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1. EXECUTIVEUMMARY

1.1 PROJECOVERVIEW

Traditionally, the electricity generation mix drfidia has been dominated byhermal and hydro
power. With ar increasedfocus of the national governmenbn greening the powesector, India
targets to installl75 GW ofgrid-connectedRE by 2022 Thisis expected to be around 37% of the
installed capacity in 2022.

Successful operation ¢érge quantum of variabl&Ecapacitycan only be possible if itategration

and interaction with therest of thegrid is smootd ¢ 2RI &3 w9 A& || 62 dzi M C3'3

capacity base. And, many stakeholders cite congestion as a primary blockage to greater RE
deployment. Some stakeholders claim that congestion occurs at the-stdata level, blockinghe
evacuation of electricity from power plants; others say that congestion of the -Bitde
transmission system (ISTS) is blocking the wheeling of power further in times of local surplus.
Balancing the state grid with available conventional resouicessb cited as a challenge.

It remains unclear where congestion is occurrimgpich resources are called for rescuing the grid
surges and how, what does system balancing cost to a state under the current operations, what is
the extent and cause oturtaiiment (technical or market) In discussionsthese aspects are
confused Theseare critical area for analysis, and should have high priority, as it will have bearing
on new grid needs that will take time to deliver.

It is encouraging to note thatllaarourd the world, countries including India, are adopting various
techniques toensure the stability of the gridvith the evolving demand and supply sidé&ch
techniques includesophisticated grid modelling, upgradation of physical grid infrastructure,
improving demand and supply forecastindemand side managemengxpansion of current grid
balancing asas, holistic transmission planninfiexible operation of generation asseiscluding
mechanisms for compensatipand a variety of other chang@sherently wseful for power system
operations, whether RE accounts for a large share or not

From experiencesknown so far, it is becomingclear that these techniques require new forms of
collaboration and coordination among various government ministries, agencidsstakeholders in
general.More so wherthe roles and responsibilities affecting the developmehthe power sector

are spread across several entitieas is the case with many countries including InHiawever,to
LYRAI Qa lisRididuglylpbsibried to thakle the complexity of the new power system, as the
demand is expected to grow at a rate much faster compared to the developed economies.
Therefore, new and existing capacities will have toegst in most environmentally and
economically effient ways.

With this context,our effort began in early 2006 G2 Y2RSf LYy RAIl Q&g thel2 ¢ SNJ
renewable energy targets as an integral component of the overall expansion plans. The objective of
this exercise was to highlight strategies thatnche implemented by the Central and State
Governments to optimize power sector plans and minimize the cost of RE integration.

~
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The analysis was designedanswer these key questions:

1 Given planned RE and n®&E capacity additions by 2022, will the systsutceed in
integrating new RE while meeting load (i.e. 24*7 affordable power for all)?

1 What are the technical/infrastructure options (e.g. flexible generation, advanced grid
operation protocols, expanded control areas, demaide management, optimized
transmission, etc.) for minimizing the cost of integrating RE while meeting load?

1.2 KEY FEATURES OF BHEDY

With ambitious RE targets and other emerging technologies/applications sucimabiéity, battery
storage, and supeefficient appliances, iis a pertinent time to lookat other systens around the
world in order to accurately understand the impacts or disruptions causedgumh interacting
factors This study was commissioned and carried cansideringthe need to identify key factors
which ae going to have an impact on largeale integration of RE in the Indian system, and at the
same time findingpossible solutions to concerns of implementing agencies. Some of the key
concerns being

¢ capturing the fixed costs associated with thermal power projects in the production
simulation model,

¢ estimating capacity value of individual RE sources

¢ impact of different RE penetration levels on the power system reliability

¢ SadAYFGA2y 257004 120FdzNa-90 A 2RR ASITAR v &

Under this study, we undertook a power sector integrated resource planning exercise, integrating
renewable energy resources with the current power sector planning framework. This was achieved
by developing Multi Area Production Simidet (MAPS) and Multi Area Reliability Simulation
(MARS) models fgpan India integrated system and separate models for the Western, Northern,
Southern Easternand NorthEastern regionsThe regional models were prepared based on

¢ the existing and upcomg installed generation capacity in the constituent states of that
region (both conventional and renewable capacities),

¢ the demand projections for individual constituent states of the region which was used to
determine the coincidental demand to be saiisf (used as an input to the MAPS model),
and

¢ the proposed intefregional transmission connections to run various sensitivity cases in
terms oftransmission limits at aall Indialevel in 2022.

The team undertook the following tasks
w Developed a framewak for generation planning considering recent significant RE
deployment targets.
w Quantiied and qualifed the role of various renewable energy options in meeting energy
and capacity demand.
w Identified the conventional generation capacity (coal, gas) &thich can be avoided by
deploying RE resources.



w Identified the costeffectiveness of a range of technology and policy options available to

improve the flexibility of the power system that can accommodate leacpde renewables.

w Identified most strategicuse of existing and planned assets with an objective to support a
flexible system and grid security in view of increasing RE sources as well as demand

fluctuations.

w Generatal insights for generation expansion planning for the region in conjunction with

strategies for optimal and flexible system operation.

w ldentified additional transmission capacity required for integrating higher amounts of solar

and wind in the region

1.3 STUDY SCENARIOS

The study utilized the GE Concorda Suite MAlga Production Simulation (@EAPS) model for
estimating production coss, and the GE MulfArea Reliability Simulation (@EARS) model for
reliability analysis and wind capacity valuation.

GE MAPS is a nodaecurityconstrained, unit commitment and economic dispatch model with

detailed realistic representation of all generation types and the underlying transmissioritgsich
proven tool that has been used in previous renewable (wind and solar) integratudies
performed by GE and its partners in the course of the last 10 y&ESMARS is based on a

sequential Monte Carlo simulation, which provides for a detailed representation of the hourly loads,

generating units, and interfaces between the interoented areas.

The study undertook thelevelopment of MAPS and MARS Modelsdachregion separately and

an All India Integrated Model represented India as a single integrated systdfje¢t to constraints
explicitly listed to study the sensitivity cageThe various study cases considefed MAPS Model
areas follows:

Casel No Limits No Limits NIL 100% Coppersheet model to assess power Exchamgguirement
between regions

CaselB No Limits No Limits NIL 0% Assess production cost savings on compa@AgH and
CASHB

Case2 No Limits No Limits 25% 100% Increasing wheeling charges to impose constraints on
transmission flows between regions

Case3 Limits based on  10,000$ 100% Assess the congestion and augmentation requirements b

CEA implementing proposed CEA transmission limits
Max flows for

Transmission

Inter State .
: Capacity as per .
el lines from CEA 10,000% 0% To assess coal ramp up/ ramp down requirements due to
Casel transmission penetration

plan 20162036
Table ES : Study Cases considered in MAPS model



Similarly, the various study cases considered by the GE Energy Consulting team duaingiythis
using the MARS Models were

Transmission constraints as per CEA limits for iregional and intraregion

o Casel ) o Compute LOLE,
Transmission connections. 100% RE capacity in 2022 (16@GVihd + Solar). ) )
. inter-regional
Planning
o ) . . N ) maximum flows
CaselB Transmission constraints as peasel with no RE capacity addition considered
and the number
. Case2A  Simulate Casé with 70% Planned RE capacity addition of limiting hours
Generation
for all cases
Planning . .
Case2B Repeat Casé for 50% planned RE capacity addition
- Calculate capacity value of renewable generation for the year 2022 Capacity value
- Evaluate perfect capacity v/s LOLE with no additional RE considered for 100%, 70%
Capacity A - Plot LOLE v/s perfectpacity and 50% RE
Value of RE - Simulate 100%, 70% and 50% RE case and evaluate LOLE planned
- Identify capacity value of renewable for 50%, 70% and 100% cases from plot capacity
generated in step above addition

Table ER : Study Cases considered in MARS Model

1.4 STUDY ASSUMPTIONSDAMODELING APPROACH

The modellingapproachT 2 f f 2 SR 610d 2101 @0 dALRRY DKI FGKSNBAY Ay
modelled initially stitching the results of comgled regions into a consolidated model which
eventuallyresulted in theintegrated all Indiamodel. This approackvas based orsimilar studies

conductedby GE Energy Consultingshere a key tak@way has been that théalancing areh

footprint must be asdrge as feasible

"TheW. £ FyOAYy3I I NBFHo6&a0Q I NB NBaLRyaAotS F2NJ oFtryOAy3d f2FR |
flows with other such balancing areas. Thus, the bigger the balancing area, the more options are available to the operator

to balance the intemittency or variability associated with the variable renewable generation sources (especially wind, and

to a lesser extent, solar).



Northern region

North eastern region
Peak demand: 53,717 MW/85,932 MW (2015/2022) Peak demand : 2,076 MW/5,974 MW
Installed capacity : 65,681 MW/ 117,256 MW 2015/2022)

States Modeled l':-:’ullod capacity : 3,390 MW/8,210
UP, Rajasthan, Delhi, Punjab, Haryana, HP, UK, J&K
Stotes/UTs to be Lumped
Chandigarh (with Punjab)

States Modeled
Lumped model for all states

Western region

Peak demand : 49,676 MW/ 67,439 MW
(2015/2022)

Installed capacity : 103,154 MW/166,721 MW
States Modeled

@, Gujarat, MP, Chhatti , Goa

States/UTs to be Lumped Peak demand : 19,609 MW/27,187 MW

2015/2022)
Installed capacity : 36,942 MW/55,560 MW

Dadra & Nagar Haveli, Daman & Diu

Southern region
States Modeled
Peak demand: 38,304 MW/66,622 MW
(2015/2022) WS, Bihar, Jharkhand, Orissa, Sikkim

Installed capacity : 63,478 MW/120,549
MW

States Modeled

AP, Telangana, Karnataka, TN, Kerala 3
States/UTs to be Lumped . ]
Pondicherry (with TN) 1

Figure E3 : Modelling of all regions in MAPS

The basic modelling assumptions and considerations in the preparation
models and consequently the All India MAPS Model are given below

ofetlienal MAPS
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Study time- The analysis was performed for two calendar years, i.e. 2015 & 2022, only. The year 2015 values were

horizon used as benchmark for calibrating the models, while the 2022 values were obtained utilizing the 2022
orizo projections as per public domain information (wherever available) or extrapolating the 2015 inputs
related parameters with the historical growth factors.

Entire Indian Power System in terms of the current and upcoming generation capacity(s), Inter-regional
transmission capacity and inter-state transmission capacity has been modelled. However, intra-regional
transmission constraints have not been considered.

All data required for the analysis has been gathered from the publicly available information from the
websites and reports of various Central and State Agencies.

The Thermal Generation (Coal, Gas) capacity upcoming was considered as per the projections of the
CEA, along with the 624x7 Power for AlIl 6 Documeppt for t
considered were only the firm additions at the time of model preparations. Further, capacity retirements

Existing/ have not been considered in the models. Each unit of these thermal project have been modelled, with
Planned specific parameters (as far as available).
Capacity

Under the model(s), the installed capacity for a particular State (current and upcoming) is considered as
related the total generation capacity within the physical boundary of that State.

The target of Government of India is to include 175 GW of RE into the Indian system by 2022. Wind &
Solar combined contribution is expected to be 160 GW, while the remaining 15 GW would be from Small
Hydro, Biomass etc. This 15 GW capacity has not been modelled in the study.

The 100 GW solar target includes the Utility-scale solar and roof-top solar targets. For the purpose of our
model, there is no differentiation made between utility-scale solar and roof-top solar generation, and both
have been categorized under a single category.

Some of the Coal based ther mal peoerwenrd psltaanttuss huanvdee rb etehne ar
model.

As per the current provisions pertaining to the dispatch of wind and solar projects in India, these projects
have al so been dersumgd astteadt ush.e Tomeurset i s no spilled ener gy

The model provides that nuclear plants would not cycle to accommodate additional variable wind and/or
solar energy. This means the nuclear plants are modelled to perform at a given level without too many
Power ramp-up or ramp-down events.
Plant The production simulation analysis assumed that all units were economically committed and dispatched

Operations while respecting existing and new transmission limits, generator cycling capabilities, and minimum
related turndowns, with exceptions made for any must-run unit or units with operational constraints.

Potential increase in operations and maintenance (O&M) cost of conventional thermal generators due to
increased ramping and cycling were not included.

Renewable energy plant O&M costs were not included.

The hydro projects were modelled based on the design energy data available for the projects from the
public domain.

Table ES: Modelling assumptions and considerations in the MARSel

Regarding the MARS model, key reference points are mentioned below:



Study time-

horizon The MARS analysis was performed for year 2022.
related
Generation unités details are considered froi
Existing/ database. . _ S _ .
Planned Thermal generation units are classified into 5 categories. They are represented in
Capacit the MARS database with a two-state model with an expected forced outage rate
relgted y (EFOR). EFORs are assumed based on the generation technologies.
Hydro generation assumed to generate with their full capacity without any
restrictions.
Power _
Plant No demand response program or other emergency operating procedures were
Operations modeled in the system.
related

Table EZ : Modelling assumptions and consideratianghe MARS model

1.5 KEY FINDINGS

The key findings of the production simulation study conducted usinI&ES are broadly in the
areas of transmission flows and the operational impact on generating stations due to high
renewable energy penetration.

1.5.1 TRANSMISSIONLOWS IN PRODUCTIGNMULATION MODEL FOEAR
2022

To estimate the impact of transmission constraints on the production cost, two cases were
simulated for the year 2022 with 100% planned RE capacity additions being considered.

w With unlimited hter-regional transmission capacity, and
w With inter-regional transmissionapacity as per CEA transmission planning document.



TheTable ES below indicates the total production cost for the two cases.

Unlimited transmission capacity (Copper shee Inter-region transmission capacity as per CE

model) document
Rs Crores Rs Crores

Eastern Region 60300 2.85 61495 2.88

North Eastern 4268 1.25 4262 1.25
Region

Northern Region 56268 1.63 77281 1.99

Southern Region 50330 1.50 50305 1.50

Western Region 148579 2.08 132203 1.97

All India 319744 1.95 325546 1.98

Table ES : Comparison of results of production costs

As can be observed, transmission constraints increase the production cost by aboRs0/&h.

The average interegional transmission flows in the two cases are asvshim Figure below.

10472 | -5080/ 4757
8711/ -3051 [ 4122

Eastern
Region

3315 /-984 [ 218

6224 [-910 /3100

Western Eastern

Region

Western

2376 /-634 /1359

6655 /-3799 /3462

Souther
n Region

Figure E: Inter-regional average annual flowgsCEA limits case (left) & Copper sheet model (right)

n Region

In both scenarios, Western region is the major exporting region and Northern region is a major
importer of power. Western region on average exports about 23GW of power in the CEA planning
case and the Northern region imports on an average about 17GW. Other key findings on the inter
region transmission flows are as below:

w Southern Region is a net imger with significant exports occurring during the High wind and
solar months, exporting a maximum of ~7GW to eastern and western regions. Maximum import
during the high demand months is ~17GW. Despite significant capacity addition within the
region, demad growth by 2022 makes the southern region a net importer from the western
and eastern region.



w Western Region is a net exporter to the other regions in the Indian grid. Majority of exports are
to the northern region. Western Region imports power from $wuh region (MAX ~3GW) and
eastern region (MAX ~0.9GW) during periods of high renewable penetration.

w Northern region is a net importer in the system. The region has one of the highest demand in
2022 in the Indian system with the third highest capacity dtiations. Northern region is
connected to the western and eastern regions. The region predominantly imports power from
the western region. The system imports a maximum of 24.8 GW in the 2022 simulation.

w Eastern Region is a net exporter in the 2022 sintat predominantly exporting to the
Southern and the northern regions. There is an exchange in power between western (imports a
maximum of ~6.2 GW) and nordhastern regions. The region does receive imports (Max
~3.8GW) from the southern region during petiof high renewable penetration in the Southern
Region.

w North Eastern region is predominantly Hydro based. Exports and imports are dictated by the
availability of Hydro generation in the region. The region is connected to the rest of the country
through the eastern region.

1.5.2 OPERATIONAL ANALYSIBRFYEAR 2022

To assess the impact of RE on production cost, two cases were simulated for the year 2022. One
with no RE additional after 2015 and th& 2ase with 100% planned RE capacity addifi@ble26

depicts the production cost comparison between the two cases. The results show a reduction in
production costs by 0.63 Rs/kWh due to the impact of RE capacity additions.

