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Abstract

Abstract
This report suggests ways for India to maximise the amount and value of solar
and wind power in its electricity system. It addresses demand-side flexibility,
power plant flexibility, storage (pumped-storage hydro and batteries) and grid
flexibility, as well as policy, market and regulatory solutions for the short to medium
term. It adds to existing research by focusing on renewable integration in individual
states, rather than at the national level, as the power system flexibility challenges,
solutions and priorities are different in each state. The report presents findings
from consultations with national and regional stakeholders and the results of
parallel in-depth analysis, including two newly developed, detailed power sector
production cost models developed at the IEA to illustrate flexibility challenges and
solutions specific to the India context – the five-region India Regional Power
System Model and the Gujarat State Power System Model.
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Foreword
India has made remarkable progress in recent years bringing energy services to
its citizens. In less than two decades, 900 million people have gained access to
electricity – including 100 million in 2018 alone – and the country’s energy demand
has more than doubled over the same period. But India’s per capita electricity
consumption is still only one-third of the global average.
Such steep growth in energy demand inevitably poses challenges for this diverse
and dynamic nation, particularly to establishing the policy and market conditions
to provide secure, affordable and clean energy for all its people. To facilitate these
goals, the International Energy Agency (IEA) has developed a close working
relationship with the National Institution for Transforming India (NITI Aayog).
Together, they have produced a series of reports and held workshops to support
India in its quest to provide much-needed energy to its economy and people while
minimising the associated environmental impacts.
Renewables Integration in India 2021 is the latest result of our collaboration with
NITI Aayog. This report suggests ways for India to securely maximise the amount
and value of solar and wind power in its electricity system. The Government of
India plans to increase renewable electricity capacity to 175 GW by 2022 and to
450 GW by 2030, but even faster growth will be needed in the following decades
to meet ongoing growth in demand and reach climate targets. The Renewables
Integration report explores pathways for bringing greater flexibility to the entire
electricity system. It also suggests policy, market and regulatory measures to
incentivise renewables and ease their integration into the energy system.
This joint project with NITI Aayog drew on the IEA’s expertise in modelling to focus
on renewable power in individual Indian states, rather than at the national level,
since the challenges, solutions and priorities differ across the country. Some
Indian states already derive a larger share of power from renewable sources than
some entire countries, although a number of states are facing challenges in
smoothly integrating the variable electricity output.
Because of its size and the dynamism of its economy, India has a key role to play
in the world’s transition to a clean energy future. India faces unique challenges to
meet the demands of its citizens, and I’m hopeful that our work with NITI Aayog
can help guide the way towards a successful expansion of renewables in India’s
energy mix.
Dr. Fatih Birol
Executive Director
International Energy Agency
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FOREWORD
NITI Aayog and International Energy Agency (IEA) have collaborated to work on joint
analysis and research projects, including energy policy analysis and market research, analytical
research and econometric modelling to analyze energy sector trends. Under this endeavour IEA carried
out independent In-depth Analysis of Indian Energy Policies. Analysis report “India 2020-Energy
Policy Review” was launched in January, 2020. Apart from this, NITI Aayog and IEA have been
working with the states on RE-Integration issues. A series of workshops have been organized with the
states starting from 2018 onwards with regional workshops followed by National level workshop.
This was a good beginning to identify the various integration issues in the context of increasing
penetration of Renewable Energy into grid system.
In September 2019, Hon’ble Prime Minister Shri Narendra Modi, announced long-term
ambitious RE targets of 450 GW by 2030 moving beyond the target of 175 GW by 2022. Aligning
with the goals of Central Government, India’s RE rich States are expanding the RE capacity and
generation which definitely require these RE rich States to develop a holistic understanding of full
range of flexibility options for RE integrations. Starting from 2020, NITI Aayog and IEA with the
support from the British High Commission, has convened series of State-level Power System
Transformation Workshops. The objective of these workshops is to sensitize the state governments
and to initiate action for system integration of RE Power. During 2020, two workshops were
conducted with the states of Maharashtra and Gujarat while another workshop was conducted
for Karnataka in early 2021.
NITI Aayog and IEA have come out with a compilation of outcomes of the workshops in the
form of a Report. At the time when more and more Indian States are facing increasing RE integration
challenges, the recommendations in this report will help India to maximize the amount and the value
of solar and wind energy in its power system by providing options to improve power system flexibility
in Indian States by 2030. This report provides an international framework for renewables integration
in India and highlights a full repertoire of power system flexibility solutions. Power system
transformation pathways and renewables integration challenges, solutions and priorities are vastly
different in India's states and union territories. This report highlights the findings relevant to many
states and regions in India and across the globe.
I would like to congratulate the Energy Vertical at NITI Aayog- Additional Secretary, Dr.
Rakesh Sarwal and Rajnath Ram, Adviser (Energy) and their dynamic team for closely working with
the Renewable Integration and System Security (RISE) team at the IEA. Both the teams were
instrumental in bringing out this publication. I hope that the Indian States take cognizance of the
solutions. I look forward to support the implementation of recommendations of this report that need to
be tailored to each state to support the smooth transitions to RE integration in the States.

(Amitabh Kant)
Place-New Delhi
Dated – April, 2021
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Executive summary
India’s demand for energy is growing rapidly
India is the third largest energy-consuming country in the world. It has become
one of the largest sources of energy demand growth globally and has made
significant progress towards its universal electrification target for residential users,
with 100 million people gaining access in 2018 alone. Per capita electricity
consumption across the 28 Indian states and eight union territories is still around
a third of the world average, and is expected to continue increasing despite the
government’s intention to pursue strong energy efficiency standards, including
LED lighting, efficient cooling and building standards. Total Indian electricity
demand has begun to expand again following a significant decline in 2020 due to
Covid-19. The pandemic has affected the financial viability of the electricity
distribution companies (DISCOMs), which were already struggling with mounting
debts and a liquidity crunch.
India faces three principal challenges: (1) how to expand reliable energy access
and use while maintaining affordability for consumers and financial stability for the
DISCOMs; (2) how, at the same time, to integrate increasing shares of renewable
energy in a secure and reliable manner; and (3) how to reduce emissions to
achieve ambitious social and climate objectives while meeting economic goals.

Growing renewables increasingly challenge the power
system
Renewable energy penetration is highly variable by state in India. The share of
solar and wind in India’s ten renewables-rich states (Tamil Nadu, Karnataka,
Gujarat, Rajasthan, Andhra Pradesh, Maharashtra, Madhya Pradesh, Telangana,
Punjab and Kerala) is significantly higher than the national average of 8.2%. Solar
and wind account for around 29% of annual electricity generation in Karnataka,
20% in Rajasthan, 18% in Tamil Nadu and 14% in Gujarat (financial year [FY]
2020/21). India’s renewables-rich states already have a higher share of variable
renewable energy (VRE) than most countries internationally. As a result, many
states are already facing system integration challenges.
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% VRE in annual electricity generation

Countries and regions in phases of renewables integration, 2019
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Phase 3 - VRE determines the operation pattern of the system

Phase 4 - VRE makes up almost all generation in some periods

IEA. All rights reserved.
* 2018 values.
Sources: IEA, Renewables 2020; IITK Energy Analytics Lab.

Furthermore, in the coming decade the Indian power system is due to undergo an
even more profound transformation. The government plans to increase renewable
generating capacity from 175 GW in 2022 to 450 GW in 2030. Some state leaders
have expressed concern that they will face excess VRE generation and the need
to: (1) export significantly more power to other states; (2) allow renewables to
displace some coal power plants locally; or (3) curtail more solar and wind to
ensure system security. Recent trends underlying the main renewables integration
challenges include the increasing variability of hourly demand, increasing ramping
requirements due to the impact of solar on net demand, short-term frequency
variations and local voltage issues.
While the Power System Operation Corporation (POSOCO), a wholly owned
public sector undertaking under the Ministry of Power, highlighted that nationallevel inertia has declined slightly from the 2014 level at certain times, India does
not yet face system inertia challenges. However, with future increases in solar and
wind power, the renewables-rich states will experience periods when wind and
solar make up the majority of generation, and it will then become imperative to
monitor local system strength and inertia requirements. The report covers
important international experience in managing systems with declining inertia
levels.
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Indian states should leverage all potential sources of
power system flexibility to maximise the value of solar
and wind
This report highlights potential sources of power system flexibility in renewablesrich Indian states, including demand-side flexibility, power plant flexibility, storage
(pumped-storage hydro and batteries) and grid flexibility, as well as policy, market
and regulatory solutions that can be implemented in the short to medium term until
2030. The optimal mix of flexibility resources needs to be determined for each
state, taking into account the regional and national context. For example, there
are trade-offs between investing in batteries, pumped-storage hydro, demand
response and coal power plants that depend upon the existing generation and
demand profiles of each system. This report fills a gap in the international literature
by focusing on renewables integration in individual states, rather than at the
national level in India. It builds on the ongoing power sector stakeholder
engagement that the IEA and NITI Aayog have been leading since 2018, including
the outcomes of a series of workshops in recent years – one national, four regional
and three state level – and the related in-depth analysis. The report also draws on
two detailed production cost models developed by the IEA to illustrate flexibility
challenges and solutions: a five-region India Regional Power System Model and
a Gujarat State Power System Model. Power system flexibility challenges,
solutions and priorities are very different in each state. This report highlights the
findings applicable to multiple states in India, and potentially across the globe.

Policy and tariff reforms can tap into demand response
potential
Power system transformation in India will be supported by the transformation of
electricity demand from passive consumption to more proactive participation by
demand sectors. Agricultural users already play an important role in balancing
power supply and demand through involuntary irrigation load shifting, and the IEA
analysis foresees more active participation from the agricultural sector, buildings
(including cooling) and industry by 2030.
The existing agricultural demand shift from high to low demand hours already
provides a significant source of low-cost power system flexibility in India, and has
assisted some states in reaching high levels of solar and wind penetration without
major system events. This shift has been largely enabled by the availability and
use of existing distribution networks dedicated to agricultural users in certain
states, which allow the system operator to control irrigation loads without
impacting other grid users. Looking ahead, transitioning from involuntary
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agricultural demand shift to proactive agricultural demand response (e.g. active
response to a price signal) can be one of the most cost-effective solutions to
improve power system flexibility, although its use must be balanced against the
potential impact on the water stress of each region.
Impact of agricultural demand shift on total demand and solar generation absorption
Generation/load (GW)
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Notes: PSH = pumped-storage hydro; PV = photovoltaic.
Sources: IEA, Gujarat State Power System Model and analysis based on Khanna (2021).

Time-of-day (or time-of-use) tariffs for industry are offered in most states as the
basis of the existing industrial demand response incentive. In the medium to longer
term, a shift towards time-of-use tariffs as the default option is recommended,
following the rollout of advanced metering infrastructure, for the activation of
demand response potential from buildings and transport (such as cooling and
electric vehicle [EV] smart charging). On the residential side, shifting towards
advanced digital metering, automation and smart home appliances is a
prerequisite, whilst ensuring cybersecurity and avoiding proprietary standards that
could limit interoperability and consumer choice.

Rooftop solar systems need to be monitored and
managed
State system operators and DISCOMs are concerned about the rise of rooftop
solar systems, due to their impact on DISCOM financial stability (from revenue
loss), distribution system issues (from reactive power, voltage impacts and
reverse power flows) and demand forecast uncertainty. This report highlights
international experiences, illustrating how these can become system-friendly

PAGE | 15

Renewables Integration in India 2021

Executive summary

assets and support the low-voltage network with voltage stability and reactive
power. To improve the visibility of rooftop solar assets in India, connection codes
need to stipulate the registration of individual systems, with state- and nationallevel registers of these assets. The rooftop solar database should first be built in
states. Later, a national-level standardised interface and data model can bring
more efficiency and transparency. Requiring all rooftop solar customers to be on
time-of-use tariffs can help mitigate the revenue loss suffered by DISCOMs while
also balancing the shift in costs between consumers with rooftop solar and
consumers without it. Regularly revisiting time-of-use timeslots will be required as
rooftop solar additions and demand response reshape the state demand curves.

New regulatory and policy frameworks can activate more
flexibility from storage and power plants
Most states are concerned about the future role of existing coal-fired power plants.
Coal plants are expected to operate less as renewable technologies supply more
generation, which leads to reduced revenues. At the same time, to operate flexibly
and meet stricter emissions standards, some coal plants may also require further
investment. Such investment needs to be weighed against investment in flexibility
sources in other parts of the system (storage, demand and grids) and emission
reduction targets. Government officials are also concerned that historical
dependence on long-term power procurement contracts as the tool for ensuring
capacity adequacy creates an economic burden by locking in long-term fixed
capacity payments to coal power plants.
In the Stated Policies Scenario (STEPS) of the IEA World Energy Outlook (WEO),
coal capacity in the Indian power system will increase to 269 GW by 2030
compared to 235 GW in 2019. The analytical results of the IEA India Regional
Power System Model show that the use of coal power plants in India will change
dramatically by 2030. Use will shift from typically steady baseload operation to
frequent operation near minimum and maximum output levels. Coal plants in some
states have the potential to better support the integration of high shares of VRE
with increased flexibility, such as faster ramp rates, lower technical minimum
levels and shorter start-up times. Additional flexibility, however, requires new
investment and new compensation designs for these power plants. In contrast to
the current tariff structures focused on capacity and energy payments, emphasis
should be placed on tariff and market-based compensation for flexibility.
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Retrofitting hydropower plants to allow operation in pumped-storage mode seems
to be the preferred storage solution in many states in India. However, batteries are
also likely to play an important role in India. Analysis by the Lawrence Berkeley
National Laboratory suggests that battery storage coupled with solar farms can be
a more cost-effective solution than pumped-storage hydro retrofits for morning
peaks or evening ramps requiring a storage duration of less than six hours. The
optimal sizing and location of battery storage will differ by region and requires
detailed studies in each state.

Changes to wholesale markets and power purchase
agreements can remove barriers to interstate trade
The current regulatory and market frameworks present significant gaps and
barriers for power system flexibility resources, including demand response,
batteries, pumped-storage hydro and power plant flexibility. Comprehensively
reviewing and removing the wholesale and retail market barriers to new
technologies and creating an equal playing field for all resources is an important
ongoing task not only in India, but worldwide.
India’s wholesale power trade achieved important milestones in 2020, with
improved trading across Indian states and the introduction of real-time markets
and green markets. Since 2020 the real-time market has filled an important gap
by providing corrections on an hour ahead timeframe for variable and uncertain
generation such as solar and wind. The newly established green market enables
clients such as the DISCOMs to fulfil the states’ renewable purchase obligations
through market purchases.
Analysis based on the IEA India Regional Power System Model suggests that
additional power trading across states is an effective renewables integration
solution that could reduce curtailment by around 2.5% in the STEPS in 2030.
However, significant barriers remain to reach this potential. These include: (1) the
lack of transmission capacity available for interstate trade; (2) the low level of
liquidity in wholesale markets; and (3) the inflexible existing contractual structures,
namely long-term physical purchase power agreements (PPAs) between the
DISCOMs and generators (also contributing to the low liquidity).
States will need to weigh the costs and benefits of potential new transmission
investment against the costs and benefits of other flexibility options. In India
existing long-term physical PPAs represent about 90-95% of total generation. The
current practice of using these PPAs to meet resource adequacy requirements
may not be the most cost-effective tool for achieving resource adequacy. Existing
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PPAs also pose a barrier to improved power system flexibility from both interstate
trade and power plant flexibility. Thus, states could consider creating alternative
resource adequacy mechanisms and using financial PPAs. In the longer term, a
sophisticated financial market for power sector products could be introduced in
India.

