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1  Electrification is used throughout this paper to indicate technologies using electricity as the source of energy or as the act of switching from another energy source, 
such as direct fuel use, to electricity.
2  For the purposes of this report, renewable energy will refer to wind and solar generation unless otherwise noted.
3  CEA’s definition includes wind, solar, small hydro, and biomass.

Power Sector 
Decarbonization
Decarbonization of the power sector 
has far-reaching impacts in terms of the 
further decarbonization of the economy. 
In many comprehensive decarbonization 
pathways proposed for the world and 
for India, electrification of transportation, 
buildings, and industry is the principal 
solution to decarbonizing those sectors 
(Chaturvedi and Malyan 2021; Davis et al. 
2018).1 Therefore, electricity grids are likely 
to grow as more and new loads are added 
to them, and this growth will necessarily 
be from non-carbon-emitting resources. 
This report outlines several key challenges 
for the power sector in planning, research, 
and development toward a decarbon-
ized electric power grid. While these 
challenges will continue to evolve, this 
report focuses on formulating important 
questions for the next two decades to 
align planning timeframes of India’s and 
South Asia’s power sector stakeholders, 
and to offer near-term research solutions 
for preparing the data sets, building the 
models, and designing the studies to 
answer questions and prepare for these 
changes. 

Near-Term Pathways 
India’s power sector has changed sub-
stantially in the past several years as it 
sought to meet its target of 175 GW of 
renewable energy by 2022. The successes 
toward this goal have been enabled by 
regulatory initiatives, studies of technical 
and economic matters, enhancements in 

power system flexibility in the form  
of markets and ancillary services, and 
upgraded operating practices, among 
other developments (Soonee et al., n.d. 
2017). A recent policy target of 500 GW of 
renewable energy by 2030 is now shaping 
the power sector transformation, and the 
longer-term ambition of India reaching 
a decarbonized economy by 2070 (Modi 
2021) will shape the big questions that 
need to be answered in the coming 
decades.2 

According to the Central Electricity 
Authority (CEA), India’s power genera-
tion in Fiscal Year 2020 was 11% from 
renewable energy (CEA 2021).3 CEA plans 
project that these sources will reach 
about 31% of the generation by 2029–30 
(CEA 2020). 

In addition to reaching policy targets, 
development trends of wind and solar 
point toward these technologies as being 
the defining transformation of the power 
sector in the next several decades. Solar 
energy (in the form of photovoltaics) 
has grown at a rate of about 85% from 
2015–2020 (IEA 2021; 2016). Wind has also 
grown substantially, increasing from 13 
GW in 2010 to over 43 GW in 2020 (IEA 
2021). Power system development trends 
across the globe are headed in the same 
direction, with global renewable energy 
capacity projected to rise over 60% 
between 2020 and 2026 (IEA 2021). 

These technologies require a shift in plan-
ning for and operating the power system. 
Some of these shifts have already started 

to occur in India: (1) renewable energy 
forecasting by developers and system 
operators is widespread; (2) CEA has 
recently started to consider multiple time 
scales in planning to account for variabil-
ity in wind and solar (CEA 2020); and (3) 
thermal plants are now mandated to turn 
down to 55% of nameplate capacity (CEA 
2019c) to help accommodate variability 
largely brought on by a need for more 
system flexibility, among many other 
changes happening in markets and reg-
ulatory environments (Economic Times 
2021). Many of these changes are meant 
to inform and increase the flexibility of 
the power system. These practices will 
continue to evolve as renewable energy 
continues to grow and represent a larger 
portion of the generation in the country. 

In addition to system-wide evolution, 
technologies such as energy storage 
in the form of batteries will necessitate 
innovation to planning and operating 
processes. Several studies have identified 
India as a potentially large market for 
energy storage (Chernyakhovskiy et al. 
2021; Abhyankar, Deorah, and Phadke 
2021), and some local systems have 
started to emerge (Tata Power 2021). 
However, several questions about the 
optimal use of these systems, the value 
that they provide, and their interdepen-
dence on renewable energy, remain. It 
is likely that as developers, planners, and 
operators get familiar with these tech-
nologies, more studies will be required to 
understand the extent and potential of 
their impact. 



In addition to trends in renewable energy 
and storage growth, decarbonization 
of nonpower sectors (industry, trans-
portation, buildings) has the potential 
to radically alter the total growth of the 
power system due in large part to the 
new loads on the system (Davis et al. 
2018). If, for example, industrial electrifi-
cation needs were to be met by the bulk 
grid, the requirements for generation 
would be very large and have both broad 
system impacts and acute local impacts. 
And given the trends in generation 
growth, it is likely that renewable energy 
would be the cost-competitive choice to 
meet all or at least a very large portion of 
the energy. Transportation and building 
electrification would further these needs. 
These decarbonization impacts would 
be on top of an already difficult demand 
prediction (Spencer and Awasthy 2019; 
Spencer 2020). 