100% RE additions No RE additions beyond 2015
Eastern Region 60300 2.85 75282 3.31
North Eastern Region 4268 1.25 4534 1.37
Northern Region 56268 1.63 86793 2.48
Southern Region 50330 1.50 71894 2.45
WesternRegion 148579 2.08 184484 2.50
All India 319744 1.95 422987 2.58

Table ES : Production Cost Comparison between Gas& CaselB
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The impact of RE penetration on the ramp rate requirements was also analyzed for the above two
cases and the findings are as shown inFiigure ES below.

curamces

No. of Oc

Ramp Rate Requirement — Events
Casel

Coal Ramp Rates

Case3 - Buse Case 100% RE)

Reoemp Riate [MW/Hr)

Coal Ramp Rates

Cose 38 - No RE additions after 2015

Mo, of Oeculamcas

Ramp Rate (MW/Hi

Ramp Rate Requirement — Events
CasedB

Ramp |Greater than 5000 2141 Greater than

Up IMWI/Hr. Ramp Up | 5000 MW/Hr. 1104
Ramp | Greater than - 2025 Ramp | Greater than -
Down | 5000 MW/Hr. Down | 5000 MW/Hr. 453

Figure ES : Ramp Rates for Coal Plan?022 (Cas@)

Figure E® below depicts the change in Plant Load Factors (PLF) and generation of power stations
for the years 2015 and 2022. The contribution of more efficient and higher capacity coal plants
increasedn 2022 and the utilization levels of sghtical coal plants reduces. Addition of wind and
solar capacity increases contribution of RE generation in the generation mix and the increase in
demand in all regions requires gas units to increase their géinaran the system.

£

Case 3 (CEA Limas)Allinda -2015

00000 [

2
*
2
¥

Case 3 (CEA Limas) Allindia -2022

TN

Figure E8 : Comparison of PLF & Generation for 2015 & 2022



Snapshot of key findings given in the followinglable ES : . The detailed process followed for
arriving at these conclusions along with thessible reasons behintiese findings can be found in

the respective sections.

Region
Eastern Region g

Northern Region g

MAPS FindingéCEA limits case)
Eastern region is a net exporte
supporting Northern and Southeri
Region, and is shown to be importir
power from Southern Region durin
high RE generation periodts 2022
Coal plants incur a start/stop on averag
every 996 hours
In the 2022 simulation, Northern regio
remainsa net importer (from western &
eastern region)

MARS FindingfAll cases)
No LOLE as the region Hasge installed
capacity versus the region load
LOLE values fai0% RE addition casee
generally higher with same trend 3
compared to 100% RE addition cakee
to lower renewable capacity

Statesin the Northern Region experienc
significant LOLE due to limitation ¢
transmission capacity between states

g Critical coal units operate at higher P The State of Jammu & Kashn
2022 and an increased contribution ¢ interconnected with only Punjab hit the
gas based units in meeting the hig limit for ~1800 hours/ year
demand in 2022 High demand in Northern Region maki

g Coal plants experience start/stop 0 it a net imprter, putting pressure on the

Southern Region g

average every 146 houis 2022

In the 2022 simulation, Southern regia
remains a net importe(from western &
eastern region)

inter-region transmission lines such ¢
lines connecting Gujarat to Haryana al
Rajasthan

Punjab and Rajasthan are the stat
which have a considerable amount ¢
LOLE

State of Tamil Nadu and Kerala have t
Highest DLE requirements in Souther
region

g PLF of Coal plants in Southern Reg Entire Southern Regioshows relatively
decreases in 2022 owing to large | high LOLE at 694 hours / annum
generationin 2022

g Coal plants experience a start/sto
every 114 hours in 2022

Western Region g Western region is a net exportel High installed capacity of Thermal ar
providing  support to  Northern, Renewables capacity in Western regit
Southern and Eastern regions ensures stabilityn the region

g Despite large additions of renewabl Net exporter to Southern and Norther|
OF L) OAlle 0@ HANHH Regions
O2Ff dzyAta 2 LISNI G Limited transmission connectivity to G¢
power and the Union Territory of DD and DNH

g coal plants experience a start/stop o reflected in the LOLE values for Weste

average everg44hoursin 2022

Table ES : Summary of key findingd MAPS & MARS Analysis

Region

1.6 SCOPH-OR IMPROVEMENT

In this study, the intention was to cover every possible area of concern with relation the high RE
integration in the India power system. However, during the course of study and subsequent
discussions upon théopic in the various farmsin the power sector, we feel that the following
topics/areagwhich were outside the purview of this studye ripe forfurther detailed analysis.

V Refinement of the current Regional and All India Models with accurate datdigunes.
Currently the models were prepared based on the information available in the public



domain, and the fidelity of the models can be enhanced using the latest available data
which may not be available in the public domain at the time of preparatfdhese models.

The fixed costs for each of around 950 thermal units currently modétiédis study can be
incorporated in the current Regional and All India Modélsing this information, the
model can better illustrate the dispatch profiles of the thmal projects in 2022.

Simulation of the current Regional & All India Models withised installed capacity (based
on the emission control equipment schedule) published by CEA. This will include the most
recent retirement schedule by CEA

Estimating the alue of forecasting of RE resources. In the current simulation (2022 case)
only one profile is used for commitment and dispatch of RE plants.

Quantification of additional O&M costiue to frequent start stops and cyclic operations of
the thermal power plats owingto high RE penetratigrand estimating its impact on total
production cost

Detailed models for year 2032 covering the following

o0 Copper sheet model to assess the ideal power exchange requirement between the
regions assuming unlimited transmissi@apability and zero wheeling charges.
Indication of requirement of interegion transmission capacities in an ideal
scenario for minimum production cost. This can then be compared with the
proposed intefregion transmission capacities proposed in the Qefspective
transmission plan.

0 Review of line flows with CEA proposed limits to assess congestion efégtenal
lines in the year 2032 to recommend any further augmentation requirement of
inter-region transmission capacity.

0 Assessment otoal Ramp updown requirements on account of increased RE
Penetrations

Simulations for 2032 case with projected demand to estimate the capacity addition
requirementsto gauge if there is any shortfall in meeting the demand projections for 2032,
and consequently whethethere is any need for thermal capacity additions between 2022
and 2032

Estimation of capacity value of individual RE resource viz. utility level solar PV, Rooftop solar
PV, Onshore wind (and offshore wind if any)

Impact of different levels of RE penet@ti (e.g. 25%, 15% and 10%) on reliability of the
power system

Consideration of loadncertairty for estimation of reliability indices



2. INTRODUCTION

India has steadily climbed the ladder of top electricity producers in the world over the past decade,
which has coincided with the growth it has achieved as a country. All analysts have repeatedly
KAIKE AIKGSR GKS GA3IKE @eNNRdulityladeguscy andl itséeSoBiomic  O2 d
IAINRPSUGKEI YR GKA&A KFra 0SSy SOARSYydG Ay LYRAIFQ&a 3N

high as 3 amongst the top TWh
electricity producers of the China m— 6,015
world in 2016 (as shown in . PSR
. . . 3,867
Flgur(?_ 1), its _peF(?aplta i E— 423
electricity consumption is way ‘
L Russia NS 1,088
below the top countries in that
aspect. As per the report Japan W 013
Wrowth of electricity sector in  Germany W 633
India from 1947201 A published Canada S 643
by CEAIn May 2017 the per Brazi W 580
capita consumption of electricity
) ) France N 4%%3
on Altlindia basis wa§122kwWh
. . . s 54
during FY208-17%. This is way S =5 sif
m Electricity Production (TWh) Electricity Consumption (TWh)

below the percapita
consumption of developed
countries such as Canada & U8Ad is the least amongst the BRICS countiesimilar trend is
observedin the corresponding figures for electricity consumption, whietsa natural correlation

with the electricity production figures, with an additional variable being the various losses in the
system.

Figurel: Top 10 Electricity Producers and their electricity consumpti0i6

{AyO0OS AYRSLISYRSYyOS Ay
power sector has come leaps and
bounds to where it is now, and has
800 especially seen rapid growth since 1992.
As Figure 2 shows, there has been
significant additions in terms of the
400 installed generation capacity with the

200 W private players leading the way once
their participation was allowed.The

0 . ipe s .
Mar-92 Mar-97 Mar-02 Mar-07 Mar-12 Mar-13 Mar-14 Mar-15 Mar-16 Mar-17 village electrifiation has been growing

1200

1000

600

g |nstalled Capacity (GW) No. of Villages electrified (‘000) at a Sedatebut gradual pace’ Wlth the
Length of T&D Lines (Lakh CKM) Per Capita Consumption (kWh)
Figure2: India Power Sectdgrowth (19922017) central govemment brlnglng about

some schemes recently to give them a necessary impétosever, the most significant increase
has been witnessed in terms of the per capita electricity congiompAs discussed above, even

2 https://lyearbook.aerdata.net/electricity/worldelectricityproductionstatistics.html

3 http://www.cea.nic.in/reports/others/planning/pdm/growth 2017.pdf
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though the percapita consumption is on the lower side, it has still shown significant increase since
1992 when it was a meagre 348 kWh.

Anather important trend has been observed in the power supply position at amdith Level, which
has shown aonsistentlydownward incline during the past decad€igure3). A major attributor to
this trend could be thestablishment of a vibrant power market in India, especially the nurturing of
the trading activities of the various
power sector entities. It was around
2008 when the power market in India
began to take a definitive shape, in

18%
16%
14%
12%

10% terms of welldefined contracs and

8% the issuance of standardized bidding
6% guidelines and procedures for the
4% State Utilities to follow. This greatly
2% incentivized the market participation

0% . .

FY'08 FY'09 FY'10 FY'1l FY'12 FY'13 FY'l4 FY'15 FY'16 FY'17 by the private developers and has in
Peak Deficit [%] ==—@==Energy Deficit [%]

turn provided the State Utilities with

options to procure power at

competitiverates from various avenues. TWh
South

In the wake of the recent focus being directed orea
towards the need for sustainable deeeiment ™"
and carbon emissions, most of the Countries &=
around the world are looking towards increasingcanada
the share of renewable energy sources such @asmany
wind, solar, biomass, small hydro etc. in their japm
electricity generation and energy mix. European
countries such as Germany and France are
leading the way in terms of the contribution of g
renewable energy in the electricity production, Sct:tes
so are countries such as Brazil, China,, US
Canada, Russia etc. As showrFigure4, India

Figure3: All India Power Supply Positi¢iRY'08FY'17)

Russia

ina
Wind & Solar Contribution in Electricity Production (%)

RE Contribution in Electricity Production (%)
has a share of around 15%, with plenty of

positive intent towards the shift to RE. Figured: Contribution of Renewable Energy & WiBdlar combined in
Electricity Production (2016)

Traditionally, theelectricity generationmix of the Indian Power Sector has been dominated by

thermal power (i.e. coal and as based projects), followed by large hydro projects. With a focus of
encouraging the sustainable development goals set by the Federal Government, India is poised to
witness a huge growth in the installed base of Renewable EfBfgypojects in its energy mix. The

LX Fy A& G2 AYyO2NLRNIGS + G2t 2F mTp D2 2F w9
generation base by 2022, which is expected to be around 37% of the installed power generation
capacity in 2022.
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in terms of Grid Management to the System Operators. As has beeniseeather established

markets around the world, effective and targeted mitigation strategies are necessary to allay and
counter these challenges, thereby enabling a smooth transition from fossil fuel based energy
generation towards more environment friendiyd sustainable energy generation.

These challenges posed by the uncertainty and intermittency ofréinewable energy (especially
wind & solar)will be particularly visible in case of a big power system such as Thdidargets set

for 2022 (60 MW Wid and 100 MW Solarphay appearoo steep, howeverthe prerequisites for
successful achievement of these targets are acute planning and robust supporting infrastructure,
along with the regulatory and political will. It is skihgway to go, but a posite intent will ensure

the achievement of the targets, however steep they may be. Also, the overall targets for Wind and
Solar are further divided into individual stakevel targets. The followingigure6 & Figure7 show

the regionwise targets forwWind andSolar installed capacityy 2022 respectively. Té individual
state-wise targets are also given Section10.3

Western

Western [CATEGO Region,
Region, RY 28410, Northern
22600 NAME], 29% Region,

[VALUE] 31119,
31%
Eastern
region,
12237,
12%
[CATEGO
RY North
NAME], Eastern
[VALUE] Region,
1206, 1%
Figure6: All India Wind Target for 202Region Wise Figure7: All India Solar Target for 202Region Wise
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It is an established theory that despite the RE generation increase, the unigue inherent advantages
offered by other technologies of power generation to aid the grid operators in maintaining a stable
grid shall still be relevant and required. Therefore, foridnt achieve its ambitious and laudable RE
targets, it is imperative to determine the optimum mix between various technologies which would
act in consonance to counter the variability and uncertainty associated with the RE technologies.

This studyeffort began in early 2016 as an attemiptwardsansweing the questiors posed by the
increased RE penetration India by 20221t wasintended to investigate whether the addition of
planned conventional and RE capacities in the system will aid the goal ofngeabt load at
affordable prices,and to explore the options (technical and/or infrastructure) available for
minimizing the cost of RE integration while meeting the lodts. study purview wato model the
individual regions andsubsequentiythe All Indiamodel. Thestep-wise approach followed for the
study to covemllregions is shown irFigure8 below:

Data Collection

Model Benchmarking
eoococe @

Regional L/ i ® Allindia
® i ) Integrated Model

Producticn Cost Modelling

Figure8: Model Preparation steps

The following sections would cover in detail the process followed for the preparation of regional &
AlHindia MAPS & MARS Models, the assumptions considered, the data collection process, the
various sensitivity cases considered, @amy other specific inpypertaining to the Alindia Model.



3. OBJECTIVES AMCOPE OFHESTUDY

3.1 KEY OBJECTIVES OE BHUDY

Consideringhe targets for integration of 160 GW of Solar and Wind generation in the ®Gddh it
would be worthwhileto adopt some best practices fmo the countries who have successfully
integrateda high pecentageof REin their system This study wasonceptualizedand carried out
keeping thefocus to identify the key factors whictwould potentially impactthe largescale
integration of RE in the ian systemThe study was designed to answer the key questions, such as:

I Given planned RE and n®E capacity additions by 2022, will the system succeed in
integrating new RE while meeting load (i.e. 24x7 affordable power for all)?

1 What are the technicailhfrastructure options (e.g. flexible generation, advanced grid
operation protocols, expanded control areas, demaide management, optimized
transmission, etc.) for minimizing the cost of integrating RE while meeting load?

This study was commissioned andrried out keeping considering the need to identify the key
factors which are going to have an impact on the laggale integration of RE in the Indian system,
and at the same time finding possible solutions to concerns of implementing agencies. Strae of
key concerns being

¢ capturing the fixed costs associated with thermal power projects in the production
simulation model,

¢ estimating capacity value of individual RE sources

¢ impact of different RE penetration levels on the power system reliability

¢ SAGAYFOA2Y 2F W{Il Gdz2N> GA2y SFFSOUQ 2F w9 | RRA

Under this study, we undertook a power sector integrated resource planning exercise, integrating
renewable energy resources with the current power sector planning framework. This was achieved
by developingMAPSand MARS models for separate models for the Western, Northern, Southern
Easternand NorthEasterrregionsand an overall All India integrated system model

3.2SCOPE OF THE STUDY

The scope of this study cowatthe development of MAPS and MARS Models for the Regions (i.e.
Northern Region, Eastern Region, Western Region, Southern Region, andEbisiein Region), and
integrating them intoan All India Model represeintg India as a single integrated system (sabj®
constraints explicitly listed to study the sensitivity cases). The regional models were prepared based
on:

¢ the existing andplannedinstalledgenerationcapacityby 2022in the constituent states of
that region(both conventional and renewable capies),

¢ the demand projections for individual constituent states of the region which was used to
determine the coincidental demand to be satisfieded as an input to the MAPS moylel
and
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the proposed interregional transmission connectiort® run variols sensitivity cases in
terms of ransmission limits at an All India Level in 2022.

The team undertook the following tasks

w

Further

Developd a framework for generation planning considering recent significant RE
deployment targets.

Quantified and qualified the role of various renewable energy options in meeting energy
and capacity demand.

Identified the conventional generation capacity (coal, gas) etc. which can be avoided by
deploying RE resources.

Identified the costeffectiveness of a range of technology apdlicy options available to
improve the flexibility of the power system that can accommodate latgde renewables.
Identified most strategic use of existing and planned assets with an objective to support a
flexible system and grid security in view ofcieasing RE sources as well as demand
fluctuations.

Generatal insights for generation expansion planning for the region in conjunction with
strategies for optimal and flexible system operation.

Identified additional transmission capacity required fotagrating higher amounts of solar
and wind in the region

, in order to understand the adequacy of the transmission system at an All India level, several

sensitivity cases were identified and run as part of the scdpe details ofthese transmissio
sensitivitycasesanalyzed forAll India Modeis as given iTablel and they are further discussed in

detail u

Casel

CaselB

Case2

Case3

Case3B

nderSections.1.

