Centre for
. Social and r N\ 1
CSEP Working Paper - 58 Economic 4
October 2023 Progress L J

Independence | Integrity | Impact



Copyright © Rahul Tongia, Aarushi Dave and Utkarsh Dalal

Centre for Social and Economic Progress (CSEP)
CSEP Research Foundation

6, Dr Jose P. Rizal Marg, Chanakyapuri,

New Delhi - 110021, India

Recommended citation:

Tongia, R. and Dave, A., with Dalal, U. (2023). Understanding Time-of-Day and Seasonal Variations in Supply and
Demand for Electricity in India: 2019 Analysis Using High Temporal Resolution Data (CSEP Working Paper 58).
New Delhi: Centre for Social and Economic Progress.

The Centre for Social and Economic Progress (CSEP) conducts in-depth, policy-relevant research and provides
evidence-based recommendations to the challenges facing India and the world. It draws on the expertise of

its researchers, extensive interactions with policymakers as well as convening power to enhance the impact of
research. CSEP is based in New Delhi and registered as a company limited by shares and not for profit, under
Section 8 of the Companies Act, 1956.

All content reflects the individual views of the authors. The Centre for Social and Economic Progress (CSEP)
does not hold an institutional view on any subject.

CSEP working papers are circulated for discussion and comment purposes. The views expressed herein are those
of the author(s). All rights reserved. Short sections of text, not to exceed two paragraphs, may be quoted without
explicit permission provided that full credit, including copyright notice, is given to the source.



Understanding Time-of-Day
and Seasonal Variationsin
Supply and Demand for
ElectricityinIndia

2019 Analysis Using High Temporal Resolution Data

Rahul Tongia
Senior Fellow,

Centre for Social and Economic Progress,
New Delhi, India

Aarushi Dave
Research Analyst,

Centre for Social and Economic Progress,
New Delhi, India

Utkarsh Dalal*

Centre for Social and Economic Progress,
New Delhi, India

*Former Data Scientist consultant (January 2019 to January 2020)



Contents

Glossary/Abbreviations. .. ... ...ttt e e e 7
Executive SUMmMAry . .. ..o i e i e 9
Study Motivation and Background .......... ..o i e 11
Rising Uncertainty and Variability inthe Grid ......... ... . i i i 11
Factors Influencing an Optimal Supply MiX .. ......ouiiuiit e 12
Non-financial factors impacting optimal supply mix:.......... ... oo i i 12
Meeting the Many Needs of the Grid: Balancing, Ramping Requirements, and More ............... 13
About CSEP’s Electricity and Carbon Tracker. ... 14
Background and Implications of carbontracker.in/MERIT Portal Data ........................ 15
Importance of Time-of-Day Data and Analysis. .......... .o 18
Literature Review and Paper SCope . . ...t e 18
Findings and Analysis . . ...t ittt i e e 19
Moving Averages Help Smoothen Variations. . ........... ..o i 19
Correlations across Supply Types versus Demand .............coiiiiiiiiiiiiiiiiinnnen.. 21
Year-long basis correlations ......... ... .. 21
Understanding Variations by Time of Day and Seasonality.......... ... .. ..., 22
Breaking the Year into Buckets: Seasonal and Time of Day................ .. .. ..o, 25
Grid Balancing also Needs Ramping Upand Down...........cooiiiiiiiiiiiiiiiinennen.. 28
Year-long changes (As) in generation . .............ouutiinttmitt it 28
Time-block (time-of-day and seasonal) Correlations of ADemand versus AFuel ................... 30
Importance of Daily Swings in Generation: Daily Minimum/Maximum .......................... 34
Daily swings in the context of growing RE: limits of coal swings....................cooiu... 36
Daily maxima and minima of fuel types. .......... .. .. . i 37
Balancing Requirements through Swings (and Ramps) in Supply .......... ...t 39
Policy Implications and DisCUSSION. . .. ..ottt it 43
References . . ..o vttt i i e e e e 46
APPENAICES o vt vttt ettt et e e e 48
Correlation Tables ...... ... 48
Supply and Demand Graphs for 2019 . ... ... .ttt e 52
List of Figures
Figure 1: Impact of RE on Net Demand in California—Growing from Duck Curve to Canyon Curve. ... . 14
Figure 2: Shares of Installed Capacity (MW) versus Utility Generation (GWh) in 2019 for
different Energy Sources in India. . ... ..ot e 16
Figure 3: Carbon Tracker Reading of February 3-9,2019......... ... .. o it 19
Figure 4: All-India Demand and Supply by Fuel at Five-minute Resolution with
Seven-day Moving Averages (2019). .. ... ...ttt 20
Figure 5: Output by Fuel and Resultant Carbon Emissions (2019)............c.cooiiiii i, 21
Figure 6: Average 24-hour Time-of-Day Profiles (2019) ........... ... .. o i, 23
Figure 7: Monthly Split of Electricity by Fuels (2019). ..ottt 24
Figure 8: Average Daily Electricity Generation Trends Month by Month (2019)....................... 25
Figure 9: All-year Graph of A demand versus A Supply Mix (2019 ........c..coiiiiiiiieininnenn.. 32
Figure 10: Zoomed in Section of Figure 9 . ... ..o i e e 32
Figure 11: Times of Day and Seasonal Segmentation of ADemand versus ASupply Mix (2019) ......... 33

Figure 12: Daily Maximum and Minimum Total Generation (2019)......................coiia.. 35



Figure 13: Daily Maximum and Minimum Net Demand (2019) ........... ... . ... i, 35

Figure 14: Combined Daily Maximum and Minimum Demand as well as Net Demand (2019).......... 36
Figure 15: Daily Basis Thermal Generation Profile Over the Year (2019)............. ... . ... ... ... 37
Figure 16: Daily Spread of Supply and Demand (ratio of maximum to minimum) through 2019 ........ 38

Figure 17: Zoomed View of Daily Spread of Supply and Demand
(ratio of maximum to minimum) for 2019, . . ... ottt 38

Figure 18: Percentage Ramp Rates for Demand (maroon), Thermal (gray), Gas (dark blue),

Hydro (light blue), Nuclear (red) and RE (yellow) ...... ... 39
Figure 19: Five-minute Ramp Rate% for Thermal vs Gas (2019) .......... ... i . 40
Figure 20: Five-minute Absolute Ramping by Thermal versus Gas (2019) .............ccoviiinnen... 41
Figure 21: Stacked Five-minute Ramp Rate % (2019), across Fuels, Demand and Net Demand.......... 41
Figure 22: Stacked Five-minute Ramp Rate % (2019) across Fuels, Demand, and

Net Demand—Zoomed to Cap Ramping at 10% .. ........ouuuttmnntiinii i 42
Figure 23: Five-minute Ramp Rate (RR) % for Demand versus Net Demand (2019) ................... 43
Figure 24: Demand (load met) 2019 . ... ..ottt e e e 52
Figure 25: Thermal Supply (2019) . . ..o .ottt e e e e 52
Figure 26: Gas Supply (2019) ... ..ot 53
Figure 27: Hydro Supply (2019) . . . ..ottt e e e e 53
Figure 28: Nuclear Supply (2019). . ... ..o 54
Figure 29: Renewable Energy Supply (2019) . ... .o e 54
Figure 30: Net Demand (2019). ..« ...ttt e e e 55
Figure 31: Summation Supply (2019) ... ... 55
List of Tables

Table 1: All-India Installed Capacity (MW and % share of total installed capacity) of Power

Stations (as on December 31, 2019) (Utilities) . ... ...ttt 15
Table 2: Breakdown of RE Sources as of December 31, 2019 (MW and share % of total

RE mentioned DElOW) ... ..ottt 15
Table 3: Year-long Correlations between Total Generation, Net Demand and

Supply Types In 2019 . . . ..o o e 22
Table 4: Annual Supply Correlations Broken into Seasons and Time-of-Day (2019) ................... 26
Table 5: Year-long Balancing (A) Correlations between Total Generation,

Net Demand and Supply Types (2019) . . . .o vttt et e e 29
Table Al: Annual Delta Correlations Broken into Seasons and Times-of-Day for 2019................. 48

Table A2: Annual % A Correlations Broken into Seasons and Times-of-Day (ToD) for 2019 ............ 50



Understanding Time-of-Day and Seasonal Variations in Supply and Demand for Electricity in India

Abstract

India’s electricity grid is moving from one dominated by coal to one where renewable energy (RE)
will dominate supply, especially wind and solar. By 2030, the target is to triple non-fossil sources
of power to 500 gigawatts (GW) of capacity. Wind and solar sources are intermittent, and given
a power grid needs to balance supply to meet demand at all points in time, this raises immense
challenges for planning and operations.

This paper studies the impacts of times-of-day and seasons on the different types of fuels for
generation electricity, their output ramp (swing up or down) rates, daily swings between maximum
and minimum output, and relative contributions of each fuel type. It also covers net demand (total
demand excluding RE) separately to highlight RE’s interplay with other supply sources.

We focus on calendar year 2019, which was the last year before the impact of the COVID-19
pandemic. We analyse data at 5- and 15-minute resolutions not just to understand granular grid-
balance requirements but also examine ramping requirements. The larger policy objective remains
improving the integration of more variable renewable energy (VRE) sources into the electricity grid
and cost-effectively balancing different fuel types during specific times and/or seasons.

A key insight is that the average numbers (e.g., for correlation) are misleading and one needs granular
data to consider “worst case” time periods for which we need adequate and appropriate supply. We
also find that RE places greater burden on the rest of the grid in terms of ramping requirements,
measured through net demand, which is the remaining demand after subtracting variable RE.
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Glossary/Abbreviations

Term Definition

Ancillary Services

Services not covered by energy provision (kilo-watt per hour or
kWh) to support efficient operation of the grid and facilitate the
transmission and distribution of electricity. These functions extend
beyond the core generation and transmission functions of the
grid, and focus on enhancing grid security and stability. These can
include frequency support, ramping, black-start capability, etc.

Curtailment

The act of not using a renewable energy (RE) source output for
preserving supply and demand balance in the power system; in
essence, throwing it away because RE supply exceeds demand.
Firm sources where there isn't a phenomenon of use-it-or-lose-it
are instead “backed down”

(Coal) Flexing

Operation of coal power plants in a flexible mode, based on changes
in grid conditions (supply/demand balancing), i.e. in a part load
manner and/or with high ramping. There is a technical limit for
coal flexing compared to the nameplate capacity, and an efficiency
penalty for operating in flex mode.

Demand-Side
Management (DSM)

A method of improved balancing of the grid through the demand
side where consumers can consume energy more efficiently. In
addition to being a one-time change (like buying an efficient air-
conditioner or light bulb) this can be a dynamic process in response
to signals, which is termed demand response.

Dispatchable Energy
Sources

Sources of electric power that can be dispatched (called or
controlled) based on the demands of the electricity grid. Also called
tirm power.

Distributed Energy
Resources (DERs)

Small, modular energy generation and storage technologies that
provide electric capacity or energy where you need it, producing
under 10 megawatts (MW) usually. They can be sized to meet
specific needs as per the site, with connections to the local power
grid or standalone applications. (As defined by the US’ National
Renewable Energy Laboratory [NREL]).

Economic Dispatch

Same as Merit Order dispatch (see below)

Flexibility

The flexibility of a power system is the extent to which a power
system can modify electricity production or consumption in
response to variability, expected or otherwise (As defined by the
International Energy Agency [IEA]).

Levelised Cost of
Electricity (LCOE)

A present value calculation of average cost of electricity over the
lifetime of a supply source, based on discounting finance and
operating costs as well as the output over time. It is used to compare
different sources of energy production whose outputs and costs
may change over time.

Load Duration Curve

A plot of the load or other characteristic and time where the x-axis
represents time, stacked in decreasing order of magnitude across
the time-period.
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Term Definition

Order in which generating plants are called by the grid operators
with changes in demand, based on the price of the electricity

Merit Order produced. Also, the order in which demand bids or supply offers

are made for selling electricity.