The following sections outline some 
of the key questions, data needs, and 
subsequent studies that will help to 
understand the challenges and identify 
solutions for decarbonizing the power 
sector. This report is meant to fill a gap 
in what is a very active conversation on 
decarbonization pathways in the region 
by focusing on the research and devel-
opment studies and analysis that could 
be undertaken in the near- to mid-term. 
This report is one of a three-part series on 
decarbonization by the South Asia Group 
for Energy (SAGE).

High Renewable Energy Grids Are 
Required for Decarbonization 
As indicated by trends in generation 
growth and policy targets, India and other 
South Asian countries grids are likely 
to continue transitioning to high levels 
of renewable energy, which is likely a 
requirement for the larger economies of 
the region to decarbonize.4 Therefore, a 
good understanding of the technologies 
and their impact on the grid will be 

4  Other technologies could play a significant role in the coming decades; however, the transition to wind and solar will likely be the defining trend in the transition to 
clean energy.

critical. A substantial amount of research 
has already been performed to help 
understand the grid of the future, both 
in India, South Asia, and globally. Studies 
such as Palchak et al. (2017), McBennett 
et al. (2019), Rose et al. (2018) helped in 
understanding the challenges that may 
be faced in operating India’s grid with 175 
GW of renewable energy. Additional work 
on cross-border electricity trade in the 
region helped clarify how India’s renew-
able energy ambitions would impact 
regional opportunities (McBennett et al. 
2019; Joshi, Hurlbut, and Palchak 2020). 
And several studies of the next phase of 
policy targets for 2030 have shed light on 
what additional planning and operational 
challenges may be faced in the coming 
years (CEA 2018; Abhyankar, Deorah, 
and Phadke 2021; Rose et al. 2020; 
Chernyakhovskiy et al. 2021). 

However, many questions remain about 
how the grid should be planned, oper-
ated, invested in, resilient to a changing 
environment and landscape of technolog-
ical advancements, and kept reliable. At 
national renewable energy penetrations 
over 30%, a lack of detailed or extensive 
power system studies exist on how these 
resources will be integrated into India’s 
or neighboring countries’ grids. India has 
several states to look to for clues about 
high penetrations of renewable energy 
in the country, such as Karnataka and 
Gujarat, but a lot is yet to be learned. And 
the electrification of the economy further 
accelerates the need to look forward and 
make sure that current practices are on 
the right path. Studies looking at these 
higher levels can be beneficial for many 
reasons: (1) in some cases, these studies 
can uncover additional foundational 
research that needs to be undertaken, 
starting as soon as possible, such as 
investments in next-generation technol-
ogies or reengineering of entrenched 
processes that may take years to change; 
(2) they can inform the private sector of 
longer-term opportunities, which can 

spur innovation; and (3) policies across 
sectors can be aligned so that electrifica-
tion pathways do not have unintended 
consequences (e.g., electrifying transport 
while the grid is still fossil-based may have 
unexpected emissions impacts).

The following sections detail data, tools, 
and study objectives for the foundation of 
a decarbonized economy: a low-carbon 
grid powered largely by wind and solar 
energy.

No-Regrets Data
Synchronous Electricity Demand  
and Weather Data

Weather data that is synchronized with 
electricity demand (historical) will be 
critical to ascertain the resource ade-
quacy of future power systems and to 
understand the potential challenges in 
operation. The value of these correlated 
data sets is a common refrain from power 
system planners and researchers around 
the globe and forms the primary inputs 
for the European Network of Transmission 
System Operators for Electricity’s 
(ENTSO-E) planning methods (Redefining 
Resource Adequacy Task Force 2021; 
ENTSO-E 2020). Having many years of 
correlated data has the potential to open 
the door to innovative power sector 
studies that will lead to greater resource 
adequacy, resilience, and reliability. In 
addition to serving the needs of tradi-
tional power system studies, the synchro-
nized data will be critical for deeper dives 
into high renewable energy futures and 
deep electrification of transport, industry, 
and buildings.