Flexibility reduces curtailment, and lower curtailment
means reduced system operating costs and lower CO2
emissions
Reduction in curtailment, CO2 emissions and operating costs due to combined
flexibility options in India and Gujarat

India Regional
Model, 2030
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IEA. All rights reserved
Note: Percentage savings show the impact of increased flexibility from power plants, demand response, energy storage
and transmission in the IEA India Regional Power System Model and Gujarat State Power System Model.

Some level of curtailment is present in most systems with high solar and wind
penetration – typically up to 3% of annual solar and wind output.
While renewables have must-run status in India, renewable generators can be
curtailed due to system security considerations. For example, states such as Tamil
Nadu and Karnataka have seen solar and wind curtailment in recent years.
Increasing solar and wind generation curtailment and lack of related mitigation
policies are a major concern, particularly for investors. Power sector investment in
India fell by USD 10 billion to USD 39 billion in 2020, including a decline in solar
and wind investment, mainly due to the impacts of Covid-19. Improving investor
confidence will be important in the coming years as India aspires to attract greater
power system investment. To better address curtailment risk, discussions on the
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future of the must-run status of solar and wind must continue. Formulating
practical contractual structures and policies related to compensation for
curtailment will be critical.
Increasing power system flexibility enables the integration of higher shares of solar
and wind generation. As a result, for a given amount of solar and wind capacity, a
larger share of renewables can be utilised. This is illustrated in the two models
presented in this report. Lower curtailment also brings about the benefits of
reduced system operating costs and lower CO2 emissions.
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India’s clean electricity path
Historical progress towards India's ambition to integrate
450 GW of renewables by 2030
This publication provides an international framework for renewables integration in
India and highlights potential power system flexibility solutions for Indian power
sector stakeholders. It builds on stakeholder engagement led by the IEA and NITI
Aayog since 2018, the outcomes of the past national, regional and state-level
workshops and the related in-depth analysis. It highlights the findings relevant to
many states and regions in India and across the globe.
The country’s power development started with small, isolated power systems.
Over the years, these were interconnected to form state-wide grids. In the 1980s
the government of India grouped the states into five power regions. The five
regional grids today – the Northern, Western, Eastern, Southern and Northeastern – have gradually been connected to form one synchronous
interconnection covering the entire country. In 2014 India’s system became the
world’s largest operating synchronous grid. Since 2011 the National Green Energy
Corridor programme has actively supported the buildout of transmission network
infrastructure dedicated to renewables.
Integrating higher shares of VRE, such as wind and solar PV, in power systems is
essential to decarbonise the power sector while continuing to meet the growing
demand for energy. Thanks to sharply falling costs and supportive policies, solar
and wind deployment has expanded dramatically in recent years. India is on the
path towards achieving 175 GW of renewables by 2022 and has announced an
ambition to reach 450 GW by 2030.

Variable renewables become dominant across all major
pathways
The increase in renewable capacity will shift India’s power system from the
dominance of coal to renewables. The IEA World Energy Outlook 2020 scenarios
look at possible pathways for India to 2030 and 2040. The STEPS shows a
pathway based on India’s current policies and announced policy intentions geared
to meeting the country’s nationally determined contribution under the Paris
Agreement. The Sustainable Development Scenario (SDS) includes additional
technical potential for more sustainable development, with a lower share of coal
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and higher shares of solar and wind. In the STEPS, solar and wind reach 344 GW
and overtake coal capacity of 269 GW in 2030. The WEO shows over 620 GW of
solar and 219 GW of wind capacity in the STEPS, and over 720 GW of solar and
309 GW of wind in the SDS, by 2040. In both scenarios, coal capacity increases
up to 2030 and then declines. In the STEPS, coal is at 260 GW by 2040, while in
the SDS it is only at 144 GW.
The power supply transformation will significantly alter India’s CO2 emissions and
climate targets. CO2 emissions from the energy sector increased from 0.9 Gt CO2
in 2000 to 2.5 Gt CO2 in 2019, in line with the increase in energy demand triggered
by strong population growth and industrial development. Over this time period,
coal capacity expanded from 63 GW to 265 GW, but the power sector's CO2
intensity declined by 11% to 725 g CO2/kWh. In the STEPS, the CO2 intensity of
electricity further falls to 336 g CO2/kWh by 2040, the level of the OECD's average
intensity in 2019. The decline is much steeper in the SDS, reaching 319
g CO2/kWh by 2030 and 59 g CO2/kWh by 2040.

Installed capacity (GW)

The evolution of India's electricity capacity mix in the Stated Policies Scenario and the
Sustainable Development Scenario, 2000-2040
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Source: IEA India Energy Outlook 2021.

There are many possible pathways for India to achieve its renewable targets, but
all possible future pathways have one thing in common: high proportions of solar
and wind. This in turn creates the need for greater power system flexibility.
Both the STEPS and SDS significantly extend India’s existing power system
flexibility. Beyond grid and demand-side flexibility, the supply-side power system
flexibility in the WEO scenarios is provided by a combination of batteries (increasing
from minimal capacity in 2019 to 34 GW in the STEPS by 2030), hydropower plants
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(increasing from 49 GW in 2019 to 76 GW in the STEPS by 2030) some of which is
reservoir and pumped-storage, and natural gas (increasing from 28 GW in 2019 to
30 GW by 2030). The optimal combination of these supply-side flexibility options
needs further in-depth analysis and depends on whether policy makers would like
to optimise for system operating costs and end-user prices, or prefer to take into
account emission impacts and other wider social and economic factors. The
balance of solar and wind also has implications for power system flexibility needs,
with systems relying on solar requiring storage during the day.

Integrating renewables in India will require action at both
the central and state level
A large number of government bodies are associated with the Indian power sector,
with operational responsibilities entrusted to system operators at various levels.
Together, these entities form a very large and complex framework for the power
sector. To date, most of the focus in the international literature and IEA analysis has
been on renewables integration challenges at the national level. However, the states
face several specific challenges. Around 30% of power generation is owned by state
governments and 25% by the central government. The remaining 45% is privately
owned and delivers electricity to state or privately owned DISCOMs. State
institutions, such as state regulators, have complete control over the regulation of
state transmission, distribution and retail, as well as electricity tariff setting.
National and state-level players in the Indian electricity sector

IEA. All rights reserved.
Note: IPP = independent power producer.
Source: IEA, India 2020 Energy Policy Review.
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India’s states are at the forefront of renewables
integration globally
The renewables integration challenges, solutions and priorities vary greatly among
India's 28 states and eight union territories. The majority of India’s renewable
capacity additions take the form of solar and wind, and they will continue to be
largely concentrated in the country’s ten most renewables-rich states: Tamil Nadu,
Gujarat, Karnataka, Rajasthan, Andhra Pradesh, Maharashtra, Madhya Pradesh,
Telangana, Punjab and Kerala. Historically, capacity additions have been
dominated by wind, but projects in the pipeline include more solar than wind.

Installed capacity (GW)

Solar and wind capacity in India's renewables-rich states, February 2021
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IEA. All rights reserved.
Source: MNRE renewables data.

By the end of February 2021 Tamil Nadu had the highest level of solar and wind
capacity (13.8 GW), followed by Gujarat (12.4 GW), Karnataka (12.3 GW), and
Rajasthan (9.8 GW).
A good indicator of the degree of challenge in each state is the share of solar and
wind in total power generation. In 2021 the ten renewables-rich states represented
almost 97% of India's power generation from solar and wind. The annual energy
share of solar and wind in these states was significantly higher than the national
average of 8.2%. In 2020-21 it was highest in Karnataka (29%), followed by
Rajasthan (20%), Tamil Nadu (18%), Andhra Pradesh (16%), and Gujarat (14%).
These states already have higher shares of VRE than most countries
internationally, and are already facing system integration challenges. With
ambitious renewables expansion targets, they will expect to face further
challenges in the future.
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Share of annual energy (%)

Solar and wind as a share of total annual generation in India's renewables-rich states,
FY 2020/21
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IEA. All rights reserved.
Note: FY = fiscal year
Source: Based on CEA renewables data.

This report’s state-level analysis draws on examples from the three states of
Maharashtra, Gujarat and Karnataka, because they have large renewable
capacity and are among the most advanced in their power sector development.
They have significant renewables potential, robust deployment targets and
financially stable DISCOMs with Grade A financial credit ratings.
These three states also play an important role in India's economy. Maharashtra
has the highest GDP, contributing over 13% of India’s total GDP, while Karnataka
accounts for 8% and Gujarat for 8%. Maharashtra has the second highest
population in India with over 120 million residents, after Uttar Pradesh with over
199 million. The three states of Maharashtra, Gujarat and Karnataka together
represent 18% of India's population.
Maharashtra faces one of the steepest renewables deployment curves in all of
India. It has the sixth largest solar and wind capacity installed in the country (over
7 GW) and the most ambitious rooftop solar target, nearly 5 GW by 2022.
Gujarat and Karnataka are facing renewables integration challenges sooner than
many other states. Gujarat has the third largest solar and wind capacity (over 12
GW) across the country, and its 2030 targets include over 44 GW of solar and
wind capacity to satisfy the state’s power requirements, along with an additional
20 GW to be constructed in the state and contracted to other states. Gujarat also
has a state-wide commitment to stop the commissioning of new coal-fired projects
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from 2022. These ambitions would increase its annual share of the country’s total
solar and wind generation to almost 40% by 2030, from around 15% today.
Karnataka currently has the highest annual share of solar and wind generation in
India and the third highest solar and wind capacity (12.3 GW). It is a good example
of a state that has benefited from agricultural demand response while facing
emergency curtailment of its must-run solar and wind resources since 2019.

The IEA has a global framework for understanding
renewables integration challenges
This report highlights insights for India reflecting international experiences of
integrating high shares of VRE, particularly from Ireland, the United Kingdom,
Germany, the United States, California and Australia. These insights could be
considered in and adapted to the Indian context, help some states leapfrog
common integration challenges, and assist the system transformation process in
other Indian states and the country as a whole.
While the focus of this report is on wind and solar generation technologies, it also
takes into account the impact of other renewables, namely hydro and bioenergy,
noting that these normally assist the system integration of renewables, as they are
often dispatchable forms of power generation.
The IEA system integration of renewables framework has six phases, with
suggestions on how integration can be successfully managed in each phase.
Various phase-specific challenges can be identified in the deployment of VRE,
and decision makers can use this framework to prioritise different measures to
support the flexibility of their system. The IEA has previously described these
phases in detail, and also provided recent examples and insights.
Most countries, globally, are in Phases 1 and 2 of system integration of
renewables, and as such experience minor system integration challenges. India
as a whole and Maharashtra are in Phase 2 alongside the United States, China
and Mexico. Portugal, Germany, Spain, the United Kingdom, Italy and the Indian
states of Karnataka, Rajasthan, Tamil Nadu, Gujarat and Telangana are in Phase
3, and are already facing challenges related to integrating high shares of VRE. In
Phase 3, VRE determines the operating pattern of the power system. Karnataka,
Tamil Nadu and Rajasthan are fast approaching Phase 4. Very few countries and
regions globally have entered Phase 4; they include Denmark, Ireland and South
Australia. These countries/regions and the Indian states of Karnataka and Tamil
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Nadu are at the forefront of global integration experiences and already see periods
(minutes, hours or days) when solar and wind constitute almost all of the power
generation.
Phases of system integration of renewables

IEA. All rights reserved.
Source: IEA, Status of Power System Transformation 2019.

% VRE in annual electricity generation

Countries and regions in phases of renewables integration, 2019
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IEA. All rights reserved.
* 2018 values.
Sources: IEA, Renewables 2020; IITK Energy Analytics Lab.

The flexibility of a power system refers to the extent to which the system can
modify electricity production or consumption in response to variability, expected
or unforeseen, while ensuring system security. Flexibility can therefore refer to the
capability to change power supply or demand in the system as a whole or in a
particular unit. Flexibility can be provided at different timescales, from
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sub-seconds to months and years. According to the IEA phase assessment
framework, different flexibility resource types acting at different timescales will be
more pronounced during specific phases of integration.
Flexibility at different timescales and phases
Flexibility type

Ultrashort-term
flexibility

Very short-term
flexibility

Short-term flexibility

Medium-term flexibility

Long-term flexibility

Timescale

Sub-seconds to
seconds

Seconds to minutes

Minutes to days

Days to weeks

Months to years

Ensure system stability
(voltage, transient and
Short-term frequency
frequency stability) at
control at high shares
high shares of nonof variable generation
synchronous
generation

Issue

Most relevant
integration
phase and
example
regions

Phase 4
Several VRE-rich
states by 2025

Meeting more
frequent, rapid and
less predictable
changes in the
supply/demand
balance

Addressing longer
Balancing seasonal and
periods of surplus or
inter-annual availability
deficit of variable
of variable generation
generation

Phase 2
Phase 3

India as a whole,
Maharasthra in 2021

Gujarat, Karnataka, Tamil Nadu in 2021

Phase 4

Phase 5

Phase 6

IEA. All rights reserved.
Source: IEA, Maharashtra Power System Transformation Workshop Report.

For example, in Karnataka and Gujarat, currently in Phase 3, the greatest system
flexibility need is for resources that provide flexibility within seconds to minutes to
hours, thus helping to overcome very short-term variability in solar and wind
output. Higher penetration of solar energy will place greater demands on flexibility
resources with an even faster response time. In Phase 4, more focus on ultrashortterm flexibility capabilities will be required so as to provide flexibility within
seconds, with additional focus on flexibility on a timescale from days to weeks.
Then in Phases 5 and 6, the focus on flexibility shifts to months and years, often
referred to as seasonal flexibility, due to the structural imbalances of solar and
wind generation over the seasons.
Different resources can provide flexibility in specific timeframes. These power
system flexibility enablers include generation, grids, storage assets, demand-side
management and sector coupling.
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Technical flexibility resources for different timescales
Ultra-short
Very short term
Flexibility
term
(seconds to
timescale
Flexibility
(sub-seconds to
minutes)
resource
seconds)

Short term
(minutes to
hours)

Medium term
(hours to days)

State-of-the-art
VRE

Controller to
Downward/
enable synthetic
upward
Synthetic inertial
inertia; very fast
reserves; AGC;
response; AGC
frequency
ED of plants
response
including VRE

Demand-side
resources

Demand-side
options
Air conditioners
including electric
with cold
Power
water heaters,
storage and
Smart meters
electronics to
EV chargers,
heat pumps;
for timeenable demand
large water
most equipment dependent retail
response
pumps and
listed under
pricing
electric heaters; very-short-term
variable-speed
flexibility
electric loads

Storage

Supercapacitor;
flywheels;
battery storage;
Battery storage;
Battery storage
PSH modern
CAES; PSH
variable speed
units

Conventional
plants

Grid
infrastructure

Mechanical
inertia;
generation
shedding
schemes

Speed droop
control; AGC

Cycling;
ramping; AGC

ED tools; UC
tools; VRE
forecasting
systems

Long term
(days to
months)

Very long term
(months to
years)

VRE forecasting
UC tools; VRE
systems; power
forecasting
system planning
systems
tools

Demand
forecasting
equipment

Demand
forecasting
equipment;
power-to-gas

PSH

PSH

PSH; hydrogen
production;
ammonia or
other power-togas/liquid

Cycling; quickstart; mediumstart

Changes in
power plant
operation
criteria

Retrofit plants;
flexible power
plants; keeping
existing
generators as
reserve

Control and
communication
Interaregional
Internodal
systems to
Synchronous
power transfers; power transfers; enable dynamic
condensers and SPS; network
cross-border
cross-border
transmission
other FACTS protection relays
transmission
transmission
line ratings;
devices
lines
lines
WAM; HV
components
such as SVC

Transmission
lines or
transmission
reinforcement

Notes: AGC = automatic generation control; CAES = compressed air energy storage; ED = economic dispatch;
FACTS = flexible alternative current transmission system; HV = high voltage; PSH = pumped storage hydro; SPS = special
protection schemes; speed droop control = the sensitivity of governor response to frequency changes; SVC = static VAR
compensator; UC = unit commitment; WAM = wide area monitoring system.
Source: IEA, Status of Power System Transformation 2018.