Total electricity demand at the grid level, excluding Renewable
Net Demand Energy (RE) which is treated as negative demand.
National Load NLDC —the national aggregation of smaller (regional and/or state)
Dispatch Centre electricity grids—is the level of national supply and demand used
(NLDC) in this study.

An energy source designed to meet peak demand, the output of
Peaker which can be increased (or decreased) to meet high-ramping

requirements from the grid. These are typically designed to operate
infrequently.

Power Purchase
Agreement (PPA)

A contract between the electric power generator and a customer
(could be a consumer or a trader), which defines all the terms of
selling electricity. This comprises of all commercial terms such
as duration of contract, payment terms, schedule for delivery of
electricity, terms of non-compliance etc.

Ramp Rate

The rate at which a generator can increase/decrease, i.e., ramp up/
down its generation. It can be expressed either as a percentage (of
unit rating) per time block, or in absolute terms (e.g., MW/minute).

Renewable Energy
(RE) components
(applicable for this
study)

As per Government of India historical nomenclature, RE comprises
small hydro power, wind power, bio-power (biomass power/co-gen
and waste-to-energy) and solar power. Newer definitions of RE
include traditional hydropower as well.

Summation Supply

Total generation of electricity at the national grid level or busbar
level, i.e., post auxiliary consumption. In contrast, demand met as
measured by the Government of India’s portal ‘Merit Order Dispatch
of Electricity for Rejuvenation of Income and Transportation’
(MERIT), and NLDC, is the summation of state demands for
power, which are thus the combination of supply within state plus
power delivered to the state boundaries.

Time-of-Day

A term used to indicate different grid conditions by time in a day
(and potentially tariff structures).

Variable Renewable
Energy (VRE) sources

Generation of RE in a variable or intermittent manner, typically
based on wind or sunshine conditions. These sources are, by
definition, not dispatchable, meaning their potential output isn't a
function of demand.




Understanding Time-of-Day and Seasonal Variations in Supply and Demand for Electricity in India

Executive Summary

The electricity grid requires a constant real-time balance between demand and supply, and
different fuels aim to meet this mix. Traditionally, the Indian grid has relied heavily on fossil fuels.
However, there are plans to dramatically scale up renewable energy (RE) supply. The prime minister
announced at COP26 in Glasgow that the ambition would be for 500 GW of non-fossil fuel capacity,
most of which would be based on wind and solar.! This represents a major shift from the grid of the
past where three-quarters of the energy came from coal.

This paper presents a descriptive analysis of how the Indian grid performed in 2019, the last calendar
year prior to COVID-19 effects, using high-resolution (5- or 15-minute) data on supply mix to meet
demand at the national level. These are compiled and displayed at CSEP’s portal carbontracker.in.
In the paper we apply small corrections for missing/outlier data.

In this study, the focus is on understanding the relative contributions of different fuels, the
correlations between demand (load met) and supply options, swings in supply (calculated as ramp
rates, or rate of change of output), and limits on future performance under an anticipated high-RE
future. While these appear to be technical issues, these have profound implications for choosing an
"optimal” fuel mix that enables lowest cost secure supply.

At a descriptive analysis level, as expected, we find that installed capacities by fuel type aren't
direct explainers for generation by fuel type. The Plant Load Factor (PLF; also known as Capacity
Utilisation Factor, or CUF), for RE is low, and the PLFs of coal and nuclear are high. Hydropower is
in between, but turns out to be heavily seasonal in output and value. It also performs a strong role
as a ‘peaker’ (limited hours of high output correlated with high demand).

Total electricity demand is highest in June and July, with a second peak around September as the
monsoon concludes. Thermal generation is relatively flat over the year, but rises slightly between
January and June, after which it drops. This drop is offset by rising RE, and subsequently, rising
hydro. During and post-monsoon, hydro reduces its daily swings and service as a peaker, turning
closer to “must run” status for a few weeks. While gas does have some peaker effects, its output is
relatively low throughout the year.

We find it particularly illuminating to not just examine the averages or moving averages, but also
study daily swings. We find the daily demand is higher pre-monsoon, and this is driven more by an
increase in the minimum per day (the daily low) rather than an increase in the daily high. The fact
that most of this increase in the base (the daily low) happens during the night suggests the impact
of residential air-conditioning during the summer.

Importantly, we find that national average statistics across the year are incomplete, and breaking up
the data into seasons and times-of-day buckets or clusters show sharply different correlations and ramp
rates than the annual average.

A crucial question becomes: how are changes in demand satisfied across fuel types? While all fuel
types are correlated with demand, renewables are less correlated than thermal (coal) or gas. This
spread is even starker when we consider seasonality and times of day. More important than simple
correlation between demand and any particular supply is correlation for change in demand with
change in supply, or delta (A) demand versus A supply. For this statistic, thermal (coal) offers the
greatest correlation, followed by hydro.

If we consider ramping requirements, measured by rate of change of a supply option, we find that
the percentage ramp rates differ from absolute ramping (MW/minute). This is because of the

! The 26" summit of nations (also referred to as the Conference of Parties or COP) that signed the United Nations
Framework Convention on Climate Change (UNFCCC) treaty in 1994.
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vastly different base sizes. Gas can ramp faster than coal (on a percentage ramping basis), but the
total ramping contribution from coal is much higher as the output of gas is more than an order of
magnitude lower than coal on average. Hydro shows strong ramp rates, but the effect is minimised
during periods of steady or high hydro output (end of and post-monsoon, when hydro becomes
closer to “must run” than operating as a peaker).

Renewable energy is cost-effective, but cannot meet all demand, at least not without storage, which
is very expensive at present. Renewable energy targets are already in place, and RE dominates
investment in generation capacity. An important question that arises is, what happens to the system
overall as RE grows? We know that RE is seasonal (especially wind) and has a high diurnal pattern
(especially solar). This means that as RE grows, there will be greater burden on the rest of the
system, especially in terms of an alternative supply needed to balance the grid, including its daily
ramping requirements. Given the low PLF of RE, we would still need “something else” (assuming no
battery), but such a supply option would face lower PLF because during parts of the day or year RE
suffices. Such “backing down” of alternative supply makes alternative sources more expensive than
they would be if they ran to the maximum capability without RE in the mix.

An important measure of the impact of RE on the rest of the system is when we consider the concept
of “net demand”, i.e., demand to be met by firm sources after removing demand met by variable RE.
We find that the ramping requirements upon other (non-RE) supplies is higher when we consider
net demand compared to demand. This means if RE grows and supplies output proportional to
2019 output, then higher RE will place a greater burden on the rest of the grid for ramping and
balancing. Renewable energy is also challenging given it can have very low output at periods of high
net demand, especially post-monsoon evenings.

Daily minimum and maximum data are important and tell us the value of peak load management.
Managing the peak is important since, by definition, peak power (operating a few hours per day
or even season) is expensive compared to power that is used consistently over more of the year.
Controlling the peak is also important for other reasons we investigate. Given net demand peaks in
the evening (much of which is met from coal) reducing this peak is critical to coal usage because of
the limitations on coal power plant usage. A coal plant operating at full load in the evening cannot
be switched off easily or even lower its output below a threshold easily in response to high solar
output. In such cases, we may have surplus RE that needs to be thrown away (aka “curtailed”). As
Tongia (2022) shows in a grid modelling study for 2030 that will be a reason for high RE surplus
(and thus curtailment) in the future.

The present study uses detailed data from a single year and is national in its scope. For detailed
modelling and planning for managing a high RE future, we need high time (and location) resolution
data on demand as well as supply, including variable RE. It’s entirely possible that load profiles may
change over time. While coinciding demand with RE (as through load shifting) helps reduce surplus
RE, e.g., through the rise of solar irrigation pump-sets, this doesn’t solve the problem of meeting
net demand, which peaks in the evening. Storage, or an alternative peaker, would be required to
meet the evening peak. To incentivise proper demand management with the right type of supply,
both retail and wholesale power should reflect grid conditions through time-of-day pricing. This is
missing for about 90% of India’s power—only a small fraction is handled through power exchange
markets.

Ultimately, as RE’s share rises in the grid, India will need high-ramping and balancing forms of
supply. These sources may not run frequently, and thus will be more expensive than average, but their
value is higher. As this paper shows, if RE creates more burden on the rest of the system, including
ramping, then those other generators need to be compensated for such services. Unfortunately,
majority of the planning and payments today are linked only to energy services, that too average
energy (levelised cost of energy [LCOE]). Instead, capacity value should be considered, particularly
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for energy sources operating as peakers. This needs to be an area of active analysis and policy focus.
In particular, we need a portfolio system of pricing supply options, instead of today’s focus on
LCOE. By focusing on a portfolio model of pricing, we would capture system-level costs (e.g., due
to transmission or backing down of coal).

Study Motivation and Background

Rising Uncertainty and Variability in the Grid

Given India’s low base of electricity consumption per capita (about one-third the world average)
according to the Ministry of Power (PIB, 2022) and high gross domestic product (GDP) growth
rate, electricity demand is growing rapidly, at over 5% per annum, varying by year. In addition to
overall growth, there have been shifts over time in how the growth in demand has been met.

India’s electricity grid grew from 1,713 MW installed capacity in 1950 to around 370 GW (excluding
captive capacity) as of March 31, 2020 (CEA, 2021). Further, the Central Electricity Authority (CEA)
projects the installed capacity to rise to around 844 GW by 2030, including battery energy storage
systems (CEA, 2020a). Some of this dramatic rise in capacity will be due to growth of RE, which
operates at low PLF or average outputs, and hence you need more capacity for the same energy
output.

The expansion of the electricity grid between 1950 and 2019 was largely propelled by thermal capacity,
with spurts of hydropower growth in the earlier years. However, the growth in installed capacity and
electricity generation in the forthcoming decades is expected to be driven by cleaner energy sources,
such as wind energy, solar energy, nuclear energy, renewed hydro energy and battery energy storage
systems.” This shift will create challenges from planning and operations perspectives. The most
obvious issue is that wind and solar are both intermittent and variable. More subtle is the presence of
both variability (somewhat predictable, like no solar output at night) with stochasticity (more rapid,
e.g., sudden cloud covers or dips in wind) in output from variable RE (VRE) like wind and solar.?

Some of the trends and challenges that the Indian electricity grid can expect in the near future and
as part of its energy transition:

1. Overall rising demand for electricity across different sectors, but with asymmetric growth across
sectors. Which sector grows faster will have implications on demand time-of-day and utility
finances, since distribution companies (discoms) have differential prices for different consumer
categories (with prices set by regulators);

2. Change in demand profiles, supply mix, and CUF of infrastructure. As RE grows, coal’s PLF will
fall;

3. Rise of clean energy technologies, which are often not just variable but also distributed (compared
to more traditional centralised generation, such as from coal plants). Clean energy solutions
extend to electric vehicles (EVs) and use of storage technologies including batteries;

4. Expansion of transmission and distribution networks, not just to meet rising demand but also
based on clean energy transitions, e.g., the need for long-distance but low PLF transmission
to transfer RE across states, or the need for more local intelligence to handle consumer-based
feeding in of power like from rooftop solar;

? Historically, the main form of grid-scale energy storage worldwide was through pumped hydro systems, but for various
reasons, these have found limited deployment in India thus far. Batteries are highly responsive and can charge or discharge
on-demand, but are projected to remain expensive through 2030 (Tongia 2022)

* Solar power also lacks inertia, a useful quality of large rotating turbines and generators that helps keep the grid stable.
However, such issues and millisecond grid stability and transient power flow concerns are outside the scope of this analysis.
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5. Greater pressure on grid balancing and ancillary services (services to keep the grid stable, including
frequency support, ramping, etc.). These are services whose value cannot be measured in terms
of energy (Rs/kWh) alone. A complementary need is for all generation to be more nimble and
able to operate at part load and in flexible modes, especially coal supply;

6. Need for consumer engagement to improve demand side management. The old grid had varying
demand met by over-engineering firm demand. Now, supply (RE) is also variable, and instead of
over-engineering alternatives, one can control or shift demand to align through a combination
of price signals (like time-of-day pricing) or control signals (directly controlling loads).