As wind and solar become larger parts of 
the generation mix and load diversifies, 
understanding the generation on many 
time scales will be important, and simple 
assumptions about wind and solar 
generation, such as scaling up existing 
profiles or ignoring spatial variability (for 
generation or transmission needs), will be 



inadequate to study the ability of renew-
able energy to meet the diversifying 
demand profile. And decarbonization of 
the power sector will be a huge shift—
likely over decades—and the unknown 
variables are multiple. But creating 
high-resolution weather data and increas-
ing the utilization of it in all planning time 
scales will help to decrease uncertainty. 
As an example, one primary consideration 
for decisions that have decadal impact is 
ensuring that there are enough resources 
to serve load under all potential circum-
stances (i.e., resource adequacy). This 
requires multiyear data sets to look at 
many different types of potential weather 
events—both probable and tail events. 
Just as there are sometimes years of 
drought, there may be certain events, for 
example, where wind speeds or solar irra-
diance is lower than normal for extended 
periods of time. A recent NREL study 
examined the impact of extreme weather 
on power system operations, identifying 
several events that may benefit from a 
deeper understanding by system opera-
tors (Novacheck et al. 2021). Several key 
findings suggest that renewable energy 
does not markedly change the reliability 
during extreme events, such as cold or 

5  The physics-based models of dsgrid, such as ResStock™ (residential buildings), use methodologies that are specific to each sector and are utilized in studies outside of 
the power sector to understand the impacts around, for example, energy efficiency policies (https://www.nrel.gov/analysis/dsgrid.html).
6  The scenarios in this study were designed to explore the role of energy storage in South Asia in the future. However, scenarios from this study can be used to indicate 
trends and possible development pathways for the whole power system. Follow-on studies could delve further into specific options for a decarbonized grid, for example, 
by including next-generation technologies or varying other infrastructure cost parameters that have the potential to be targets for policies.
7  The need for capacity is distinct from the need for energy. Much of the wind and solar energy produced in the No New Fossil scenario is curtailed, but to meet the 
highest demand periods of the year, and have reserve in case of contingencies, more capacity is built.

heat waves. However, one key finding 
is that there may be weather-related 
events that are currently not considered 
noteworthy (mild weather conditions), 
that produce extended periods of low 
wind or solar resource, and that deserve 
greater attention in a future with high 
levels of renewable energy generation. 
Understanding the interrelatedness of 
various weather impacts to the power 
system will only grow with more wind 
and solar generation and load  
diversification. 5

Pathways for High Renewable 
Energy Grid Development
NREL’s study on energy storage in South 
Asia explored several potential future 
grids, one being a future grid with a con-
straint to build no new coal- and gas-fired 
capacity past 2023 (Chernyakhovskiy et al. 
2021).6 While this is not current policy or 
meant to indicate that this is an optimal 
policy, it is indicative of what the system 
needs are if the grid were to be powered 
exclusively by zero-carbon sources. 
In this scenario, the 2050 grid has no 
fossil-fueled generation capacity. Instead, 
the grid is powered mostly by solar and 
wind energy, with substantial growth in 

10-hour storage beyond other scenarios 
in the study. A notable departure from 
other scenarios, where fossil-based plants 
were built after 2023, is that the wind 
development was substantially more, 
reaching 1,600 GW by 2050, more than 
double any other scenario. There was 
also 50 GW of new nuclear and 18 GW 
of biomass capacity by 2050. Pumped 
hydro also saw substantially more growth 
than most other scenarios. These results 
indicate that capacity is the largest driver 
for new infrastructure in a high renewable 
energy grid. Greater amounts of wind 
combined with 10-, 8-, and 6-hour battery 
storage are prime contributors to the 
reliable capacity (Figure 1).7

While the No New Fossil scenario of 
growth to 2050 provides many indicators 
about possible development pathways, it 
leaves out a great deal of potentially dis-
ruptive new advancements or operational 
changes. One is the potential for demand 
to play a greater role in balancing the 
grid, which could, among other things, 
offset the need for some capacity that is 
used infrequently throughout the year. 
Lawrence Berkely National Laboratory 
explored the potential for agricultural 
loads to shift at a 10-times greater 

Electricity Demand Data Can Open 
Doors to New Questions 
Electricity demand data is a vital part of 
planning the power sector and is often 
inaccessible publicly in the format, spatial 
granularity, or time scales required to 
model technological shifts, such as from 
electrification. The Electric Power Survey 
created by CEA forms the basis of forecasting 
demand for India and has utilized both 
end-use methodology (bottom-up) methods 
throughout the years and recently undertook 
additional econometric modeling to reinforce 
and compare forecasts (CEA 2019a; 2017; 