Copper Sheet model to assess power

No Limits No Limits NIL 100% . .
Exchange requirement between region:

Assess production cost savings on

o . 0
No Limits No Limits NIL 0% comparingCASEL and CASEB

Increasing wheeling charges to impose
No Limits No Limits 25% 100% constraints on transmission flows
between regions

Assess the congestion and augmentati
Limits based on =~ 10,000$ 100%  requirements by implementing

Max flows fa CEA Transmissio| proposed CEA transmission limits

Inter State lines ~ Capacity as per
from Casel CEA transmissior

plan 20162036 10,0003 o To assess coal ramp up/ ramp down
' requirements due tdRE penetration

Tablel: Simulated cases under AP SAll Modelfor year 2022



3.3 METHODOLOGAND MODELING TOOLS

The core analysis of this study required detailed production simulation analysis and reliability
analysis. The studutilized the GE Concorda Suite Muftiea Production Simulation (SEAPS)
model for production costing analysis, and the GE MAga Reliability Simulation (SEARS)
model for reliability analysis and wind capacity valuati@rbrief overview of the GEMAPS & GE
MARS process is given in the following Sectid@s& 3.5, and a detailed description of the
capabilities of the GRIAPS and GEIARSsoftwareare given undeBectionl0.

Thelndianpower gridis anextremely large and complesystem,and the underlying model included
representation ofthe five electrical regions of India along with an integrated model of India power
grid as single systenin other words, the representation of the power systems was not limited just
to the individual states comprising the regignand included the entirédll India model with all
regions interconnected ansynchronized witleach other directly or indirectly

3.4 HOURLY PRODUCTIONBLATION ANALYSISE®IAPS)

The GE team utilized GE ConcorddgteSMulti-Area Production Simulation (GE MAPS) model to
perform simulation of theAll India and regional model§&E MAPS is a proven tool that has been
used in previous renewable (wind and solar) integrastudies performed by GE and its partners
in the course of the last 10 yearscludingii KS /MUty IYRALFY 2 AYR Ly GSaINI GA2
conducted for the Canadian Wind Energy Association (CanAfgAgompleted as recently as in

October 2016 andi KS W2 SAGSNY 2 AYR 3 { 2f | Nir theyNa®waNI GA2Y
Renewable Energy Laboratory (NREL) U.S. DoE completed in 2010.

GE MAPS is a nodal, secudbnstrained, unit commitment and economic dispatch model with
detailed realistic representation of all generation types and the underlying transmisgid.
Generation of all types, including existing and future thermal, hydro, wind, and solar plants were
represented as connected to nodes or buses (substations) on the grid. The model provided detailed
hourly outputs of operational and economic penfioance of all generation units. The modeling
results also provide hourly information on transmission flows, binding transmission constraints,
shadow prices, and congestion costs.

The modeling providedetailed information on interegional and intracountry power flows, based

on a nodal based realistic representation of the regional and national power systems in India. The
model was run for each modeled interconnection (i.e., Regions with its constituent states), with the
degree of detail based on all pulili@vailable information that the GE team was able to collect and
incorporate in the GBMAPS model.

The production simulation results quantified impactk various factorson grid operation under
different scenarios on an hourly basis, including, butlimited to:

w Electricity generation by each defined generation resource and unit type



Operational performance of generation resources

Systemwide operational costs (scalled production costs)

Power flows and congestion on monitored transmissioHities

Regulation and reserve requirements

Loadfollowing performance

Load not served (Demand Side Management (DSM) and involuntary interruptions)

Variable operating costs

€ € € € & € € €

Starts, stops, peaking unit utilization

A detailed description of the capabilities of the-BBPScan be foundunder Sectioril0.1.

3.5 RELIABILITY ANALY3I8D CAPACITYALUE OF RENEWABIBJRCES (GE
MARS)

GE MARS is the software program which performsréiiability evaluation of the power system.
Reliability evaluations are based on the key inputs like load shapes, renewables (RE) input shapes,
thermal plant parameters and transmission system detditee GE team utilized the GE Concorda
Suite MulttAreaReliability Simulation (GE MARS) model to perform reliability analysis (loss of load
expectation, LOLE) and wind capacity valuation (effective load carrying capability, ELCC).

GE MARS is based on a sequential Monte Carlo simulation, which provides fdailedde
representation of the hourly loads, generating units, and interfaces between the interconnected
areas. In the sequential Monte Carlo simulation, chronological system histories are developed by
combining randomly generated operating histories of thenerating units with the intearea
transfer limits and the hourly chronological loads. Consequently, the system can be modelled in
great detail with accurate recognition of random events (e.g., equipment failures), as well as
deterministic rules and pdalies, which govern system operation, without the simplifying or idealizing
assumptions often required in analytical methods.

GE MARS uses state transition rates rather than state probabilities, to describe the random forced
outages of the thermal units. &e probabilities give the probability of a unit being in a given
capacity state at any particular time, and can be used if one assumes that the unit's capacity state
for a given hour is independent of its state at any other hour. Sequential Monte Camldaton
recognizes the fact that a unit's capacity state in each hour is dependent on its state in previous
hours and influences its state in future hours. It thus requires the additional information that is
contained in the transition rate data.

In this study, MARS is used to evaluate reliability of the systemtfioze perspectives:

1. Transmission Planning Evaluation of system reliability considering transmission
infrastructure sufficiency

2. Generation Planning Evaluation of system reliabilitydm the generation capacity aspect

3. Capacity value; Evaluation of capacity value of renewable generation



A loss of load expectation (LOLE) reliability evaluation was performed for each of the different cases
as highlighted under Sectiob.2. The GE MARS model was used to calculate following reliability
indices:
a. Daily LOLE (days/year) [Loss of Load Expectation]
¢ !'d GAYS 2F SIFOK I NBIFIQa RIFEAf& LISF1TXZ 2NJ
¢ Attime of coindlent peak for a specified area or pool
¢ All hours of the day
Hourly LOLE (hours/year) [Loss of Load Expectation]
LOEE (MWhlyear) [Loss of Energy Expectation]
Frequency (of outage) (outages/year)
Duration (of outage) (hours/outage)

® oo o

Indices were calculated rfoarea and pool on isolated and interconnected bagis detailed
description of the capabilities of the @EAPS can be found under Sectitih2

4. MODELING ASSUMRINS

4.1 MODEL FOOTPRINT

As highlighted earlier,his study was conceptualized to armythe India Powersystem from the
point of view of integration of the target RE capacity (wind + solar) by 2022. The scopedrtbiede
model preparationfor analysis at regional levels, and thereby preparing an All India integrated
model to stuly the impact of integrating I6GW of wind and solar in the system by 2022.

2 AGK GKA& 202S00A0S> (i KSo tLANP|QB alaLILINGEE | 6OBRKASS 655 Ko N&S Al
individual regions was performed at the start, all the while stitching the results of completed regions

into a consolidated model which will eventually take its place as the integrated All India Model. This
approach also made senf®m similarstudies for other pwer systems conducted in the past by GE

Energy Consultingvhere a key takeaway has been thathe balancing should be done at least

GKS fFNBSAG | NBF FSIaioft S Iregiprialissis (if hof onlstétR sfle Q& Ol &
¢CKS W. IfFryOAy3 I NBFoavQ INB NBalLlRyaArAofS F2NJ ol f |
manage the power flows with other such balancing areas. Thus, the bigger the balancing area, the

more options are available to the operator to balande tintermittency or variability associated

with the variable renewable generation sources (especially wind, and to a lesser extent, solar)



Figure9 shows rela¢d to the demand and installed capacity considered in the model preparation.
Further, it also showsonsiderations with respect to th&ates/UTsincorporated individually or
lumped together under the respective regional models.

Northern region

Peak demand: 53,717 MW/85,932 MW (2015/2022)
Installed capacity : 65,681 MW/ 117,256 MW
States Modeled

North eastern region

Peak demand: 2,076 MW/5,974 MW
(2015/2022)

Installed capacity : 3,390 MW/8,210
MW

UP, Rajasthan, Delhi, Punjab, Haryana, HP, UK, J&K
States/UTs to be Lumped
Chandigarh (with Punjab)

States Modeled

Lumped model for all states
Eastern region

Peak demand : 19,609 MW/27,187 MW
(2015/2022)

Installed capacity : 36,942 MW/55,560 MW
States Modeled
WB, Bihar, Jharkhand, Orissa, Sikkim

']

Western region

Peak demand : 49,676 MW/ 67,439 MW
(2015/2022)

Installed capacity : 103,154 MW/166,721 MW
States Modeled

Maharashtra, Gujarat, MP, Chhattisgarh, Goa
States/UTs to be Lumped

Dadra & Nagar Haveli, Daman & Diu

Southern region

Peak demand: 38,304 MW/66,622 MW
(2015/2022)

Installed capacity : 63,478 MW/120,549

MW

States Modeled

AP, Telangana, Karnataka, TN, Kerala

’
A1)

States/UTs to be Lumped

Pondicherry (with TN)

Figure9: Region level modelling details

The following sections describe in detail the methodology and considerations under the regional
models and All India model with regards to the MAPS and MARS inputs parameters.

4.2 REGIONAL MODEL

The basic conceptugrocess for the development of the regional models is as depict&ihimrel0
below.

Data Collection

M.odel ?chgrking . . Regional Comparative Results

2015 vs. 2022

Production Cost Modelling

Figurel0: Regional Model preparation process



The first step towards preparation of the regional models undertaken by the GE Team was to collect,
collate and arrange the data for individual states within that region. This geggaining to the

current demand, installed capacitfransmission capacity etc. was collected from various sources
FdFrAflrofS Ay GKS Lzt AO R2YI depbrts puaBhed bydvariauk S { G I
central agencies such as CEA, POS®06Wer Grid, NTPC, NHPC, DVC, THDC to name a few. The
details considered for the above is mentioned in the subsequent paragraphs.

The next step was to prepare the model for the base year2015, byutilizingthe details gathered
above. This model was thdmenchmarkedwith the actual outputs as available from the abeve
mentioned sourcesfo A Y ONB I a4 S (i KS. THi2 Ke&plisQassentiah BriSurel thad the
assumption consideredh inputs reflect the fairly accurate outputdor the base year, and thus
would produce reasonably accurate results future years.

The third step was to use thglanning datato prepare the model for 2022The poduction cost
modelwas run and the outputs were analyzed to generate the results for year 2022 for the regions
and their constituent statesThe data used for this purpose waaither used directly from the
projections available in the public domain, or extrapolating the informatwailable presentlyn

the public domain.The demandprojectionsfor future yearsup to 2019;were used fronthe data

I gFAf ot S Ayforli K&t afthé respactessttgdnd then extrapolated the same
up to 2022. Also, the projectionsder the 18 Electric Power Survey report issued by CEA for the
demand scenariavere considered for the studyfhis is also discussed in detail in the sections to
come.

4.3 ALL INDIA MODEL

Upon the preparation of the regional models for Eastern, N&#sten, Northern, Southern &
Western Region, they were combined to achieve thelifla Integrated model. For this purpose,
the most important consideration was the integgional transmission capacity which will play a
critical role in the dispatch of surgupower from one region to the other. These integional
transmission capacities were considered as per the CEAgmige transmission pla(20162036)
report.

4 ..
http://www.cea.nic.in/reports/others/ps/pspalstp.pdf
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Figurell shows abare-bonesrepresentation of theintegration of the Regional Models into the All
India Model.

Northern i
Inter-Regional Transmission

Region Links (2022)
Model

NE

S
RZ;(E):] A LL Region

Model ¢ 4 Model

Southern Eastern
Region Region
Model Model

Figurell: Integrating Regional Models into Aidia Model



4.4 GENERAL MODELING A TIONS MAPS

The basic modellingisssumptions and considerations in the preparation of the Regith@aPS
Models and consequently the All Ind@APSViodel are as given belaw

Study time- The analysis was performed for two calendar years, i.e. 2015 & 2022, only. The year 2015 values were

hori used as benchmark for calibrating the models, while the 2022 values were obtained utilizing the 2022
orizon projections as per public domain information (wherever available) or extrapolating the 2015 inputs
related parameters with the historical growth factors.

Entire Indian Power System in terms of the current and upcoming generation capacity(s), Inter-regional
transmission capacity and inter-state transmission capacity has been modelled. However, intra-
regional transmission constraints have not been considered.

All data required for the analysis has been gathered from the publicly available information from the
websites and reports of various Central and State Agencies.

The Thermal Generation (Coal, Gas) capacity upcoming was considered as per the projections of the
CEA, along with the 624x7 Power for AlI 686 Document for t
L considered were only the firm additions at the time of model preparations. Further, capacity retirements
EX|st|ng/ have not been considered in the models. Each unit of these thermal project have been modelled, with

Planned specific parameters (as far as available).
CapaCIty Under the model(s), the installed capacity for a particular State (current and upcoming) is considered as
related the total generation capacity within the physical boundary of that State.
The target of Government of India is to include 175 GW of RE into the Indian system by 2022. Wind &
Solar combined contribution is expected to be 160 GW, while the remaining 15 GW would be from Small
Hydro, Biomass etc. This 15 GW capacity has not been modelled in the study.
The 100 GW solar target includes the Utility-scale solar and roof-top solar targets. For the purpose of
our model, there is no differentiation made between utility-scale solar and roof-top solar generation, and
both have been categorized under a single category.
Some of the Coal based ther mal p ervuenrd psltaanttuss huanvdee rb etehne ar:
model.
As per the current provisions pertaining to the dispatch of wind and solar projects in India, these projects
have al so been dersumgb astteadt ush.e Tohmeursee i s no spilljled energy
The model provides that nuclear plants would not cycle to accommodate additional variable wind and/or
solar energy. This means the nuclear plants are modelled to perform at a given level without too many
Power ramp-up or ramp-down events.
Plant

. The production simulation analysis assumed that all units were economically committed and dispatched

p Y! y p:
Operatlons while respecting existing and new transmission limits, generator cycling capabilities, and minimum
related turndowns, with exceptions made for any must-run unit or units with operational constraints.

Potential increase in operations and maintenance (O&M) cost of conventional thermal generators due to
increased ramping and cycling were not included.

Renewable energy plant O&M costs were not included.

The hydro projects were modelled based on the design energy data available for the projects from the
public domain.

Table2: Modelling assumptions and considerations in the MAPS model

4.5 GENERAL MODELLING AMPTIONS MARS

For this analysis, Indian power system (grid) is represented in the similar manner as GE MAPS model.
In the Indian system, 5 regions are represented as pools while states in the regions are represented
as areas. Intercarections and the overall modelling approach is showRigurel2.
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Figure13 shows theinterstate transmission links and value of the transmission limits. The Inter
region transmission capacity is based on the CEAwe20 (201636) Perspective Transmission
planning report. Inter-state limits are as per power flow simulation results for 2@21from the CEA
planning report. Maximum values from the four quarterly values has been considered for

simulations

Regarding the MARS model, key reference points are mentioned below

Study time-
horizon The MARS analysis was performed for year 2022.
related
Generation unitdés details are considered
Existing/ database.
Planned Thermal generation units are classified into 5 categories. They are represented in
Capacity the MARS database with a two-state model with an expected forced outage rate
related (EFOR). Details are mentioned in Table 4 and Table 5 below. EFORs are
assumed based on the generation technologies.
Hydro generation assumed to generate with their full capacity without any
Power ' _
Plant No demand response program or other emergency operating procedures were
Operations modeled in the system.
related

Table3 : Modelling assumptins and considerations in the M&Rnodel

POOL S5
POOL 1 North-Eastern region
Northern region
6000 HRY
250?000 - yp___ 6000 NORTH EAST
5460 RAJ
4560 WP ') up 19530
w1 Slaela
4 ElE! BHR wB
glele)=2)= POOL 2: Western region
CGS 3330 5860
WB
CGS 9490
POOL 4
|z | »] = ODsA ODSA .
HEY IR Eastern region
z|l=z)| 2] o 2500 5330
260 KARN KARN
6000 TN ANDHRA
8400 TEG
6660 KARN

Inter-region limits source — CEA 20 year (2016-36)

POOL 3 .\ . ;
Perspective Transmission planning report

Southern region

Figurel?2: Inter region transmission assumptioimsGE MARS model

frol



POOL 1: Northern region

POOL 2: Western region

POOL 4: Eastern region

Figurel3: Inter-state transmissio limits considered for MARS analysis

Technology

Number of Capacity Capacity States

States 1 2 ‘
1 Gas Open Cycle 2 100% 0%
2 Coal 2 100% 0%
3 Gas Combined Cycle 2 100% 0%
4 Diesel 2 100% 0%
5 Nuclear 2 100% 0%

Table4: Number states for thermal generation technologies

Sr No. Technology Number of Capacity Forced Outage Rates (FOR)

States 1 2 ‘
1 Gas Open Cycle 2 2.96% 0%
2 Coal 2 4.00% 0%
3 Gas Combined Cycle 2 3.33% 0%
4 Diesel 2 2.96% 0%
5 Nuclear 2 8.10% 0%

Table5 : Forced outage rates for thermal generation based on technologies

4.5.1LOAD SHAPES

GE MARS used the same load model (shapes) as developed for GE MAP®ethityy.are

mentioned in 8ction4.12

4.5.2 RENEWABLE GENERATRON TERN

GE MARS used the same wind shapes and solar shapes developed for GE MAPS study. Details can be

found inSectionst.6 and4.7 below.
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4.6 WIND DATA SET DEVEIMENT ASSUMPTIONS

6 o 75 8 85" 9% 95 5
i i i i i i i 1

o

The Wind Power @nsity map of India as per the
INDIA ™ National Institute ofWind Energy (NIWE) is as

Wind Power Density MapatS0magl | showr? in Figure 14. As may be seen from this

figure, wind generation capacity ismajorly

available in the SoutheriWestern, and Northern

region states of Indiai.e. a total of 8 States

= throughout India, including 4 Southern Region
States, 3 Western Region States & 1 Northern
Region State

The targeted wind generation capacity by 2022 is
. 60 GW, which is divided into the potential states

{ Bay of Bengal

el %gf T i of these three regions onlySouthern Region
L N o wé‘“ States have the largest cumulative target of 28
\'\f‘i;f E:fz “4‘ "~ GW, followed by Western Region (22.6 GW) and

i e | Northern Region (8.6 GWith regards to the
- s T | individual State targets, Tamil Nadu (11.9 GW) is

the hil;hest, Wfollowgd by !;Garat ?8.8 G</V),

Rajasthan (8.6 GW) and Maharashtra (7.6 GW). Figure14: India Wind Power Density (WfiMap

The details of the dataet development of Southern, Western, and Northern Region are given as
below.