Power sector modelling provides system-specific
insights
To evaluate the impact of increasing renewables and the role of flexibility solutions
in India, the IEA has developed two new detailed power system models for this
report. The first model, the India Regional Power System Model (hereafter, India
Regional Model), is an update of the IEA five-region national model of India for
the STEPS in 2030, building on past IEA hourly modelling of India. The second
model, the Gujarat State Power System Model (hereafter, Gujarat State Model),
is a DISCOM-level model of Gujarat State, developed by the IEA in collaboration
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with CER, IIT Kanpur to evaluate the impact of diverse flexibility options on the
Gujarat power system. It is described in more detail in the Gujarat Power System
Transformation Workshop Report. The Gujarat State Model is the first state-level
hourly model undertaken by the IEA, recognising the need for subnational
modelling to capture the highly state-specific power system context in India.
Each model includes a number of scenarios to illustrate the impact of different
flexibility options, as well as a downside case where additional flexibility does not
materialise, to provide a reference point. The two models and the full set of
scenarios analysed are described in more detail in the annex. This report provides
results from both models to illustrate the renewables integration challenges and
solutions at both the national and state levels.
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India’s states face many local renewables integration
challenges
The IEA and NITI Aayog have collaborated with a wide range of state-level
stakeholders, in particular in Maharashtra, Gujarat and Karnataka, to identify,
collate and prioritise the following list of renewables integration challenges that
affect Indian states. The stakeholders agreed that the states face significant
challenges in reaching the country’s national 2030 renewables targets. While
some of these challenges are already the daily reality for certain states, other
states expect to face them according to their level of VRE penetration.
The most important technical challenges relevant to many Indian states in the
short to medium term are the following:
•

Transmission challenges include new bottlenecks inside states and limited
capacity available across states (interstate transmission lines) as solar and wind
sites tend to be concentrated in certain regions within states and also in certain
states within India.

•

Many states lack real-time solar and wind generation data, and the accuracy of
solar and wind forecasts must improve. Regulations often allow for forecast errors
of +-15%, which for Karnataka may lead to more than 1 000 MW renewable
generation deviation at certain times. To address these issues, India has 11
Renewable Energy Management Centres (co-located with load dispatch centres)
managing a cumulative solar and wind power capacity of 60 GW+ and sharing
data among state, regional and national grid operation centres. There is a lack of
reliable long-term demand projections and forecasts at the state level.

•

Increasing peak demand is being driven by new demand sources such as air
conditioners and EVs.

•

Ramping requirements are increasing, and for existing coal generation plants at
the state level there is a lack of flexibility and standard operating procedures.

•

The current and future curtailment of solar and wind is both a challenge and a
solution for managing the system in emergency situations. While solar and wind
have must-run status in most states, this can be secondary to the priority given to
hydropower or coal generators in some states at certain times.

•

Concerns regarding distributed energy resources, such as rooftop solar and EVs,
include local voltage issues, reverse flows, lack of visibility of existing and new
installations, and challenges with forecasting.
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•

Other technical challenges include declining system strength, increasing
fluctuations in frequency and voltage levels in certain regions, and the slight
decline of inertia in India in recent years at certain times (illustrated by POSOCO
in the dedicated section).

•

There is a lack of co-ordination among state-level transmission planners and
central planning agencies such as the Power Grid Corporation of India. A unified
planning model across the country is also absent. As a step towards addressing
this, as part of the 19th Electricity Power Survey of India mid-term review report,
the Central Electricity Authority (CEA) adopted an econometric forecasting model
for the first time to project long-term electricity demand scenarios from 2018 to
2036. The model accounts for economic, demographic and weather variables, and
enables better informed decisions in relation to new investments.

In most cases, these technical challenges have numerous policy, market and
regulatory implications as well. Emerging policy, market and regulatory challenges
and implications include the following:
•

There is an absence of market signals for power system flexibility, and a lack of
ancillary services regulations, products and markets in states. National-level
ancillary services regulations – that India’s Central Electricity Regulatory
Commission introduced in 2016 in the form of automatic generation control pilots
– are not applicable within the states. The current national regulatory framework
for ancillary services is primarily targeted at enhancing the reserve margin, while
the framework currently excludes the role of fast response technologies.

•

There is a lack of remuneration for solar and wind curtailment, which can affect
investor confidence.

•

There is a lack of grid codes to ensure VRE plants support system security, e.g.
frequency support.

•

There is no remuneration for coal power plants in the event that investment in
increased flexibility is required by the state.

•

The priority given to coal power plants (at technical minimums) reduces the system
operators’ ability to balance the system with lower-carbon sources in some states
at certain times.

•

There is a lack of regulatory frameworks to allow adequate remuneration of
demand response and storage technologies such as batteries.

•

The long-term contracts for conventional power plants create a long-term
economic burden and other challenges due to their requirement for capacity
payments (referred to as a fixed cost in Indian tariff determination) alongside the
energy payments (referred to as variable costs).

•

There is low liquidity in the short-term wholesale markets.

•

The increasing transmission system investments translate into increasing
transmission charges, but are only partially compensated by lower generation
costs due to the aforementioned constraints on coal plants.
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•

Renewables integration affects the financial stability (costs and revenue streams)
of the DISCOMs, which need to pay the fixed charges of coal plants bound by
long-term PPAs even when using solar and wind, while also being bound by
national renewable purchase obligations.

•

There is increasing pressure on end-user electricity tariffs from the
abovementioned increase in transmission charges, level of DISCOM risk, longterm PPAs and market inefficiencies.

Recent trends behind the main renewables integration challenges today include
the increasing variability of hourly demand, which for the whole of India increased
from ±8 GW in 2008 to +14 GW and -10 GW in 2018. In 2020 the increasing
variability of hourly demand in the Western Region, which includes several
renewables-rich states, increased from ±3 GW in 2008 to +6 GW and -4 GW by
2020.
Increasing demand variation in the Western Region, 2008-2020

IEA. All rights reserved
Source: POSOCO, Western Load Dispatch Centre.

Ramping needs have increased significantly with the addition of substantial solar
capacity in recent years. On a typical day in India conventional generation needs
to back down in the morning between 8:00 and 12:00, followed by an increasingly
steep ramp-up between 14:00 and 19:00.
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Increasing ramping needs driven by the impact of solar power on net demand

IEA. All rights reserved
Source: POSOCO, Western Load Dispatch Centre.

How high shares of solar and wind challenge the
status quo
What does the inherent variability of wind and solar PV power generation mean in
practice and how will this change from today to 2030? A very high share of solar
and wind at any point in time (within a day, an hour or minute) can pose system
integration challenges. The variability of solar and wind generation tends to be
higher at finer time resolutions and when concentrated geographically. For
example, the variability in daily output of solar generation is much less than the
hour-to-hour variability, and the aggregated solar and wind generation for the
whole of India is more consistent than the output of a single plant, a tendency
referred to as geographic smoothing. While the annual share of solar and wind
energy for the whole of India was only 8.2% in 2021, the local solar and wind
energy contribution in renewables-rich states was much higher than this both
annually and at certain points in time. This is a result of both diversity in the
generation mix between the states and the averaging effects across time and
geography.
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While annual solar and wind shares in the renewables rich states are currently still
at or below 30%, when we examine them with more granularity on a daily basis,
the highest daily share of solar and wind in FY 2019/20 was already close to 70%
in both Tamil Nadu (73%) and Karnataka (69%). The daily maximum solar and
wind share also masks higher hourly solar and wind generation peaks. Hourly
solar and wind generation data is not currently available for most Indian states. It
would be a valuable addition to existing national-level data sources in the future.
Daily maximum annual solar and annual wind generation in Indian states, FY 2019/20
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IEA. All rights reserved.
Note: FY = fiscal year
Sources: Based on data from CEA and IITK’s Energy Analytics Lab.

Looking ahead, the share of solar and wind power in India as a whole on an annual
basis is projected to reach 24% by 2030 in the STEPS and 39% in the SDS. Based
on current Gujarat government targets, the annual share of solar and wind would
reach around 37% in the state by 2030.
This transformation is even more pronounced when looking at the hourly
maximum solar and wind generation before accounting for curtailment. While the
highest contribution of solar and wind to meeting hourly demand in Gujarat in 2019
was 39% (at 13:00 on 14 July), this is expected to rise to as high as 80% in 2022,
and according to the IEA Gujarat State Model it could reach up to 160% of demand
during some hours by 2030. On a national level in the IEA India Regional Model,
the country could see available generation from solar and wind reaching more
than 90% of underlying demand during numerous hours a year in 2030. Solar and
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wind generation levels beyond 100% of demand can be curtailed or achieved
through strong interstate interconnections.

Underlying demand (GW)

Hourly share of uncurtailed solar and wind generation as a percentage of demand in
Gujarat versus India in the Stated Policies Scenario
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IEA. All rights reserved.

Source: IEA, India Energy Outlook 2021.

Renewables-rich states such as Gujarat are already coping with higher hourly shares than the rest
of India, and are now facing integration challenges that will emerge more widely in the future.

Flexibility lowers curtailment, and lower curtailment
comes with reduced system operating costs and lower
CO2 emissions
In most countries with a high proportion of solar and wind generation, some level
of curtailment is present. China sustained high levels of dispatched-down VRE
from 2011 to 2017 (7-20%), reaching an absolute historical high of almost 50 TWh
in 2016. By 2019 the share of solar and wind curtailment had dropped to less than
4%, mainly due to new interprovincial transmission capacity, changes to dispatch
rules and improved market operations. Even though dispatched-down VRE
electricity overall increased in absolute terms in the United States, Germany and
Italy between 2017 and 2020, the share of wind and solar PV curtailment remained
stable at 1-3%, which means that most systems have been able to evolve to
accommodate increasing VRE generation as capacity expanded. In contrast,
record curtailment levels were reached in California in 2020, with the system
operator (CAISO) curtailing over 318 GWh in April (7% of VRE output). This was
67% more than in 2019 and was a result of falling demand for electricity (an 8%
decline) caused by Covid-19 and newly added solar and wind capacity.
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Curtailment started to become a major challenge in a few Indian states between
2013 and 2019, and there is increasing concern among policy makers and
investors about the increasing trend for curtailment of solar and wind towards
2030. At the same time, transparent data on the amount of curtailment (e.g. the
percentage of annual generation) and reasons for it are not publicly available. The
IEA India Regional Model indicates that flexibility options become critical for
minimising curtailment by 2030. In the limited flexibility case we see 9% of VRE
generation curtailed at the national level, in contrast to only 0.4% curtailment in
the flexible case.
The state of Karnataka has been facing increasing solar and wind curtailment
since 2019. Renewable generation enjoys must-run status in India as defined in
the Indian Electricity Grid Codes and under various state codes, where its
curtailment is allowed only for grid security and not for commercial reasons. In
2019 and 2020 there were days when the state load dispatch centre (SLDC) in
Karnataka announced the need to curtail between 10% and 25% of both wind and
solar generation in the interests of grid security during the middle of the day in the
months of June, July, August and September. Analysis by the Center for Study of
Science, Technology and Policy (CSTEP) indicates that VRE curtailment could
increase further by 2030.
The IEA Gujarat State Model shows that states with less solar and wind can face
similar challenges in the medium term, to 2030. For example, the model found that
the Gujarat system had zero curtailment of VRE generation in 2020, and
curtailment is expected to remain negligible in 2022. However, by 2030, in a case
with no increase in flexibility, curtailment would increase to around 7% of annual
solar and wind generation. This indicates the need for greater power system
flexibility where the renewables share increases, to ensure cost-effective use of
VRE.
IEA analysis of the impact of power system flexibility solutions on Gujarat's
curtailment levels by 2030 shows that the most effective flexibility solutions for the
state are agricultural demand response (resulting in a low annual curtailment of
just over 2%) and battery storage (with the lowest 2% annual curtailment with a 4
GW battery). Power plant flexibility (with over 6% annual curtailment in 2030) and
the planned pumped-storage hydro (also with over 6% annual curtailment) have
much lower impacts on curtailment, reducing it by less than 1% compared to the
limited flexibility scenario. At the same time, all of these flexibility options result in
operating cost savings, compared to the limited flexibility scenario. For example,
in the 4 GW battery scenario, variable operating costs including the cost of market
purchase are around 7% lower than in the inflexible case.
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Curtailment (%)

Annual curtailment in different Gujarat power system flexibility scenarios, 2030
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Source: Gujarat Power System Transformation Workshop Report 2020.

Curtailment and investment
Influenced by Covid-19, power sector investment in India fell by USD 10 billion
year-on-year to USD 39 billion in 2020, including a decline in solar and wind
investment. Improving investor confidence will be an important factor in the coming
years as India will need to increase power system investment twofold by 2026 in
the STEPS or threefold in the SDS, relative to 2020 levels.

USD (2019) billion

Power sector investment in India, 2015-2030
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Source: IEA, Clean Energy Investment Trends 2020.

The increasing solar and wind curtailment and lack of related policies are critical
concerns for investors. According to the Clean Energy Investment Trends 2020
report by the IEA and the Council on Energy, Environment and Water (CEEW), an
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investor’s internal rate of return on solar PV projects declines by 160 basis points
for every 2.5% production loss per year. The expectation of future curtailment can
therefore significantly increase solar power purchase costs.

Spotlight on the impact of flexibility options on CO2 emissions
Flexibility options are key to integrating renewables, and are an integral part of the
clean energy transition. At the same time, they also affect CO2 emissions by
influencing the final generation mix. Avoided curtailment is a straightforward case,
whereby flexibility options allow a higher amount of renewable generation to be
utilised and thereby reduce emissions. This is illustrated at the all-India level, where
emissions in the India Regional Model in 2030 with all flexibility options are 4% lower
than in a downside case where needed flexibility from power plants, demand
response, energy storage and grids does not materialise. This is primarily due to
the improved integration of renewables and avoided curtailment as a result.
Some flexibility options result in higher emissions even if they reduce
curtailment in Gujarat
In Gujarat, for most 2030 flexibility scenarios, emissions fall relative to the inflexible
case. However, some flexibility options may have the unexpected effect of higher
emissions than the less flexible case. This is illustrated for Gujarat in 2030, where
the pumped-storage hydro case has slightly higher emissions than the inflexible
case. This is because in some specific cases, flexibility measures may result in an
increase in coal generation that outweighs the curtailment reduction in its emissions
impact, particularly in the absence of explicit emissions pricing.