2019b). However, while these forecasts can 
help form the basis of power sector models, 
additional detail is likely required for studies 
that attempt to capture temporal variability, 
such as hourly balancing challenges, or 
spatial detail, such as transmission network 
power flows. Bottom-up models, such as 
the National Renewable Energy Laboratory’s 
(NREL’s) demand-side grid (dsgrid) model 
developed for the United States, helps to fill 
the gap in demand data for power system 
studies in the United States (Hale et al. 2018). 
Dsgrid aggregates several physics-based 
models of residential, commercial, industrial, 

and transport sectors to be suitable for power 
systems analysis.⁵ It is likely that many of these 
resources exist in siloed and unsynchronized 
fashion in India and other South Asian 
countries, but further research, development, 
and aggregation could produce these 
models and data sets in a public domain so 
that power sector stakeholders can easily 
integrate the resources into detailed power 
sector studies. The availability of dsgrid data 
enabled several large-scale studies, such as 
the Electrification Futures Study (Mai et al. 
2018) and Los Angeles 100% Renewable 
Energy Study (Hale et al. 2021).

https://www.nrel.gov/analysis/dsgrid.html


capacity than is done today to explore the 
value of this resource (Abhyankar, Deorah, 
and Phadke 2021). While this study looked 
only to 2030, it still indicates that a large 
agricultural demand response program 
could have a substantial impact on the 
amount of capacity that needs to be built 
in India. 

In addition to agricultural load, the 
electrification of other sectors has the 
potential to offer opportunities for 
load shifting, which could help to ease 
the generation and storage capacity 
requirements for future decades.8 For 
example, many studies envision using an 
electrified transport fleet to help balance 
the grid (Anwar et al. 2022). And industrial 
processes, while potentially limited in 
their direct electrification potential, could 
still benefit from coordination with the 
grid. For example, hydrogen production 
requires large amounts of energy and 
is seen by many as critical to meeting 
economy-wide decarbonization goals. If 
these production facilities rely on the grid 
(through electrolysis), it is feasible that 
production would decrease in certain 
periods and increase in others to take 
advantage of lower electricity prices 

8  Demand-side management is already used widely in many places in the world and India (BEE 2020). Although the scale is far lower than envisioned in most electrifica-
tion-based projections.
9  Model linkages between sectors has the potential to pass information both ways, from electrifying sectors to the grid planners, and back to sectors to signal economic 
development opportunities. Examples of directly linking infrastructure requirements between hydrogen production and electricity planning exemplified the impact to 
system infrastructure requirements (He et al. 2021).

(Biswas, Yadav, and Baskar 2020; Eichman, 
Harrison, and Peters 2014; Guerra et al. 
2019). Integrating these potential large 
loads, and their potential for providing 
grid services, into power sector planning 
could help to define the short- and long-
term needs locally (on distribution and 
transmission systems), and even change 
the equation for central- or South Asia 
regional-level planning.9 In high renew-
able energy grids, the ability to examine 
in necessary detail the time-varying 
components of load shifting and renew-
able energy generation will be a principal 
challenge, and will likely have large 
impacts on the generation capacity and 
transmission infrastructure that results.   

New Frontiers in Power System 
Studies: 100% Renewable Energy 
Grids
The past decade of power system studies 
have demonstrated that cost-effective 
and reliable power system operation is 
fully achievable with very high shares 
(50%–80%) of variable renewable energy 
in the generation mix (Bloom et al. 2021; 
Brinkman et al. 2021; Mai et al. 2018). 
And, based on real-world experience 

from places like Denmark, California, 
South Australia, and Ireland, and from 
extensive research, many solutions for 
large-scale renewable energy integration 
are largely known (Denholm et al. 2021). 
However, deep decarbonization of the 
power system in South Asia may entail 
policymakers and system planners 
considering scenarios approaching 100% 
renewable energy. NREL’s groundbreaking 
study for the city of Los Angeles provided 
important insights about the challenges 
and potential solutions for 100% renew-
able energy power systems (Cochran, 
Denholm, and eds 2021). A key insight is 
that pathways diverge for the last 10%, 
which poses both economic and techni-
cal challenges. From the economic per-
spective, building additional renewable 
energy to meet the last 10% of energy 
demand will be more expensive (with 
today’s technology) due to the declin-
ing marginal value of wind and solar 
resources (Figure 2). As the renewable 
energy requirement approaches 100%, 
the marginal cost of CO2 abatement 
rises nonlinearly to over 10 times the 
abatement cost at 80% renewable energy. 
This is largely due to the mismatch, both 

Figure 1: Installed capacity from 2020–2050 in Reference and No New Fossil scenarios. BESS stands for battery energy storage systems. 
Source: (Chernyakhovskiy et al. 2021)



diurnal and seasonal, of supply from 
variable renewable energy and patterns 
of demand. Several alternative solutions 
have been proposed, including biomass, 
hydrogen fuel cells, hydrogen combus-
tion turbines, multiday demand response, 
and negative emissions technologies like 
biomass with carbon capture and storage, 
although the commercial viability of these 
alternatives is not yet fully understood. 