4.6.1 SOUTHERN REGION

The Wind generation potential is available in the states of Andhra Pradetdmgana, Tamil Nadu

and Karnataka in the Southern Regidtor the state of Andhra Pradesh, the wind profiles as

available from the Andhra Pradesh State Lo#&p&tch Centre (APSLDC) wabgiereused for 2015

model benchmarking, with a total capacity of 793 MWér year 2022, same profile was considered
FIFAyad GKS aidlisSQa GFrNASIGSR gAYyR AyaillttSR OF Lk

For the state of Karnataka, Shakti Sustainable Energy Foundation provided the hourly wind
generation profile for the Gadag site
located in the Chitradurg District of
Karnataka. For the purpose of

creating the profe for GE MAPS Western

Region,

Telangana,

input, we have considered the < 2000
outhern

machine curve of a 66KW class REsfeln
machine. This profile shape was
then wused for 2015 model
calibration with a total installed

Figurel5: StateWise Wind Target for Southern Region by 2022

° http://niwe.res.in/assets/img/comman/WPD_Map.jpg



http://niwe.res.in/assets/img/comman/WPD_Map.jpg

capacity of 2640 MW for the state of Karnataka in 20l5s was then projected to meetith the
GOl target of an installed capacity of 6200 MW by 2022.

Similar process was followed for Tamil Nadu, perusing the data provided by Shakti Sustainable
Energy Foundation for the site at Mupandalthe Coimbatore district. Agaim machine curve of

cnn 12 Oflaa YIOKAYS gla O2yaARSNBR: FyR ¢l a Ol
7458 MW.The GOldrget for the state of Tamil Nadu in terms of wind capacity by 2022 is 11,900

MW, which was used to scale up the profiles and sites foR 2DRe targeted wind installed pacity

for the Southern Regiortaes is about 28,000 MW by 2022, and a detailed breakup of this targeted
installed capacity statevise considered in our model is as givefrigurel5.

4.6.2 WESTERN AND NORTHHEHRRNGIONS

The Wind generation potential is available in the statesGafjarat, Maharashtra and Madhya
Pradeshonly in theWesternRegion.The preparation of Wind generation profiles filve Western
Region was done as described below.

For the Stateof Gujarat,the data available on the website of Gujarat State Lo&p@ch Center

was used. This data was available for each time block (imid&te period), and this datevas used

to develop the representative profile for each month of the year. One such profile is considered for
each of the three RE rich districts of
Jamnagar, Kutch, and Rajkot in
Guijarat. This was then used in the ESEUCU

Region,
benchmarking of the 2015 model, and 28200 Western
the modelfor 2022 was obtained by [51?_'8?5’] UL

8800

scaling the profiles to the targeted
installed capacity of 8800 MW for the

state of Gujarat in 202ZFor thestate '\é%r;‘grr]”
8600
of Maharashtra, the hourly wind Figurel6: Statewise Wind target for Western Region by 2022

generationdata was taken from the daily systems report available at Maharashtra State Load
Dispatch Center (MahaSLDC) website. This profile was then used to prepare the benchmarked
model for 2015, and the installed capacity wssled up to 7600 MW which is the targeted wind
installed capacity for Maharashtra by 20Zhe data for Madhya Pradesh was prepared assuming
the wind generation profile exactly similar to the profile taken for the district of Rajkot in Gujarat.
This wagdone as the generation data for Madhya Pradesh was not available when this model was
being preparedThe modelcan be modified and updateith case the exact generation profiles are
made availableThe wind installed capacity target for Madhya Pradesh 8226 6200 MW, which

was included in the model for 2022.

In the Northern Region, only the state of Rajasthan has the potential for wind generation, targeted

to touch the tune of 8600 MW by 202For preparing the data set dfie benchmarked modefor

2015,0 KS K2dzNX &8 3ISYSNI GA2Y LBe@F anfgRendehedgy cdridodgs A Yy SR F
PGCIL (Vd)@® One $iape was considered for each month of the year. Further, the daily peak wind

6http://www.powerqridindia.com/sites/defauIt/ﬁles/Our Business/Smart Grid/Vol 1.pdf
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generation for the year was obtained from the Rajasthan R¥jggut Prasaran Limited (RRVPNL)
daily reports and scaled based on the profiles as obtained above.

4.7 SOLAR DATA SET DEOEMENT ASSUMPTIONS

IRdiaSolar Resource Indiais wellendowed with a huge solar potential,
Global Horizontal Solar Resource | gpread almost everywhere in the country to
varying degrees.A map depiahg the Global
Horizontal Solar Resource of InGiainforces this
fact, wherein it can be observed that more than
half of the country has an annualerage Global
Horizontal Irradiance GH) range of 5.%
kWh/m?/day, while the majority of the remaining
area of the country shows a GHI range 65.5
kWh/m?/day.

Almost all States/UTs of India have been given a
share of targeted capacity of 100 GW solar by
2022. It may also be noted that the target D0
GW solar includes both Utilitgcale solar as well
as rooftop solar.The regioawise solatargets are

.| as give in Figure7 earlier. The Northern Region
ez NMREL collectively have the highest target capacity of

uuuuuu 1,000,000 1,500000

about 31 GW by 2022, followed by Western
Region (28 GW), Southern Regi(@6 GW),

Eastern Region (12 GW) and NeEhstern Region (1 GWlhe individual State with the highest
targeted solar installed capacity by 2022 are Maharashtra (11.9 GW), Uttar Pradesh (10.7 GW),
Tamil Nadu (8.8 GW) and Guijarat (8 GW).

Figurel?: India Solar Resource Map (GHI basis)

For the preparation bthe Solar data sefor the MAPS model, the National Renewable Energy
Laboratory (NREIldata converted from hourly GHI valués2 02 NNB a LJ2 Y R HMER] 2 O f
(Hybrid Optimization Model for Multiple Energy Resourcssjtware was utilized GE Energy
Consulting Team has a license to use this software for modelling purposes and the same was
perused under this study. THGOMERmicrogrid software by HOMER Energy is the global standard

for optimizing microgrid designt was aiginally developed at the Ni@nal Renewable Energy
Laboratory(NREL)and enhancednd distributed by HOMER Enetgy

4.8 THERMAL GENERATORDELING

7 . .
http://mnre.gov.in/sec/GHI_Annual.jpg

8 https://www.homerenergy.com/HOMER_pro.html
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{AYOS LYRAIFIQ& LRg6SNI ISYSNraGA2y Aa KSIFI@Ate RSLISy!
considerable timevas spenin assimilaing and collaingthe relevant data pertaining to the thermal

power projects for inclusion in the MAPS ModEhe thermal generating stations were modelled

based on the publicly available datacluding state-wise installed capacity, years in opé&on,

planned capacity additions as per the planning documents. The thegemedratingunits modeling

included all capacity that was operating, restarted, standby, or under construction at the time of the

data preparation. The captive power generation svaot modelled, as the samwas also not

included in the thermal installed capacity repopublished by CEA

Power plants were modeleat individual unitlevel to ensure proper simulation of operation.

Combined cycle gas units were modeled as a single aggregating the gas turbines and steam

turbine into a single generatoiSome of the thermal (mainlgoal based) projects were assigned
WadMtzy Q aidl Gdza Ay GKS a@udlSperation$i® ber@fintkisihedmodélA YA O § K
and hence the moddbr year 2022 Any unit with the forced commitment (mustun) property must

be online at all times, with the exception of planned and forced maintenance events. When
O2YYAGGSRE GKS dzyAida Ydzad 06S LINRRdzOA Yy Idlessipf 2 NJ | 0 :
economics¢ KS OF LI OAGe FaadaA3dySR G(GKS WYdzaTabledbelp@ & G G dza

Region Gross Installed Capacity (MW) Generation(TWh)
. GTGT 130.00 8.39
Eastern Region STST 25756.41 132598.15
CCcC 391.00 2914.54
North-Eastern GTGT 358.20 1762.44
Region ICIC 36.36 0.00
STST 750.00 4747.50
GTGT 127.58 0.00
Southern Region ICIC 699.67 0.00
STST 2920.22 11710.79
WesternRegion STST 14291.54 79095.50
Northern Region none 0.00 0.00
All India Total 45460.98 232837.32

Table6: Capacity assigned 'Muftun' status under the GBAPS model

Other parameters defing for thermal plantsas requiredn GE MAPS include the following:

1 Primary FuelEach unit was assigned to a primary fuel type. Although units may have dual
fuel capability, this study onlgonsidered andevaluated a primary fuel for each unit. The
fuel assignment is used to calculategbfuel cost and evaluate fuel consumption

1 Maximum (Max) Capacity:The max capacity (MW) represents the maximum amount of
power a given unit can produce in the economic production cost simulatilesse note
thatthea y SG ¢ OF LI OA (i dhe augilidrepcoummio®df thetunit-wiked ddla
model input. The auxiliary consumption assumed fiie different type of projectssi as
given below

Plant Type Aux. (%) ‘



Coatbased 9.5%

Combined Cycle Gas 3%
Open Cycle Gas 1%
Nuclear 12%
ICengine 2%

Table7: Auxiliary consumption assumed for thermal units

1 Minimum Rating (PMin Operating):Minimum rating refers to the minimum stable power
output for each unit. The number of MW between the minimum rating and maximum rating
NEBLINSASYy(Ga GKS dzyAdGQa 2LISNIGAY3I Nry3aSoed Ly
must operate at least at theinimum rating.

1 Heat Rate Curvesthe incremental heat rate curves provided for each generator are used to
calculate fuel consumption based on loading level

1 Variable O&M (VOM)Variable operations and maintenance cost is also modeled during the

LINE RdzOG A2y 028G 2LWGAYATIFIGA2Y® ¢KS YIAYyUdSylyoO

and represents ancillary maintenance costs associated with running a unit that are accrued
when the unit is running. This includes, but is not limited to, things such as maintenance on
turbine parts, water consumption, lubricating oils, etc

1 Planned Outage Raté?lanned outage represents the percent of time the generating unit is
unavailable to servehe system load in order to conduct planned and scheduled routine
maintenance. These maintenance outages are scheduled optimally by the model.

1 Forced Outage Ratdn order to account for unexpected and random generator outages,
each unit is assigned a fet outage rate dictating the amount of time that the unit is
unavailable to produce energy. This outage rate is in addition to any planned or scheduled
maintenance or fixed operating schedules.

1 Min Down Time & Min Run Timdn order to constrain the operainal flexibility of a unit
due to thermal cycling constraints, each generator is assigned a minimum down time and
minimum run time in hours.

1 StartUp EnergyStartup energy is the amount of fuel consumption required to start up a
unit. If multiplied by he fuel cost, the resulting value represents the total starst for the
unit. This cost is applied every time the unit comes online

4.9 HYDRO GENERATOR MQDN&

The data for thehydro generation projects was collated from various publicly availablecesuand
was used as an input in the model. The design energy of the hydro projects (wherever available) was



used to determine the monthlyreergy generation expected from ela hydroproject Therefore, the
generation assumptions would be same as the assiong taken while determining the design
energy of the hydro project. Also, in case of tlannedhydro projects where this information was
not publicly available, the design energy profite be similar to a project having the same size
and/or located inthe same areavas considered

In the GE MAPS modetach hydro plant is characterized, at a minimum, by the following
information:

1 Monthly Minimum Hourly Generation (MW)Minimum power plant rating in MW, which
represents any rwof-river portion of the pant, or water flow that must occur with or
without generating power (spillage).

1 Monthly Maximum (MW): Maximum power plant rating in MW, usually represents the
capacity of the plant, but can be limited by seasonal, environmental, or other factors.

1 Monthly Energy (MWh):This represents the total available energy that the plant can
produce in the given month.

1 Company, Area, Pool Schedulingy default, the hydro plants were scheduled against the
Area (State load where they reside. As a resuhey were only scheduled against that
L2 2f Qa4 dzyAljdzS f 2R &Kl LIS o

4.10RENEWABLE GENERATEN@TION MODELING (MD AND SOLAR PV)

RE resources (Wind and Solar) were assumed to have zero fuel and O&M costs, and hence are
dadzYSR (2 0SS I O 551Q0 INEaR@zNPS 0 02§ G G K SNIRWENI ( OK
take into account any power purchase agreement (PPA) based prices of independent power
producers (IPP) in dispatch of wind and solar resources. However, payments to IPPs canr be post
processed.

All REunits were modeled as hourly load modifiers in GE MAPS and follow-defireed hourly
generation pattern. These generation patterns were based on the hourly wind generation values
available at either the SLDC or the RLDC Websitkso, data for hourly wid generation was
provided by Shakti Sustainable Energy Foundation, which was used wherever applicable. These
values were perused to create the 8760 values for the wind generation for the particular state.

As mentioned under Sectiofh7, the licensed HOMER softwaneas usedfor development of the

solar data at prespecified sites in theatates. The HOMER software requires the GHI values for a
particular siteas an input which were sourced from the publicly available information at NREL
database. These values were then used in HOMER with a template kW size of the solar project (say 1
kW) and was targeted against a ppecified load to be met (say 1 kw). The HOMER model would
under these plant size and load assumptions, deliver the hourly outputs for the year (8760 values),
which would be the solar generation profile farparticular site. These hourly values were then
scaled up based on the Solar energy targetsafparticuar state to arrive at the solar generation
profile corresponding to théargeted capacity in 2015 (if any) and 2022.



42

It is important to distinguish between the available generation profiles (GE MAPS inputs) and the
actual dispatched generation profilesEGJUAPS outputs). The hourly dispatched generation is an
output from the GE MAPS algorithm that takes into account any necessary curtailment. Wind
generation are the last resources to be curtailed (i.e., spilled) during the low load and high supply
periods.In such times, GE MAPS uses a priority order, whereby the more expensive thermal unit
operations are reducedirst up to their minimum load (theywere still kept online if already
committed). If no more thermal generation is available for backing dowen tBE MAPS uses an
assigned priority order to curtail the remaining wind and hydro resources. The last in the priority
order is typically nomgrid scale distributed solar generation, assumed to be not responsive to
a2ailSY 2LISNIG2NEQ OdzNIil Af YSyd O2YYlIyRao

4.11FUEL PRICE PROJEQIHO

The primary fuepricesconsidered on unit basis was an essential inpuhe model, as the same
would be thedeciding criteria of the variable cost of operation of the unit and hence will directly
impact the ranking in the idpatchpriority. It may be noted that the fuel prices considered were
obtained from the public domain information, and are not indicative of the recent policy level
changes (such a®al rationalization policy) aimed to reduce the fuel costs of the thermal power
stations. Also, as far as tlgas power projects are considered, the gas prices are considered based
on the actual generation of the gas project and in s@tazes.are intentionally set high to limit the
generation for the purpose of benchmarking the 80todel.

The following table provides the 2022 weighted averagal prices and gas prices in USD/MMBTU
for Eastern, Northern, Southern and Western Region considered in the model.