Emissions reduction (%)

Power system emission reductions in Gujarat for different flexibility options
relative to the limited flexibility case, 2030
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Source: IEA analysis based on assumed emission intensities by plant depending on technology (around 0.9-1.05
g CO2/kWh for coal and around 0.42 g CO2/kWh for combined-cycle gas).
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The principal mechanism for reducing emissions is increasing clean generation,
such as from solar and wind. Flexibility options help to achieve this. At the same
time, where a key objective is emissions reduction, it is important to be aware that
flexibility options in themselves can both decrease and increase emissions by
enabling lower-cost generation to contribute more to the mix. Moreover, incentives
such as carbon pricing to encourage preferential dispatch of lower-emission
technologies may be needed in some systems to avoid unintended consequences.
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Power system flexibility now and in 2030
Extensive progress is being made by numerous national and state-level
institutions in addressing the challenges of renewables integration in India. A
detailed overview of ongoing policy, market and regulatory work is provided in the
IEA India 2020 Energy Policy Review.
As India transitions to higher levels of renewable generation, improving system
flexibility while ensuring electricity security and reliability would require services
from a more diverse range of technologies on both the demand and supply sides.
In 2019 the majority of India’s energy, peak capacity and ramping flexibility was
provided by coal generation, with a significant contribution also coming from
hydropower plants. These resources will continue to have an important but
declining role in the next decade as solar, wind, batteries and demand-side
resources play an increasing role in contributing to peak capacity management
and power system flexibility.
Energy and service contributions of different technologies to maintain electricity
security in Gujarat, 2019 vs 2030
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Notes: Storage includes batteries and pumped-storage hydropower. For calculated contributions, stability is based on
provision of operating reserves, although it should be noted that reserves are only one aspect relevant to stability, and
detailed technical studies are required to capture all components. Ramping is calculated from the contribution to the top
100 hourly ramps, peak capacity is based on contribution to the top 100 hours and energy is the annual energy
contribution. The measures aim to give an illustration of the diverse aspects of electricity security, but do not encompass all
the components or potential technology contributions that can be relevant.
Source: Analysis based on IEA, Gujarat State Model.
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The example of Gujarat highlights how system services may change at a state
level. In Gujarat, demand-side ramping already played an important role in 2019,
and it can play an even more important role in 2030 in absolute terms due to the
more advanced use of agricultural demand response. In providing hourly ramping
requirements, storage can be a new player by 2030, reducing the reliance on coal.
Storage, including batteries and pumped-storage hydro, is also expected to
overtake coal as the most important provider of operating reserves (stability) in
Gujarat by 2030.

Demand-side flexibility becomes a top priority
Between 2010 and 2019 electricity demand in India grew by more than 220% to
reach over 1 200 TWh. In the STEPS, the IEA projects a further increase in
demand of 62% to reach over 1 900 TWh by 2030. This growth will be shared
across buildings, industry and agriculture, with transport becoming an emerging
consumption sector over the next decade.

Electricity demand (TWh)

Evolution of electricity demand in India, Stated Policies Scenario, 2000-2030
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Source: IEA, India Energy Outlook 2021.

Another significant change on the demand side over the coming decade will be
the transformation of electricity consumers from being passive users to proactive
electricity stakeholders and owners of distributed energy resources, or
“prosumers”. Electric transport in the form of two-wheelers, three-wheelers, cars
and buses will become increasingly relevant as both potential flexible loads and
electricity storage providers. In residential buildings, smart meters and smart
devices will transform consumption to align with system requirements, based on
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economic incentives, and rooftop solar will provide electricity for local use or will
be fed into the system. Industrial and commercial services will continue to increase
their role as electricity producers (through captive renewable generation),
consumers and storage stakeholders.
As users become increasingly proactive through digitalisation and smart devices,
significant opportunity arises for their active involvement in the power system
flexibility by providing demand-response services.
In the international context, demand-side response is often divided into implicit
and explicit. With implicit demand response, consumers adjust their electricity
consumption in response to dynamic price signals. By contrast, explicit demand
response is offered through mechanisms such as balancing markets, capacity
mechanisms or direct load control where a system operator can call on the
dispatch of distributed energy resources. In order to unlock both implicit and
explicit demand response, the right intervention mechanisms need to be in place
that enable consumer demand and distributed energy resources to serve as
flexibility assets.
In 2020 IEA analysis identified close to 70 GW of flexible load as being available
from demand-side response initiatives globally, amounting to around 0.9% of
global electricity generation capacity. This flexibility is sourced mainly through
traditional arrangements such as interrupting service at critical times and retail
incentives, as well as wholesale markets. The untapped potential is much higher,
with less than 2% of the potential being activated today.
At present, the global leader in demand-side response is the United States, with
around 28 GW from demand-side resource participation in wholesale markets and
another 35 GW from retail programmes. France has over 2 GW demand response
capacity, followed by the United Kingdom and Japan with around 1 GW each.
Australia, Ireland and Italy also have active programmes.
In India, direct load control by utilities allows flexible load dispatch to be centrally
optimised, accounting for available generation, inflexible loads and usage of
transmission and distribution infrastructure. As such, involuntary demand-side
management is already an important power system balancing tool today used by
SLDCs. Further policy development is required to shift from the involuntary direct
load control to proactive voluntary demand response in India. This shift could also
improve electricity consumer satisfaction by giving farmers more control and
choice.
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The agricultural sector is the most cost-effective source of
demand response
Agricultural demand response is a significant power system flexibility opportunity for
India and other emerging, developing and developed economies, because it can be
the lowest cost way to align a significant amount of demand with solar peak hours.
In 2019 agricultural demand made up 18% of India’s electricity consumption.
Irrigation in India today is almost entirely reliant on electric and diesel pumps. Of
the nearly 30 million irrigation pumps in use throughout the country, about 71%
run on grid electricity, only around 1 % are solar and the remainder are powered
by diesel. Policy is focused on transitioning from diesel pumps to solar and gridconnected pumps across India.
The government of India has introduced the PM-KUSUM (Pradhan Mantri Kisan
Urja Suraksha evam Utthan Mahabhiyan) scheme to support farmers in the
installation of 2 million standalone solar-powered agricultural pumps, as well as
converting 1.5 million grid-connected pumps to solar power. Enabling demand
response under the scheme requires real-time communication between all
metering units connected to the solar pumps and a central software platform for
data acquisition and management. Gujarat became the first state in 2020 to
develop the Solar Energy Data Management (SEDM) platform (within the UKfunded Power Sector Reform Programme) to help it monitor solar pump assets in
real time using digital technologies like the internet of things. The Ministry of New
and Renewable Energy (MNRE) now plans to expand SEDM to 13 more states.

Agriculture

Agriculture’s share of total electricity demand (2015), and solar and wind as a
proportion of total generation (2018) in selected Indian states
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In large Indian states, agricultural pumping constitutes up to 38% of total annual
electricity consumption, the highest being 38% in Rajasthan, 36% in Madhya
Pradesh and 33% in Karnataka, followed by 25% in Maharashtra and 22% in
Gujarat (as of 2015) (Khanna, 2021). These states are also the frontrunners in
wind and solar development in the country.
India has significant potential to improve agricultural load flexibility alongside
increasing solar and wind penetration. An important technical enabler of this is the
availability and use of dedicated agricultural feeder systems. These feeder
systems allow system operators and the DISCOMs to directly control (turn on and
off) agricultural users without affecting other user types. In 2020 numerous states
had 100% dedicated agricultural power

distribution networks: Gujarat,

Maharashtra, Karnataka, Andhra Pradesh, Madhya Pradesh, Punjab and Bihar.
In Rajasthan and certain other states, some but not all agricultural users had
dedicated power distribution networks. This means that the potential for more
sophisticated agricultural demand response in India extends to many renewablesrich states.
Agricultural demand response already plays an important role in balancing the
power systems of Karnataka and Gujarat. The IEA Gujarat State Model (with
agricultural demand response based on analysis by Khanna [2021]) shows that
flexibility from agricultural demand response in Gujarat is central to cost-effective
integration of increased solar generation by 2030. By that year agricultural
demand shifts significantly, reducing the renewables integration challenges and
curtailment levels in Gujarat to below 3% from 7% (compared to the inflexible case
where demand is managed according to today’s scheduling practices).
In Gujarat, agricultural load represents around 20% of total demand and has been
growing by 5% to 7% annually. The supply of electricity to agriculture is heavily
subsidised in Gujarat, as it is in most Indian states. To limit the subsidies and
prevent their misuse, electricity for agricultural pumping is heavily controlled by
the state-owned electricity utilities. This is enabled by a unique system of
segregated electricity feeders (parallel power distribution network) for agricultural
supply and household supply in rural areas, which allow complete control of
agricultural supply without interrupting supply to non-agricultural consumers.
As such, agricultural demand is already an important source of power system
flexibility in Gujarat, with agricultural pumping loads scheduled in eight-hour
durations and concentrated overnight. This has the combined benefit of ensuring
that agricultural pumping minimally coincides with peak demand, while also
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supplementing lower overnight load, allowing conventional plants such as coalfired generation to maintain a more stable operation.
By 2030 this overnight pattern is no longer optimal due to the high PV generation
in Gujarat; instead agricultural load can be scheduled predominantly during the
day to align with hours of high solar output. (The existing schemes to facilitate this
in Gujarat are discussed below.) In addition to reducing curtailment to under 3%,
this reduces unit starts by 39% at coal- and gas-fired plants. Shifting agricultural
demand to the day also results in around a one-third reduction in market
purchases, for an overall variable cost reduction of nearly 11%. Note that the total
system cost, including renewables tariff cost, is not included in the reported
operating cost as the modelling takes an overall social welfare perspective, and
from this point of view these renewables tariff costs are sunk investment costs.
Impact of agricultural demand shift on total demand and solar generation absorption
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In Rajasthan, the state government power development company Rajasthan Urja
Vikas Nigam Limited (RUVNL) has explored optimising the rostering schedule of
agriculture-heavy feeders (through a decision support tool), resulting in a decline
in the overall peak demand, flattening of the load curve and the reduction of the
required peak generation capacity. Trial runs of the tool have demonstrated
savings of ~USD 40 million annually.

PAGE | 45

Renewables Integration in India 2021

Renewables integration solutions

Spotlight on water stress in the Indian power sector
Half of India faces the highest water stress levels in the world. The water
consumption impacts of the electricity sector in India in areas that are already under
significant water stress should be carefully considered in light of power system
flexibility recommendations. The power sector affects water resources in the
following ways:


Agricultural demand shifting and demand response change the timing of water
use for irrigation within a day or week.



Pumped-storage hydro generation changes the reservoir evaporation rates.



Conventional generation uses water cooling for turbines.

Agricultural demand response
Areas with high potential for agricultural demand shifting overlap with areas of high
water stress in India. The water and food production implications of shifting
agricultural demand to the middle of the day need further consideration because (1)
it has an impact on water efficiency, and (2) it may have an impact on crop yields.
According to local experts, water management (conservation and efficiency) has
the highest priority in agricultural decisions, followed by crop yields and only then
followed by energy conservation and energy efficiency.
Water efficiency: The irrigation methods used in India already have high
evaporation rates and thus low efficiency. By 2030 CEEW estimates that the
agricultural sector will be responsible for about 87% of all water withdrawal in India
if current irrigation practices such as flood-irrigation continue to be used. Floodirrigation is a technique used to grow rice internationally. It not only contributes to
high water use (5 000 litres of water to grow 1 kg of rice), but it also creates methane
(20% of all global methane comes from paddy fields), a powerful greenhouse gas.
In India, 20-47% of irrigation water losses could be saved by 2030 to 2050 using
different irrigation methods.
However, the currently low water efficiency could further decline with demand
shifting, because water evaporation is significantly higher in the middle of the day
than in the morning, late afternoon or evening. The role of agricultural demand
shifting as a flexibility option is contingent on a proper evaluation of its impact on
the water stress of each region. Further targeted analysis will be required to
estimate the more precise impact of demand shifting on water evaporation and
water efficiency.
Crop yields: Watering crops in the middle of the day can result in a reduction of crop
yields. For example, some plants absorb water less effectively during these hours,
and rapid midday water loss means plants cannot get enough water to maintain
crop yields and quality.
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Pumped-storage hydro
IEA analysis shows that many of the planned pumped-storage hydro plants fall into
extremely high water stress areas, for example those in the Northern States, and in
Gujarat, Maharasthra and Karnataka. In Gujarat and Karnataka, the impact of
pumped-storage hydro retrofits on water management is currently under review by
local governments, while publicly available analysis is lacking on the impacts of
water evaporation rates and water efficiency.
India’s water stress areas, coal and hydro power plants

IEA. All rights reserved.
Sources: Expanded based on analysis presented in India Energy Outlook 2021, based on data from the World
Resources Institute Aqueduct Water Risk Atlas and the Platts World Electric Power Plants Database.

Coal power plants
Water availability has already had an impact on India’s coal-fired power plants and
electricity system: between 2013 and 2016, 14 of India’s 20 largest thermal utility
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companies experienced one or more shutdowns due to water shortages.
Additionally, droughts and water shortages caused India to lose 14 TWh of thermal
power generation in 2016. IEA analysis published in India Energy Outlook 2021,
which mapped existing and under-construction capacity against water stress, found
that almost half of India’s existing coal-fired plants are in areas experiencing high
water stress, and up to 90% rely on freshwater for cooling.
The connections between electricity and water issues can also affect the power
sector through extreme weather events. Heatwaves, flooding and drought can
change the availability of water resources necessary for the effective use of power
system flexibility resources: agricultural demand response, pumped-storage hydro
and conventional power plants. Improvements in water management practices may
also, therefore, result in a more flexible, secure and resilient power sector.

Cooling demand could become more flexible
Cooling is expected to be the largest source of residential demand growth in the
next two decades, with air conditioner stock expected to climb from 30 million today
to 670 million in the STEPS in 2040. The large rise in cooling demand is expected
to increase the sectoral share of building demand from 41% of India’s electricity
consumption in 2019 to 48% in 2040. With rising urban temperatures and per capita
incomes, the growth in ownership of air conditioners is expected to be led over the
coming decades by middle‐ and low‐income households in urban India.
This highlights the importance of energy-efficient cooling in line with the India
Cooling Action Plan, launched in 2019, which calls for a 25‐40% reduction by
2037/38. Furthermore, cooling demand response has the potential to mitigate the
impact of higher cooling demand on generation and grid requirements, and at the
same time can become a source of power system flexibility.
The most straightforward option for demand response from cooling relies on the
thermal inertia of buildings, allowing limited time shifting of cooling loads without
significant impacts on the consumer experience and requiring some form of
communication with and control of air-conditioning devices. To illustrate this,
allowing around 40% of air-conditioning load in the STEPS in India in 2030 to be
shifted within a one-hour time frame saves close to 1% of total system operating
costs. Further state-level analysis is needed to estimate the costs and benefits of
cooling demand response for each state.
Going further, it is also possible to achieve a much greater degree of flexibility in
cooling load with explicit cold storage, for example using chilled water or ice. This
can provide flexibility comparable to batteries, but at a cheaper cost where it can
be applied to suitable cooling loads. Cold storage is particularly applicable to
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district cooling systems, which are cost-effective in specific conditions such as
high-density urban areas with appropriate environmental factors such as
availability of water for cooling. In India, district cooling has so far seen limited
development and there is still a need to develop viable business models for the
Indian context.
To benefit from cooling demand response, policy makers need to remove the main
obstacles to its development. Greater policy focus is required for the deployment
of advanced metering infrastructure and targeted economic incentives (such as
tariffs, financing and rebates) for commercial and residential consumers.