Achieving 100% renewable energy 
systems also presents technical chal-
lenges that require new research and 
development initiatives. Maintaining 
frequency stability with inverter-based 
resources, system protection, control 
interactions, and needed capabilities of 
grid-forming inverters are all ongoing 
research and development efforts. In 
India and across countries in South Asia, 
studies can begin to assess the resource 
mix and technology developments that 
would enable a deeply decarbonized 
power system. Initial studies can identify 
key areas where additional country-spe-
cific efforts are needed. 

As demonstrated in the Los Angeles 
study, assessing pathways for 100% 
renewable energy also benefited from 
representing the interaction of the 
electricity grids with transportation and 

10  Accompanying reports by SAGE will address these questions to some extent (forthcoming).

buildings sectors, distribution networks, 
and the distributed resources at the grid 
edge. And capturing the benefits of 
power system transformation requires 
applying novel methods to assess the full 
range of air quality and environmental 
justice impacts. When combined, these 
studies can provide a more complete 
picture of 100% renewable energy tran-
sitions in South Asia. For example, Figure 
3 shows the interdependence of models 
and data flows used for the Los Angeles 
100% study. 

Electrification: Broadening the 
View of Grid Planners 
The rapidly changing generation mix in 
South Asia is a significant shift for power 
sector stakeholders. Utilities are having 
to adjust to new approaches in planning 
their generation, and development 
agencies are creating mechanisms for 
new power purchasing options (Prasad 
2020; Bose and Sarkar 2019). However, the 
other side of the equation, the demand, 
is also likely to see rapid changes in 
the coming decades. There are already 
significant shifts happening in load types, 

such as from the growth in air condition-
ers and energy-efficient appliances that 
are causing changes to demand profiles 
(Abhyankar et al. 2017). And India’s recent 
target announcement of being decar-
bonized by 2070 (BBC News 2021) is likely 
to accelerate some sectors to shift to 
electricity, possibly making the planning 
process even more complex for utilities 
and other stakeholders in the future. 

The research needed to understand the 
potential for, and impact of, electrification 
is vast. For example, understanding the 
adoption of end-use technologies (e.g., 
electric vehicles, new building loads) 
could span technical, economic, and 
behavioral topics reaching far outside 
of typical power sector purviews.10 
Regardless of the challenges in projecting 
electrification, studies can be undertaken 
by power sector researchers and key 
stakeholders that will help to frame the 
potential scale of impact to the grid and 
explore opportunities for the integration 
of previously loosely connected sectors. 
For example, NREL’s Electrification Futures 
Study, which focused on the U.S. energy 

Figure 3: Study data flow for the Los Angeles 100% study. Solid lines represent data flow, dashed 
lines represent feedback to inform modeling Source: (Cochran, Denholm, and eds 2021).

Figure 2: Costs of achieving a 100% renewable 
energy electricity grid.  
Source: (W. J. Cole et al. 2021)



system, took a broad view of the impacts 
of several potential electrification scenar-
ios to understand the supply-side needs 
(i.e., generation, storage, and transmis-
sion) and the operational impacts, finding 
that total energy demand could be as 
high as 38% greater and peak demand as 
high as 33% greater in 2050, depending 
on the degree of electrification (Mai et al. 
2018). 

An example of a narrower focus electri-
fication question, although with broad 
applicability and extensively researched, 
is how to manage the charging of a 
growing electric vehicle fleet. A literature 

review of this topic Anwar et al. (2022) 
shows the extent to which this question 
can be framed, spanning multiple control 
strategies, several potential grid services 
from electric vehicles, communications 
and controls considerations, power flow 
deviations, cost and benefit analyses, 
reliability impacts, etc. Figure 4 shows the 
various studies, methods, and modeling 
perspectives represented by the set of 
studies considered, exemplifying that 
this somewhat narrow focus—how to 
manage charging of a vehicle—has broad 
impacts that will need to be understood 
by many in the power sector.   

In India and the South Asia region more 
broadly, planning for large increases in 
load from new sectors may benefit from 
increased transparency and interlinked 
planning processes with other agencies 
to understand the temporal characteris-
tics of future loads. Distribution utilities 
will be a critical link in helping to under-
stand how all these pieces come together, 
but planning for electrification could be 
greatly improved by city agencies, state 
energy departments, and regional and 
central power system agencies coordinat-
ing on the expected impacts.

