y SR Import . 4 \ P v
: — aocn . \/ ‘.'/
e i Yy
Aotn
«on
g

POE 1 20 3 B e M M s o1 omowW 'l'he New Normal !l b W - SR Flow .04 10,2004

SRR P ST A0

-' ” .I ks
; " e

v
f 2 B N N NG WU s N B MW

L f] Biidireciional Mows: [ s i iee il e in n e
U

.ii!iit.tt
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Conventional power plant flexibilit

@ Higher ramp rate
A Reduced VRE
. curtailment
ower
G Power P lant minimum #

A Helega

ﬂwb""y lOGd
Greater
system flexibility
Shorter minimum

uptime and runfime

Source: IRENA (2019)

SRLDC General Overview October 2023 Page 22




"' LI . | G@ngD-INDIA

Operational Initiatives

Conventional Plants
v’ Conventional generator annual maintenance planned in high RE
v" Coal units are typically backed down midday to accommodate RE
v’ Coal plants experiencing more starts and spend more of their operating time at minimum generation

Shift in operating timings of Pump Hydro plant from night time to midday to coincide with greater solar
generation.

Use of Real Time markets by states for sale of power during high RE generation period.

Frequency Control

v’ Use of Ancillary services, Hydro and thermal flexing for managing ramp requirement and frequency
management

v AGC implementation in 69 power plants with 67.3 GW capacity

Efforts in improvement of forecasting of Demand and RE

SRLDC General Overview October 2023 Page 23
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Thermal generation in Southern Region

* Present Installed Capacity: 47.1 GW
SR Thermal Generation Flexibility from ¢ Upcoming Installation : 10.64 GW

32 GW(Peak) to 14 GW(off-peak) —  Central : 0.8 GW

— State: 9GW (TS:4GW, AP:0.8 GW, TN: 3.4 GW)

. Thermal Flexibility — During Min RE Energy Week — 60 % and Max
RE Energy Week —44 %

= GRID~INDIA

Masimum NE West

™
.
.
i
"
n

"IN R LT BN ETerd e L L

Nirimum B Week

e L T N S T

T e TR 30 % Flexibility in MW

4 £ T T 24618 MW to 17599
. 5, h’%, L - * MW from Max RE and
N -, % Q'L‘; = P o =N ~ Min RE days
i 4 3, '}%m - = R respectively
5 )
s ) r 7 ’ PSS 7
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Flexibility Need and Provision

Hourly Ramp in All India Demand Met (2008-21)

30000 aie08 Hourly Ramp in All India Thermal Generation (2008-22)
25000 IAc00
20000 15000
12000
15000 A
£ 10000 £ 6000
3 S .
£ so00 §1W0 3
£ - 0
£
a 0
3-3000
5000 £000
-10000 veoo
15000 13900
-15000
-20000 19000
$ 3 25 8 B g a2 e s 8 8 E g £ © = % m ¥ w e ~ = e 8 = mo
F 2 3 B B R R E E R 2 B OB OB OE E . & B & 2 % £ & £ & € € & ‘%
A T 0\ S B, - o I R T € € € € €4 &4 € € € € < € < & <
® Indian Electricity Grid Code (IEGC) Rydro Generation Ramp (MW/Hour)
— Generators declare rate of ramping up / down in 15 minute block 15000
— Minimum ramp rate — 1% of MCR per min (IEGC-2023 & Tariff
. 10000
regulation) o

Reduction of conventional thermal generation to the 55 % levels
Compensation for flexible operations - May 2017

Central Electricity Authority (CEA) regulation on flexible operation of Coal
based Thermal power generating units

Soa

Ramp rate: + 3 % per min (operation between 70 to 100% of MCR)
+2% per min (operation between 55 to 70% of MCR )

+1% per min (operation between 40 to 55% of MCR ) oo
Technical minimum load — minimum power level of 40%

10000

Ape-08
Sep-(4
Mace-00)
Sep-10
Mar-10

Sep-10
Mar-11
Sep-10
Mer-12
Sep-12
Mar11
Sep-14
Me- 14
Sep-11
Mar15%
Sep-15
M- 18
Sep-158
Mar-17
Sep-1}
Mg 13
wep-10
Na19
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Thermal Flexibilization

GRID~INDIA

200

150

100

50

0

NTPC SIMHADRI Unit - 1 - 500MW

we2011-12 «2012-13 «=2013-14 ~=2014-15

2015-16-+=2016-17 ==2017-18

Simhadri Unit-1
500 MW

L]

Block Wise Generation Pattern

» Goneramen MW

* leslod Cpoony (VW)

sl

_ 5

E

Eknl ..E.(‘b,".

5:‘\ : , A %

3 S 7T < 4 : i/ ,

T R R e (e g 1O TR Sy
o2 (e [xnulaws | xss]ms0] wre 3 Change'in Technical Minimum from 70% to 55%

e & mlo|mle|w|w 15 o st ey i L b
Nomh| | % | W |@| @ ||| w| ' 0% 4 L% SRR Do
MW (D || DWW W ® L R = b0 e . ' 28 >l
MeMdety | 5 | 2| x| x| als]s ' _‘ 4 “

N | R ) . : S, \ 4 !

WY 'n | s 8| 5| w|n]|n ., o ! ol . .
beg/XAMABR) | D | U |3 | 0 | 3| &8 I O R4 71\ B Tt A AL B e <R
BgOwiopa) | % | 0 |30 ofelul | t3f it by bt bpes byt bbEebitEbps

FAEA53 3303383 AN83d30434043
O 5 10 15 20 25 30 35 40 45 50 S5 60 65 70 75 &0 85 90 95 100 o
Ol

% of Time

SRLDC

IEGC 4t Amendment - 55% Technical Minimum for Central Generating Stations; effective from 15.05.17

General Overview
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System Balancing and Frequency Control Continuum

v’ Generation must exactly match electricity
demand at all times to maintain reliability.

v’ Various categories of operating reserves and
ancillary  services function on different
timescales, from sub-seconds to several hours.

v’ Central Electricity Authority (Flexible Operation
of Coal based Thermal Power Generating Units)
Regulations, 2023

v" Minimum power level of 40 %

v" Achieve minimum power level of 55%,
shall achieve the same within one year

v Ramp rate capability of minimum 3% per
minute for their operation between 70 to
100%

v Ramp rate capability of minimum 2 % per
minute for their operation between 55 to
70%
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General Overview

Reserve ‘ Start Full Availability Duration of Response Mode of Activation

l
Primary Control Instantaneous Within 30 sec. Up to 5 min, Automatic

t In/til replaced b

Secondary Control | Within 30 sec. Within 15 min, kot m ot ropiv X Automatic

| Tertiary Reserves

S minutes « 5 Till replace 240 i
Tertiary Control Within 15 minutes 351w ven == 6O W replaced by rescheduling Manual
minutes of generation
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Way Forward

* Flexible Thermal Generation — Must for ensuring Resource Adequacy, flexibility & grid balancing services
with increase of RE in generation mix.
* Implementation of Central Electricity Authority (Flexible Operation of Coal based Thermal Power Generating

Units) Regulations, 2023
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