7. Pressures upon distribution companies (discoms) to reduce high losses, both financial and technical.
A flip side of this is the plan for a greater role of wholesale markets to enable efficiency, which
will change the relationship between suppliers and consumers from today’s system dominated by
predictable and typically time-of-day-agnostic bilateral contracts (power purchase agreements).
However, discom planning will get harder with distributed generation which is often “behind
the meter” and owned by consumers.

A common thread between almost all of these trends and consequent challenges is the aspect of
uncertainty, which goes well beyond the inherent variability of RE (wind and solar). The exact
consequences of any of these trends are complex and difficult to predict. Their ripple-effects may
range from simple variations (both temporary swings and higher volatility) to substantial or secular
changes in electricity demand and supply patterns.

Factors Influencing an Optimal Supply Mix

As Tongia (2022) examines in detail in his study on India’s grid in 2030, the optimal supply mix
depends heavily on assumptions, both for supply and demand. On the economic side, these
depend on technology and fuel costs (and finance costs). But equally important are the technical
assumptions on demand and variable supply profiles, especially at a high time resolution. Even an
hourly analysis may not suffice for optimal supply planning to understand per minute ramping
requirements, which can be a constraint for some fuel types—this is before one considers load-
flow technical analysis which can focus on transient load-flows and dynamic stability (sub-second
issues). This paper helps understand supply and demand profiles, and while it only uses a single
year data, this exemplifies a possible shape curve and also highlights policy insights.

Non-financial factors impacting optimal supply mix:

1. Variability of wind and solar are well known, but the long-term output expected can change over
the years, a factor that will worsen with climate change. Even hydro supply varies year-on-year;

2. Variability in Demand (time-of-day) is important for choosing supply to meet demand. There
will inevitably be a daily peak—when and for how long it occurs impacts optimal supply options,
more so with VRE like wind and solar;

3. Seasonal demand variability has similar but more challenging implications than just time-of-
day, since storage and demand shifting is much harder across seasons. If one built a battery, one
would hope to use it daily instead of just a few days or weeks in a year. Cooling is a key factor for
both sets of peak demand (daily and seasonal), but monsoons have other implications as well.
Demand can fall due to not just temperature shifts but also reduced irrigation needs. On the
supply side wind output increases, and hydro reservoirs fill up and even become “must run” or
nearly so, meaning they have to release water independent of power demand.

12
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4. Location is important for choosing the optimal fuel mix—both for supply and demand. Not
only is coal cheaper near the pithead, wind and hydro resources are heavily geographically
constrained. In fact, all power plants choose locations not just based on demand but also on fuel
supply and transmission. More transmission lines can partly address this issue, but at a cost;

5. Correlation and network effects—addition or reduction of output from one source impacts the
burden on other sources, and some fuels may interplay through sequencing based on their time
constants of ramping. We may need both fast ramping solutions to instantly meet swings in
demand, but also more long-duration balancing solutions that may take many minutes or even
an hour to change output.

6. Expected duty cycle emphasises the disconnect between capacity (kW) vs energy (kWh). Not
only are PLFs sometimes constrained, some plants have high fixed costs but low variable costs
(or even zero, like for most RE). Such plants should operate first in the merit order dispatch,
which impacts fuel requirements down the chain; e.g., a gas plant built as a peaker may not
always have sufficient fuel to run as a baseload plant.;

7. Technical characteristics of fuel types go beyond just fixed versus variable costs but include factors
like ramping rate capabilities, minimum operational times (that impact start-stop operations), etc.

Studying granular time-of-day and seasonality data is essential for long-term energy planning and
policy making across the country. Accurate, consistent, and granular data help recognise patterns
that can reduce challenges arising from uncertainty and variability. Demand forecasting and
extrapolating past trends in energy supply are also important. Put together, these can help optimise
the necessary fuel mix, a calculation that may go beyond economics and factors in grid security,
environmental impacts, etc.

Historically, there has also been uncertainty, but much of this was for demand; supply was assumed
to be firm. Going forward, high RE in the supply mix changes the system design. Previously, demand
varied, and we only had to build sufficient capacity to allow for a buffer, and one could turn supply
sources on or off to match the (varying) demand. Now, with VRE, even the demand is variable, and,
at the extreme, no amount of over-engineering can meet the demand (e.g., evening demand can’t be
met by even infinite solar capacity, at least not without storage).

Meeting the Many Needs of the Grid: Balancing, Ramping Requirements, and More

A well-operating grid needs real-time balancing of supply and demand, but this is more than having
enough capacity, or even potentially available energy. As we've seen, capacity and energy don't match
(Figure 2). Even energy isn’t equal at all times of the day or year. Uncertainty further complicates
analysis, often resulting in a statutory buffer in capacity and supply capability.

All the operations are meant to keep both the voltage profile of the grid and the frequency (cycles
per second) within bounds. Constraints like the ability to increase (or decrease) output, also called
ramping, are another key technical constraint in grid planning. Different fuels have different ramping
capabilities. For example, hydro can be ramped up/down in tens of seconds, while thermal power
might take an hour to measurably ramp up/ramp down. However, hydro energy generation often
depends on seasonality. Natural gas is considered very flexible, but India has limited gas resources.
Nuclear power is firm, but not very easy to ramp up or down.

Many of the above trends collide when we have a high RE system. California’s grid gave insights into
a future problem where high RE and sufficient capacity still meant challenges because of ramping
requirements. This became the classic “duck curve” due to its shape (Figure 1).
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A duck curve plots the hours of the day (March 31, i.e., a spring day) against ramp in electricity
generation (in MWs), from 2012 projected out to 2020. Shaped like a duck, it demonstrates the ramp
down of net-load (i.e., non-RE) generation as solar-energy generation fills in during the daylight
hours, and the corresponding ramp-up of net-load during the evening. With passing years, the
curve predicts a higher dependence on RE generation during daytime, hence making the evening
ramp sharper with time. We are already seeing the start of the duck curve in India. However, with
growing RE in California, the duck curve is turning into a “canyon curve”, which has much steeper
ups and downs, and also can go down to zero net demand when solar output is high in the middle
of the day.

Figure 1: Impact of RE on Net Demand in California—Growing from Duck Curve to Canyon Curve

Source: Patel (2023).

About CSEP’s Electricity and Carbon Tracker

Electricity is a real-time service, and one needs real-time data matching demand and supply to
understand the balance; CSEP has built one of the first public tools for this in India.

The CSEP Electricity and Carbon Tracker is a near-real-time online tracker that shows electricity
generated by source (e.g., renewable, thermal, etc.) at a national level. It also shows total electricity-
based carbon dioxide (CO,) emissions every five minutes and CO, emissions per kWh in aggregate
based on official emission factors per fuel type. Additionally, it shows various moving averages for
each generation source, as well as a wide variety of summary statistics and analysis.

Researchers at CSEP (then Brookings India) built the Electricity and Carbon Tracker
(https://carbontracker.in) in November 2018, because there was no source of high-resolution,
historical electricity generation data at the national level and it was felt that a tool like this was a
prerequisite to answering any sort of planning question—from sizing investment decisions overall
to sizing batteries to keeping the grid stable.
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Background and Implications of carbontracker.in/MERIT Portal Data

To build our carbon tracker, we created an automated tool (online at carbontracker.in)* that captures
generation by source from the Government of Indias portal, MERIT (Merit Order Dispatch of
Electricity for Rejuvenation of Income and Transportation) every three minutes, and stores it in
our database, and then calculates carbon emissions by fuel time in near real time. We apply simple
algorithmic error correction and add visualisation and analytics for the public portal.

MERIT only captures all-India data, it does not break down RE across its components, viz., wind,
solar, biomass, micro-hydro, and waste-to-electricity. The installed capacity (Table 1) and generation
data from the National Power Portal (NPP) indicate the dominance of wind and solar within RE.
If we consider national plans for 450 GW RE by 2030, as per CEA (2019), 420 GW are proposed to
come from wind and solar. Renewable-energy capacity (excluding traditional hydro) on June 30,
2022 stood at just over 113 GW, while the capacity at the end of 2019 was 86 GW (Table 2).

Table 1: All-India Installed Capacity (MW and % share of total installed capacity) of Power
Stations (as on December 31, 2019) (utilities)

Mode-wise Breakdown (GW)

i S— Grand Total
(coal'+ lignite) Gas Nuclear | Hydro RE (GW)

State 67,152 7,119 0 26,958 2,350 103,579 (28%)

Private 76,003 10,581 0 3,394 82,338 172,316 (46.7%)

Central 62,100 7,238 6,780 15,047 1,632 92,797 (25.2%)

Toul s | 6w | () | s | eoa | 06

Note: The values in the brackets show the share of each quantity in the Grand Total.
Source: Executive Summary on Power Sector (CEA, 2019, & 2020b).

Table 2: Breakdown of RE Sources as of December 31, 2019 (MW and share % of total RE

mentioned below)
Small Hyd slotover Total RE
ma ro . ota
Powe};' Wind Power Biomass Waste-to- Solar Power oG
power/cogen energy
4,677 37,608 9,861 140 34,036
86,322

(5%) (44%) (11%) (<1%) (40%)

Source: Executive Summary on Power Sector (CEA, 2020b).

* This tool is independent of the global group carbontracker.org.
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Figure 2: Shares of Installed Capacity (MW) versus Utility Generation (GWh) in 2019 for
different Energy Sources in India
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Note: These are gross installed capacities at a utility level (excluding captive power), and some small fraction of generation is
consumed in-plant as auxiliary consumption, and thus not available to the grid at the busbar, which is what carbontracker.in and
the MERIT portal capture. Not all these capacities may be online at the same time due to a combination of faults, maintenance,
fuel-supply limitations, etc.

Source: Authors’ analysis calculated from CEA data in ‘Executive Summary on Power Sector’ (CE A, 2019). Imports are
overwhelmingly hydro, and small overall (under 0.5%).

Capacity is not the same as generation (Figure 2), and RE has a much lower PLF than most other
fuel options. Thus, a doubling of total capacity entirely by growing RE capacity wouldn’t double the
output. This means for the same level of demand growth, India needs to add more capacity in the
coming years if it relies on RE. This also means disproportionally higher investment, since RE is
purely a capital cost play (with no fuel).

Best Available Data, ‘MERIT, Still has Limitations and Errors which We Try and Clean

MERIT portal data are the best-available data on high temporal resolution electricity output by
type, but suffer from two major errors. First, there are occasional glitches, where data sometimes
freezes, or has impossible spikes. For instance, sources of generation sometimes temporarily
increase or decrease dramatically. Because of this, we apply simple algorithmic error corrections.
This corrected data can be seen under Corrected Generation Data on our carbontracker. The
uncorrected data are available, under Raw Generation Data. The online corrections are limited,
focusing on obvious errors such as negative outputs or supply exceeding maximum capacity.
Post this, there can be a few errors that remain, and which can only be corrected post-facto,
comparing with other sources as well to see the big picture. Those are not part of the automated
corrections in carbontracker.in.