Figure 4: This plot summarizes the reviewed modeling/analysis studies by geographic scope, modeling perspective, model type, and methodology. 
The numbers represent the number of papers reviewed within that topic and scope. Source: (Anwar et al. 2022)



Integrating High Renewable 
Energy Planning With 
Electrification Potential Will 
Benefit From Innovative 
Grid Planning 
One of the primary challenges in plan-
ning in today’s rapidly transforming 
power sector is that every aspect of the 
system seems to be on course for huge 
shifts. While demand in South Asia has 
been growing rapidly in recent years, the 
supply side of the equation was more 
familiar with decades of experience plan-
ning thermal- and/or hydro-dominated 
systems (i.e., generation and transmission 
options were well-understood using 
mostly established technologies). Now, 
demand has the potential to evolve sig-
nificantly in the coming decades, and the 
generation resource mix is well underway 
for a complete transformation.

While the task of forecasting both 
a transforming generation mix and 
evolving demand when so many factors 
are uncertain is challenging, there are 
straightforward studies and methods 
that will need to be undertaken in the 
coming years to confidently transform 
the sector. Many of the questions that 
arise out of the topic of decarbonization 
are just accelerations or “high-ambition” 
scenarios from previous studies and are 
ready to be analyzed in greater detail, 
with whole studies built around what was 
previously considered extreme cases. On 
other more ambitious questions, research 
may need to support several years of data 
development and model building before 
robust analysis is available. The following 
sections summarize several studies and 
technical activities that have considered 
relevant questions for economy-wide 
decarbonization, although most were 
not performed with very high renewable 
energy grids or widespread electrification 
in mind, but rather helping to build 

11  The primary driver of planning has historically been to plan for peak load periods. However, periods of concern or stress on the system are likely to change as renew-
able energy is added to the system and demand is considered a resource (MISO (Midcontinent Independent System Operator) 2021; W. Cole et al. 2020).
12  53% applies to this specific set of resources and considering BYPL’s existing assets. Capacity credit of a resource will likely decrease as more of a resource type is added 
to the generation mix (Haley 2019).

frameworks that could be used by India’s 
stakeholders to confidently transform 
their grids. In many cases, these studies 
are informative for technical insights and 
policy matters, but they also help to frame 
the next set of questions to be answered 
and data sets and models to build. 

Distribution Utilities
Evolving Portfolios

Private or state-owned distribution 
utilities (DISCOMs) in India and the region 
have a critical role to play in planning for 
the transforming power sector. In many 
respects, they are at the center of many 
of the questions that require further 
exploration—forecasting customer 
loads, procuring power, and managing a 
growing behind-the-meter sector (i.e., dis-
tributed energy resources such as rooftop 
solar, batteries, and demand response). 
NREL has worked with several utilities 
in India to understand both sides of the 
equation. From the supply side, there is 
clear interest in understanding better 
how renewable energy will integrate 

with the existing assets. A two-part study 
with BSES Yamuna Power Ltd., a private 
Delhi utility, studied several concepts that 
will help utilities feel more comfortable 
with a high RE generation mix. From one 
perspective, NREL and BYPL explored 
the capacity credit of renewable energy 
resources that have been procured 
through the Solar Energy Corporation 
of India Limited (Nagarajan et al. 2021). 
Figure 5 shows a simple illustration of 
how some portion of wind and solar gen-
eration can be considered firm capacity 
in BYPL’s resource planning stages (i.e., 
reliably producing during certain periods), 
depending on the other characteristics 
of the system and on what periods are of 
concern.11 This study found that the 250 
MW of wind resources being procured 
had an estimated capacity credit of 53%.12 
As demand in the region grows, and 
renewable energy plays a larger role in 
meeting that demand, considering the 
capacity contribution from renewable 
energy is critical to procuring the right 
amount of resources. 

Figure 5: Illustrative firm capacity stacks for a traditional (thermal and hydro) and a high renewable 
energy power system (High VG). Source: (Nagarajan et al. 2021).



While assigning capacity credits to renew-
able energy through portfolio-specific 
statistical approaches was a necessary 
first step, a generation mix with mostly 
renewable energy will need to progress 
its methods even further in the coming 
years. The Energy Systems Integration 
Group Resource Adequacy Task Force, 
a group that convenes power sector 
experts from around the globe to support 
grid transformation, recently published 
a set of considerations for redefining 
resource adequacy, attributing chronolog-
ical operations (i.e., events in one period 
affect the ability to respond in another) 
and increasing impacts of weather 
as primary drivers of this proposed 
transformation (Redefining Resource 
Adequacy Task Force 2021). Without some 
advancements in considering renewable 
energy and other new technologies such 
as storage (see textbox) and demand 
response, more robustly in resource 
adequacy calculations, reaching very 
high levels of renewable energy will be 
more challenging and slow progress. 
Additionally, coordination and transpar-
ency will be an important component of 

new frameworks, as resource adequacy 
has components that all stakeholders 
should consider. 