2022 Weighted Average Coal Price 2022GasPrice
Eastern Region 5.08 8.5
Northern Region 5.17 8.5
Southern Region 5.46 9.2
Western Region 3.82 8.5

Table8: Weighted Average Co&lGasPrices considered for 20Z3/MMBTU)

4.12LOAD PROJECTIONS



For the purpose of benchmarking the model to 2048ues, the statavise monthly/yearly peak
loadandSy SNH& 3ASYSNI A2y @It dzSa ¢ SNB reporty GblishdNR Y
by CEA. The values considered are given as below

Peak Demand (MW) Energy Requiremen{GWHhH

2022 AvgYron-Yr 2015 2022 Avg Yron-Yr
Growth Growth
SOUTH 38,304 66,622 10.60% 274,618 422,798 7.71%
WEST 49,676 67,439 5.10% 340,886 471,643 5.48%
NORTH 53,717 85,932 8.60% 330,049 539,604 9.07%
EAST 19,609 27,187 5.50% 129,845 175,800 5.06%
NORTH EAST 2,076 5,974 26.80% 12,370 32,086 22.77%
ALL INDIA 153,232 238,370 7.90% 1,087,768 1,641,931 7.28%

Table9: RegioAWise Peak Demand & Energy Requirement for 2015 & 2022

Apart from the values for monthly/yearly peak demand and energy generation, the GE MAPS model
also requireghe load shapes for each hour of the year as an input for the base year, which is this
case was 2015. These 8760 values are used to define theshkagak in the model, and the same
shape (with suitable increase in the peak demand) may then be used to obtain the hourly demand
values for the future years, in this instance 2022.

The method employed by the team to obtain the yearly load shape for 2015 are describelbas

SOUTHERN REGION

g Thehourly values in public domain fromespective State Load Dispat€lenterwebsite for
the states of Karnataka & Tamil Nadu.

g For the stateof Andhra PradesHourly valuesvere provided byAPSDCfor the periodfrom
July 2014 to March 2015 he team &trapolated data for April to June 2014 based on the
ratio of monthly peaks.

g The same profile was assumed for the state of Telangaitl,scding based on peak load

g For the state of Keralanly peak and ofpeak daily shape for each monthas available.
Therefore, the team drapolatedthe hourly profile assuming average day Idad Keralato
be 80% of the peak day and 2 peak daysff@peak days and 20 average load days per
month. Then, saled the hourly demand pattern based on the daily peak demand values

WESTERN REGION

g For the state of Maharashtra, Hourly state demand taken from the Maharashtra(5adDC
PailySystemsreportvhichwasavailable on their websife

g For the state of remaining states in the Western Region (Gujarat, Madhya Pradesh,
Chhattisgarh, Goa, and UTehly peak and ofpeak daily shape for each monthas
available.Therefore, the team etrapolatedthe hourly profle assuming average day load to

o http://mahasldc.in/reports/dailyreports/
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be 80% of the peak day and 2 peak days, &e#k days and 20 average load days per
month. Then, saled the hourly demand pattern based on the daily peak demand values

NORTHERN REGION

g For all the states in Northern RegidPeak and ofpeak daily shape for each month made
available by Shakti foundation. The team utilized these vataesxtrapolae the hourly
profile assuming average day load to be 80% of the peak day and 2 peak daype8koff
days and 20 average load dayer month.

g These values were thencaled based on the daily peak demand valuedich were
2001 AYSR FTNRY GKS Wt 2SN {dzlJLJ & t 2-@akyi A2y Q
databases subscribed by GE Energy Consulting team.

EASTERN REGION

g For the states in the Eastern Region (West Bengal, Bihar, Jharkhand, Orissa and&likkim)
peak and offpeak daily shape for each monthas availablefrom the respective SLDC
websites Therefore, the team x@rapolatedthe hourly profile assuming averagiay load to
be 80% of the peak day and 2 peak days, &e#k days and 20 average load days per
month. Then, saled the hourly demand pattern based on the daily peak demand values

NORTH EASTERN REGION

g For the Northeastern region, loads for all the coiteent states have been lumped together
in the model. The hourly load values for the year 2012 were provided by Shakti Foundation
and the same were perused for the preparation of the composite load shape for the-North
eastern region.

In order to obtain thevalues of peak demand and energy requirement for the year 2922rly
power demand growtlwasassumed as pethe demands projected up t@019 inrespectivestate
Wt 2 g SNJ T 2dNand dxttagblatbdSniti2 AR of demand growth betw@éh2 to 2019 to
obtain the values for the year 2022
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5 SCENARIOS

5.1IMAPSSIMULATIONCASES CONSIDEREOHYE STUDY

The bllowing case are considered for the MAP#alysis orregional basis as well as All InBesis
in this study.

5.1.1 CASHEL

Casel under the MAPSanalysis represents aopper sheet model to assess the ideal power
exchange requirement between the regions assuming unlimited transmission capability and zero
wheeling charges. Indication of requirement of integion transmission capacities in an ideal
scenario for minimum production costt is modelled with the following assumptioas shown in
Figurel8.

No Inter- Nil Wheeling
regional Limits Charge

100% RE
No If$r$]2£§tcte Additions by
2022

Copper Sheet model to assess power Exchange requirement between
regions

Figurel8: Details ofCasel of MAPS Analysis

5.1.2 CASELB

CaselB under the MAPS analysis wasiulatedto show theproduction cost reductiomw.r.t. Case
1, whichgives a measure of the savings in production cost. Additional simulation with energy charge
for RE gives the increase in tbtast due to high RE penetratidihigurel9).
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No Inter- Nil Wheeling
regional Limits Charge

0% RE
No Inter-State Additions

Limits between 2015

52022
1B

Assess production cost savings on comparing CASE 1 and CASE 18

Figurel9: Details ofCaselB of MAPS Analysis

5.1.3 CASE2

Case2 under the MAPS analysis wsimulatedto applyconstraint on power transfer between pools
by increasing wheeling charges. The highest wheeling charge would have the maximum impact on

inter-regional power transfer and give an indication of the minimum level of irégion exchange
which would be requiredFigure20).

$25/MWh
Wheeling
Charge

No Inter-
regional Limits

0,
No Inter-State 100% RE

- Additions by
Limits 5022

Increasing wheeling charges to impose constraints on transmission flows
between regions

Figure20: Details ofCase2 of MAPS Analysis

5.1.4 CASBE3

Case3 wassimulatedfor review of line flows wittCEA proposed limits to assess congestion of inter
regional lines in the year 2022 and any further augmentation requirement of -ietgon
transmission capacitfFigure21).



Inter-regional
Limits based $10000/MWh

on CEA Wheeling
Transmission Charge
plan (2016-36)

Max. flows for
Inter-State A&c?i%?n?%
Lines from 2022 :
Case-1

Assess the congestion and augmentation requirements by implementing
proposed CEA transmission limits

Figure21: Details ofCase3 of MAPS Analysis

5.1.5 CASE3B
Case3B wassimulatedto assess coal ramp up/ ramp down requirements due to RE penetration
(Figure22).

Inter-regional

Limits based $10000/MWh
on CEA Wheeling

Transmission Charge

plan (2016-36)

0% RE

Max. flows for
Additions

Inter-State

Lines from between 2015

Case-1 & 2022

3B

To assess coal ramp up/ ramp down requirements due to RE penetration

Figure22: Details ofCase3B of MAPS Analysis

5.2 MARS SIMULATION CASEONSIDERED IN TSHIRUDY

Scenario based analysis was performed by running diffese@bariogo estimate reliability of the
system by calculating reliability indices. Case details, intent and type of reliability indices calculated

are as stated iffiollowing subsections.
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5.2.1 TRANSMISSIOADEQUACY ASSESSMENT

Case Transmission
Planning
J
—— I R
Title Case 1 Case 1B
|
|
Transmission constraints as per CEA |
S limits for inter-regional and intra- Transmission constraints as per Case 1
COp e regjon connections. 100% RE capacity withno RE capacity addition considered
in 2022 (160GW - Wind + Solar).
i
Compute LOLE, inter-regional
maximum flows and the
ln tent number of limiting hours for

all cases

v LOLE- days/ year and hours /
year

Delivera ble v Frequency of outages/ year

v Duration of outages|hours/year)

Figure23: MARS Transmission Planning Cases overview

5.2.2 GENERATIONDEQUACY ASSESSMENT

Generation
Case .
Planning

Title Case 2A Case 2B

T : ‘ T
| l

S Simulate Case-1 with 70% Planned Repeat Case-1 for 50% planned RE
COpe RE capacity addition capacity addition

Compute LOLE, inter-
regional maximum flows

In tent and the number of limiting

hours for all cases
M
!

4

v LOLE- days/ year and hours /
year

Deliverab/e v Frequency of outages/ year

v' Duration of outages (hours/year)

Figure24: MARS Generation Planning Cases Overview

5.2.3 CAPACITY VALUE OF RE




Capacity
Value of RE

Evaluate perfect Simulate 100%,
Calculate capacity value of renewable Plot LOLE wfs 70% and 50% RE
generation for the year 2022 ‘perfect capacity case and evaluate
RE considered LOLE
1

Capacity value for 100%, 70% and 50% RE
planned capacity addition

¥ LOLE - days/ year and hours / year
¥ Frequencyof outages/ year
¥ Duration of outages [hours/year)

Figure25: Capacity Value of RE Cases overview
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6 REGIONAL PRODUCTISIMULATION MODELSIN& GEMAPS

6.1 REGIONAL MODELSOUTHERN
REGION2022)

The Southern Region of India comprises the
states of Tamil Nadu, Kerala, Karnataka, Andhra
Pradesh,Telanganaand the Union Territory of
Puducherry. For development of the region
model using GBIAPS, the territory of
Puducherry is combined with Tamil Nadu.

Southern Regionds a enewable energy target
of 54 GW of solar and wind capacity addition by
2022. Andhr@radesh, Telangana and Tamil Nadu
have the most capacity addition of solar and
wind.

Coal is the dominant conventional capacity as in
the rest of India in the southerregion. Most of
which are concentrateé in Andhra Pradesh and

Tamil Nadu. Figure26: Southern Region States as highlighted in Gre

Major load centers in the south are the states of Tamil Natarnatakaand Andhra Pradesh

6.1.1 DEMAND ASSUMPTIONS

Figure27 illustrates the peak demand and energy requirement projections for the Southern Region.
It may be noted that the peak demand for the Southern Region is expected to grow at 10.6% YoY
between D15 and 2022, while the energy requirement is expected to grow at7.71% YoY for the
same period.
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Figure27: Southern Region Stateise Peak & Energy Comparis®015 vs. 2022

Southern Region States

Peak (MW)

.~ TAMILNADU 13766 94681 23773 136190 8% 5%
TELANGANA 6920 47716 14196 82023 11% 8%
KARNATAKA 9549 61154 14595 85665 6% 5%

ANDHRA PRADESH 7032 48743 15809 91406 12% 9%
KERALA 3641 22324 4832 27514 4% 3%

Tablel0: Statewise Demand Growth in Southern Regi®015 up to 2022

As perTablel0above, Tamil Nadu has the highest peak and energy demand among the states in the

southern region. Andhra Pradeahd Telanganaavethe highest growth rate for demand and
peak

Based ordata provided by the T8EPSgrowth among states in the southern region follow an
average CAGR of 8% peak andb&nergy demandrowth rate.

6.1.2 GENERATIONAPACITASSUMPTIONS

Southern Region is coal dominated with the largest capacity located il Nedu and Andhra

Pradesh. Wind andofar will be the next highest installed capacity by 2022 at 23% and 21% of the

capacity mix in the southern region. Among the othiegions,southern region has the second
highest installed capacity.ablel1 shows the statewvise capacity of each generation technology for
2022 in the Southern Region.

CYCLE CYCLE GA| (OGOMBUSTION
ANDHRA PRADES 11435 4702 1798 4917 8100
KARNATAKA 9900 0 0 228 1000 3426 5697 6200
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KERALA 0 523 0 240 0 1885 1870 0
TAMIL NADU 15428 929 128 446 3205 2094 9130 11900
TELANGANA 7185 0 0 56 0 2211 4917 2000

Tablell: Statewise projected Installed Capacity in Southern RegRBR22

Thermal builds between 2015 and 2022 was obtained fthird party subscribed databasesnd
planning documentsof various Central/State Government agenciasd only projects under
construction were considereas apart of the installed capacity.

Southern Region States 20152022GrossCapacity Additions (MW)

Combined Internal Nuclear
Cycle Combustion
ANDHRA PRADESH 2671 382 0 0 4917 6945
KARNATAKA 5120 0 0 0 4697 3320
KERALA 0 0 0 0 1870 0
TAMIL NADU 3741 0 0 1568 9130 4245
TELANGANA 1492 0 56 0 4917 1999

Tablel2: StateWise Generation Capacity AdditionsSouthern Region between 2015 & 2022

Asshown inTablel2, the capacity additions in between 2015 and 2022 were predominatit
plants and the addition of renewable capacity as per the MNRE target for respsizties.

6.1.3 TRANSMISSION CAPACASSUMPTIONS

Southernregion is linked to the western region through transmission lines connecting the states of
Maharashtra to Karnataka and Telangana, Chhattisgarh to Tamil BadiuKarnataka to Goa.
Eastern region is linkedo southern egion through the transmission lines linking Odisha to
Karnataka and Andhra Pradesh. The transmission capadf22for these lines was considered as
perthe GCEAPerspective Transmission Plan 2@10B& with capacities mentioned iffablel3.

Transmission Interconnection From and To State CEA Transmission Capacity (MW)

MAHARASHTRA TO KARNATAK 6660
West to South Transmission links MAHARASHTRIO TELANGANA 8400
CHHATTISGARH TO TAMIL NALC 6000
GOA TO KARNATAKA 260
L KARNATAKA TO ODISHA 2500

South to East Transmission links
ANDHRA PRADESH TO ODISH. 5330

Tablel3: InterRegional Transmission Interconnections & Capéwitsouthern Region in 2022

In sofar as the interstate transmission capacity beeen the constituent states ofosithern region
are concerned, Figure 28 depicts the transmission interconnections between each state.
Transmission capacity between states was taken from the copper sheet siaudhtionusing GE
MAPS.



6.1.4 OPERATIONAL PERFORNMA OF WIND AND SGLRESOURCES

Figure28: Transmission capacity between Southern Region States in 2022

The combinedvind andsolar generation for thesouthern egion isillustrated by using a Carpet Plot,

as shown irFigure29. The carpet plot is obtained by using the average values corresponding to each

hour of the day for each montbf the year Thecombinedwind andsolar generation for the year
2022 forsouthern region shows that the combined generation is at itsalpealuring the mieday
period in the months of June (and some partdMay) and, on an average, is aroun&8-36GW. This
may be attributed to the fact that during July the wind geation is at its peak and theokar
generation is also available. Furtheretlowest combined generation (abo@t3 GW) is during the
night and early morning hours in the month $éptemberOctober, when the wind is low and solar

is not available

Month of Year

——]
F—

o ~ < © © o o~ < © © =] N
- o - - ] ~

Hour of Day

@33600-36400 2 30800-33600 028000-30800 025200-28000 022400-25200
m19600-22400 8 16800-19600 @14000-16800 211200-14000 08400-11200
05600-8400 | 2800-5600 00-2800

Figure29: Combined Wind &olar Generation Forecast for 2022outhern Region

6.1.5 OPERATIONAL PERFORMA OF THERMAL POWHRNTS

Figure 30 shows the operational performance of all units instdll® the southern region states
during the year 2022, under the assumptions for Cased Casé respectivelyTransmission limits

implemented inCase3 pushes local gas units to increase generation to help in meeting demand as
shown inFigure30. Gas units are competitive as compared to other regions.
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Southern Region (2022 Case3)
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Figure30: Generation and Capacity Factor for Southern Regf¥22 (Caséd vs.Case3)

As seen fom Figure 31, thermal units in the southern region operate (average hours online)
similarly betweenCasel and Case3. The critical thermal units (>250MW) lilave more starts on
average inCase3 due to reduced imports compared ©asel. The average number of starts for gas
based units on average is ~9 starts/month for b@hse3 and Casel. While coal plants have an
average number of starts of ~3/month.
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Figure31: Operational performance of Thermal Plants in 202ase3 vs.Casel
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lower this ratio, the more the cyclical operations ofethunits. By this yardstick, combined cycle

plants in thesouthernregion are the most affected, having an averagetib of 26 to 27 between

Case3 and Casel respectively. This means on an average they are expected to experience a
start/stop every 26 hots during their operations in 2022. For coal based plants the N ratio is
significantly different betweeiCasel andCase3,127 and 114 respectively. This signifies the impact

of imported power as critical coal units have more starts on avera@age3 compared toCasel.
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6.2 REGIONAL MODELWESTERN REGION

The Western Region of India comprises the states of Maharashtra, Gujarat, Madhya Pradesh,
Chhattisgarh, and the Union Territories of Daman

& Diu and Dadra & Nagar HaveliFor
development of the region wdel using GIMAPS,

the union territories in Western Region were
combined into a singleegion

WesternRegion has esenewable energy target of
51 GW of solar and wind capacity addition by
2022. Maharashtra and Gujarat havihe most
capadty addition of ®lar and wind by022.