The second error comes from limitations on coverage. Not all power plants are under the real-
time data acquisition system used by NLDC for the MERIT website. Thus, the generation data
from MERIT, and consequently the carbon tracker, do not match the daily generation reports by
the grid operator Power System Operation Corporation Ltd (POSOCO) exactly—total generation
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per day in the tracker is slightly lower than the total generation per day in the POSOCO daily
generation reports, indicating that not all plants are part of the real-time data capture. Renewable
generation in the tracker is lower by about a few percent of the total demand met, but on a
relative scale, RE’s data are 30% short, varying by time period. However, since we do not have a
breakdown of which RE plants are missing, we cannot make perfect corrections with time-of-day
precision. We apply a simple proportional correction.®

Other generation fuels in the tracker are much closer to the daily reports data, which are expected
to be accurate since they are post-facto and usually accurate due to stronger accounting norms
for total energy (which impacts generator and transmission company payments) than for real-
time generation. We do not focus on this error correction since we are interested more in the
trends and variability, than in absolute levels of generation. For portions of this analysis, we have
further manually corrected small spikes based on criteria of simultaneous (or missing) analogous
falls. For example, a single source of supply cannot have a large spike if demand doesn't also go
up or another source doesn't fall.

As mentioned above, the high-resolution data from MERIT also contains frozen data points
over stretches of time where raw data on demand and supply mix don’t appear to change. We
have tackled these frozen data points via interpolation. These points (frozen + drastic erroneous
values) are about 1.85% of total data, but the implications on calculations are much lower, since
corrected or smoothened data are only expected to have an error from the true values by perhaps
a few percent, making the effective total error likelihood under a percent. The gap between
smoothened and likely actual data is only likely to have an error of up to a few percent in most
cases, and typically lower. Thus, the total input data (and hence our analysis for 2019) are likely
to be accurate to within 0.05-0.1%.

The correction of frozen points from extracted data is very important for our analysis for two key
reasons.

1. If we are interested in ramp rates, since these compare readings with the immediate previous
reading when the frozen cells stretch ends, there can be a sudden change in the readings as
part of recovery. This otherwise leads to huge artificial ramp -ate spikes.

2. Frozen (or missing, where there is no reading) data lead to errors in total generation which
can be calculated as the summation or integral of output (capacity operational) per time
stamp. A linear interpolation as applied isn’t a perfect solution, but reduces the error.

Total electricity generation across fuel types should, in principle, always be slightly higher than
total demand, which is the demand as measured at state boundaries. This is because supply as
captured is the busbar supply (i.e., post-auxiliary (in-plant) consumption), but before inter-
state transmission losses (perhaps 1-2%), while demand is measured as the sum of demand
at state boundaries. This national grid demand is higher than actual consumer demand, which
subsequently includes transmission and distribution losses within states.

> We correct the RE data by scaling with a factor of ~1.3 for 2019, which brings RE’s aggregate output (on KWh basis) in line
with total RE generation as per CEA and NPP data.
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Importance of Time-of-Day Data and Analysis

Electricity is a unique commodity where the present system, based on alternating current, requires
supply to always meet demand in real-time; grid-scale storage is relatively limited. It is intuitive
that demand varies over time, e.g., night time would be a low-demand period, but supply can
also have variations. While some supply options—from fossil fuel power plants like coal (also
called “thermal”) are controllable or dispatchable, and thus called “firm” power, others have
different constraints. In most countries, nuclear power usually only operates at rated output to
the best extent possible, and doesn’t go up or down much in response to load (a term called “load
following”). Hydropower, though controllable at some level, does not have unlimited storage in the
reservoir due to competing uses for water, as well as seasonality issues. The most extreme example
of supply variability is with RE, especially without storage. Wind and solar depend on the weather
or sunlight, and represent a “use it or lose it” source of power. However, in addition to expected
variability (e.g., we know the solar output is zero at night, and peaks at mid-day), these also have
stochastic output.

In a world with rising RE, it is important to understand the variability of both demand and supply
to enable improved capacity planning to safely meet projected demand. This paper analyses India’s
2019 electricity data; 2019 was the last year of data before COVID, which dramatically impacted
demand. As Parray (2020) showed, in addition to muted demand due to COVID-19 lockdowns,
on the supply side most of the reduction came from coal, which operates as India’s primary swing
producer. Some fuels can turn on or off more quickly, but the impact isn't as sustained as for coal,
while in some cases as with hydro, any shifts in when power is generated doesn’t impact the total
annual output, which is rainfall (or snow-melt) limited. Supply swings during COVID-19 were
distinct from consumer-side impacts, where the fall in demand was disproportionally from
commercial and industrial users, who are important financially because they over-pay to cross-
subsidise agricultural and residential consumers.

Literature Review and Paper Scope

Literature is scarce in this domain, primarily because of paucity of data. Most publications use limited
resolution or synthetic data, e.g., NRELSs use of wind models to calculate predicted wind generation
in their flagship Greening the Grid report (NREL 2017). Power System Operation Corporation,
the national grid independent system operator, has issued periodic reports on the operations of the
grid, including recent guidelines on ramping rates (POSOCO, 2020). This has been preceded by a
host of studies on ramping, grid balancing, and analytics, including a detailed analysis of electricity
demand patterns in 2016 with decomposition of time-of-day and seasonality, down to the state
level (POSOCO, 2016). Many of the studies were focused on 15-minute time blocks, or even hourly,
but these were multi-year with time-series data. National Renewable Energy Laboratory, which
has partnered with POSOCO and subsequently with states to study RE integration, also recently
released a report on ramping and India’s transition (Joshi et al., 2020). Titled “Ramping Up the
Ramping Capability”, the report highlights international experiences and also mentions that net
demand ramping rates might become problematically high as RE grows.

In this paper, we examine issues of grid balancing and start from a high level, looking at the
data as a whole, and then parsing the data more granularly to answer questions at the seasonal,
monthly and sub-daily levels. Specifically, we provide descriptive statistics and insights on issues of
correlations between fuel sources versus demand, ramping of output etc. One of the major needs
is to understand how India will manage ambitious RE targets. One suggestion is to examine ‘net
demand’—a measure of demand post that met by RE as it is non-dispatchable (use it or lose it)—
which we show on carbontracker.in.
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We analyse data from five different fuels generating electricity in India, i.e., thermal, gas, hydro,
RE, and nuclear, and the electricity demand met at a five-minute interval. Based on these, we can
calculate correlations, ramping rates, and more across the fuel mix.

Starting with moving averages over the year for high-level trends, we then progress to correlations
between the different fuels and their changes through the year. Even after breaking the correlations
down to times of day and seasons, the daily swings and ramping rate trends/anomality are not
visible.

Hence, we plot the daily maximum/minimum total electricity generation and net demand, daily
swings, ramp rates through the year, and ramp rates split across time-of-day and seasons. These
provide a complete picture, visualising the trends occurring through the year. Finally, we conclude
the study with load duration curves of the fuel sources, plotting the duration in the year (in % of
time) each fuel generates a range of electricity (in MW). Such a stacking gives a simple visualisation
of the standard range of operation for each fuel, and how little time is spent in the extreme high/low
MW range, proving that bursting ramps may be required but only for a shorter duration of time.

Findings and Analysis

We begin with simple visualisations and descriptions of the overall behaviour of the system in 2019.

Moving Averages Help Smoothen Variations

Figure 3 proffers the example of single week February 3-9, 2019. We can see daily variations quite
clearly, and even the start of the duck curve (taking out RE which is in yellow). We can see that on a
daily timescale, hydro is providing ups and down in output matching or following the demand, but
we also note coal dominates the supply.

Figure 3: Carbon Tracker Readings of February 3-9, 2019

160k

— Demand Met
Renewable Generation
== Nuclear Generation
=== Gas Generation
Hydro Generation
=== Thermal Generation

Source: carbontracker.in

If we tried to see the full year in a similar manner, it would look messy, and zooming in would
simply show volatility. There are daily ups and downs, as well as single-day variations (as happens
on weekends and holidays). Hence, a moving average (seven-day in this example) is a useful
visualisation trend shown in Figure 4 taken directly from carbontracker.in (the tracker allows
24-hour and 30-day moving averages as well). While a moving average smoothens out daily and
weekly variations, we can still see the impact of festivals like Deepawali on demand. Since these are
five-minute interval data points, the ~vertical lines are respectively the daily variation for demand
or a particular fuel source.

The Appendices show per fuel type outputs in more detail.
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Figure 4: All-India Demand and Supply by Fuel at Five-minute Resolution with Seven-day
Moving Averages (2019)
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Note: Demand is the grid-level demand at state boundaries, and close to the summation of the supply by respective fuels (coal,
hydro, gas, nuclear, and RE). Each curve shows the weekly moving average to smooth out daily and weekend variation).

While moving averages are useful for trends, higher resolution measurements are important for
studying ramping capabilities. The time constant for problems in the grid at a normal operations
balancing level (ignoring frequency response, which can be measured in seconds or sooner, or
grid faults) is typically in the 5-15 minute range. Indian pricing and grid management today is at
15-minute time blocks, and there are plans to tighten this to 5-minute blocks.

A few insights into high-level trends:

1. Total demand is highest in June and July, with a second peak around September, after the
monsoon goes away.

2. Thermal generation appears to be mostly flat but rising between January and June, after which
it begins to drop, even though demand remains relatively high.

3. This rising gap between demand and coal is made up by renewable generation (which begins to
rise in May, mostly due to higher wind,® and by hydropower supply, which peaks shortly around
September).

4. Hydro displays strong seasonality, post-monsoon.

5. Gas and nuclear generation are relatively flat throughout the year.

¢ The tracker doesn't separate wind versus solar within RE, but CEA’s Daily Reports show the rise of wind in the
middle of the year on an energy basis.
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6. Demand rises mid-year, probably due to cooling requirements for the summer, such as air-
conditioning, fan and cooler loads. Interestingly, in other periods of the year, the daily lows for
demand drop much further, emphasising the time-of-day aspect of demand. This is hard to see
at this scale but is clearly visible if we zoom in (a functionality available on carbontracker.in).
During high-temperature time periods, nights do not show as low a demand. This should be
further analysed in future studies, including those that examine temperature variations with
demand, as well as those that attempt to segregate demand by consumer type for time-of-day
implications.

Figure 5 shows CO, emissions compared to cumulative supply stacked by fuel. this stacked view
is distinct from the individual curves by fuel type shown in Figure 4. Emissions are at their lowest
in the second half of the year (July onwards), even though this is a time of relatively high demand.
This is because coal generation touches a low during this period, while RE is high, as is hydro, post-
monsoon. The pink line shows carbon intensity, which is more seasonal than total emissions per
time block, which also reflects changes in volume. The carbon calculations are based on fuel-wise
aggregate multipliers.

Figure 5: Output by Fuel and Resultant Carbon Emissions (2019)

Source: carbontracker.in

Correlations across Supply Types versus Demand

Given that demand is met continuously by a combination of supply types, the correlation between
supply types and demand and with net demand (demand after removing RE), is important to
understand average grid balancing and the contribution of different fuel types.

Year-long basis correlations

As expected, thermal generation is highly correlated with total generation. It is also even more correlated
with net demand, showing the important balancing role it plays, driving total supply.
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Table 3: Year-long Correlations between Total Generation, Net Demand and Supply Types in 2019

Total Net Thermal Gas Hydro Nuclear  Renewable
Generation Demand Generation Generation Generation Generation Generation
Total . 1 0.817 0.682 0.636 0.472 0.022 0.526
Generation
Net 0.817 1 0.811 0.706 0.461 -0.091 -0.057
Demand
Thermal 0.682 0.811 1 0.456 -0.124 -0.496 -0.027
Generation
Gas
. 0.636 0.706 0.456 1 0.472 0.125 0.065
Generation
Hydro 0.472 0461 | -0.124 0.472 1 0.582 0.148
Generation
Nuclear
. 0.022 -0.091 -0.496 0.125 0.582 1 0.190
Generation
Renewable 0.526 0,057 | -0.027 0.065 0.148 0.190 1
Generation

Note: In this section and subsequently, the cells in red are only to highlight negative values.

Source: Authors’ analysis.