Managing Distributed Resource Growth

In addition to DISCOMs reevaluating 
power procurement strategies, they are 
also navigating new technologies being 
added to their networks in the form of 
distributed energy resources, such as 
rooftop solar, battery energy storage 
systems, electric vehicles, and considering 
how demand can play a greater role in 
balancing. Economy-wide decarboniza-
tion efforts will only accelerate the need 
to adapt and to coordinate with other 
sectors. 

A refrain from several of India’s DISCOMs 
is the need for new models and tools to 
help evaluate this changing landscape. 
NREL has developed several tools and 
analysis frameworks in partnership with 
utilities around India that could be helpful 
for others in the region and beyond. 
EMeRGE, developed with input from 
Tamil Nadu Generation and Distribution 
Company, was built to help utilities 
improve the process for adding rooftop 
solar (Duwadi et al. 2021). By improving 
the visibility of potential future impacts 
to reliability and distribution asset health 
of rooftop solar, DISCOMs can more 
rapidly integrate these resources. The tool 
has two primary uses: (1) direct imple-
mentation into a DISCOM’s rooftop solar 
application, and (2) assessing the impact 
of large-scale rooftop solar deployments. 

Additionally, NREL worked with BSES 
Rajdhani Power Ltd. to assess the 
potential for demand to be utilized as 
a balancing resource in a demand-side 
management program (McKenna et al. 
2021). To make this analysis repeatable, 
NREL developed a tool, EFFORT, to allow 
for time-of-use rates to be analyzed for 
demand flexibility. This work involved 
surveys to customers and detailed 
analysis of load characteristics for the 
BSES Rajdhani Power Ltd. territory. As 
demand is increasingly considered a 

potential resource by DISCOMs, planners, 
and operators, the impact of different 
tariff structures will be important to 
understand. This will be especially true 
as electrification of other sectors grows. 
But an approach involving surveys and 
other customer interactions is often not 
feasible or necessary when needing quick 
answers about changing or projected 
trends in demand. EVOLVE was developed 
with quick analysis in mind, allowing a 
utility (or other power sector researchers) 
to choose projected growth in rooftop 
solar, batteries, or electric vehicles and 
see the combined impact to the net load 
(Nagarajan et al. 2021).

While these tools and frameworks fill an 
important niche in planning for DISCOMs, 
to attain economy-wide decarbonization 
through widespread electrification and 
high renewable energy grids, many of 
these planning activities will need to be 
merged and expanded at a huge scale. A 
recent study with the city of Los Angeles 
(Section 1.2.3) provides some insight into 
the scale of these problems for a DISCOM. 
The study covered transmission and dis-
tribution system perspectives. From the 
distribution side, a large share of the effort 
was in creating detailed network models 
of the whole territory so that deployment 
of distributed solar, batteries, and electric 
vehicles could be mapped onto these 
networks without overly simplifying 
the localized impacts (Palmintier et al. 
2021). A full representation of a territory’s 
network may not be a necessary step in 
all studies of electrification and large-
scale renewable energy integration, but 
detailed network models will be integral 
to many questions regarding distributed 
energy resources and electrification, and 
building detailed network models may fall 
into the category of “no regrets data.” 

State Grid Planners 
India’s states have a leading role in 
managing the electric power grids. They 
plan, operate, and own transmission, 
generation, and the distribution assets 

Including Capacity from Storage 
Effects the System Needs
Emerging low-cost energy storage from 
lithium-ion battery technologies has 
the potential to offset the need for new 
investments in fossil-fueled capacity. In 
India, for example, NREL’s recent study 
showed that 4-hour duration storage 
devices could provide about 70 GW of 
reliable capacity at 100% capacity credit 
in 2030 (Chernyakhovskiy et al. 2021). The 
same study also demonstrated the potential 
risk of excluding the capacity contribution 
of energy storage in the planning process. 
If the capacity credit of storage is not 
considered, this scenario builds about 
70 GW of new fossil-fueled generation 
resources by 2030 to meet capacity 
adequacy requirements. As utilities consider 
the emerging role of energy storage in their 
planning process, including calculations for 
the capacity contribution of storage devices 
with different durations can help to fully 
capture their value to the system