Coal is the dominant conventional capacity as in
the rest of India in thevesternregion although it
has significant gas based capaciag well al
capacity is the largest installed capacity in all the
states with Chhattisgarh having the largest
installations. Planned Solar and wind capacity

additions as per MNRE targets dnghestin
Maharashtra and Gujarat.oad centers in the
westare the staés ofMaharashtra Gujarat andMadhya Pradesh.

Figure32: Wesern Region States as highlightedGreen

6.2.1 DEMAND ASSUMPTIONS

Figure33illustrates the peak demand and energy requirement projections fomtasternregion. It

may be noted that the peak demand for theestern region is expected to grow &.1% YoY
between 2015and 2022, while the energy requirement is expected to grovb.&% YoY for the
same period.
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Figure33: Western Region Stateise Peak & Energy Comparis@015 vs. 2022



As shown inFigure33 and detailed inTable 14, Maharashtra has the highest peak and energy
demand among the states in thgestern regim. Chhattisgarh and the union territories have the
highest growth rates in thevesternregion. As per the data provided by the™BPS, growth among

states in thewestern region followan average CAGR of 7% peak and energy demand growth rate.

WesternRegion States 2015 2022 CAGR
Peak (MW) Energy Peak (MW) Energy Peak (MW) Energy
i - S
MAHARASHTRA 21064 26489 142783 183610 3% 4%
GUJARAT 14886 21683 100638 137523 6% 5%
MADHYA PRADESH 11114 14522 60783 90942 4% 6%
CHHATTISGARH 3898 7550 25620 40884 10% 7%
DD & DNH 1038 1750 8031 11614 8% 5%
GOA 548 1194 3031 7070 12% 13%

Tablel4: Statewise Demand Growth iWesternRegion 2015 up to 2022

6.2.2 GENERATION CAPACASSUMPTIONS

Western egion is coal dominated with the largest capacity located in Maharashtra and
Chhattisgarh. Wind angblar will be the next highest installed capacity by 2022 at 14% and 17% of

the capacity mix in the astern region. Among the otheegions,western regionhas the highest
installed capacity.

2022 Cumulative Capacity (MW)

States COAL | COMBINED | OPEN CYCLEH INTERNAL NUCLEAR| HYDRO| SOLAR| WIND
CYCLE GAS COMBUSTION

CHHATTISGARH 29658

WesternRegion

1783
GOA 0 48 0 0 0 0 358 0
GUJARAT 18098 7101 67 0 438 1995 8020 8800
MAHARASHTRA 26166 2865 0 0 1407 3313 11926 7600
MADHYA PRADES 21155 0 0 0 2681 5675 6200
DD & DNH 0 0 0 0 0 648 0

Tablel5: Statewise projected Installed Capacity in Western Regid®22

Thermal builds between 2015 and 2022 was obtained from third pafgtining documents and
only projects under construction were consideraslpart of the installed capacityAs perTablel6,
the capacity additions imvesternregion states between 2015 and 2022 were predominandigl
plants and the addition of renewable capacity as per the MNRE target for respective states.

Western Region States 20152022 Capacity Adtons (MW) State Total

Chhattisgarh 11494 1710 13204
Goa 0 0 358 0 358
Gujarat 2249 0 6914 4870 14033
Maharashtra 5633 80 11564 2938 20215
Madhya Pradesh 4836 400 4877 4995 15108
Total 24212 480 25423 12803 62918

Tablel6: StateWise Generation Capacity Additions in Western Region between 2015 & 2022
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6.2.3 TRANSMISSION CAPACASSUMPTIONS

Westan region is linked to the Southern, Northern, and Eastern redibe transmission capacity of
these lineswvas considered as per the CEA Perspective Transmission PlaB@BL&ith capacities
mentioned inTablel7.

Transmission Interconnection From and To State CEATransmission Capacity
MAHARASHTRA TO KARNATAKA 6660
L MAHARASHTRA TO TELANGANA 8400
West to South Transmission links
CHHATTISGARH TO TAMIL NADU 6000
GOA TO KARNATAKA 260
RAJASTHAN TO GUJARAT 1000
RAJASTHAN TO MADHRRADESH 5460
North to West Transmission Links HARYANA TO GUJARAT 2500
HARYANA TO CHHATTISGARH 6000
UTTAR PRADESH TO MADHYA PRADES 4960
West to East Transmission Links CHHATTISGARH TO JHARKHAND 3300
CHHATTISGARH TO ODISHA 9490

Tablel7: Inter-Regional Transmission Interconnections & CapacityMesern Region in 2022

As far aghe inter-state transmission capacity between the constituent statewestern egion are
concerned,Figure34 depicts the transmission interconnections between each state. Transmission
capacity between states was taken from the copper sheet msidelilatedusing GEMAPS

Figure34: Transmission capacity betwe&esern Region States in 2022

6.2.4 OPERATIONAL PERFORNMA OF WIND AND SGRLRESOURCES

The combined wind andotar generation for thevesternregion is illustrated by using a Carpet Plot,

as shown irFigure35. The carpet plot is obtained by using the average values corresponding to each
hour of the day for each month of the year. Tbmmbinedwind andsolar generation for the year
2022 forwedern region shows that the combined generation is at its peak during thedayd
period in the months of Jy (and some parts of Mayung and, on an average, is aroug8-27GW.

This may be attributed to the fact that during July the wind generation itsgieak and thesolar
generation is also available. Further, the lowest combined generation (abd@W) is during the
night and early morning hours in the month of Septembewvember when the wind is low and
solar is not available
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Figure35: Combined Wind & Solar Generation Forecast for 2082sern Region

6.2.5 OPERATIONAL PERFORMA OF THERMAL POWHRNTS

Figure 36 shows the operational performance of all units installed in thestern region states

during the year 2022, under the assumptions for Casand Casé respectivelyWestern region is a

domint yi SELBRZNISNI Ay GKS LYRALFY 3INAR® / NAGAOIE 021
local demand as well as supply power to neighboring regions.
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Western Region (2022 Casel)

Figure36: Generation and Capacity Factor iiesern Region 2022 (Casé vs.Case3)

As observed frontigure37 below, gas based units operate lower @ase3 due to reduction in
power being exported. The average number of starts for based units on average is ~5
starts/month forCase3 and ~ 15 starts/month foCasel. Increased exports iGasel requires gas

units to ramp up and downas coal units in the region supply power to neighboring regions.
Introduction of transmission limits reduces the exports putting less strain on western region gas
fleet. Coal plants have an average number of starts of ~1/month as coal units dispatcpptg su
power to regional load and exports.
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Figure37: Operational performance of Thermal Plantdtestern Region i2022- Case3 vs.Casel
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lower this ratio, the more the cyclical operations of the units. Combined cycle plants in the Western
Region has an averageratio of 5.6 to 8.5 betweelCase3 and Casel respectively. This means on

an average they are expected to experience a ss&op every 5 to 8 hours during their operations

in 2022. For coal based plants the N ratio is significantly different betvzesel and Case3, 625

and 423 respectively. This signifies the impact of exports as critical coal units have more starts on
avergye inCase3 compared toCasel as the amount of exports reduce @ases3.
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6.3 REGIONAL MODEINORTHERN REGION

The Norhern region of India comprises the states of Rajasthan, Haryana, Punjab, Himachal Pradesh,
Uttarakhand, Uttar Pradesh, Jammu &
Kashmir and the Union territories of Delhi and
Chandigarh. For development of the region
model using GBAPS, the union territory of

Delhi was modelled as a state and Chandigarh
was combined with the state of Punjab.

Northern Region has aenewable energy
target of 39 GW of solar and wind capacity
addition by 2022. Most of the enewable
capacity addition are ddar technology based
with wind capacity installed only ithe state
of Rajasthan.

Coal is the dominant conventional capadity
in the rest of India in the arthern region with
significant gas based capacity also. Coal

capacity is the largest installed capacity in the
larger states such as Uttar Pradesh and Rajastr
Plannedsolar capacity additions as per MNRE targets are highest in Uttar Pradesh and Rajasthan.
Load centers in the north are the states Wftar Pradesh, Rajasthan, and PunjBelhi also has a

large load compared to the regions installed capacity.

Figure38: Northern Region States aighlighted

6.3.1 DEMAND ASSURITIONS

Figure39illustrates the peak demand and energy requirement projections fomitrthern region.
It may be noted that the peak demand for tmerthern region is expected to grow &.6% YoY
between 2015 and 2022, while the energy requirement is expected to grovlét YoY for the
same period.
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Figure39: Northern Region Statavise Peak & Energy Comparis®015 vs. 2022



As show in Figure39 and detailed inTable18, Uttar Pradesh has the highest peakdaenergy
demand among the states in th@rthern region.

As per the data provided by the I8 EPS, growth among states in therthern region follows an
average CAGR of 7% peak and energy demand growth rate.

Northern Region States

Peak(MW) Peak (MW)
UTTAR PRADESH 15670 103179 25570 160480 7% 7%
RAJASTHAN 11268 63171 21312 113764 10% 9%
PUNJAB 11929 50598 15455 80334 4% 7%
HARYANA 9152 46615 15544 86212 8% 9%
DELHI 6006 28848 9105 43177 6% 6%
JAMMU & KASHMIR 15670 103179 25570 160480 7% 7%
UTTARAKHAND 11268 63171 21312 113764 10% 9%
HIMACHAL PRADESH 11929 50598 15455 80334 4% 7%

Tablel8: Statewise Demand Growth iNorthern Region 2015 up to 2022

6.3.2 GENERATION CAPACASSUMPTIONS

Asshown inTablel19, northern region is coal dominated with the largest capacity located in Uttar
Pradesh and Rajasthan. Solar will be the next highest installed capacity by 2022 at 27% of the
capacity mix in thenorthern region. Among the other Regiondprthern Regionhas the third

highest installed capacity.

DELHI 2199
HIMACHAL PRADE! 0 0

HARYANA 6199 430
JAMMU & KASHMIF 0 0
PUNJAB 6604 0

RAJASTHAN 10407 1027
UTTARAKHAND 0 0

UTTAR PRADESF 24452 1567

0
0

175

0
0
0
0

2022 Cumulative Capacity (MW)

North;mtReg'O” COAL| COMBINED OPEN CYCL[ INTERNAL | NUCLEAR HYDRO
ales CYCLE GAS COMBUSTIO
830 0 0 0

Tablel9: Statewise projected Installed CapacityNtorthern Region 2022

O O o o

10636
62
3089
1298
430
5951
508

SOLAR| WIND

2762 0
776 0
4142 0
1155 0
4925 0
5761 8600
900 0
10697 0

Thermal builds between 2015 and 2022 was obtained fthird party/planning documents and

only projects under construction were considered part of the installed capacity. A$gte 20,
capacity additions in between 2015 and 2022 were predominantly Coal & Hydro plants and the
addition of renewable capacity as per the MNRE target for respective states.

Northern Region 20152022 Capacity Additions (MW) State Total
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COMBINED
0 0 0 0

DELHI 2755 2755
HIMACHAL PRADESFH 0 0 2176 776 0 2952
HARYANA 0 0 0 4112 0 4112
JAMMU & KASHMIR 0 0 450 1155 0 1605
PUNJAB 1897 0 0 4720 0 6617
RAJASTHAN 2696 0 0 4508 5300 12504
UTTARAKHAND 0 0 2160 895 0 3055
UTTAR PRADESH 7251 98 0 10626 0 17975
Total 11844 98 4786 29547 5300 51575

Table20: StateWise Generation Capacity AdditiondNorthern Region betweeg015 & 2022

6.3.3 TRANSMISSION CAPACASSUMPTIONS

Northern region is linked to the Western, and Eastern region through transmission lines connecting
states. The transmission capacity of these lines was considered as per the CE202D16
transmission planningocument with capacitiementioned inTable21.

Transmission Interconnection From and To State CEA Transmission Capacit
RAJASTHAND GUJARAT 1000
RAJASTHAN TO MADHYA PRADESH 5460
North to West Transmission Links HARYANA TO GUJARAT 2500
HARYANA TO CHHATTISGARH 6000
UTTAR PRADESH TO MADHYA PRADES 4960
North to East Transmission Links UTTAR PRADESH TO WEST BENGAL 6000
UTTAR PRADESH TO BIHAR 19530

Table21: Inter-Regional Transmission Interconnections & Capacitiléothern Region in 2022

Within northern region,Figure40 depicts the trasmission interconnections between each state.
Transmission capacity between states was taken from the copper sheet mioddhatedusing GE

MAPS.

J

Figure40: Transmission capacity betwe&orthern Region States in 2022

6.3.4 OPERATIONAL PERFORNMA OF WIND AND SGLRESOURCES




The combinedvind andsolar generation for theNorthern Region is illustrated by using a Carpet
Plot, as shown iifrigure41 below. The Combinedind andsolar generation for the year 2022 for
NorthernRegion shows that the combined generation is at its peak during thedayicperiod in the
months of FebruaryMay and, on an average, is arour8-30GW. Further, the lowest combined
generation (abou-2 GW) is during the night and early morning hours, when the wind is low and
solar is not available

Combined Wind & Solar Generation Forecast for 2022 - NR
P

Month of Year

Jan

o o~ ~ © ® o o~ - © ® 5]

Hour of Day = °
W 28000-30000 B26000-28000 824000-26000 322000-24000 020000-22000
018000-20000 016000-18000 | 14000-16000 @12000-14000 @10000-12000
@8000-10000 ©6000-8000 04000-6000 32000-4000 00-2000

Figure41: Combined Wind &olar Generation Forecast for 20280orthern Region

6.3.5 OPERATIONAL PERFORMA OF THERMAL POWHRNTS

Figure42 shows the operational performance of all units instdli@ the Northern Region States
during the year 2022, under the assumptions for Cassd Casé respectivelyNorthern Region is

a net importer. FromFigure42, operation of gas based units increasesGase3 due to reduced
support from neighboring regions. Basel as there are no transmission limits, coal units operate
lower as cheaper power is imported. Northern region has expensive coal units compared to western
and eastern regions.
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Northern Region (2022 Case3)

1807 ( 10634 13614

Northern Region (2022 Casel)

Figure42: Generation and Capacity Factor féorthern Region 2022 (Casé. vs.Case3)

Further, as seen ifigure42 above, it is observable that external support in the form of imported
power impacts the operational performance of thermal units in the northern region. Gas based units
operate for more hourg>250MW)ad have increased number of starts on averag€ase3 due to
reduction in imported power. The average number of starts for gas based units on average is ~21
starts/month for Case3 and ~ 7 starts/month foCasel. Increased imports iCasel forces local
thermal units to operate less. Coal plants have an average number of starts of ~2 to 3/month
betweenCasel and Case3 as critical coal units dispatch to supply power to regional load.



Northern Region (2022 Case 3)
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Figure43: Operational performace of Thermal Plants iMorthern Region in 2022Case3 vs.Casel
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lower this ratio, the more the cyclical operations of the units. Combined cycle plants in the Northern

Region has an averageratio of 11 to 5 betweerCase3 and Casel respectively. This means on an

average they are expected to experience a start/stop every 5 to 11 hours during their operations in

2022. For coal based plants the N ratio is significantly different betVzzesel and Case3, 205 and

146 respectively This signifies the impact of imports as critical coal units have more starts on
average inCase3 compared toCasel as the amount of imports reduce ases.
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6.4 REGIONAL MODELEASTERN REGIGNNORTHEASTERN REGION

The Easternegion of India comprigethe states

of Bihar, Jharkhand, West Bengal, Odisha, and
Sikkim.Easternregion has arenewable energy
target of 12 GW of solar capacity addition by
2022.

Coal is the dominant conventional capacity as in
the rest of India in theeastern region. Coal
capacity is the largest installed capacity in the
larger states of West Bengal, Bihar, and
Jharkhand. Plannedolar capacity additions as
per MNRE targets are highest in West Bengal.

Load centers in theasternregionare the states
of West Bengal, Odisha, @Bihar.

The North-Easternregion of India comprisesf
the states of Arunachal Pradesh, Assam, Manipu:,
Meghalaya, Ntoram Nagaland and Tripuramodelled in GBMAPS as a single region with no
separation of states.

Figure44: Eastern Region States as highlighted in Gree!

North-Eastern Regiohas arenewable energy target of.2d
GW of solar capacity addition by 2Q2Be lowest among
all other regions in India.

Hydro is the dominant conventionedésourcein the region

Furthermore, there is tremendous potential for thi
development ofhydro power projects inthe North-East.