Gas is slightly less correlated with demand than thermal, and, as expected, nuclear has no
meaningful correlation—its operations are based on plant ability instead of demand (“must run”
equivalent status).

Slightly counter-intuitively, hydro doesn’t have a higher correlation with net demand compared to
total generation (aka total demand). We revisit this issue shortly. Renewable energy is only very
mildly correlated with net demand, with a very small negative sign.

This aggregate picture misses two very important variations over the year: time-of-day and seasonality.
Demand varies over both, as does RE supply (for example, solar is inherently available only during

the day).

Importantly, we can visually see the change in relationship between RE versus demand compared to
RE versus net demand (almost a mirror image). We can also affirm that nuclear generation is flat,
independent of demand or other supply—its output is higher or lower due to supply constraints.

Understanding Variations by Time of Day and Seasonality

Given the variations by time of day, it is important to examine different time periods for how supply
and demand intertwine. This will become more and more important as the share of solar rises in
the mix.

Figure 6 shows the average daily profile for supply and demand. Note, on average the peak in 2019
was in the evening; if we consider net demand, the peak is more pronounced in the evening, and
the evening ramp-up is steeper (the so-termed duck curve, with a mid-day belly when RE output
is high, and a steep neck upwards in the evening). It's also important to note that while the gap
between demand and net demand represents RE’s contribution, Figure 6 shows the 24-hour average
across the year. There are many days where the RE contribution, especially in the evening, is much
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lower. Capacity planning has to be based on instantaneous supply and demand, and not on averages.
We focus on all time slots in other sections of the paper.

Figure 6: Average 24-hour Time-of-Day Profiles (2019)
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Note: This shows the average 24-hour profile across the year, across all supply sources, as well as load served (demand’) and net
demand.

Source: Authors’ analysis.

For some of our analysis, we break up the day to span several daily time buckets largely representative
of demand profiles:

1.

Morning—increase in load, largely driven by residential demand.
Timing: 6 a.m. to 10 a.m.”

Mid-day—driven by commercial and industrial demand; coincides with high solar.
Timing: 10 a.m. up to 2 p.m.

Late Afternoon—decrease in solar.
Timing: 2 p.m. up to 6 p.m.

Evening—high demand with some overlap of commercial and residential; late periods include
heavy air-conditioner use; depending on season, limited RE contribution.
Timing: 6 p.m. up to 10 p.m.

Night—driven by residential demand, and historically by agricultural supply, which was
controlled (“rostered”) to be supplied during off-peak periods.
Timing: 10 p.m. up to 6 a.m.?

7 Time blocks are five-minutes, so the last reading in this bucket is 9.55 a.m.
8 A number of states are now shifting agricultural supply to periods around mid-day, to match increased solar supply. This is
complementary to the push to solarise agricultural pump-sets, e.g., under the PM-KUSUM scheme.

23



Understanding Time-of-Day and Seasonal Variations in Supply and Demand for Electricity in India

We similarly break up the year into the following seasons to represent demand profiles accordingly.
In practice the changes in temperature and precipitation aren't fixed, but these are sufficient to give
us more insights than annual aggregates:

1. Winter (December to February; spans across calendar year, ideally)
2. Summer (March to May)

3. Monsoon (June to August)
4

Post Monsoon (September to November)

Figure 7 shows the monthly split of electricity by fuels. This is based on CEA data, which clubs all
fossil fuels (especially coal and gas, with trivial diesel) together.

Figure 7: Monthly Split of Electricity by Fuels (2019)
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Source: Authors’ analysis from CEA Monthly Executive Summary Reports (January 2019-January 2020).

We can see the strong seasonality of hydro, dipping into fossil output. Renewable energy also shows
some seasonality with wind around and immediately post the monsoon, but this effect is not as
visible as one would expect due to an artefact of methodology. As RE capacity is growing rapidly,
the end of the year will show an inherently higher output even if the PLF doesn’t change as much
between December versus January. A separate analysis would need monthly capacity by fuel to
examine PLFs. Only RE is growing rapidly out of all the fuels, more so on a percentage basis.

Because monthly aggregates lose time-of-day-level data, it is illustrative to see how the time-of-
day curves change over the course of the year (Figure 8). The three coloured vertical peaks are the
median day-time peak (maroon), median renewable peak (yellow), and median daily peak (green).
We can see that the daily peak comes in the morning some parts of the year, but shifts around
seasonally. We can also see that the daily net demand peak (peak demand removing RE supply, not
shown separately) remains in the evening throughout. We can also see hydro shift from the sharp
bimodal (morning evening) peak seen in Figure 8 to one where its output becomes much steadier
throughout the day. This shift from a traditional load-following role to almost must-run, occurs
during and after the end of the monsoon.
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Figure 8: Average Daily Electricity Generation Trends Month by Month (2019)

Source: Authors’ analysis.

While these two metrics are illuminating, it is insufficient to examine either time-of-day or monthly
curves in isolation. Putting both together helps us better understand the shifts in the peak, ramping,
contributions of different supply options, etc. We do so both visually, and, subsequently, statistically.

The post-monsoon season becomes interesting because wind seems to die down and hydro is
unable to ramp as much having turned into nearly must-run mode. This indicates that balancing
and ramping can become issues in this season. We revisit these issues subsequently.

Breaking the Year into Buckets: Seasonal and Time of Day

The annual correlations shown in Table 3 mask important differences across time of day and seasons.
Table 4 shows the per-fuel correlations, with both demand and net demand split into time-of-day
and seasonal buckets.
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Table 4: Annual Supply Correlations Broken into Seasons and Time-of-Day (2019)
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The above do not show data for nuclear, as it is a demand-inelastic supply.
A few observations:

1. Thermal is most correlated with demand during the night, which makes sense for two reasons.
First, RE is low (solar is zero). Second, hydro is chosen as a peaker so isn’t used as much during
the night, on average. As expected, thermal is more correlated with net demand than demand,
not just on average but across almost every time block.

2. Gas has a medium but positive correlation with demand, but similar to coal, a higher correlation
with net demand. It also has higher correlation during time periods of the day when RE is low.

3. Hydropower also has modest positive correlation, but much greater variation across time
blocks. Most of the monsoon, it is negatively correlated with demand (and even net demand).
On a daily basis, in certain seasons it is the evening or night where it is highest correlated. The
two seasons with highest correlation with demand are summer—which has high demand—and
post-monsoon, when hydro turns close to must-run.

4. Renewable energy also has high variation across blocks, and has the lowest correlation during
the monsoon. The fact that it is mostly negatively correlated with net demand isn’t unusual
since net demand is defined as the demand post subtracting RE. What is worrying for the future
is that the evening and night are periods of low correlation with demand, which is when net
demand can be high.

It's worth emphasising that our boundaries for time blocks or seasons are intuitive, and not based
on precise data. These would shift in an intertwined manner, e.g., in the summer, daylight extends
and so RE’s output would differ compared to the winter for the same “late afternoon” which ends at
6 p.m. This is one reason a visual examination of trends is also helpful.

Correlation statistics are also limited by the fact that they inherently smoothen out positive and
negative values, something also better seen in visualisations.

Grid Balancing also Needs Ramping Up and Down

Thus far, we have focused on the aggregate picture of supply balancing. However, as the duck curve
emphasises, there is a need to match all time periods of demand with appropriate supply (at least
cost). Part of this involves ramping up (or down) supply options, and the role of “peakers”

Peaking power plants can have two overlapping roles. First, these may be chosen to operate only
part of the time (the peak periods, by definitions). In some cases, that means choosing a supply
option with (relatively) lower capital costs even if that means higher operating costs for the periods
it does run, e.g., gas is traditionally viewed as a peaker instead of coal. The second role is for quickly
changing the output in response to changes in grid conditions including demand, i.e., fast ramping.
Here, again, gas wins over coal. The fastest ramps from traditional sources are from hydropower,
though new batteries can have even faster ramping (but of limited duration, typically).

Year-long changes (As) in generation

Ramping performance can be measured at two levels. First, there is the measure of how much a
power plant can change its output, either in absolute terms (MW/min) or relative terms. Absolute
measures are important in aggregate since our net demand curves will tell us how much power
swings require ramping support.
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A complementary metric is to examine ramping of options in conjunction with how demand swings.
These would be measured by the changes or deltas (A) in demand and corresponding fuel changes;
e.g., if demand grew by 10,000 MW in five minutes (perhaps close to a 2%/minute swing, which is
extreme), how would that be met?

Correlations of these deltas provide an aggregate picture of incremental balancing—change in
demand (or net demand) versus change in fuel supplies (Table 5).

Table 5: Year-long Balancing (A) Correlations between Total Generation, Net Demand and
Supply Types (2019)

(Delta)* Total Net Thermal Gas Hydro Nuclear = Renewable
Generation Demand Generation Generation Generation Generation Generation

Total . 1 0.664 0.715 0.230 0.622 0.033 0.310
Generation
Net Demand 0.664 1 0.726 0.250 0.704 -0.019 -0.394
Thermal 0.715 0.726 1 0.168 0.279 -0.037 -0.147
Generation
Gas 0.230 0250 | 0.168 1 0.102 0.001 -0.056
Generation
Hydro 0.622 0.704 | 0279 0.102 1 -0.009 -0.255
Generation
Nuclear

. 0.033 -0.019 -0.037 0.001 -0.009 1 0.033
Generation
Renewable 0.310 0394 | -0.147 -0.056 -0.255 0.033 1
Generation

Note: Delta* = change in (per time period).

Source: Authors’ analysis.

Compared to simple correlations between demand (Table 3), the three biggest changes looking at
deltas are as follows.

1. AHydropower is now much more correlated with Ademand and Anet demand.

2. We can see a stark change in the performance of ARE, where the correlations falling measurably
versus both Ademand and Anet demand, to the point of being negative with Anet demand
(which makes sense since net demand is demand post removing RE). ARE is now negatively
correlated with all the other fuels, and not just thermal (Table 3) on annual correlations);

3. AGas is, surprisingly, much less correlated than overall gas (Table 3).

This last point indicates that gas operates as a balancing peaker, e.g., meeting evening peak demand,
more than it operates to provide ramping support. Data indicate that as RE grows, assuming the
shape profiles are similar, it would place a higher burden on other fuels to compensate ramping.
This is based on the higher correlations of deltas each of gas, coal, and hydro for Anet demand
compared to Ademand.
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Time-block (time-of-day and seasonal) Correlations of ADemand versus AFuel

The previous section focused on annual correlations, but such analysis loses the richness of
disaggregating across times of day and seasonality, both important since we know supply (and
demand) aren’t just varying randomly over time.

We perform similar correlations for different times of day and seasons, and have the following
observations:

1. For Athermal power, the maximum correlation with Ademand is at night, which is ostensibly a
period when other fuels are at their minimum. During the monsoon, the correlation of Athermal
with Ademand is lower than other seasons.

2. Agas has a lower correlation with Ademand than gas does with demand (on average). This
indicates gas is playing more of an energy-balancing role as a peaker than as a fast-ramping
source.

3. In contrast, Ahydro has a measurably higher correlation with Ademand than hydro’s correlation
with demand, which indicates its stronger role for short-run (five minute) ramping. AHydro
has the highest correlation during the post-monsoon period, and a lower but still fairly positive
correlation during the monsoon. This is visible from the 12-month time-of-day curves as well
(Figure 8) where we see less variability during some months (approaching must-run equivalence).
In addition to seasonality, the time-of-day difference is also strong, with maximum correlation
of Ahydro during the morning, evening, and night periods (periods of low RE).

4. ARenewables (aka ARE) has a more scattered correlation with Ademand. It is negatively
correlated most evenings, but most strongly correlated in the mid-day and late afternoon. This
is not surprising given the expected shape of solar output.

The Appendices show more disaggregated A correlations across times of day and seasons (Table A1
to Table A2, per fuel type, respectively.