Spotlight on cooling demand in slums: The case of Mumbai, India
Globally, close to 630 million people living in urban slums are now at risk from lack
of access to cooling, including adequate refrigeration, air conditioning and fans, as
heatwaves become more prevalent due to climate change. A further 2.2 billion
lower-middle-income population are at the risk of an “inefficiency trap”, as they can
afford to buy only cheaper and less energy efficient air conditioners, which not only
push up their electricity bills, but also raise global space cooling demand.
The Pradhan Mantri Awas Yojana (PMAY), a federal affordable housing
programme, aims by 2030 to house 30 million people currently living in slums. In
2017 approximately 8% of Indian households in the upper- and upper-middleincome segments had an air conditioner. The Indian Cooling Action Plan aims to
increase air conditioner ownership to 21% of households by 2028 and to 40% by
2038. Policy-driven cooling provision for low-income households aims to provide
thermal comfort for all, reduce cooling load and increase energy savings in the long
term. It stresses strategies such as energy-efficient building envelopes, cool roofs,
decentralised renewables-based energy systems and localised heat action plans
(Bardhan et al., 2020).
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Slum rehabilitation creates an affordable housing project in Mumbai

Source: Image by R. Debnath, 2020.

The rise of cooling energy demand in low-income households is most apparent in
Mumbai’s slum eradication efforts. Over the last 30 years Mumbai has undergone
rapid expansion. It has seen a programme to rehabilitate slum areas by moving
residents to new high-rise buildings, called slum rehabilitation housing. Typical
cooling device ownership in the slum, on a per-household basis, is estimated at
0.18 refrigerators, 0.65 ceiling fans and 0.00 air conditioners. When households
move into the slum rehabilitation housing, their ownership of cooling appliances
increases. In this case the per-household ownership of refrigerators increased to
0.62 units, ceiling fans to 1.01 units and the ownership of air conditioners to 0.05
units. This leads to a significant increase in each household’s electricity demand for
cooling. It also shows that the household energy bills of India’s poorest city dwellers
are likely to rise as India continues to rehabilitate its slums.

Number of appliances per household

Cooling appliance ownership in Mumbai’s slum rehabilitation housing
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IEA. All rights reserved.
Source: Debnath, Bardhan and Sunikka-Blank (2019).
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Rooftop solar systems need to be monitored and managed
Rooftop solar and solar pumps can act as proactive demand-side resources that
are capable of both meeting electricity demand behind the meter and feeding
additional power into local distribution networks. However, state system operators
and DISCOMs are concerned about the rise of rooftop solar systems due to their
impact on distribution systems and demand forecast uncertainty.
The installed capacity of rooftop solar is increasing in India’s states. According to
the MNRE, India had a total installed capacity of 4.3 GW of rooftop solar as of
February 2021. At the same time Bridge Point data suggest that nearly 6.8 GW of
rooftop solar had been installed in India by December 2020. The difference
between these two sources includes the large amount of unregistered
behind-the-meter installations with reverse flow relays that are not included in the
DISCOM databases. More than 70% of the installed capacity comes from
industrial and commercial consumers, while the residential sector represents over
16% and the public sector around 12%.
At the state level, Gujarat is the leader in rooftop solar deployment with nearly 1
GW of installed capacity, followed by Maharashtra (647 MW excluding the
unregistered behind- the-meter installations), Rajasthan (419 MW) and Tamil
Nadu (313 MW). Nine additional states had over 100 MW of installations, including
Haryana, Uttar Pradesh, Karnataka and Delhi. The growth of rooftop solar in the
leading states has been driven by net metering policies (with a number of policy
changes ongoing in 2021).

Installed capacity (MW)

Installed capacity of rooftop solar PV in selected Indian states, February 2021
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IEA. All rights reserved.
Source: MNRE renewables data.
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India has a target of 40 GW of rooftop solar by 2022. Looking at the state-level
targets by 2022, a further increase in rooftop solar is envisaged in many
renewables-rich states, with the greatest ambitions in Maharashtra with a target
of over 4 GW, followed by Tamil Nadu (also over 4 GW), Gujarat (over 3 GW),
Karnataka and Rajasthan.
The IEA Gujarat State Model assumes that Gujarat will reach its rooftop target of
over 6 GW by 2030. With this increase, the impact at the distribution level
becomes much more significant, with implications for demand forecasting,
demand variation and local grid management. According to the Gujarat SLDC,
there is currently a lack of visibility of distributed solar resources for both
distribution and transmission companies. A large number of behind-the-meter
rooftop solar systems are not registered or included in the DISCOM databases.
Moreover, rooftop solar generation is at present not being monitored in real time,
although the DISCOM takes into account rooftop generation as part of the demand
forecast submitted to the SLDC, similar to captive generation. In the future, this
lack of visibility could lead to significant uncertainties in net demand forecasts and
high rooftop solar shares could pose local distribution network issues, including
reverse flows and voltage challenges.
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Source: IEA analysis based on rooftop solar targets from the Gujarat government and simulated generation profiles.

The experience of the world’s rooftop solar frontrunners provides useful insights
for Indian states. The capacity of rooftop solar installations in Belgium, Germany
and Australia is forecast to grow significantly, reaching over 20% of total capacity
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by 2024, well above the level in India at around 3%. The experience of Germany,
the United Kingdom, Australia, and the US states of California and Hawaii shows
that the visibility of rooftop systems on the demand side can be improved through
connection requirements embedded in DISCOM and transmission connection
codes.

Installed capacity share (%)

Rooftop solar capacity (residential and commercial) of selected developed countries,
2000-2017, and projected capacity for 2024
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Source: IEA, Renewables 2020.

The German rooftop solar experience, with its over 1.8 million rooftop PV systems
by 2020, shows that distributed PV can support the country’s low-voltage network
with voltage stability and reactive power. Research carried out by the German
Agency for International Cooperation (GIZ) shows that PV inverters available in
the Indian market are capable of providing reactive power support. The CEA’s
changes to connectivity regulations (grid code) can unlock this potential in India.
In Australia, the capacity and location of the 2.75 million rooftop solar systems,
with a current combined capacity of over 18.6 GW, are tracked through use of the
distributed energy registry portal provided by the Australian Energy Market
Operator. This register does not provide real-time information, which requires
smart metering or alternative forms of monitoring. Even in the state of Victoria,
where every household has a smart meter and 21% of all houses have rooftop
solar, high-resolution (e.g. hourly) data is not available dynamically to the
DISCOMs, but rather, smart meters submit half-hourly data every 24 hours. As
rooftop solar output is fairly predictable depending on known weather patterns,
this data in conjunction with the weather forecast has been found to provide
sufficient insight for the DISCOMs to forecast rooftop solar output.
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The main rooftop solar challenges observed in Australia include local network
congestion at specific times and points in the network, high local voltage levels
(over 102% of nominal voltage) and reverse flows to the distribution system during
the day when demand is low. Distribution networks have been experiencing more
reverse flows since PV has become cheaper and houses are installing larger
systems, with the average size of newly installed systems recently reaching 9 kW.
One of the solutions is a software-based approach called dynamic operating
envelopes, which is being piloted by DISCOMs. This allows the export limit to the
distribution system to be varied according to how much can be accommodated at
specific times. National rollout and development of the detailed rules and
regulations are currently ongoing. In Australia, rooftop solar currently receives a
fixed (non-dynamic) feed-in tariff in most cases. But moving to five-minute
settlement on wholesale markets in the future will also provide opportunities for
behind-the-meter resources to be rewarded for supporting the system in real time.
In view of these international examples, Indian states could consider actions to
improve the visibility of rooftop solar as a first step. State regulators could appoint
an entity to develop a distributed solar registry platform available to state
DISCOMs, with registration of solar pump and rooftop solar systems to be included
in (new and amended) connection requirements. The registry data would ideally
be publicly available in an anonymous format and data should also be made
available to the SLDC by the DISCOMs. In parallel, the DISCOMs would require
consumers to register new installations of distributed solar equipment on the
abovementioned platform. The DISCOMs can also develop a roadmap for
distributed solar forecasting and assess the technical requirements and potential
policies to support more rooftop solar uptake, such as time-of-use tariffs
(discussed in the following section) and real-time monitoring included in the Centre
for Energy Regulation proposal.

Time-of-use tariffs to drive demand-side flexibility
Electricity pricing and tariff design in India have been significantly influenced by
the government’s objective to provide universal access to electricity. Affordability
of electricity has been another core objective behind the current tariff design.
Hence, average household electricity prices in India in 2019 were lower than the
OECD average in nominal terms. However, when adjusting for purchasing power,
which better accounts for spending on electricity as a share of Indian household
income, household prices are amongst the highest in the world. This is despite the
fact that India – like other emerging and developing economies – has higher end-
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user prices for more energy-intensive industrial consumers in order to crosssubsidise the lower tariffs paid by low-income residential and agricultural users.
Industrial electricity prices in India at USD 99/MWh are significantly higher than
residential prices at USD 69/MWh (on a nominal basis). The relatively high
industrial prices drive large numbers of industrial users in India to procure
electricity from generators directly (open-access contracts) instead of through the
DISCOMs. Open-access prices are on average 20-30% lower than utility prices.
Alternatively, industrial users may also invest in their own generation. Captive
generation in India represents over 10% of all electricity generation in the country.
Prices also vary, not just between end users, but also across states. Electricity
tariff setting in India is under state jurisdiction. State electricity regulatory
commissions set tariffs based on state regulations and state objectives.
Consumers in some states pay five times more for their electricity than their
counterparts in neighbouring states. For example, Maharashtra, home to India's
financial

and

business

centre,

Mumbai,

has

the

highest

commercial

(INR 12.7/kWh) and household (INR 6.8/kWh) electricity prices of all Indian states.
Agricultural use is generally unmetered, resulting in very low revenue collection
rates for the DISCOMs, and low water and energy efficiency for the agricultural
users.
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Sources: IEA analysis based on Power Finance Corporation data, calculated from each state’s DISCOM revenue per kWh
for each category of consumer.

In the future, electricity prices and tariff design could become one of the most
important tools to enable more demand-side flexibility in India. Electricity tariff
design and tariff options may need revision with the increasing share of
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renewables as the timing of different consumers’ use of the system will become
critical, especially at times when solar generation is high. Tariff changes can shift
significant user volume from low solar times to high solar times and therefore save
system-level costs, which in turn leads to greater affordability.
Currently time-of-use (TOU) tariffs are implemented by most states in India and
are applicable to large industrial and commercial consumers. In some states these
are referred to as time-of-day tariffs. Depending on the state, the surcharge for
consumption in peak hours varies from 10% to 20% compared to
rebates/concessions that vary from 15% to 25% in off-peak hours. Reflected in
TOU tariffs, some states have two peak periods (a morning and an evening peak),
such as Gujarat and Maharashtra, while other states have one peak period per
day, such as Karnataka.
TOU tariffs are a critical policy requirement for tapping into flexibility from industry,
buildings (including cooling demand), water heating demand and other household
electricity uses, and EV smart charging. Additionally, tariff reforms can help move
from the current practice of agricultural demand shifting, where agricultural users
play a passive role, to proactive agricultural demand response, where farmers
respond to a price signal and benefit financially from providing flexibility. Similarly,
demand response from cooling loads and EVs would critically depend on the price
incentives given to consumers.
International examples of how tariff systems can better align solar generation with
peak demand are the TOU tariff policies implemented in California, Denmark and
the United Kingdom.
The California Public Utilities Commission (CPUC) TOU tariff is a rate plan in
which rates vary according to the time of day, season and day type (weekday,
weekend or holiday). Higher rates are charged during the peak demand hours and
lower rates during off-peak (low) demand hours. Rates are also typically higher in
the summer months than in the winter. This rate structure provides price signals
to energy users to shift energy use from peak hours to off-peak hours. The chart
below illustrates the California TOU tariff design. Red indicates high price periods,
yellow indicates moderate price periods and green indicates low price periods.
TOU pricing encourages the most efficient use of the system and can reduce the
overall costs for both the utility and customers. Prices are predetermined for each
time period. Prices do not adjust according to day-to-day changes on the
wholesale electricity market.
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Illustration of the California TOU tariff design
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Source: CPUC.

By 2020 all commercial, industrial and agricultural customers in California were
already required to be on a TOU plan. The plan is also mandatory for any
consumer with a rooftop solar system, including residential consumers. It has been
available as a choice for more than 10 years for other residential users as well,
but very few residential consumers actually switched to use these rates. As
required by the regulator, the state’s three investor-owned utilities started to shift
their 22.5 million residential consumers to default TOU rates in 2020, making the
TOU rate the default rate for everyone as opposed to an opt-in option. This is
important because residential electricity users are known to be sticky and passive
users, and as such most users remain on the default rates because they simply
prefer to avoid the administrative process of switching to another rate. During the
pilots, the Californian utilities demonstrated that for every 10% increase in the ratio
between the peak and off-peak TOU rates, peak demand decreased in a range of
6.5-11%.
The exact rules on TOU tariffs and metering together also determine the value
allocation across the rooftop solar owners, non-rooftop consumers and the
utilities. For example, since 2016 all rooftop solar customers of regulated utilities
in California are required to be on TOU rates. This allows the utility to mitigate its
revenue loss by shifting the TOU peak period. In California TOU peak periods
have shifted from 11:00-18:00 to 16:00-21:00 as rooftop solar deployment and
demand response have reshaped the demand curve.
As the bill savings of a rooftop consumer will be equal to the revenue loss of the
utility, TOU rates reallocate the costs and benefits between utilities and rooftop
users. The TOU tariff will typically result in higher rates in the evenings in California
between 16:00 and 21:00. (when solar generation is lower), thus compensating
utilities for providing energy during peak hours to rooftop solar consumers. At the
same time, the rooftop solar owners tend to overproduce in the middle of the day
when the feed-in rate falls into the lower rate category.
Many Indian DISCOMs are already in a weak financial position and expressing
concern about the further loss of revenues from, and increased cost of integrating,
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rooftop solar. The example of California shows that mandating TOU rates for all
rooftop solar customers also helps mitigate some of the utility’s revenue loss.
Requiring all rooftop solar customers to be on TOU tariffs can help mitigate the
revenue loss of DISCOMs while also balancing the cost shift between rooftop solar
customers and non-rooftop customers. Regularly revising the TOU timeslots will
be required as rooftop solar additions and demand response reshape the state
load curves.
In other markets, such as Denmark since the end of 2020, retail customers have
been able to pay according to their hourly consumption and the hourly price, such
that the day-to-day and hour-to-hour changes in the wholesale electricity market
are reflected in the end-user tariff. This requires a certain level of detail in metering
capabilities. However, before hourly meters were installed, customers with a
consumption of over 100 000 kWh/year were required to settle according to the
hourly price. In this way larger customers were exposed to the hourly variation in
the wholesale electricity market.
The United Kingdom’s journey towards TOU tariffs has been gradual and
underpinned by consumer awareness and engagement programmes. The
success of static TOU tariffs in the United Kingdom encouraged rollout of dynamic
TOU tariffs. This had been largely possible due to consumer acceptance of these
programmes, and presents a case for applicability in the Indian context as well.
In India, tariff reforms could include expanding TOU pricing to more customers,
including residential users, adjusting peak tariff slots (as seen in a Maharashtra
Prayas proposal) and switching more users (including residential and rooftop
users) to default time-dependent tariffs.
India has yet to undertake a systematic pilot to discover the impact of TOU prices
on peak load. Some of the main enablers for developing advanced metering
infrastructure for TOU tariff implementation include pilot demonstrations,
institutional strengthening, innovative business models, and consumer awareness
and engagement programmes.