States such as Arunachal Pradesh have already ¢
interest from private developers regarding setting up
Hydro projects in the are&€entral Agencies such as Nori
Eastern Electric Power Corporation Limited (NEEPCO)
also tasked with the job of developing hydro projects in tl
North-Easternstates. Constuction activities have already
commenced for some of the projects. There are issues

faced by the project developers in the region such as ¢ 'Figur e45: Nort-Eastern Region States highiighte
accessibility, transmission system etc., but efforts are

being made to alleviate these issues and facilitaezdevelopment of the hydro projects.

6.4.1 DEMAND ASSUMPTIONS

Figure 46 illustrates the peak demand and energy requirement projections for ¢astern and
north-easternregion. It may be noted that the peak demand for thesternregion is expected to
grow at5.5% YoY between 2015 and 2022, while the energy requirement is expected to grow at



5.1% YoY for the same periothe corresponding growth rates foorth-easternregion are 26.8% in
terms of peak demand, and 22.77% in terms of energy requirement.
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Figure46: EasterrRegion Statavise & NorthEasternRegion Compositeeak & Energy CompariseR015 vs. 2022
As perTable22, West Bengal has the highest peak and enalgmand among the states in the
eastern region. All states in theorth-eastern Part of the country were combined into a single

region (NorCoincident peak)As perdata provided by the 18 EPS, growth amongaes in the
easternregion follons an average CAGR of 7% peak and energy demand growth rate.

EasternRegion State#: 2015 2022 CAGR

NE Composite Peak (MW) Energy Peak (MW) Energy Peak (MW) Energy
(GWwh) (GWh) (GWh)

WEST BENGAL 10151 62090 12680 70690 3% 2%
ODISHA 4148 27031 6410 40390 6% 6%
BIHAR 3608 22602 6258 38374 8% 8%
JHARKHAND 3186 17778 4264 25436 4% 5%
SIKKIM 122 344 190 910 7% 15%
NORTH EAST 2076 12370 5974 32086 16% 15%

Table22: Statewise Demand Growth iEastern Region 2015 up to 2022

6.4.2 GENERATION CAPACASSUMPTIONS

Eastern egion is coal dominated with the largest capacity located in West Bengal, Odisha, and Bihar.
Solar will be the next highest installed capacity by 2022286 of the capacity mix in theastern

region. Northeasternregion is predominantlfpydro with significant gas based generation units.
2022 CumulativesrossCapacity (MW)

ENO{”‘ iaSt.& COAL| COMBINED| OPENCYCL{ INTERNAL | NUCLEAR HYDRO| SOLAR| WIND
asternRegion CYCLE GAS COMBUSTIO
0 0 0 0

BIHAR 7460 0 2493 0
JHARKHAND 5935 0 0 0 0 130 1995 0
ODISHA 9580 0 0 0 0 2142 2377 0
SIKKIM 0 0 0 0 0 2194 36 0
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2022 CumulativesrossCapacity (MW)
ENOIth 'IiaSt_& COAL| COMBINED] OPEN CYCL] INTERNAL | NUCLEAR HYDRO| SOLAR| WIND
asternegion CYCLE GAS COMBUSTIO

WEST BENGAL 13882 0 170 0 0 1420 5336 0

NORTH EAST 750 1354 462 59 0 4231 1205 0
Table23: Eastern RegioStatewise& North-East Region composifgojected Installed Capacity2022

Thermal builds between 2015 and 2022 was obtained from third palaphing documents and
only projects under construction were considered part of the installed capacity.

As perTable24, capacity additions in between 2015 and 2022 were predominantly Coal & Hydro
plants and the addition of renewable capacity as per the MNRE target for respstiies.

20152022GrossCapacity Additions (MW)

North East & Eastern Regio State Total
COAL COMBINED CYCL HYDRO SOLAR

Bihar 3175 0 0 2493 5668
Jharkhand 507 0 0 1995 2502
Odisha 1050 0 0 2377 3427
Sikkim 0 0 1489 36 1525
West Bengal 0 0 160 5336 5496
ER Total 4732 0 1649 12237 18618
North East 750 100 2770 1200 4820

Table24: StateWise Generation Capacity AdditiondHasternrRegion& NE Regiobetween 2015 & 2022

6.4.3 TRANSMISSION CAPACASSUMPTIONS

Eastern Regioris linked to Western, Northern, Southern, and NeEistrn region through
transmission lines connectingespective states. The transmission capacity of these lines was
considered as per the CEA 26A@36 transmission planning document with capacities rieered in
Table25.

Transmission Interconnection From and To State CEA Transmission Capacity\

North to East Transmission Links UTTAR PRADESH TO WEST BENGAL 6000
UTTAR PRADESH TO BIHAR 19530

South to East Transmission Link KARNATAKA TO ODISHA 2500
ANDHRA PRADESH TO ODISHA 5330

West to East Transmission Links CHHATTISGARH TO JHARKHAND 3300
CHHATTISGARH TO ODISHA 9490

East to NortREast Transmission WEST BENGAL TO NORTH EAST 5860

Links

Table25: Inter-Regional Transmission Interconnections & Capacitiéstern & NortHEasternRegion in 2022

Within eastern region,Figure47 depicts the transmission interconnections between each state.
Transmission capacity between states was taken from the copper sheet model ran usiiyRSE
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Figured7: Transmission capacity betwe&asternRegion States in 2022

6.4.4 OPERATIONAL PERFORNMA OF WIND AND SGLRESOURCES

The ombined wind and solar generation for the year 2022 farastern region shows that the
combined generation is at its peak during the rdily period in the months dflarch-April and, on
an average, is aroun@.5-11GW. Furthersince here is no wind present in theasternregion,the
lowest combined generation (about-2 GW) isnaturally during early morning and late evening
hoursthroughoutthe year

Solar Generation Forecast for 2022 - ER
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Figure48: Combined Wind & Solar Generation Forecast for 2(22sern Region

Similarly, for the NortiEastern Region, the maximum generation is generally in the range of around
1-1.5 GW achieved during the summer ntiosof MarchApril.
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Solar Generation Forecast for 2022 - NER
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Figure49: Combined Wind & Solar Generation Forecast for 202@rth-Eastern Region

6.4.5 OPERATIONAL PERFORMA OF THERMAL POVWHRNTS

Figureb0shows the operational performance of all units installed inehsternregionstates during

the year 2022, under the assumptions for G8sand Casd respectively Eastern region is
connected to all regions in the Indian grid. Coal is the only thermal technology present in the region.
BetweenCasel and Case3, mal units operate om similar levelinder both cases.



Eastern Region (2022 Case3)
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Figure50: Generation ad Capacity Factor fdtasern Regiorr 2022 (Casé vs.Case3)

Eastern region coal units have 7 starts annually in the 2022 simulatioGdse3, and 3 starts
annually inCasel. With such low number of startshe regional coal units have very low cyclical
operations.
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Eastern Region (2022 Case 3)

_—Averape of tours Ondine e iy g o Capatity ¥ acior e g of Murmber OF s

B0 L]

7
PO ’
&

£ o .
= s
- -
- 5
X w0 . 5
3 B
% e 4 ‘;
o
@
& 3000 s ¥
£ £
E L
& 2000 1
=

1000

T
L ]
£ 250 MW 250-5008W = S00 MW
STST
Eastern Region (2022 Case 1)
_— o rage of Hours Online g e rage Of Capacity F acion o o rage of Murmber 01 SLans
BODD ]
7345

7000

S000

4000

3000

Average Hours Online/Capacity Factor
- -
Average number of Stans

1000 53%

£ 250 MW 250-500MW > 500 MW

STST

Figure51: Operational performance of Thermal Plantd&asern Region in 2022Case3 vs.Casel

In case of the NortfEastern Region, i a hydro dominated region with some gas units. The region
is connected only to eastern region and depends on imports frometisernregion to meet its
demand. The regiois depencent on local thermal fleet to operate when hydro unit generation is
lower. Gas unit operations in both cases operate similérly. Casel and Case3). The region is
dependent on local units more than imports.
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7 ALL INDIA PRODUCTIGMULATION MODELSIN& GEMAPS

7.1 INTERREGIONAL TRANSMISRIELOWS
MAX / MIN /AVERAGE FLOW

Northern
Region

Northern
Region

10472 [ -5080/ 4757

8711/ -3051 /4122

Eastern
Region

Eastern
Region

Western
Region

2376 | -634 /1359

3315 /-984 [ 218

6655 /-3799 /3462

Souther
n Region

Souther
n Region

Figureb4: Inter-regional average annual flow€ase3 (left) & Casel (right)

In order to understand the dynamics of intergional transmission flowswb significant cases were
simulated for the year 2022 with full RE capacity projecs

w Casel: Simulation assuming unlimited inteegional transmission capacijignd
w Case3: Simulationassuming interegional transmission capacity as per CEA transmission
planning document.

The coppetsheet model Casel) gives a higlevel estimateon the interregional and intesstate
transmission capacity requirements for the system for the lowest production Caste3 simulates

the impact of transmission limits on the integgional transmission capacity as per the CEA
transmission planning 2018036 document. The transmission limits between states within the
region forCase3 were considered as the maximum flows occurring between states in the copper
sheet model Casel). The interregional transmission flows were analyzed during high and low
demand periods and during high solar and wind periods.

In both the cases, the western region is the major exporting regionCasel, western region is
exporting ~27GW of power to eastern, northern, and southern regions as compared to ~23GW
when transmissio limits are considereddase3). Northern region is the largest importing region in

the system importing oan average ~22GWithout any transmission constrain{€asel). With the
introduction of transmission limit§Case3), it imports on average ~17 GW. The impaéttioe
transmission capacity ilCase3 is seen on the WesterNorthern Interconnectionin Figure 55.
Hence, it is required tacrease the local thermal generation in northern region due to constraint in
transferring power from western region to northern region.
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Figure55: Regiorwise Thermal Generation und@ase3 and Casel

In the 2022 simulations, thregions experience low demand in the month of February and high

demand in the month of October. In the high demapdriod, the Northern region requires a
maximum power import of ~2&W received from the western and eastern region€ase3 (Figure

56). This will have significant impact on the performance of thermal units in export oriented regions.

The transmission network betweemestern andnorthern regionis utilized more tharnthe eastern

and northern transmission links.

FEBRUARY (Low Demand MorhVIAX / MIN /AVERAGE FLC
OCTOBER (High Demand MomhHYIAX / MIN / AVERAGE FLO

Northern
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Northern
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27977 /-1085/ 16672

15597 [ 4428 /11824
15602 / 2577/ 12630
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Figure56: Transmission flows in FebruaryG&tober 2022 Case3 (left) andCasel (right)

The western region has some of the cheapest saiofeoal power in the Indian systert has an

average export of 2&W to northern, eastern, and southern regions in the month of February and

27 GW in themonth of Octoberif no transmission constraints are consider@hsel). However,
there is a significant drop in exports with the iemission limits considerefase3). The eports

drop to 22.7GW in February and 22GW in October for western region.
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The southern regiomn an average imporaround 13.8GW and 11.2GW in February and October
respectively. The coal based stations in the region are significantly more expensive than the stations
operating in western and eastern regior@onsideringhe trangnission limits(Case3), the import
dropsto ~11GW in February and October. High renewable penetration in the month of Octisoer
causes aignificant drop in imports fosouthernregion in both cases.

Northern region is a net importer throughout the yeadn boththe cases. The imports increase in
October compared to February due to higher demand in ligglsel and Cases.

APRIL (High Solar Month) MAX / MIN /AVERAGE FLC
AUGUST (High Wind Month)MAX / MIN / AVERAGE FLOV
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Figure57: Transmission flows iApril & August2022- Case3 (left) andCasel (right)

Figure 57 shows the simulation results consideritiigh renewable penetration, such as in the
months of April (high Solar) and August (High WiAd)can be observed:

w The western region exports cemnaverage 23GW and 29GW to its neighboring regions in the
months of April and August respectivelgasel). With transmission limits simulated in
Case3, the exports drop toaround20.9GW and 23.9GW in the months of April and August
respectively.

The soutlern region importsaround 10GW in April and 7GW in Augystr copper sheet
simulation(Casel). The import isSLOGW and 9GW in the same months un@ase3. High

wind generation in August reduces the need to import power form neighboring regions.
During hgh renewable penetration, thereare significant hours whe southern region
exports to western and eastern regions.

Northern region is a net importer. The average import during high RE penetration especially
the month of April (high solar)s 18.7GW as conmgred to the 29GW and 27GW during
February and Octobein Casel simulations.Considering the transmission limi{€ase3)
simulations the import reduces to 15.6GW in Apriandto 17.8GW and 22GW in February
and October. High Solar installations as per MNRE targets in northern region impacts the net
imports in the month of April.

Figure58 to Figure62 in the following section present the details on the integional power
transfer for hourly basiskurther, Figure 63 presents the summary of inteegional transfer for
2022.
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Figure60: Northern Region Imports/Exports in 2022
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Figure62: North-eastern Region Import/Export in 2022
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Figure63: Inter-regional transfer oPower - 2022

As observed fronfrigure58to Figure62:

w

Southern Region is a net importer with significant exports occurring during the High wind
and solar months, exporting a maximum of ~7GW to eastern and western regions.
Maximum import during the high demand months is ~17GW.piessignificant capacity
addition within the region, demand growth by 2022 requires southern region to be a net
importer from the western and eastern region.

Western Region is a net exporter to the other regions in the Indian grid. Majority of exports
are to the northern region. Western Region imports power from southern region (MAX
~3GW) and eastern region (MAX ~0.9GW) during periods of high renewable penetration.

Northern region is a net importer in the system. The region has one of the highest demand
in 2022 in the Indian system with the third highest capacity installations. Northern region is
connected to the western and eastern regions. The region predominantly imports power
from the western region. The system imports a maximum of 24.8 GW in the 2022
simulation.

Eastern Region is a net exporter in the 2022 simulation, predominantly exporting to the
Southern and the northern regions. There is an exchange in power between western



(imports a maximum of ~6.2 GW) and nodhstern regions. The region doesceé/e
imports (Max ~3.8GW) from the southern region during period of high renewable
penetration in the Southern Region.

w North Eastern region is predominantly Hydro based. Exports and imports are dictated by the
availability of Hydro generation in the regioThe region is connected to the rest of the
country through the eastern region.

Summary ofnter-regional Power Flows:

(). The Southern region exports power to eastern region during periods of high renewable
generation. Western region is a net exporter td wdgions it is connected to. Northern
region is a net importer.

(ii). Western region exports power to Southern throughout the year and exports a maximum of
~10GW in the month of SeptembéFigure63 (a)&(b)) Western region does import power
from southern region, maximum import ~3GW during high RE periods. Southern region
exports power to eastern region, a maximum export of ~3.7 GW dunigh RE period of
JuneJuly and imports a maximum of ~6.6 GW during high demand period of October.

(iif).Northern region imports power from western region throughout the year. Northern region
imports a maximum of 18 GW from western region and 8 GW from thé&easegion
(Figure63 (c)&(d)) The region is dependent on imports for meeting demand imports
from southern region during high wind season and from the eastagian during the
summer season of April. Exports to eastern region is a maximum of 6 GW during high
demand periods in the eastern region.

(iv).The northeast region is hydro rich and is connected to the rest of the Indian grid through
eastern region. The Nortbastern region exports a maximum of 3 GW to the eastern region
especially during periods of high hydro generation. The region imports armaxibf 2 GW
from eastern regionKigure63 (f)).



7.2 OPERATIONAL ANALYSEREOM ALL INDIA MARMBODELg RESULTS
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Figure64: All India Installed Capacit015 and 2022

The total installed capacitgn All India basifs consideredas469 GWby 2022in the MAPS Model
(Figure64). Out of this capacity, theoal based capacity will make up 48% of the total installed
capacity with only minor gas capacity additions 022 (if at all) As per the MNRE targets of

renewable capacity (wind and solar) RE capacity will be the second largest installed capacity by 2022
making up 34% followed by Hydro (11%)

7.2.1 OVERALL SYSTEM PER¥ANCE FOR 2022 V2815
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Figure65: All India Energy Generatie2015 and 2022

As observed fronfrigure65, there is a reduction in contribution of coal generation in the grid and an
increase in RE generatidrom 2015 to 2022due to addition of RE capacity (160 GW) as per MNRE

renewable energy targets by 2022. Gendt contributionremainsat similar levelsn the generation
mix.
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Figure66: All India PLF and Generation as Pese3

Figure66 depicts the change iRlant Load Factor$ Ly and generation of power stations between
2015to 2022. Criticalcoal plantswill increasethe generation in 2022 due to demand growth.
Addition of wind and solar capacity increases contribution of RE generation in the generation mix.
Increase in demand in all regions requires gas units to increase their generatimnsystem.