These correlations are for short-run ramping, and discussions with experts indicate further
research is required to study dispatch norms at state level and auto-correlations over continued
periods. We have anecdotal data to show that for a long-sustained ramp-up in demand (well beyond
five minutes), there can be multiple fuels interplaying, sometimes with negative correlations. For
instance, in the very short run, hydro will respond fast, while coal will slowly ramp up. Over time,
coal will then displace the hydro, even if overall demand may still be rising (albeit at a lower rate).
This complicates the simple analysis available from short-run ramping, which turns out to be a subset
of the analysis needed for improved grid planning and policy (e.g., to incentive the “right kind” of future
supply growth).

Another limitation of viewing comparative shifts in absolute terms is that the scale of deployment
may also matter. Given the coal fleet and output levels dwarf other fuels, on an absolute generation
delta basis it is obvious coal (thermal) will have the highest correlations for five-minute deltas in
demand. One exercise is to normalise the shifts based on volume per fuel being used, i.e., to use
relative shifts. Table A2 in the Appendices shows the percentage delta ramps (five-minute) by fuel
across the various time buckets.

Comparing the relative delta correlations versus the absolute delta correlations (Table Al in the
Appendices), we see that there is not much change for most fuel types, except the correlation (full
year) declines in half for RE when we consider percentage delta correlations. For other fuels, there
ism’t much difference except a few time blocks move around a bit. This implies that the scale of
deployment (being coal heavy) doesn’t impact how much or little various fuels respond to changes
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in demand on a relative basis. Further research would need to understand nuances of marginal
costs, dispatch optimisation, fuel limitations, and even issues like unit commitment—is a power
plant on or off (only plants that are on can ramp up or down output).

Examining the same question of incremental balancing (five-minute changes) visually can show
new insights. Figure 9 below shows the entire year’s change in respective supply outputs to meet
change in demand. These are not chronological but instead ordered by change in demand per five-
minute block (the maroon line).

However, despite being so data intensive, even such an annual stacking shows the importance of
visual interpretation—numerical correlations suffer from a smoothening effect of correlations; e.g.,
while Table 5 shows modest correlations of ARE with Ademand, the actual relationship is a strong
mix of much higher positive and negative correlations. The middle of the graph is quite noisy—
increasing changes in demand find a mix of higher and lower RE. But this average is misleading if we
consider the tails of the graph, which are the extremes that are critical for grid planning. Importantly,
incremental (positive or negative) hydro and coal provide most of the swing for periods of high
change in demand (positive or negative).

Zooming into the middle of the graph (Figure 10), not only do we see how RE’s contribution to swings
in demand are somewhat random (sometimes negatively and sometimes positively correlated), we
can clearly see the need for hydro to align with changes in demand when RE’s swing is against the
change in demand.

This motivates examining seasonality and times-of-day blocks, which leads to a much sharper
picture. Not only do we see more specific trends, these will have implications for the grid going
forward as different supply types will grow at different rates in the future. Improved analytics,
including proper segregation across times and seasons, could reveal the grid’s dependency of each
energy source for meeting ramp requirements depending on the season and time of day. This could
also help structure time-of-day pricing better, and deploy energy sources to meet demand more
efficiently, utilising sources such as RE and hydro to a greater extent.
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Figure 9: All-year Graph of A demand versus A Supply Mix (2019

Figure 10: Zoonied in Section of Figure 9

Note: These graphs are not chronological, instead are stacked by increasing Ademand between time periods.

32 Source: Authors’ analysis.



Figure 11: Times of Day and Seasonal Segmentation of ADemand versus ASupply Mix (2019)
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By breaking down the data across seasons and times of day shows the overwhelmingly (Figure 11) the
overwhelmingly important role coal and hydro play in meeting demand shifts at the extremes, e.g.,
winter evenings. There are some cases where RE contributes well, e.g., summer evenings (perhaps
due to favourable wind and extended daylight past 6 p.m.), but there are also periods where RE is
negatively correlated with demand, sometimes rising in the late afternoon when demand falls the
most. Falling demand is easier to manage than rising demand, and even this is met mostly with coal
and hydro. Gas does swing, but it is hard to see at this scale.

The extreme periods and the evenings are the key areas of concern as those are periods for which
we may need investments in new and appropriate capacity. We revisit this issue in the last section,
Policy Implications and Discussion.

Importance of Daily Swings in Generation: Daily Minimum/Maximum

Daily swings in demand and matching supply may appear to be a subset of the time-of-day issue,
but are an important metric and even design goal. For starters, it is intuitive that a high daily swing
means lower average utilisation of peak capacity.

This isn’t just an economic issue, of capacity utilisation, but one of technical constraints. Very few
fuel choices are capable of load-following—going up and down based on demand. Fossil fuels can do
so (albeit at varying rates). Hydropower can do so, but with an energy limitation in aggregate (based
on annual rainfall). Nuclear is inherently inflexible, at least the Indian design plants.” Renewable
energy (wind and solar) is not controllable, and can only be curtailed (thrown away) when it is
surplus, and never increased based on demand per se, it is use-it-or-lose-it.

The issue of daily ranges is even more important for two reasons. First, much of the growth expected
in the coming years is from solar power, even more so than wind, which has a pronounced daily
shape. This means that the ability of wind (or hydro) to match non-solar periods with clean power
will decline as solar grows disproportionally. Second, daily maximum and minimum outputs of coal
power are a major technical constraint on how coal can operate.

One may want lower coal output mid-day as RE grows, but there is a technical limit to how low a
coal power plant can operate at under part load (called flexible or flex-load operations). Coal plants
are not designed for daily start-stop operations, so once a coal plant turns on, it should not be
turned off at least for a day, ideally much longer. Thus, the maximum coal operates at in a given day
tells us how low it can go the same day. Once this “flex limit” as it is termed is reached, then the RE
would need to be thrown away (“curtailed”), even though it has zero marginal cost! Present norms
by CEA ask for coal power plants to flex down to 55% operations, but a number of older plants
reportedly cannot go down so low, not without retrofits and/or the need for co-firing the plant with
expensive oil support. Even if coal plants can operate at part load, there is an efficiency penalty, one
for which present compensation norms appear inadequate.

The starting point for examining daily maximum/minimum is for demand met, which is the same
as supply (Figure 12). Both daily maximum and minimum generation peaked sometime around
June for 2019. There is a secondary peak around September, which we will revisit shortly, and a
winter rise as well. However, some of the growth towards the end of the year is simply organic
growth over time, comparing the start of the year to the end of the year.

The gap between maximum and minimum supply (which we can use as a proxy for the daily range
of total electricity demand) is smallest between April and September. This tells us that demand is

° France has newer generation nuclear plants designed for load following, that few countries have. Part of the reason is
economics—the low variable costs of nuclear power mean it runs virtually all the time if possible—what used to be called
baseload operations.
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comparatively flat throughout the day during these months. Examining time-of-day demand, for
overnight demand (and a rising daily minimum), indicates this is heavily driven by changes in air-
conditioning demand.

Figure 12: Daily Maximum and Minimum Total Generation (2019)
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We see a similar but slightly less sharp trend with maximum and minimum net demand (total
generation—renewable generation) in Figure 13. As expected, net demand is always lower than
demand, but it is not equally lower throughout the year. In addition, the daily minimum doesn’t
track the daily maximum as closely for much of the year, indicating a variation in RE supply.

Figure 13: Daily Maximum and Minimum Net Demand (2019)
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We can examine maximum and minimum total generation and net demand together (Figure 14).
By seeing these together, we can get a visual sense of RE’s contribution, and how much is happening
at the daily peak versus at the daily minimum. We see that the gap between minimum/maximum
generation and net demand is greatest from May to September, implying that that is when renewable
generation contributes maximum demand. Rising RE could make volatility of net demand spreads,
between high and low, worse over time. We can also see the period of very low RE, which is post
monsoon, where the daily maximum total demand and net demand appear much closer.

Figure 14: Combined Daily Maximum and Minimum Demand as well as Net Demand (2019)

200,000
180,000
—
§ 160,000
<
S 140,000 ,'
S
g A A AT HAREWY, AR
o 120,000 ‘,“'J“,:‘»\l,.,‘:‘_"l\_?:r Tt |“| v v ‘l.'\.'lf “,!“n’ ::,u v ] ‘I" LN T SC PR
8 u'\“"'\,' ) \,\\'1;\, A A YV ‘ll' ] "‘:I ,’n‘:l“ ! .,‘f N, - ‘:’!"\'.l‘ “i
O 100,000 < y— ! (L7 "‘]-u )
5. g ‘ v v
5
O
2 80,000
]
& 60,000
40,000
20,000
o o o o o o o o o o o o
— — — — — — — — — — — —
S =) o o o o o o =) S o =)
Q Q Q S Q & S Q Q Q Q Q
& g S = ey & B iz g g g g
3 3 2 a. S 5 E =) 5 5 2 2
2 2 S < — = E = e = g
= ) p — — — — = 3 o o 5]
— o] — o o 3 8
— e — Q — £ =
— w
— — —
Daily Max Total Generation =~ ===---- Daily Min Total Generation
Daily Max Net Demand ~ ------- Daily Min Net Demand

Source: Authors’ analysis.

Daily swings in the context of growing RE: limits of coal swings

Using the data on daily maximum and minimums can help us plan for high RE future, given limits
on how low coal’s output can flex down to. To calculate this, we must first calculate the daily swing in
coal output. Because our worry is about rising solar, we can compare output at 12.30 p.m., roughly
the time of maximum solar (and often maximum RE).

Figure 15 shows the swing between the maximum thermal (coal) generation output (left axis in
orange) and the thermal generation output mid-day (12.30 p.m.) as a fraction of the same day’s
maximum thermal output for 2019. We can clearly see seasonality—in the summer the coal output
is highest and the swing between daily maximum-to-minimum is relatively low. This correlates with
the daily low of demand rising in the summer, possibly due to overnight uses of air conditioning.
The black line (right-hand side) shows that in the middle of the year, at 12.30 p.m., coal output is a
slightly lower output than the daily coal max, indicating coal use maximises at another time. This
could be due to a combination of an evening or other period peak demand, and also if alternatives
are available for supply 12.30 p.m.
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Figure 15: Daily Basis Thermal Generation Profile Over the Year (2019)
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How will rising RE (especially solar) result in limits on lowered coal output? While this depends on
the growth rates of both demand and solar, we can bound the issue.

As a thought exercise, let’s examine how much growth of RE we can have before we have too
much RE, measured by limits on flexible coal operations. Let’s consider a maximum lower flexible
operations limit of 60% for coal across the fleet—some plants can do better but some are worse. We
already go down to 80% during the monsoon at 12.30 p.m. as Figure 15 shows."” Assuming minimal
change in net coal fleet size, going down to 60% means approximately 22 GW of further mid-day
output reduction capability from coal plants before we have “too much” RE which would need to
be curtailed.

Of course, India is unlikely to add 22 GW of solar overnight, so if this takes one-and-a-half to two
years, by then the peak demand would also rise, giving a bit more breathing room. This is also
before large-scale storage, and assumes the demand shape doesn’t change. By 2022, we can already
see some increase in mid-day demand, which nicely coincides with solar output, buying us more
time. But given demand and RE aren’t growing at the same rate, India will soon thereafter face
surplus RE which would start to be occasionally curtailed for grid absorption capability reasons.'!

Daily maxima and minima of fuel types

Five-minute ramps are important for grid balancing, but given that demand swings are typically not
very fast (even net demand), we should also consider a more gradual shift in outputs by supply type.

A pronounced version of this is to examine the daily maximum and minimum ratio or spread for
each supply type and demand (Figure 16). This is important for coal power plants which are not
capable of switching on or off easily and the daily maximum relates to the technical minimum in a
near time period (such as daily). We note that RE has a dramatically higher daily spread (maximum

' This assumes no daily start-stop operations, a key operational choice. Start-stops are very expensive and cause wear and
tear. Our estimates are in the order of 1 Rs/kWh for the coal plant for the entire day’s output.