Digitalisation and smart tools are prerequisites for TOU tariffs
and thus for demand response
The international examples in the previous chapter were made possible by
widespread digitalisation and the use of residential smart meters in those
countries. Additionally, smart meters need to be coupled with other digital tools
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such as displays, notification systems or systems providing automation to allow
demand response.
Smart meter deployment in India is still limited. As of March 2021, 2.3 million smart
meters had been installed, deployment for 7.6 million is ongoing, and another 1
million are in the pipeline, according to the National Smart Grid Mission. The more
widespread rollout of advanced metering, coupled with the results of ongoing
studies, can create a foundation for the introduction of TOU tariffs in some Indian
states. For example, a study by the India Smart Grid Forum (ISGF) is currently
looking at TOU reform prerequisites in Gujarat in collaboration with the state
regulator. This study identified advanced metering infrastructure, energy
management software and smart switches and devices as minimum technical
requirements for Gujarat. Furthermore, it emphasised the need for regulatory
change, the importance of keeping consumers informed, and the need to respond
to consumer requests for an explanation of the benefits of the tariff, including the
exact impacts of new tariff types on bills.
Under the UK-supported Power Sector Reform Programme in India, the National
Smart Grid Mission has developed the Smart Grid Readiness – Self Assessment
Tool, which provides a common framework to help utilities better understand the
smart grid modernisation journey and to prepare them for this transition by
assessing gaps, including in regulations for TOU tariffs.
An international example of a comprehensive digitalisation policy is the UK’s
Smart Systems and Flexibility Plan. It is designed to remove barriers to
participation in demand-side response by large consumers, and enable smaller
consumers (e.g. domestic) to participate in demand-side response at scale in due
course. Key actions include the rollout of smart meters and the move towards
market-wide half-hourly settlement, together providing a framework for the
increased provision of smart tariffs.
Consumer protection is a core consideration as the United Kingdom transitions to
a smart energy system. The government intends to set regulatory requirements
for certain smart appliances that are suitable for flexible consumer use, e.g. fridges
and washing machines, to support their uptake and to guard against potential
risks, including those relating to data privacy and cybersecurity. In tandem, the UK
government is working with the British Standards Institution to support the
development of technical standards for energy smart appliances, including EV
charging points and domestic demand-side response, via public consultation. The
UK government is also exploring what innovation may be needed to engage and
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protect vulnerable and low-income consumers in a smart energy system. This
would similarly be important for India in the longer run.

Power plant flexibility potential remains largely untapped
for states today
Most states are concerned about the future role of existing coal power plants. On
the one hand, with the country’s ambitions to supply more generation from
renewable technologies, coal plants are expected to operate less, which leads to
reduced revenues. And on the other hand, in order to operate flexibly and meet
stricter emissions standards, many existing plants also require further investment.
Such investment needs to be weighed against investment in flexibility in other
parts of the system and in light of emission reduction targets. Government officials
express concern that historical dependence on long-term coal power procurement
contracts, as the tool for ensuring capacity adequacy, creates an economic burden
by locking in long-term fixed capacity payments for coal power plants.
In the STEPS of the World Energy Outlook, India’s power system in 2030 is
projected to have 269 GW of coal capacity, higher than the 235 GW capacity in
2019.
In certain states, power plant flexibility will become increasingly important with the
growing deployment of solar and wind. For coal-fired power plants, flexibility
includes faster start-up times, higher ramp rates, lower minimum stable levels, and
shorter minimum up and down times, as well as the ability for warm and hot starts.
Lower minimum stable levels are important for allowing power plants to keep
operating while accommodating high VRE output in certain hours, particularly for
solar generation in the middle of the day.
India has national-level coal-fired power plant flexibility directions that apply to
centrally operated power plants, while state-operated power plants have their own
flexibility objectives. Considering that most scheduling is under the control of
SLDCs for balancing state-level demand with supply, it is important to assess and
set flexibility requirements at the state level on a plant-by-plant basis. For example,
Gujarat's state-owned generation company, GSECL, targets faster start-up rates
and higher ramp rates (1% and 3% of plant capacity per minute respectively), and
has introduced pilots to test the feasibility of 55% technical operating minimums
for older plants and 40% for newer ones. These pilots go well beyond the current
operating minimums of 75% for older and 50-65% for newer coal-fired power
plants in Gujarat.
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The IEA Gujarat State Model and India Regional Model show that the use of coalfired power plants in India will change dramatically by 2030. While the capacity
factor of coal-fired plants at the national level remains almost unchanged from
55% in 2019 to 57% in the STEPS in 2030, this small change masks a much
greater change in operating patterns, with much more frequent ramping and a
wider range of whole-fleet output levels. Use will shift from baseload operation to
more frequent or deeper cycling. This change in operating patterns is seen at the
all-India level, and will be intensified in renewables-rich states such as Gujarat. At
the same time, the use of gas-fired power plants in Gujarat is expected to change
by 2030, with their capacity factors increasing. Gas-fired power plants are
expected to contribute to the flexibility of the system by helping to meet evening
and night-time demand, and running at low output or shutting down during periods
of high renewable output in the daytime. Gas-fired plants also help to meet
seasonal flexibility needs, with evening output increasing during the highest net
load periods in September and October.
Coal fleet-level generation duration curves for Gujarat and India, 2019 and 2030
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The IEA Gujarat analysis shows that the impact of increased power plant flexibility
by 2030 is a relatively modest reduction in curtailment (from 7.0% to 6.4%) and a
reduction in variable operating costs of 1.2%. In some states and for certain plants,
this additional operational flexibility will require investment and the redesign of
compensation for these power plants, with more focus on compensation for
flexibility compared with the current dual tariff solutions (fixed and variable
compensation). In Gujarat the state regulator, GERC, is introducing a new tariff
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system to compensate for the financial impact of ramping up and down at
conventional plants.
In Maharashtra the state regulator, MERC, in its recent new Grid Code has provided
a compensation mechanism for this flexibility. Andhra Pradesh is another example,
where the Andhra Pradesh Power Generation Development Company Limited
(APPDCL) has created standard operating procedures for increasing flexibility of
coal-fired power plants in the state, including regulations on technical operating
minimums for plants, efficient market designs, and economic incentives (tariff
structuring) sponsored by the UK under the Power Sector Reforms Programme.
In the longer term, state-level ancillary service regulations and markets, combined
with improved spot market participation, could help to remunerate flexible plant
operations on a competitive basis with other flexible resources such as demandside response, storage and grid flexibility.

Batteries and pumped-storage hydro can improve
system flexibility, but a regulatory framework is missing
Hydropower currently provides significant power system flexibility in many
renewables-rich states, including Karnataka, Maharashtra and Tamil Nadu. In the
future, energy storage, such as the combination of batteries and pumped-storage
hydro, may increasingly provide flexibility for integrating renewables. Storage is
particularly relevant in India for allowing high solar output during the day to be
stored for later use to meet evening demand.
In the IEA national analysis for the STEPS in 2030, 76 GW of hydropower,
including pumped-storage hydro, reservoir hydro and run-of-river with pondage,
provides critical flexibility to meet multi-hour ramps from sunlight hours into the
evening when solar generation falls off rapidly. Batteries also become an important
source of energy storage, accounting for 34 GW capacity. This helps absorb solar
generation during the day and meet peaking requirements in the evenings.
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Dispatch of generation and storage during high and low net load periods for India in
the Stated Policies Scenario, 2030
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At the state level, Karnataka and Gujarat are actively considering retrofitting their
existing hydro plants to operate in pumped-storage mode to help with the
integration of renewables in their systems. In Karnataka, the retrofit is foreseen for
a 2 000 MW hydro plant, while in Gujarat the retrofit is foreseen to restore pumping
to the 242 MW Kadana plant and add 1 200 MW of pumping capability to the
Sardar Sarovar hydro plant.
To evaluate the impact of pumped-storage hydro on a system with otherwise
limited flexibility resources, IEA analysis includes a scenario requested by the
Gujarat government to reflect their investment plans at the Kadana hydro power
station (242 MW) and the Sardar Sarovar power station (16% of 1 200 MW
allocated to Gujarat, thus 192 MW capacity modelled). In this case, curtailment is
reduced by 0.5%, market purchases by 4% and variable operating costs by 1%
compared with the limited flexibility case.
Another scenario requested by the Gujarat government shows that the addition of
a 4 GW, four-hour duration battery reduced curtailment to 2%. Market purchases
were around one-quarter less and variable operating costs were reduced by
around 7%, including the cost of market purchases. This larger impact is mainly
due to the larger battery size and higher efficiency of the battery relative to the
pumped-storage plants (81% round-trip efficiency for batteries relative to 60%
efficiency for Kadana and 75% for Sardar Sarovar).
For short-duration power system flexibility needs, battery storage co-located with
solar generation is a more cost-effective solution than a pumped-storage hydro
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retrofit. The US Flexible Resources Initiative analysis completed by the Lawrence
Berkeley National Laboratory (LBNL) shows that for up to 8 to 10 hours per day of
storage, battery storage co-located with solar generation is more cost effective
than pumped-storage hydro (retrofit of existing hydro plants) in Indian states. This
is partly because battery systems are energy-constrained systems (increasing the
energy [MWh] of a battery is more expensive than increasing its capacity [MW]),
while pumped-storage hydro systems are capacity-constrained systems
(increasing capacity is expensive while increasing energy [MWh] is cheap by
increasing the depth of water in the dam). As such pumped-storage hydro is
normally built for a storage duration of over eight hours. The LBNL analysis also
showed that by 2030, four to six hours of energy storage is cost-effective for
diurnal balancing. The study found that the levelised cost of electricity of solar colocated battery storage was around INR 3.5/kWh in 2025 when 30% of average
daily solar PV output is stored in the battery.

Levelised cost ofstorage (INR/kWh)

Levelised cost of storage – pumped-storage hydro and battery storage, 2025
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Source: Reproduced with permission from Abhyankar, Deorah and Phadke et al, 2021 (forthcoming).

Most Indian states currently have no regulatory framework for battery storage.
However, states are stepping up to fill this gap; for example the Karnataka
government and regulator are currently considering the creation of a market for
battery storage. Analysis by the US National Renewable Energy Laboratory
(NREL) of India’s policy and regulatory readiness concludes that key policy
barriers include the lack of provision for storage in energy policies and
masterplans, and the lack of targeted support for early storage adopters. On the
regulatory side, some current regulations explicitly restrict storage from providing
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services or earning revenue. This presents a barrier to maximising the returns
from storage investments.
The development of a regulatory and remuneration framework for energy storage
(with specific details added for batteries and pumped-storage hydro) is needed to
capture its full value, including avoiding inefficient thermal investments, capturing
energy arbitrage opportunities from shifting energy demand within a day or week,
and providing ancillary services for managing the system ramps.
The strategy of the UK regulator, the Office of Gas and Electricity Markets
(Ofgem), for a modernised, smart and flexible power system now includes
significant clarity, transparency and guidance for the role of storage, although
storage was initially excluded from the UK government’s Smart Systems and
Flexibility Plan published in 2017. India, too, needs to define energy storage in a
well-thought-out policy framework (for example, the Electricity Act) in order to
expand deployment of storage systems in the country. Similar to the approach in
the United Kingdom, the definition should acknowledge its flexible nature and
applications, and its categorisation should be as either generation or
transmission/distribution assets. As a result of ongoing market opportunities for
batteries, the United Kingdom, with over 800 MW, is the market leader for battery
storage deployment in Europe, followed by Germany with over 500 MW. Battery
investors in the United Kingdom actively participate in day-ahead, intraday and
imbalance markets. Additionally, they access revenues from ancillary services
markets and capacity markets, and from time-of-use rates when storage is placed
behind the meter. Revenue gains are also made by avoiding network charges.
The conclusion and recommendation for Indian states is to start with a battery
policy that can provide a long-term (over four years) revenue stream for the first
battery investors and then move towards providing revenues from shorter-term
services/products in the markets.

System strength and inertia may need attention in some
states before 2030
Today, the stability of large, interconnected power systems is based on the
generator rotors of conventional power plants rotating together at the same
frequency, set nominally at 50 Hertz in Europe as well as in most of Asia, including
India, and in Africa.
These rotating machines stabilise the system by contributing to inertia and shortcircuit power. This contribution is called “system strength”. When the system faces
a disturbance, these machines instantaneously help smooth frequency deviations
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by releasing some of the kinetic energy stored in the rotating mass of the rotor
before slower mechanisms take over to stabilise and restore the frequency (such
as the governor). In addition, they are able to generate their own voltage waveform
and also synchronise independently from other electricity sources: they are
naturally “grid-forming”. Rotating machines are a historical cornerstone of power
system stability.
With higher shares of non-synchronous generation sources like wind and solar
PV, such rotating machines would become less available. As opposed to
conventional generators, wind farms and PV panels are connected to the network
through power converters. Converter-based technologies do not directly
contribute to system inertia, and those mostly deployed to date do not provide full
system strength. Present converter technologies are also “grid-following”, as they
are not able to generate their own voltage waveform and are dependent on the
frequency signal given by other sources, such as conventional generation, to run
properly. Future power systems will host many more converter-based connections
via EV charging, grid-scale battery storage, high-voltage direct current
connections and others. Low inertia or system strength is mainly a concern for the
remaining synchronous generators, which become more prone to outage following
system faults and contingencies.
According to POSOCO, between 2014 and 2018 system-level inertia dropped
slightly at certain moments in time, when renewables were especially high. At the
national level, inertia is not expected to decline significantly by 2030 because the
increase in solar and wind will also come with an increase of thermal generation
(in the STEPS). However some high VRE states may already face declining
localised inertia by 2030. The IEA Gujarat State Model shows significantly
declining inertia in Gujarat’s contracted capacity between 2019 and 2030, in line
with the increases in solar and wind, with the estimated minimum level dropping
to around one-fifth of the estimate for 2019. At the same time, power system inertia
at the all-India level is maintained in the STEPS due to load growth and new
conventional generation entering the system alongside the growth in VRE. Further
analysis will be required to estimate India’s level of inertia in the SDS, where
thermal generation shows a declining trend.
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Inertia and renewables penetration in India, 2014-2018

IEA. All rights reserved.

Source: POSOCO, Western Region Load Dispatch Centre.

Since inertia is mainly relevant at the level of the entire interconnected system and
relates to stability in the event of contingencies, a very large system such as
India’s is much less vulnerable to decreasing inertia relative to smaller power
systems. Declining inertia in itself in local parts of the power system, such as in
renewables-rich states, is not necessarily problematic. However, it is typically
accompanied by decreasing voltage stiffness and fault current, which are local
issues that need to be analysed, monitored and have interventions defined to
mitigate as required. For more weakly interconnected areas, local inertia needs to
be taken into account where there is a risk of islanding for that region. In addition,
inertia should not be seen as a simple system-wide phenomenon. The EU-funded
MIGRATE (Massive InteGRATion of power Electronic devices) project showed
that a large interconnected system is made up of several centres of inertia. In the
case of disturbances, the system can no longer be expected to respond as a rigid
body represented by a single total inertia.