7.2.2 IMPACT OF RE & TRAWSSION LIMITS ON BRUCTION COST

Table26 depicts the production cost comparison between 100#4argeted REadditions in 2022
(Casel) and no RE additions beyond 20{BGaselB). Theresults show a reduction in production
costs by 0.63 Rs/kWh due to the impact of RE capacity additions.

Region Casel (100% RE additions) CaselB (0% RE additions)

Rs Crores Rs/kWh Rs Crores Rs/kwWh
Eastern Region 60300 2.85 75282 3.31
North Eastern Region 4268 1.25 4534 1.37
Northern Region 56268 1.63 86793 2.48
Southern Region 50330 1.50 71894 2.45
Western Region 148579 2.08 184484 2.50
All India 319744 1.95 422987 2.58

Table26: Production Cost Comparison betwe€asel & CaselB

Impact of transmission limits and wheeling charges are showrabie27. By imposing a wheeling
charge of 25%/MWh (~1.5 Rs/kWh) results in increase in production cost by 1 paise/ kWh between
Casel and Case2. Regions such as westeregion which is a major expter, observes a drofn
production costs due to the reduced generation of its units to export power to its neighbors.
Regions such a®uth andnorth must depend on their own generating stations to meet demand as
the cost of importing power becomes morepensive with the introduction of a wheeling charge.
With the inclusion of interegional transmission limits (as per CEA planning 2085 document)

sees an increase in production costs by 3 paise/kWh betv@zesel and Case3.
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Region Case2 ¢ Casel with 25$/MWh Case3 (CEA Limits)
wheeling charge

Rs Crores Rs/kWh Rs Crores Rs/kWh Rs Crores | Rs/kWh
.~ EasternRegion 60300 2.85 59996 2.84 61495 2.88
North Eastern Region 4268 1.25 4294 1.26 4262 1.25
Northern Region 56268 1.63 70033 1.86 77281 1.99
Southern Region 50330 1.50 56659 1.6 50305 1.50
Western Region 148579 2.08 130667 1.96 132203 1.97
All India 319744 1.95 321650 1.96 325546 1.98

Table27: Impact of Transmission limits and Wheeling Charges

7.2.3 DISPATCH SIMULATION

Dispatch stack (generation) for all India is shdawifrigure67 to Figure70 for four representative

days in the month of February (low demand), April (high Solar), July (high wind) and October (high
demand)respectively Due to ncreased penetration of wind and solar by 2022s expected that

the net load requirements would have a high ramp up and ramp down rate primarily due to the
increase/decrease in RE generation (solar). Gas based plants suctcasibileed cycle units would

be of importance during the initial period eédmp up requirement in view of the longer start up
time for the coal plants.

— Nuckar m Coal (Steam) m Gas (CC) s Wind (RE) Solar (RE)

e Gas (0 () . Diese| Gen s Hydro (Pondage+PSH) ====- India Load

7.2.3.1 LOW DEMAND
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Figure67: All India Dispatch for February 2022 (Gase

High ramp up and ramp down requirements for thermal units due to the impact af geheration.
Solar generation in the northern and southern regions requires ramping of thermal units to meet
demand(Figure67).



7.2.3.2 HIGH SOLAR

250000
All India April 2022 (Case 3)
Thermal units need to
Thermal units need to ramp up by ~70,000 ramp down by ~60,000
MW in about 6 hours MW in about 6 hours
200000

150000

100000

50000

o
P IR g o D O . D
P PP P ,gp & \4‘" fﬁa DD P D

v

Figure68: All India Dispatch folpril 2022 (Cas®)

As observed irFigure 68, high solar generation increases the ramping requirements of thermal
units. Solar generation in the northern and southern regions increases ramping requirements along
with increased import requirements in the southern region increases the ramping requirements in
the exporting regions (west and eastern regions).

7.2.3.3 HIGH WIND
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Fgure69: All India Dispatch for Jup22 (Cas®)

87



Similar to the observations in casef high solar, high wind generation increases ramping
requirements of thermal units (ramp up of ~70,000 MW in 6kwsy10500 MW ramp up evetyour

vs 10000 MW ramp down requirement (~60,000 MW in 6hrs). High wind generation wwetitern
andsouthern regions contributes to the ramping requirements of thermal units in the region.

7.2.3.4 HIGH DEMAND

Thermal units need to ramp up by ~70,000
250000 MW in about 6 hours

All India October 2022 (Case 3) Thermal units need to
ramp down by ~60,000
\ = MW in about 6 hours
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Figure70: All India Dispatch faDctober2022 (Cas8)

Ramping requirements for thermal units lie in the range of 10,000MW per hour due to high demand
across all regions in the Indian gr{Bligure 70). Solar generation contributes to the ramping
requirements of thermal plants.

7.2.4 THERMAL PLANT OPERMNSIN 2022 VS 201§ RAMP RATES

Ramp up requirement for coal plants reduces significantly tb the absence of the full renewable
capacity as per MNRE targets. With only the existing renewable capacity availab&3B) there is
lower variation of thermal generation as the renewable generation is lower in the systerasmix
seen inFigure71.
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Figure71: Ramp Rates for Coal Plan022 Case3)
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8 MULTI AREA RELIABI¥ISIMULATION (MARBYDELG ALL INDIA

8.1 SIMULATION RESULTSGR2022

Rewsllts of MARS cases mentioned in Sectdhare discussed in this section. Result€akel and
Case2A are discussed in detail. Cases 1B and 2B areinsestimation of capacity value of RE in
LYRAFY 3INARR YR NS O2yaARSNBR Ay (GKS aSOlAizy 27

Though MARS has an ability to calculate reliability indices (LOLE, LOEE etc.) for each area on isolated
basis; in this section LOLE calculatiesults are represented only on interconnected basis.

8.1.1 TRANSMISSIOADEQUACY ASSESSMENT

This is the case for transmissicadequacy evaluation. For the case under consideration,
transmission constraints are as per CEA limits for irdgional and intraregion connections. 100%

RE capacity in 2022 (160G&Wind + Solar) is considered. The purpose of this case is to compute
LOLE, interegional maximum flows and the number of limiting hours for all cases. LOLE values are
shown inTable28to Table31. Key observations from results are:

LOLE values seen in Goa and UT mainly due to transmission limitations
Kerala and Tamil Nadu have reliability issues for <10% time annually in southern region

LOLE values seen iarthern region mainly in the state of J&K

€ € €& ¢

Eastern and NE regions have surplus capacity; thus, no LOLE values are indicated

WESTERN REGION Interconnected

States LOLE LOEE Frequency Duration

MAHARASHTRA 0 0 0 0 0
GUJARAT 0 0 0 0 0
MADHYA PRADESH 0 0 0 0 0
CHHATTISGARH 0 0 0 0 0
GOA 128 269 9859 108 2

UNION TERRITORY WES’ 17 12 44 12 1
WESTERN REGION 139 280 9904 118 2

Table28: Casel results for Western region
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Interconnected

SOUTHERN REGION
States LOLE

Frequency Duration

KARNATAKA 0
ANDHRA PRADESH 0 0 0 0 0
TELENGANA 0 0 0 0 0
KERALA 44 694 240514 207 3
TAMIL NADU 39 358 422054 105 3
SOUTHERN REGION 44 694 662568 207 3

Table29: Casel results for Southern Region

NORTHERN REGIOI Interconnected
States
(Days / year)

UTTAR PRADESH 0 0 0 0
RAJASTHAN 16 37 20253 25 2
PUNJAB 42 281 152490 69 4
HARYANA 33 166 96051 44 4
UTTARAKHAND 0 0 0 0 0
DELHI 37 195 74447 50 4
HIMACHAL 0 0 0 0 0
JAMMU & KASHMIR 182 2413 1532882 241 10
NORTHERN REGIO| 196 2588 1876123 264 10

Table30: Casel results for Northern Region

EASTERN REGION Interconnected

SIEICS  Frequency | Duration |
WEST BENGAL 0
BIHAR 0 0 0 0 0
JHARKHAND 0 0 0 0 0
ODISHA 0 0 0 0 0
SIKKIM 0 0 0 0 0
EASTERN REGION 0 0 0 0 0

Table31: Casel results for Eastern Region



Figure72 showsthe regional links (Northern and Western regions) where flows are getting limited.
Majority of the power flows between the states of GujaraRajasthan and Gujarat Haryana in
Northern and Western region. Lines highlighted in RED had limiting flowsoi@r than 10% of time

in a year.

POOL 1: Northern region
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" 2924¢rs 2000/ 5460/ 496}.0/
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POOL 2: Western region

Figure72: Inter region limiting hours for regional links (Values: Line capacity/hours limited)

Figure73 shows the hours for which interstate transmission lines in Northern region are limited or
hitting the higher limit (line rating) in terms of flows.

POOL 1: Northern region

[ 2973hrs \

3803hrs

5164hrs

/

Figure73: Inter-state limiting hours for Northern region

For this case:

w The Inkr region transmission capacity is based on the &pear (201636) Perspective
Transmission planning report.

w Inter-state limits are as per power flow simulation results for 2@21from the CEA planning
report
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8.1.2 GENERATIONDEQUACY ASSESSMENT

This is thecase for generatiomdequacyevaluation. For the case under consideration, transmission
constraints are as per CEA limits for iategional and intreregion connections. 70% RE capacity in
2022 is considered. The purpose of this case is to compute IiBdrEegional maximum flows and

the number of limiting hours for all cases if partial RE installation target is achieved. LOLE values are

shown inTable32to Table35. Key observations from results:

w LOLE values seen in Goa and UT mainly due to transmiissitations

w Kerala and Tamil Nadu have reliability issues, LOLE values higher @aselrdue to lower

RE levels

w LOLE values seen in northern region mainly in the state of J&K

w Eastern and NE regions have surplus capacity; thus, no LOLE valneécated

WESTERN REGION
States

Interconnected

Frequency

Duration

MAHARASHTRA ﬁ———
GUJARAT 0 0 0 0 0
MADHYA PRADESH 0 0 0 0 0
CHHATTISGARH 0 0 0 0 0
GOA 128 281 10387 112 3
UNION TERRITORY WES’ 18 12 48 12 1
WESTERN REGION 140 292 10435 122 2

Table32: Case?A results for Western region

SOUTHERN REGION

Interconnected

SIEIES Frequency Duration
KARNATAKA 0
ANDHRA PRADESH 0 0 0 0 0
TELENGANA 0 0 0 0 0
KERALA 52 790 280787 225 4
TAMIL NADU 46 480 537537 134 4
SOUTHERN REGION 52 790 818324 225 4

Table33: Case2A results for Southern Region

NORTHERN REGIOI
States

Interconnected
LOEE

(Days / year)

UTTAR PRADESH 0
RAJASTHAN 16 44 24015 27 2
PUNJAB 42 294 159434 69 4
HARYANA 33 169 97457 45 4
UTTARAKHAND 0 0 0 0 0
DELHI 37 200 75729 52 4
HIMACHAL 0 0 0 0 0
JAMMU & KASHMIR 183 2641 1667129 211 13
NORTHERN REGIOI 197 2829 2023763 235 12

Table34: Case2A results for Northern Region
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EASTERN REGION Interconnected

SIEICE Frequency Duration
o ool o o tege

WEST BENGAL 0 0 0 0 0
BIHAR 0 0 0 0 0
JHARKHAND 0 0 0 0 0
ODISHA 0 0 0 0 0
SIKKIM 0 0 0 0 0
EASTERN REGION 0 0 0 0 0

Table35: Case?A Results for Eastern Region

Figure74 shows the regional links (Northern and Western regions) where flows are getting limited.
Majority of the power flows between the states of GujaraRajasthan and Gujarat Haryana in
Northern and Western region. Lines highlighted in RED had limiting flows for mord @8arof time

in a year.
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Figure74: Inter region limiting hours for regia links (Values: Line capaditgurs limited)

Figure75 shows the hours for which interstate transmission lines in Northern region are limited or
hitting the higher limit (line rating) in terms of flows.

3279hrs

4196hrs

5624hrs

Figure75: Inter-state limiting hours for Northern region
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For this case:

w The Inter region transmission capacity is based on the CE&#0(201636) Perspective
Transmission planning report.

w Inter-state limits are as per power flow simulan results for 20222 from the CEA planning
report

8.2 CAPACITY VALUE OFHTOR 2022

Capacity value and LOLE are the main indicators of reliability of the system in this study. As per CEA
standard, recommended (design) value of LOICE2% time of the yeaor 17.5 hrs./year. For rest of

the year, system should maintain reliability i.e. loadjeneration balance should be maintained.
However, it is to be noted that, in this study transmission aspect is also considered along with load
generation. Thus, reliality is dependent on generation as well as transmission system availability.

In the previous sections of the report, LOLE analysis was discussed; this section describes the
concept of capacity value, calculation methodology and key findings.

W/ LI ORARD FHY R W/ LI OAlGe @FftdzSQ FNB (GKS Gg2 02VYY
to describe renewable resources. However, it is to be noted that both terms are distinct. Definitions
of both terms are given below:

g Capacity value is the contribution oénewable generation to resource adequacy and
generally depends on its output during the riskiest hours of the years

g Capacity factor is the measure of average renewable generation and depends on its output
throughout the year

Thus, two terms may not be ed interchangeably.

The capacity of a system to reliably serve its load can be quantified through resource adequacy
studies. Capacity value is the contribution of any resource in the system to meet that goal and
maintain a reliable supply of power.

The lkey difference in the capacity value evaluation of thermal generation and RE generation is
explained in following points:

g Thermal generation is available (in terms of capacity) throughout the year. Fuel supply,
planned maintenance periods and forced outadleased on historical events) can be used
to define availability of thermal generation correctly to moderate accuracy levels. Thus,
capacity value estimation for such generation resources is not complicated.

g Renewable resources generation (wind and sdlihtermittent as it depends on weather
conditions (wind speed and solar radiations). Thus, RE resource nameplate capacity might
rarely be fully available to contribute to resource adequacy.

In this study, capacity value estimation considers wind andr sgg@eration profiles for a year.
However, RE generation during peculiar hours influences the capacity value findings. These are the
hours where system is at the risk of loss of load #hese hours usually corresponds to net load
(load minus RE generatipn



8.2.1 METHODOLOGY FOR CAPA VALUE CALCUIGNI

¢tKA& alddzRe dza S &
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The procedure followed to estimate capacity value is explained in brief:

9 The LOLE of the system is calculated without any RE resource. It is called as LOLEL1 of the
base system.

1 LOLE of the system is calculated with RE resources in the sj<pd2)

¢ 1ttt w9 NB&A2dzNDOS& FNB NBY2O0SR Ay GKS aeaidsSy I\
system; LOLE 3 is noted.

1 Above step is repeated for several perfect capacities and subsequent LOLE 4, LOLE 5, LOLE 6
are noted.

1 A graph is plotted for perfeatapacity Vs corresponding LOLE values.

LOLEZ2 is located on this graph; corresponding perfect capacity is also noted down.

1 The capacity value of RE resource is

=

(perfect capacity as found in above step) / (RE capacity)

Graphical representation of the meddology is shown ifrigure76. Example illustrates estimation

of capacity value for 300 MW of wind. Base case LOLE is 1.27 days/year. Perfect capacities are
added (with no RE) in the steps of 100 MW and resulting LOeRdadired as shown. 1.27 days is
located on the graph. With the corresponding value of perfect capacity-axiss capacity value of

wind is estimated as 19%.

Base system LOLE = 1.27 days/year

1.20 - ’
" 0.274 davs/vear

E =0 With 300 MW of wind, LOLE improves to
= 1dayl/year, then......
4§ 080 Capacity value of wind = 57/300 = 19%
—
S 060
£
S
& 0.40

0.20

0.00 L
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Figure76: Calculation methodology of Capacity value of Wind
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9 KEY FININGS AND CONCLUSBN

9.1 GE MAPS RESULTS
The results from the MAPS analysis are given in the following sections.

9.1.1 OPERATIONAL STUDENERATION
Southern Region

Southern region remains a net importer in 2022 MAPS simulations. In 2015, combined wind and
solar capacity was 11 GW and 54 GW by 2022 (as per MNRE targets). Such large addition of
NBySglofS OFLIOAGE gAff KFEGS F AAIYATFAOFYG AYLIC
w In 2015, critical coal plants are operating with a PLF of ~61%, which sighjfideopis to
~46% in 2022 due to increased RE generation as seEigume77. The average operating
hours per start drops from 1230 hours to 114 hodesing the same period indicating a shift
from base load to mid merit operations
w Gas plants experience a slight increase in PLF and cyclical operations due to higher ramping
requirements, the average number of starts increasing from ~2/month to ~9/mastheen
in Figure78.

Figure77: Southern Region Generation and Capacity Factor Compar2fdrs vs. 2022

Figure78: Southern Region Thermal Units Starts & Hours online Compar2gdrd vs. 2022
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