1 Most curtailment of RE today is due to local grid congestion, transmission issues, or contractual reasons, as opposed to
inability to utilise the RE at a national level.
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to minimum ratio), especially post-monsoon. This is because night-time wind output falls sharply.
Observing the details of the times-of-day of RE low and high are useful since we do not have a wind
versus solar breakdown, and this graph validates the hypothesis of low wind after the monsoon.
Hydro also has very a high daily spread, except during and near (post) the monsoon. Such volatility

issues are critical for grid planning, which has to cover the year’s “worst case” periods, and cannot
be based on the average.

Figure 16: Daily Spread of Supply and Demand (ratio of maximum to minimum) (2019)
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Given that it is very hard visualise the details for other fuels because of the wide range across fuels,
we can expand the graph by clipping the y-axis like in Figure 17. We now see that post-monsoon
gas swings much more specifically when RE has higher swings. Such compensation shows the value
of gas seasonally, even with modest overall volumes; correlation data do not show this as starkly.
Importantly, net demand has a higher daily spread than demand for most of the time periods.
Demand itself lowers its daily spread mid-year, likely due to air-conditioner usage (which raises
night-time demand, which would otherwise be the daily low).

Figure 17: Zoomed View of Daily Spread of Supply and Demand (ratio of maximum to
minimum) for 2019
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Balancing Requirements through Swings (and Ramps) in Supply

A fuel’s ramp rate is another important metric for grid design, which influences policy. For example,
a fuel that is otherwise cheaper may not suffice for grid balancing if it cannot change output fast
enough. As of 2019, as we've seen, ramping has been disproportionally done by hydropower and

coal—the latter because of its large base more than its ramp rate (percentage ramp per minute)
capabilities.

On the supply side, there are strict limits on how fast a dispatchable source can increase supply. For
a single coal power plant, most plants limit to 1% per minute thermal ramp limit, a figure of merit
discussed in POSOCO (2020), even though theory and norms say they should handle up to 3% per

minute for brief periods. This is at a plant level, and national aggregate ramps would end up being
lower because of coordination and signalling issues.

Figure 18 shows the percentage ramp rates for demand in 2019, and all five fuel types over a five-
minute interval; we ignore spikes assuming those are outliers not caught by our corrective algorithms.

Figure 18: Percentage Ramp Rates for Demand (maroon), Thermal (gray), Gas (dark blue),
Hydro (light blue), Nuclear (red) and RE (yellow)
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A few points stand out from the graphs.

1. Demand typically changes by under 2% in any five-minute block, except a few data points which
might be outliers. This corresponds to under 0.5%/minute.

2. Coal has similar ramp rates, but slightly lower than demand for almost all the time blocks.
3. Gas has a higher ramp rate, close to 5% per five-minute block, across much of the year.

4. Hydropower has dramatically higher ramp rates approaching 4%/minute during the winter, but
the ramp rate declines in the middle of the year. This emphasises the point that hydropower isn’t
always controllable or a means of “free storage”.

5. Nuclear power is relatively flat, where most changes are likely based on plants going online or
offline (such as for fuelling or maintenance reasons).

6. Subject to data limitations, RE appears to have a high volatility (we cannot call it purposeful
ramping), over 10% per five-minutes in many cases. These are non-controllable, except to the
extent we curtail RE if required.

In the short run, there appears to be modest headroom to meet demand ramp swings through the
combination of supply options, but we know that hydro is not rising as fast as RE (or demand) is
growing. Rising RE can make net demand ramping requirements worse as we've seen.

The good news is that even if we attempt to scale the ramping from thermal plants with the rise in
RE, say, considering five times more RE for the same coal capacity, with five times the up-ramping
from today, we would be within the specified 1% per minute thermal ramping limits for 99% of
the time. However, such operations, even if technically feasible, have economic impacts both due
to wear and tear as well as a fall in efficiency. Current contracting frameworks do not compensate
sufficiently for these effects. The CERC (2016) has notified degradation of efficiency (station heat
rate) and auxiliary energy consumption by operating at part load, but these are more applicable for
steady-state or at least gradual operations.

We note that while the percentage ramps by gas are higher than for coal (Figure 19), given the 20+
times differential in coal capacity operating at any time compared to gas, the absolute ramping
support given by coal in MW/minute is far higher than by gas (Figure 20). This doesn’t diminish gas’
value, especially for more sudden spikes (given it can do much faster ramps than coal), and more so
in a very high RE future, but it emphasises the value that coal also provides. It also limits the value of
needing more gas capacity for higher RE—in the visible future coal can suffice for the most part, and
even gas output is low compared to its installed capacity (due to lack of affordable and secure fuel).

Figure 19: Five-minute Ramp Rate% for Thermal vs Gas (2019)
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Figure 20: Five-minute Absolute Ramping by Thermal versus Gas (2019)
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To understand outliers for ramping, we can stack (order) the ramping instead of viewing the ramping

chronologically.

Figure 21 below shows the stacked ramping rates (five-minute percentage) across all supply, demand,
and net demand. Because of either outliers or extreme values, it is hard to identify trends except to
note that extreme outliers are only with RE and hydro. A zoomed-in look at the stacked ramp rates,
excluding the extreme cases, gives a clearer picture on the ramp rate trends across all the sources
of electricity, net demand and demand met. Figure 22 shows stacked ramp rates between the +10%

bracket.

Figure 21: Stacked Five-minute Ramp Rate % (2019), across Fuels, Demand and Net Demand
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Figure 22: Stacked Five-minute Ramp Rate % (2019) across Fuels, Demand, and Net Demand—
Zoomed to Cap Ramping at 10%
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Figure 22 shows, e.g., even hydro doesn’t ramp more than ~2% per minutes for 80% of the time
(stacked between 10% and 90%. Such graphs help planning by determining how much fast ramping
capacity might be needed, and for what duration.

By

zooming in we can now see the following (recall, these are not chronologically linked, just

individually ordered from high to low respective ramps).

1.
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The highest ramping in percentage is from renewables and hydro. The former is uncontrollable,
and is often negatively correlated with demand, which is bad for grid management, while hydro
is the best fuel for grid balancing. Unfortunately, the growth rate of hydro capacity is much,
much lower than that of RE, especially as visible through 2030.

The next highest ramping in percentage comes from natural gas, which is considered a nimble
tuel.

Ramp rates of demand and net demand are modest. However, in the future, when higher ramp-
rate-capable dispatchable (firm) power growth is limited (with a rise in RE), meeting demand
ramps may be difficult.

The lowest ramping in percentage comes from thermal and then nuclear. Nuclear is considered
an inflexible fuel, non-responsive to demand swings (or net demand swings).

The positive and negative ramp rates for fuel supply are relatively similar, implying ramp-up and
ramp-down capabilities of supplies are important. Renewable energy is one-sided in that it can
be disconnected (curtailed, or thrown away) in case it is surplus, a likely scenario with rising
RE for parts of the year. It will happen if there isn't any alternate which can back down. Such
curtailment raises the costs of RE, but RE should still remain cost-effective for modest levels of
curtailment (Tongia, 2022).
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Importantly, Figure 23 shows that the ramping for net demand is greater than for demand, which
means that adding RE to the mix makes balancing and ramping worse for the grid. This was seen
through the correlations between RE and demand as well. While the impact isn’t very large yet, it
would likely sharpen as RE rises. Another feature of interest is that the up-ramp and down-ramp
for demand and net demand aren’t symmetric—the cross-over is about 45:55. What this specifically
means is we have slightly fewer, but sharper, up-ramps than down-ramps for demand and net demand.
As the graph shows, 10% of steepest demand up-ramps correspond to a threshold of just under
0.5% ramping in five minutes, while for down-ramps, the worst 10% correspond to close to 0.45%
ramping in five minutes. This would also worsen as RE rises.

Figure 23: Five-minute Ramp Rate (RR) % for Demand versus Net Demand (2019)
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Source: Authors’ analysis.

If we examine RE, an important caveat is that this analysis—even ignoring missing data, or the fact
that this doesn't separate wind and solar—is only applicable for 2019. We do not know year-on-year
variations, which can be very high for wind (Schwarz and Tongia, 2023, showed this for Karnataka),
and the supply curves are based only on existing installed technologies. Newer solar has a higher
CUF (also dubbed PLF) with a flatter daytime profile (due to direct current to alternate current
oversizing), and new wind turbines are very high hub-heights, raising average CUFs measurably.

Policy Implications and Discussion

The carbon tracker and similar tools are important for policy-makers and system planners as we
move away from an energy (kWh) focus to one that focuses on capacity (kW) at the right time
(and the right place). This will enhance system planning, and also should feed back into pricing
frameworks for electricity.

While we only show a snapshot of one year, 2019. As 2020 onwards through early 2022 data are
going to be misleading due to the shocks of COVID-19 and the recovery, we cannot show multi-year
time series data. This analysis shows insights not just for a grid moving towards high RE, but it also
shows specifics that must be included in any future planning scenarios.
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Time-of-day analysis remains critical, and this must go down to the state level, which is the typical
level of grid operations and dispatch (regional dispatch for some central generation notwithstanding).
Compiling from state to aggregated national is only mechanistic as long as one assumes zero inter-
state transmission constraints, and proper grid dispatch.

A few of the key findings.

1. Thermal and hydro play outsized roles in balancing. The latter is especially flexible, but growing
at a much lower rate than RE in terms of capacity addition.

2. While natural gas has a high ramping rate, its contribution overall is low because of the small
base in operation.

3. The real need is not just meeting demand but meeting net demand, which is defined as demand
minus RE (in arithmetic terms, treating RE supply as negative demand). For 2019, adding RE
increased the ramping of net demand compared to demand. This means higher RE increases the
ramping burden on other sources of supply.

4. Renewable energy’s contribution to net demand is lower at periods of high net demand, especially
the evening peak. This emphasises the limits of solar power from a system perspective, even if it
is inexpensive and can be integrated relatively easily.

5. Seasonal and time-of-day differences are critical to understanding the relative contributions

of different supply options (and even demand variability). These will have to propagate into
pricing signals.

While the paper has highlighted a number of trends, and sets the stage for multi-year analysis, key
questions that follow from this analysis and that need addressing include:

1.
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How will RE be integrated as its share rises? (Given the data are all-India, the state-level situation
will be tighter, unless we assume “infinite” and perfect transmission.). One major challenge is
we don’t know the details of future deployment, not just wind versus solar or location, but even
whether RE will grow linearly, exponentially, or in-between.

Can coal plants lower their output enough to allow RE mid-day, yet meet peak evening demand?
The corollary becomes how much will RE have to be curtailed (which raises its costs)?

At what point will storage technologies be required (rather, how much, by when)?

If hydro plays a key peaker (and ramping) role, given its growth rate is low, what could supplant
hydro going forward?

What is the expected volatility of both demand and RE and hydro year-on-year? This is a
critical issue that our data cannot answer alone since we do not have sufficient years of data at
carbontracker.in.

How does the national picture map to state-level operations? We need similarly granular data at
each state-level for future studies.

Given rising RE will create a higher ramping burden on the rest of the grid, what are new
compensation mechanisms required for such services. Today, ancillary services in India focus
on frequency support, but policies have been limited in how they incentivise or even allow
different technologies to operate for grid supporting ancillary services.

What is the interplay of seasonality with daily variations from both a demand and supply
perspective? This will help define any required ‘over-engineering’ from a capacity perspective,
or storage technology sizing. Older norms of buffers (like the grid code requirement for 5%
surplus capacity) may need to be updated for a future with higher RE.
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9. What data are (or aren’t) captured in time-of-data figures, like via load dispatch centres or
MERIT? We know that today all RE is bundled together, while we would want to know the split
between wind, solar, and other RE (and also ensure full coverage of RE plants). A more subtle
issue is these data are typically from grid operators, and inherently miss data on distributed
energy resources (DERs) and small generators. As rooftop solar rises, this becomes critical for
grid planning, not just for national or state balancing but also for discom planning, including at
the local level when they will have to manage reverse flows from the edge.