PAGE | 67

Renewables Integration in India 2021

Renewables integration solutions

Inertia estimate for Gujarat contracted capacity (left) and all-India (right), 2019 and 2030
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A recent study by the IEA and the Electricity Transmission Network of France
(RTE) found that while several technical solutions exist to overcome the difficulty
of inertia reduction, they are at different stages of maturity. While some are already
deployed in field operations, others are at the R&D stage and will need to be tested
in real-life settings before being deployed at scale.
Very high shares of renewables mean that converter-based generation starts to
dominate the system and then takes a significant role in operations. New services
are needed to cope with the reduction in inertia. These services, known as fast
frequency response or synthetic/virtual inertia, can be provided by specific
converters that allow renewable generation to adjust very rapidly to a deviation in
the frequency signal, e.g. by temporarily increasing power output, thereby helping
to re-establish system frequency. Such services have already been implemented
in Ireland and Quebec. These solutions are also being investigated in Australia
and are being studied at the R&D project level in India. However, these solutions
do not have the same effect as the inertia of rotating machines and cannot
guarantee secure operation of the system if the instantaneous shares of PV and
wind become very high, for example above 60-80%, in the synchronous area. It is
therefore necessary to go beyond such solutions in systems based on wind and
solar PV and significantly revamp the way the power system is operated.
To go further, one solution would be to deploy synchronous condensers. They
operate similarly to synchronous generators: their motors provide inertia and
short-circuit power and, therefore, system strength, but they rotate freely, without
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producing electrical power. Synchronous condensers are a well-known and
proven technology, historically used to maintain voltage in specific areas. They
have been used in France, and more recently, also in Denmark and South
Australia and have proven effective at ensuring system stability. While this solution
has been proven in specific situations, a generalised rollout in the context of largescale system strength has yet to be evaluated. The associated costs of
deployment are low on an individual basis, but they must be taken into account
with other system costs in a thorough economic evaluation of scenarios with high
shares of renewable production. Some types of hydropower generators are also
able to operate in synchronous condenser mode.
Another possibility would be to develop grid-forming controls for converters that
give wind and solar power plants the ability to generate their own voltage wave.
This solution has been successfully tested in the laboratory (for example, in
MIGRATE) and on microgrids, but not yet at the scale of larger power systems,
where other complications could arise. Full-scale experiments are planned in
Europe in the coming years to validate this concept.

Interstate trading still faces technical and economic
barriers
India has made significant progress over the past decade in wholesale power
market design. From a market design perspective, three broad areas are relevant
to establishing a robust wholesale power market:
•

Faster: Liquid trading close to real time reduces the impact of forecast errors and
allows better management of variability. Addressing this point, India introduced
real-time power trade in 2020.

•

Broader: Remunerating all relevant system services ensures that assets have an
incentive to provide these services to the power system. Addressing this point,
India introduced national-level ancillary services regulations in 2016, while statelevel regulations are yet to be designed and implemented. The introduction of
green markets in 2020 is another example.

•

Bigger: Larger market areas help smooth variability and increase the pool of
flexibility resources.

It is a strength of the Indian power sector that the power market has been
established since 2003, when it began operations based on physical energy
transactions. The technical integration of the whole country into a single
synchronous system in 2014 opened new opportunities for more efficient
operation of the system across a wider geographic area, which is conducive to the
cost-effective integration of low-carbon sources.
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Further improvement in interstate trading is a cost-effective solution for the
integration of higher shares of solar and wind for each Indian state because it
helps smooth variability across larger areas and provides access to low-cost
generation in other states. In the IEA five-region India Regional Model, flows
between regions increase more than 40% by 2030 in the STEPS from 2019 levels
(allowing for similar limitations on transfer capability to those seen today). 2030
sees increasing flows from the Eastern Region towards the Northern and Southern
Regions. Trade between states is also expected to increase significantly.
Transmission transfer capability limitations also become a driver of renewables
curtailment by 2030, resulting in around 3% curtailment in contrast to less than
0.5% if the infrastructure is able to be fully utilised.
There are still significant barriers hindering a large increase in interstate trade.
These include: (1) the lack of transmission capacity available for interstate trade;
(2) the low level of liquidity in wholesale markets; and (3) the inflexible existing
contractual structures, namely long-term physical PPAs between the DISCOMs
and generators (which contribute to low liquidity).
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Total annual transmission flows between regions in the STEPS, and generation share
by region, 2030
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Source: Analysis based on IEA, India Regional Model

Interstate transmission is an enabler of more power trade and
thus power system flexibility
The country as a whole and the states already have significant transmission
reinforcement plans to support the integration of renewables and benefit from
balancing solar and wind over a larger geographical area. The main concern of
electricity stakeholders is that delivery of transmission infrastructure takes longer
than the delivery of solar and wind projects. There is therefore a risk of structural
delay in harnessing new transmission infrastructure.
Additionally, the low availability of transmission infrastructure crossing state
boundaries is also of concern. States would also benefit from improving the
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co-ordination of scheduling and dispatch with neighbouring states for better
access to least-cost generation.
CSTEP’s Southern Region transmission study highlights the need for additional
transmission infrastructure to be made available for interstate trade, which would
help accommodate regional renewables by 2030 (with the assumption of no
additional power system flexibility improvements, beyond transmission).
CSTEP conducted a transmission planning study to understand the impact of
renewables addition to the Southern Region grid in 2022 and 2030. To meet 2030
demand without additional thermal capacity (beyond existing plans), 34 GW of
solar and 18 GW of wind were added to the electrical model of the Southern
Region, bringing their total capacity to 60 GW and 48 GW, respectively. The study
found that the power generated at critical instants in 2030 could be well in excess
of regional demand, making it necessary to upgrade interregional transmission
corridors to handle the export of power up to 50 GW. It also found a significant
need for intraregional transmission upgrades, primarily at 220 kV renewables
injection points and transmission lines, beyond existing upgrade plans.
The results of this type of transmission study should be assessed together with
studies that assess alternative power system flexibility resources, such as
demand-side response, storage, and power plant flexibility.
Additionally, synchronous connections with Bangladesh and Nepal, in addition to
those that already exist with Bhutan, would enlarge the geographical footprint for
balancing.

Wholesale power market reforms enable greater system
flexibility
Wholesale power markets provide power system flexibility by enabling the
balancing of supply and demand through economic dispatch. The newly
established green markets in India also provide a trading platform for clean
electricity, and newly established real-time markets provide an opportunity to trade
solar and wind to compensate for their variability close to real time – one hour
ahead – thus enabling participants to manage variability.
The international experience highlighted in this section shows that specific market
and regulatory innovations are required to access the flexibility from many new
and innovative power sector assets and solutions, such as solar, wind, demandside response, storage and batteries.
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To grant these new participants equal access to compensation for flexibility,
authorities need to review and possibly reform the current state regulations and
market rules. The first step for state regulators is to identify the barriers to
competition that these new technologies face. More specifically, storage (including
batteries) faces barriers to enter and compete in the current regulatory setup. For
example, state rules need to specify if battery investors are eligible for fixed-cost
payments in a similar way to thermal assets. At the same time, the development
of new ancillary services and an ancillary services market provides an opportunity
to consider all technologies, new and established, from the outset.
Additionally, state grid codes can be reviewed and updated to specify systemfriendly connection and flexibility requirements for new solar and wind projects,
including distributed solar (rooftop and pumps).
Comprehensively reviewing and removing the (wholesale and retail) market
barriers to new technologies is an important ongoing task worldwide. For example,
the United Kingdom is revising its balancing services and capacity markets in
parallel processes. Australia has made interim accommodations and proposed
rule changes for utility-scale batteries while consulting on its post-2025 market
design. The Canadian province of Ontario is identifying obstacles to fair
competition within its current markets for energy storage resources and is
proposing mitigation strategies through an advisory group. France’s energy
regulator has also started reviewing the technical rules of the capacity mechanism
from the perspective of battery storage resources. The EU’s Electricity Market
Design legislation mandates competitive procurement of flexibility services and
fair rules for network access and charging, but whether it could more broadly
reduce barriers to energy storage depends on how the legislation is implemented
by its members.
Comprehensive market reform is also taking place in the United States. The US
Federal Energy Regulatory Commission (FERC), which regulates the wholesale
electricity markets and high-voltage transmission system, has issued a ruling to
review its market rules and remove unnecessary barriers to energy storage
participation. This ruling opens the door to all types of energy storage resources
sited anywhere on the power system participating in energy, capacity and ancillary
services markets. Ideally, these markets would drive technological innovation, but
current electricity market rules are largely tailored to legacy power plants, which
can inhibit progress. Historically, market rules have been tailored to the operating
parameters of traditional power plants such as large hydropower and gas peaker
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plants, not smaller storage technologies. For example, some grid operators in the
United States imposed minimum size requirements of up to 1 MW, which excludes
smaller batteries.
The FERC’s ruling also invites storage resources located on the distribution
system (potentially behind the meter) to participate in the wholesale electricity
markets. Again, therein lies the main controversy. While FERC can open the gates
to its wholesale electricity markets and the high-voltage transmission system,
states and other local authorities regulate the distribution system (a dichotomy
formalised in the 1935 US Federal Power Act). States and other local entities have
therefore challenged the FERC rule.
The tension between federal and state authorities is a common theme with newer,
smaller resources like demand response, storage and distributed energy that
could provide services to both the transmission and distribution systems. Similar
issues arise in other two-tiered jurisdictions in Australia, Canada, the European
Union and India.

Wholesale power market reforms improve liquidity
Wholesale power exchanges in India have improved greatly since their
introduction in 2008 and have become the most significant in the South Asian
region. Most of the short-term traded electricity volume (over 95%) is traded on
the India Energy Exchange (IEX) as of 2020.
India’s wholesale markets have been historically criticised for their lack of liquidity
and products. Liquidity is still low, but there is an improvement in product
availability.
In India the sale of power typically happens in three timeframes. Firstly, long-term
arrangements include contracts of over seven years’ duration and cover power
generators entering into PPAs with a DISCOM or state government to sell power
for a fixed period of time as per the tariff determined by the regulator, or discovered
through competitive bidding. The purpose of these long-term contracts is to ensure
that new generation capacity will be built. In India, the states and DISCOMs use
these contracts to ensure resource adequacy in the long term because they do
not have alternative resource adequacy arrangements.
Secondly, medium-term arrangements – typically between one- and five-year
durations – cover generators selling power based on competitive bidding through
an Indian marketplace portal for DISCOMs and generators. The size of this market
is negligible in India.
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Thirdly, short-term markets for contracts below one year cover bilateral,
multilateral or exchange-traded contracts between buyer and seller. The two
power exchanges in India include the IEX and Power Exchange India Limited
(PXIL). The short-term markets in India account for around 10-11% of the market
volume.
In 2020 the pandemic and the related decline in demand had a significant positive
impact on the volume of electricity wholesale trade on power exchanges in India.
Wholesale prices were approximately 20% to 29% lower than the previous year at
INR 2.7/kWh on average in September and closer to INR 2.5/kWh between March
and September (in the range of INR 2-4/kWh). The traded volume increased
compared to the previous year; this increase was around 44% in September 2020
for all market segments – for example, the day-ahead market, term-ahead market,
real-time market and green term-ahead market. The increase in volume was
driven by multiple factors: utilities preferred short-term trade as opposed to
business-as-usual 3- to 9-month contracts in light of unforeseeable demand
patterns. Additionally, utilities offered the unserved volume resulting from lower
electricity demand for sale in the market. Finally, driven by lower prices, some
utilities replaced their contracted generation with cheaper market purchases. Dayahead market volume was typically around 180 000 MWh per day in 2020.
Real-time power markets were launched in June 2020 in India. The IEX has
witnessed this market becoming a success and filling an important gap by
providing real-time trade (two 15-minute blocks an hour ahead) for intermittent and
variable generation such as solar and wind. The price volatility of the real-time
market has been greater than that of the day-ahead market, but on average, prices
are typically lower, at INR 2.36/kWh. Real-time market volume was typically
around 20 000 MWh/day. The principal users of real-time markets include more
than 50 DISCOM buyers, over 200 industrial buyers and more than 20 generation
companies, while sellers included nearly 40 DISCOMs, over 140 thermal plants
and nearly 30 hydropower plants.
The green market was launched in August 2020 at the IEX, where green electricity
has been trading at a premium (compared to the regular day-ahead market) in a
range of INR 3-3.8/kWh for clients looking to fulfil their renewables purchase
obligations through market purchases. Green market trading volume is currently
averaging around 10 000 MWh per day.
The new market products are meant to fill the gaps in the Indian wholesale market
design and contribute to improvements in product variety and market liquidity.
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PPA flexibility can improve system flexibility by separating the
financial from the physical
Long-term PPAs represent about 90-95% of the electricity market in India. As a
result, India is highly dependent on PPAs that cover physical delivery of energy
and capacity. Physical PPAs in India are widely seen as a key reason for low
liquidity in short-term markets and they also pose a barrier to improved power
system flexibility (both from trade and from conventional power plants). In order to
integrate VRE, short-term flexibility is key and physical PPAs can be a major
barrier to utilising technical flexibility already present in the system.
The DISCOMs tend to use the physical PPAs to secure the long-term resources
needed to meet projected peak demand due to the lack of dedicated resource
adequacy mechanisms in the states. However, based on international experience,
linking the physical PPAs to resource adequacy may not be the most cost-effective
tool for achieving resource adequacy, thus states could consider creating
alternative resource adequacy mechanisms.
The reasoning behind using physical PPAs is that they ensure the bankability of
projects, which can then obtain financing. However, PPAs do not need to be
physical to ensure financing; they can also be financial. In other markets around
the world we also see PPAs as a key enabler of project bankability, but in markets
such as Europe or the United States, these PPAs are often financial. The
counterparts of these types of contracts can be anything from traders to utilities,
to corporate entities. Within the European context, generation can have two
separate contracts: a financial contract ensuring budget stability, and a physical
contract ensuring the sale of the physical power in the short-term markets. In this
way the daily optimal dispatch is ensured via the physical contract, while the longterm financial viability is ensured via the financial PPA. Currently in India the fact
that financial stability is not separated from daily physical scheduling is a barrier
to system flexibility and the integration of VRE. Financial PPAs ensure the budget
stability of projects without interfering in the day-to-day physical scheduling of
assets. In this way, assets can still be activated according to the merit order and
have budget stability.
An alternative to a system of bilaterally negotiated contracts is to create a financial
market with exchange-traded financial products that can be used for budget
stability on both the consumption and production sides. For a financial market to
be successful, a good reference price needs to be established and buyers
(DISCOMs) need an investment-grade credit rating. In lieu of a good credit rating,
collateral can be used when trading financial products; however, collateral is a
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relatively expensive option, and might be difficult for financially stressed DISCOMs
to post. It is important to note that the financial stability of the DISCOMs is a barrier
for all PPAs, whether they are physical or financial in nature, but within financial
contracts the collateral or credit agreements can be more formalised since there
is no physical production behind the contact.
As mentioned, the reference price is an important feature for well-functioning
financial markets. The reference price in the European financial markets is the
day-ahead price, which is sufficient since the price formation of the day-ahead
price in Europe is stable and liquid. There is currently no stable reference price in
India, which means that bilateral financial PPAs might be the better option to allow
short-term flexibility via participation in the short-term markets for the generation
assets, at least until liquidity in the short-term markets has improved.
In the longer term, a sophisticated financial power market could be introduced in
India. Currently there is no financial power market, but during several events in
which the IEA has participated, stakeholders have mentioned their ambition to
launch a financial market. Most financial power markets have both exchangetraded products and over-the-counter products. The list below shows some of the
financial products that are used internationally to ensure the financial stability of
generation assets as well as consumption portfolios. These products are used by
utilities, generators and consumers alike.
The reason for considering financial instruments in India is to ensure that the longterm budget stability of generation assets does not affect short-term scheduling. If
the existence of physical PPAs changes the merit order, the efficiency of the power
system is compromised and that limits the flexibility and ability of the system to
integrate renewables. A tool to ensure that this does not happen is a system of
financial contracts coupled with agreements to sell the physical generation on the
short-term markets.
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Overview of international electricity contract types
Type of
power contract

Description

Example

Bilateral or exchange-traded contract
Forward

for fixed amount of power; can be
either physical or financial

PPA, typically for baseload
technologies or used for
hedging structured products
such as swaps
Contract for difference, fixed-

Swap

Fixed-price forward bilateral contract

price PPA with volume
flexibility
Asset owner is paid a fixed

Tolling agreement

Bilateral agreement where the off-

rate to toll the asset to a

taker acts as the market scheduler

second party who then has

for a power plant

the production and price risk
of the asset

Standardised exchange-traded
Future

contract for future delivery; typically

Typically same types of

never delivered – a financial

application as a forward

settlement-only contract
Heat rate call option, revenue
Bilateral contract that gives the offOption

taker the option to buy or sell power,
or earn revenues from a generator;
they can be financial or physical

put option; collar option that
provides a floor and a ceiling
for earnings from an asset;
renewable assets can also
use weather derivatives to
secure volumetric risk
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Policy recommendations
Similar to the existing power system, the current policy environment was designed
for India’s coal-dominated power sector. With the clean energy transitions, the
entire policy environment is being reviewed and redesigned in many countries;
this includes the government institutions in the power sector and the policy, market
and regulatory frameworks at both the national and state level in India.
The three layers of power system transformation

IEA. All rights reserved.