One of the insights from the analysis is that balancing (absolute correlations) and ramping
(correlations across swings) aren’t necessarily linked, especially for hydro, which is positively
correlated with load but much more highly correlated with incremental (A) generation, more so in
the peak times of day.

At a policy level, we must stop valuing and pricing electricity at an average basis, using LCOE.
It is well known that as the share of RE rises, its marginal value declines and its marginal cost of
integration rises. With very high RE scenarios, we are staring at either curtailment of RE or paying
the premium for storage (or both).

Though 2019 had negligible storage at a grid level, it may grow in India. The first uses of storage
will not be for bulk supply time-shifting but rather for higher value uses like ancillary services and
ramping support. However, over time bulk storage will become more important. Not only do we
need policy clarity on storage (is it a generator or a consumer of power or both?), we need to include
details on storage in national energy accounting, including in the MERIT portal. While the MERIT
portal could easily capture when storage feeds in as supply, it's much harder to capture what fuel
charged the battery. A linked and more pressing need is for data to break down instant RE output
across wind, solar, and other RE; the government’s MERIT portal doesn’t do so.

A specific need for going beyond average costs (LCOE) is to consider capacity value. Some countries
do this through capacity markets, but even without this, regulators should capture the value of
avoided capital expenditure, especially for new supply that may operate infrequently, as a peaker.
Load duration curves that stack supply (like visible on carbontracker.in) emphasise peakiness of
demand and net demand. Such curves show that about 6.5 GW of thermal operates only 1% of the
time. Of course, this is an aggregate, and is spread out across the year.

As India considers a very high-RE future, more care will have to be taken in choosing which type of
RE (wind and solar) is placed where; even without a breakdown, our data show differences by time
of day. Locational issues will also need to examined (wind is much more location specific, and wind
profiles vary by region). A subtle new system design would value peak RE (in terms of net demand)
more than average RE, which might mean siting wind at a different location than would merely
maximise total generation.

Time-of-day pricing will become necessary at some point, and this has two sides. For procurement,
on the supply (wholesale) side, we have to obviously move beyond LCOE. On the retail side,
consumers should also see signals for time-of-day prices, especially to help avoid peak demand but
also to coincide with cleaner energy. Any concerns over complexity or regressive impacts on some
consumers can be handled through aggregations or new instruments, but there will need to be
investments in appropriate metering technology. This was already announced as part of government
support, e.g., in Finance Minister’s 2021-2022 Budget speech (Sitharaman, 2021).

45



Understanding Time-of-Day and Seasonal Variations in Supply and Demand for Electricity in India

References

Central Electricity Authority. (2019). “Executive Summary on Power Sector—December 2019”.
Accessed June 2021. Retrieved from https://cea.nic.in/wp-contents/uploads/2020/05/exe_
summary-12-13.pdf

Central Electricity Authority. (2020a). Report on Optimal Generation Capacity Mix for 2029-30.
Accessed on July 2021. Retrieved from https://cea.nic.in/old/reports/others/planning/irp/Optimal_
mix_report_2029-30_FINAL.pdf

Central Electricity Authority. (2020b). “Executive Summary on Power Sector—January 2020
Accessed June 2021. Retrieved from https://cea.nic.in/wp-contents/uploads/2020/05/exe_
summary-01-13.pdf

Central Electricity Authority. (2021). All India Electricity Statistics—General Review 2021 (Containing
Data for 2019-20). Accessed August 2021. Retrieved from https://cea.nic.in/wp-content/uploads/
general/2020/General_Review_2021.pdf.

Central Electricity Regulatory Commission. (2016). Central Electricity Regulatory Commission
(Indian Electricity Grid Code) (Fourth Amendment) Regulations. Accessed June 2021. Retrieved
from https://cercind.gov.in/2016/regulation/124_1.pdf

CESP. (2023). Properly Defining “Green Electricity” is Key to India’s Broader Energy Transition. New
Delhi: Centre for Social and Economic Progress.

CSEP Electricity & Carbon Tracker (2021). Last accessed August 2022. Retrieved from https://
carbontracker.in

Joshi, M., Palchak, D., Rehman, S., Soonee, S.K., Saxena, S.C., & Narasimhan, S.R. (2020). Ramping
Up The Ramping Capability: India’s Power System Transition. National Renewable Energy Laboratory.
Accessed June 2021. Retrieved from https://www.nrel.gov/docs/fy200sti/77639.pdf.

Merit Order Dispatch of Electricity for Rejuvenation of Income and Transparency. (2021). MERIT.
Ministry of Power. Accessed May 2021. Retrieved from http://meritindia.in.

National Power Portal (2021a). NPP Dashboard. Ministry of Power. Accessed May 2021. Retrieved
from https://npp.gov.in.

National Power Portal (2021b). Daily Generation Reports. Ministry of Power. Accessed June 2021.
Retrieved from https://npp.gov.in/publishedReports.

National Renewable Energy Laboratory, Lawrence Berkeley National Laboratory, Power System
Operation Corporation Limited & U. S. Agency for International Development. (June 2017). Greening
the Grid: Pathways to Integrate 175 GW of Renewable Energy into India’s Electric Grid, Vol. 1—
National Study. Accessed June 2021. Retrieved from https://www.nrel.gov/docs/fy170sti/68530.pdf.

NREL (2018). “Ten Years of Analyzing the Duck Chart”. Available online at https://www.nrel.gov/
news/program/2018/10-years-duck-curve.html.

Patel, S (2023). Power. “EPRI Head: Duck Curve Now Looks Like a Canyon”. https://www.powermag.
com/epri-head-duck-curve-now-looks-like-a-canyon/

Parray, M., Dalal, U., & Tongia, R. (2019). “Brookings India Electricity and Carbon Tracker: A few
insights”. CSEP Discussion Note. Accessed July 2021. Retrieved from https://csep.org/discussion-
note/insights-from-the-brookings-india-electricity-and-carbon-tracker/.

46


https://cea.nic.in/wp-contents/uploads/2020/05/exe_summary-12-13.pdf
https://cea.nic.in/wp-contents/uploads/2020/05/exe_summary-12-13.pdf
https://cea.nic.in/old/reports/others/planning/irp/Optimal_mix_report_2029-30_FINAL.pdf
https://cea.nic.in/old/reports/others/planning/irp/Optimal_mix_report_2029-30_FINAL.pdf
https://cea.nic.in/wp-contents/uploads/2020/05/exe_summary-01-13.pdf
https://cea.nic.in/wp-contents/uploads/2020/05/exe_summary-01-13.pdf
https://cea.nic.in/wp-content/uploads/general/2020/General_Review_2021.pdf
https://cea.nic.in/wp-content/uploads/general/2020/General_Review_2021.pdf
https://cercind.gov.in/2016/regulation/124_1.pdf
https://carbontracker.in/
https://carbontracker.in/
https://www.nrel.gov/docs/fy20osti/77639.pdf
http://meritindia.in.
https://npp.gov.in
https://npp.gov.in/publishedReports
https://www.nrel.gov/docs/fy17osti/68530.pdf
https://csep.org/discussion-note/insights-from-the-brookings-india-electricity-and-carbon-tracker/
https://csep.org/discussion-note/insights-from-the-brookings-india-electricity-and-carbon-tracker/

Understanding Time-of-Day and Seasonal Variations in Supply and Demand for Electricity in India

Parray, M. (2020). “COVID-19 is an opportunity to clean up India’s coal power plants” CSEP.org,
Blog. Accessed December 2021. Retrieved from https://csep.org/blog/is-covid-19-an-opportunity-
to-clean-up-indias-coal-power-plants-faster/.

POSOCO. (2016). Electricity Pattern Demand Analysis. Volume I. Accessed June 2021. Retrieved
from https://posoco.in/reports/electricity-demand-pattern-analysis/

POSOCO. (2020). Detailed guidelines for assessment of ramping capability of thermal Inter-state
generating stations (ISGS). Accessed June 2021. Retrieved from https://posoco.in/wp-content/
uploads/2020/01/Ramp_Assessment_detailed-guidelines_6Jan2020.pdf

Press Information Bureau - Ministry of Power (December 2022). Ministry of Power implements
significant schemes to increase energy efficiency. Accessed December 2022. Retrieved from https://pib.
gov.in/PressReleseDetail.aspx?PRID=1883915#:~:text=India’s%20per%20capita%20electricity%20
consumption,of%20per%20capita%20electricity%20consumption.

Schwarz, M., & Tongia, R. (February 2023). “Actual wind power in India’s largest RE state, Karnataka,
differs from predictive models: a granular analysis of performance across climatology, technology,
and location”. Energy for Sustainable Development. Accessed February 2023. Retrieved from https://
www.sciencedirect.com/science/article/pii/S0973082622002411.

Sitharaman, N. (February 2021). ‘Budget of 2021-2022" Speech by Minister of Finance. Accessed
July 2021. Retrieved from https://www.indiabudget.gov.in /doc/budget_speech.pdf.

Tongia, R. (August 2022). “Balancing India’s 2030 Electricity Grid Needs Management of Time
Granularity and Uncertainty: Insights from a Parametric Model”. Trans Indian Natl. Acad. Eng.
Accessed September 2022. Retrieved from https://doi.org/10.1007/s41403-022-00350-2.

47


https://csep.org/blog/is-covid-19-an-opportunity-to-clean-up-indias-coal-power-plants-faster/
https://csep.org/blog/is-covid-19-an-opportunity-to-clean-up-indias-coal-power-plants-faster/
https://posoco.in/reports/electricity-demand-pattern-analysis/
https://posoco.in/wp-content/uploads/2020/01/Ramp_Assessment_detailed-guidelines_6Jan2020.pdf
https://posoco.in/wp-content/uploads/2020/01/Ramp_Assessment_detailed-guidelines_6Jan2020.pdf
https://www.sciencedirect.com/science/article/pii/S0973082622002411
https://www.sciencedirect.com/science/article/pii/S0973082622002411
https://www.indiabudget.gov.in/doc/budget_speech.pdf
https://doi.org/10.1007/s41403-022-00350-2

Appendices

Correlation Tables

Table A1: Annual Delta Correlations Broken into Seasons and Times-of-Day for 2019
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Table A2: Annual % A Correlations Broken into Seasons and Times-of-Day (ToD) for 2019
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Supply and Demand Graphs for 2019

Figure 5 in the main text showed all of the supply types together, which makes it difficult to see individual
variations due to scale differences. Figure 24 to Figure 31 show individual graphs for the year at five-

minute resolutions (thus, 105,120 data points each), post manual correction of a few outliers,"> (about
five to ten data points each).

Seasonality is most pronounced for RE and hydro, and we also note the daily spreads (visible on these

chronological graphs as roughly the vertical Y-axis direction) are very high for RE and hydro, more so
in a relative sense.

Figure 24: Demand (load met) 2019
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Source: Authors’ analysis.

Figure 25: Thermal Supply (2019)
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Source: Authors’ analysis.

12 These are outliers that the algorithmic correction doesn't capture, because they are technically possible, but post-facto
analysis of how other sources behave indicate these are errors.
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Figure 26: Gas Supply (2019)
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Source: Authors’ analysis.

Figure 27: Hydro Supply (2019)
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Figure 28: Nuclear Supply (2019)
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Figure 29: Renewable Energy Supply (2019)
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Notes: These are from MERIT India website data, and slightly under-report RE generation since not all RE is on the real-time
SCADA system.
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Figure 30: Net Demand (2019)
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Figure 31: Summation Supply (2019)
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