These key policy recommendations are valid in the wider context of the full report
and should not be taken out of context. They look at critical missing elements of
the policy framework required for each flexibility option, noting that the optimal
combination of these flexibility resources must be determined for each state,
taking into account the regional and national context.

Curtailment
1. Improve investor confidence surrounding curtailment risk through ongoing
policy dialogue on the future of must-run status of solar and wind, as well as
contractual structures and policies related to curtailment and compensation. It is
also desirable to improve the transparency and public availability of curtailment
data (annual, monthly solar and wind curtailment for each state) and provide more
specific reasons for curtailment decisions made by SLDCs.
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Demand response
2. Build a regulatory framework and pricing mechanisms to enable the shift
towards more proactive participation by demand sectors than their existing
passive consumption.
Making load curve data per DISCOM and per consumer type for each state
transparent and public would help private and public sector players calculate the
return on investment in demand-response programmes and assess their optimal
tariff choices.
Accelerating the rollout of advanced metering infrastructure is a prerequisite for
demand response. Smart meters need to be coupled with other digital tools such
as displays, notification systems and systems providing automation to provide
demand response. In the residential sector, a shift towards advanced digital
metering and smart home appliances is a prerequisite for the use of TOU tariffs
and demand response.
Shifting all users, including residential users, to default TOU tariffs is
recommended in the longer term, particularly consumers with rooftop solar, EVs
and smart charging in buildings.
To enhance cooling demand response, alongside deployment of advanced
metering infrastructure, the government could provide targeted economic
incentives for commercial and residential consumers, allowing limited time shifting
of cooling loads without significant impacts on the consumer experience. It could
also support provision of some form of communication and control for airconditioning devices, and develop viable business models for district cooling in the
Indian context.
To strengthen agricultural demand response, the availability and use of dedicated
agricultural feeder systems to shift agricultural demand to solar generation hours
in renewables-rich states could be extended.

Rooftop solar
3. Improve the visibility of rooftop solar assets in India. Based on international
examples, the Indian states can consider options to improve the visibility of rooftop
solar systems.
•

State regulators could appoint an entity to develop a distributed solar registry
platform available to state DISCOMs, with registration of solar pump and rooftop
solar systems to be included in (new and amended) connection requirements. The
registry data would ideally be publicly available in an anonymous format and data
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should also be made available by the DISCOMs to the SLDC. In parallel, the
DISCOMs would require consumers to register new installations of distributed
solar equipment on the above-mentioned platform.
•

DISCOMs can also develop a roadmap for distributed solar forecasting and
assess the technical requirements and potential policies to support more rooftop
solar uptake, such as TOU tariffs (included in the following section).

•

Adding reactive power and voltage control capabilities to connection requirements
embedded in the DISCOM and transmission connection codes can help rooftop
solar become a system-friendly resource.

•

Consideration could be given to the application of export limits to the distribution
system (to be varied depending on how much can be accommodated at specific
times) through a software-based approach called dynamic operating envelopes.
This is a solution to prevent reverse flows in distribution networks due to increasing
shares of grid-connected rooftop solar PV.

Tariff reforms and introduction of TOU tariffs
4. Implement tariff reforms, focusing on the revision of electricity tariff design and
tariff options as one of the most important future tools to enable more demandside flexibility in India. This would shift significant user volume from times of low
solar output to times of high solar output and thus save system-level costs that
could lead to greater affordability. Consider including tariff reforms that expand
TOU pricing to more customers, adjusting the peak tariff slots and switching more
users to default time-dependent tariffs.
5. The installation of smart meters coupled with other digital tools to provide
demand response could create a foundation for the introduction of TOU tariffs in
Indian states. Key enablers for TOU implementation include institutional
strengthening, innovative business models, and consumer awareness and
engagement programmes.

Energy storage
6. Develop a regulatory and remuneration framework for energy storage with
specific reference to battery storage and pumped-storage hydro to capture their
full value. National and state policies should include a definition of energy storage,
including its size, technical capabilities, flexible nature and applications, and its
categorisation as a generation, transmission and/or distribution asset, as has been
done in the United Kingdom. Policy and regulatory barriers for batteries and
pumped-storage hydro should be removed to ensure that they can take advantage
of energy arbitrage opportunities from shifting energy demand within a day or
week, and contribute to ancillary services for managing system ramps.
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Flexibility of coal plants
7. Develop state-level assessments to determine if coal power plant flexibility is a
preferred (most cost-effective and least polluting) solution in the specific state.
Develop state criteria to select the coal power plants best positioned for flexibility
investment. Develop state regulatory mechanisms to encourage new investment
in selected coal power plants and redesign compensation for flexible coal power
plants. Further, coal power plant investment needs to be weighed against
investment in flexibility sources from other parts of the system (storage, demand
response and grids).
8. In the longer term, state agencies will need to play an important role in
assessing and setting flexibility requirements at the state level on a plant-by-plant
basis to balance state-level demand and supply. State-level ancillary services
regulations and markets, combined with improved spot market participation, would
help remunerate flexible plant operation on a competitive basis with other flexible
resources such as demand-side response, storage and grid flexibility.

Interstate trade and wholesale market reforms
9. Strengthening the power trade across states could reduce the curtailment of
renewables and provide access to low-cost generation in other states. This
requires neighbouring states to improve the co-ordination of their scheduling and
dispatch. There is also a need to weigh the costs and benefits of potential new
transmission investments against the costs and benefits of other flexibility options
for cost-optimal end results. States where solar and wind generation levels are
expected to go beyond 100% of demand (in numerous hours a year by 2030) are
recommended to build strong interstate interconnections.
10. Support regional and interstate transmission studies (such as that of the
CSTEP). Such studies should then be assessed alongside those that address
alternative power system flexibility resources, such as demand-side response,
storage and power plant flexibility options.
11. Conduct national-level assessment of the costs and benefits of investments to
promote synchronous connections with Bangladesh and Nepal, in addition to
those already existing for Bhutan, to enlarge the geographical footprint for
balancing.

12. State and central governments need to review and possibly reform the current
state regulation and national market rules to give new participants equal access
to compensation for providing flexibility. Identification of barriers to competition for
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new technologies (such as batteries) can be the first step for the state regulators.
The development of new ancillary services and an ancillary services market would
provide an opportunity to consider all new technologies from the start. Additionally,
state grid codes can be reviewed and updated to ensure system-friendly
connection and flexibility requirements are in place for new solar and wind
projects, including distributed solar (rooftop and pumps).
13. The current practice of relying on physical PPAs for resource adequacy may
not be the most cost-effective tool for achieving resource adequacy. Thus, the
states could consider creating alternative resource adequacy mechanisms and
encouraging the use of financial PPAs. In the longer term, a sophisticated financial
market for power sector products could be introduced in India.

Recognising environmental concerns with flexibility
14. If the objective is emission reductions, the government should be aware that
flexibility options in themselves can both decrease emissions and increase them,
for example by enabling lower-cost coal generation to contribute more to the mix.
Incentives for emission reductions and for preferential dispatch of lower-emission
technologies may be needed in some systems to avoid unintended
consequences.
15. Co-ordination across the states’ water, energy and power departments may
need further emphasis going forward. State governments should support the
improvement of water management practices and also support targeted analysis
that estimates the impact of agricultural demand-shifting and pumped-storage
hydro retrofits on water evaporation and water efficiency. The improvement of
water management practices should also result in a more flexible, secure and
resilient power sector by ensuring water availability for agricultural demand
response, pumped-storage hydro and conventional power plants in periods of high
water stress, such as during heatwaves, flooding or droughts.

System strength and inertia
16. With the future increase in solar and wind, the renewables-rich states will
experience periods when wind and solar represent the majority of generation,
which may affect system stability. It will be important that states monitor local
system strength and inertia requirements.
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Annex: Power system modelling
and methodology
India Regional Power System Model and Gujarat State Power System Model
To provide a deeper analysis of the impact of increasing renewables and the role of
flexibility in India, the IEA has developed two power system models: the India
Regional Model and the Gujarat State Model. Both models undertake a technoeconomic analysis using a production cost modelling approach, with a focus on the
operational aspects for a one-year “snapshot” of 2030, in addition to 2019 as the
reference year. Both models are hourly, and enrich the IEA’s power sector
modelling by including interregional transmission as well as detailed operating
characteristics such as operating costs, plant technical minimum operating levels,
minimum up and down times, start-up times and ramp rates. It is important to note
that an hourly time resolution does not fully capture aspects such as plant-level
ramp rate restrictions, and that metrics such as renewables curtailment may be
underestimated relative to a more detailed time resolution.
For both models, emissions have been calculated according to estimated fuel
characteristics and plant efficiencies. Although the two models are not directly
linked, the emissions from power imports in the Gujarat State Model are estimated
using hourly emissions intensity from the India Regional Model, and hourly import
volumes.
IEA India Regional Model
To allow for a more detailed analysis of flexibility needs, this model includes a
representation of the five regions controlled by the regional load dispatch centres
and the interregional transmission connections, which are based on CEA plans and
account for transfer capability limitations reported by POSOCO. Production profiles
for renewables were represented, along with operating costs and characteristics for
thermal technologies. Hourly simulations were based on unit commitment and
economic dispatch.
For the India Regional Model, three 2030 scenarios were included in addition to the
2019 base year:


The STEPS case includes a full range of flexibility solutions (trade between
regions, demand-side response, batteries and power plant flexibility).



The transmission downside case includes transmission transfer capability
limitations in 2030.



The combined low flexibility case, in addition to transfer capability limitations,
excludes flexibility from power plants, demand response and batteries.
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Load profiles for the India Regional Model were based on detailed analysis from the
World Energy Outlook STEPS scenario to provide hourly electricity demand curves.
Annual electricity demand projections for each end use by sector relied on national
macro indicators such as population dynamics and economic growth, integrating
the latest policies. The potential for demand-side response by end use was
developed based on the projected demand in each region. Power generation
capacity expansion in India was determined on the basis of current and proposed
policies and the value-adjusted levelised cost of electricity. Projected capacity for
existing and new technologies was made available for dispatch. The capacity
expansion is aligned with India’s nationally determined contribution and the Paris
Agreement.
IEA Gujarat State Model
The Gujarat State Model is based on a state-level demand forecast and historical
hourly demand provided by CER, IIT Kanpur. Agricultural demand response is
based on the analysis by Khanna. While further demand response measures are
important to analyse, these were beyond the scope of the project, in part due to
challenges of readily accessing detailed end-use data. The generation capacities
were based on Gujarat government targets, taking into account the announced
objective to add no new coal capacity.
The model takes a “contracted capacity” approach so that only capacity contracted
by Gujarat is represented, including out-of-state capacity (i.e. central plants
allocated to Gujarat). As a result, a large amount of planned renewables capacity
in Gujarat that is intended to be contracted to other states (20 GW in the Kutch
hybrid park) is not included in the model. It is worth noting that this capacity,
depending on how it is integrated into the grid locally in Gujarat, could potentially
further increase the integration challenges beyond the results presented in this
report.
The Gujarat State Model is separated into four main regions based on the DISCOM
areas in Gujarat, in addition to one separate node for the renewables-rich Kutch
region, two nodes for the cities of Surat and Ahmedabad, and external nodes in
Haryana, Rajasthan, Maharashtra and Madhya Pradesh for out-of-state plants
contracted to Gujarat. Transmission between regions is based on 400 kV and above
lines that already exist. No transmission expansion was included in the state model
as the constraints between the DISCOMs were not found to be a driver of integration
challenges or increased costs in the scenarios studied. The flexibility options
included and their sizing were based on consultation with the Gujarat government
and other stakeholders. While the Gujarat model is not integrated into an all-India
model, energy imports are allowed in from the external nodes within the limits of the
transmission constraints.
In addition to the base scenario for FY 2018/19, eight different scenarios are
presented here for FY 2029/30. The reference scenario is a limited flexibility case
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where no additional flexibility is developed relative to today. For the flexibility cases,
each individual flexibility option is added separately to the inflexible case so that
they are considered in isolation. In addition, one scenario with no additional
flexibility, but with a higher share of wind, is included.
IEA Gujarat State Model 2030 scenario summary
Scenario

Description

Flexibility at 2019 historical level, base scenario with
which to compare the options below
Addition of two upgraded hydro plants with pumped
Pumped storage hydro
operation by 2030: 242 MW + 196 MW
Increased coal power plant flexibility – reduced
Coal plant flexibility
minimum stable levels and increased ramp rates
Agricultural shift
Additional agricultural demand shifted to daytime
Limited flexibility

1 GW battery

Addition of 1 GW, 4 hour duration battery

2 GW battery

Addition of 2 GW, 4 hour duration battery

4 GW battery

Addition of 4 GW, 4 hour duration battery
Pumped-storage hydro, coal power plant flexibility,
1 GW battery and agricultural demand response

Combined flexibility
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Abbreviations and acronyms
APPDCL
ASEAN
CEA
CEEW
CO2
CPUC
CSTEP
DISCOM
EV
FERC
FY
GDP
IEA
IEX
ISGF
LBNL
MIGRATE
MNRE
NITI Aayog
NREL
POSOCO
PPA
PSH
PV
PXIL
RUVNL
SDS
SEDM
SLDC
STEPS
TOU
VRE
WEO

Andhra Pradesh Power Generation Development Company Limited
Association of Southeast Asia Nations
Central Electricity Authority
Council on Energy, Environment and Water
carbon dioxide
California Public Utilities Commission
Center for Study of Science, Technology and Policy
distribution company
electric vehicle
Federal Energy Regulatory Commission
financial year
gross domestic product
International Energy Agency
India Energy Exchange
India Smart Grid Forum
Lawrence Berkeley National Laboratory
Massive InteGRATion of power Electronic devices
Ministry of New and Renewable Energy
National Institution for Transforming India
National Renewable Energy Laboratory
Power System Operation Corporation Limited, India
power purchase agreement
pumped-storage hydro
photovoltaic
Power Exchange India Limited
Rajasthan Urja Vikas Nigam Limited
Sustainable Development Scenario
Solar Energy Data Management
state load dispatch centre
Stated Policies Scenario
time-of-use
variable renewable energy
World Energy Outlook

Units of measure
g CO2
g CO2/kWh
Gt CO2
Gt CO2/yr
GW
GWh
GWs

gram of carbon dioxide
grams of carbon dioxide per kilowatt hour
gigatonne of carbon dioxide
gigatonnes of carbon dioxide per year
gigawatt
gigawatt hour
gigawatt second
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INR
kg
kV
kW
kWh
MW
MWh
TWh

Abbreviations, acronyms and units of measure

Indian rupee
kilogramme
kilovolt
kilowatt
kilowatt hour
megawatt
megawatt hour
terawatt hour
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