within the state.13 Given this wide spec-
trum of responsibility, they are in a critical 
position to influence how the sector can 
evolve. The most impactful near-term 
advancements for realizing a decarbon-
ized power sector at the state level is to 
better integrate renewable energy into 
the generation and transmission planning 
process. Figure 6 shows a road map for 
advancements that could be taken up by 
states to better capture renewable energy 
characteristics within current planning 
practices. Some of the highest priority 
actions, such as engaging with stakehold-
ers and increasing temporal resolution 
of planning analysis (e.g., understanding 
potential hourly balancing challenges), 
require relatively low effort and will 
help to improve understanding of new 
technologies such as wind, solar, and 
batteries. But if states are to help meet 

13  The ownership of assets varies between states, with private distribution companies in several states and 
private generation growing in many places in the country (MOP 2021). States also have regulatory authority 
over the power sector in the form of State Electricity Regulation Commissions.
14  Reaching the high-priority, high-effort activities implies that other activities (i.e., highest and higher) have 
already been adopted.
15  Other resources for learning about ReEDS: https://www.nrel.gov/analysis/reeds,   
https://www.nrel.gov/international/india-renewable-energy-integration.html,  
https://www.nrel.gov/docs/fy20osti/76153.pdf,  https://www.nrel.gov/docs/fy21osti/80192.pdf,   
https://www.nrel.gov/docs/fy21osti/80190.pdf.

the needs of decarbonization by building 
high renewable energy grids (Section 
1.2), they will need to reach the high-pri-
ority, high-effort activities of Figure 6.14

15 
Advanced modeling (far right in figure), 
which can take years of investment and 
data aggregation to reap the benefits, will 
help state-level decision makers prepare 
for fast-approaching changes to how 
the power system needs to be planned 
and operated to achieve longer-term 
decarbonization targets. While states 
are busy integrating the highest priority 
topics, such as increasing the amount 
of scenarios considered in planning and 
navigating renewable energy capacity 
credit calculations, they can have parallel 
activities that build up advanced model-
ing capabilities for in-depth planning to 
inform power system decarbonization. 

In addition to building the high 
renewable energy grids for India, states 
could also help to coordinate a better 
understanding of how electrification will 
change the power system requirements. 
For example, ensuring that state- and/or 
national-level policies, such as those in 
energy efficiency or vehicle electrification, 
are integrated with broader generation 
and transmission planning could have 
a large impact on what resources are 
needed on the power system. Integrating 
these various pieces, in part through 

An Open-Source Tool for India’s 
Power System Planners 
ReEDS-India is an open-source capacity 
expansion model that can take into 
consideration policies, technological 
advancement, demand projections, etc., to 
optimize the investments in generation and 
transmission. Importantly, the model allows 
for changes to temporal and geographic 
resolution to ensure that variability from 
renewable energy and storage is considered 
in long-term planning. A recent application 
includes a study with the Indian state of Tamil 
Nadu to analyze several renewable energy 
policies and the impact of varying fuel prices 
(Rose et al. 2021).15

Table 1. Modeling Tools to Help Utilities and Other Power Sector Researchers Assess the Impact of New and Emerging Technologies

Advanced Planning 
Tools for DISCOMs

Motivation for Developing Tool Potential Application to Longer-Term Decarbonization Questions

EMeRGEa Assess the risk to a distribution 
network if a customer installs a 
rooftop solar system

Assessing the impact to distribution assets and network reliability if city, state, or 
national policies for rooftop solar growth were promoted or undertaken

EFFORTb Assess and optimize time-of-use 
rate structures for use in demand-
side management scheme

Assessing tariff designs of electrification measures such as electric vehicles and 
industrial processes

Linking outcomes of tariff design on impacts to broader resource planning (i.e., 
demand flexibility could be considered as a resource in planning and offset 
generation capacity or transmission/distribution asset needs)

EVOLVEc Quickly analyze the impact of 
changing demand on the total 
net load profile. Includes options 
for electric vehicle deployment, 
rooftop solar, and behind-the-meter 
batteries.

Electrification policies and trends will likely develop (and continually change) in the 
coming years. Being able to quickly assess a policy target (or emerging trend) will 
help utilities prepare for changes and create projections of load for further use in 
planning. 

a.  Fact Sheet: https://www.nrel.gov/docs/fy21osti/79996.pdf.
b.  Access to open-source tool: https://github.com/nrel/effort.
c.  Access to open-source tool: https://github.nrel.gov/kduwadi/EVOLVE.

https://www.nrel.gov/analysis/reeds/
https://www.nrel.gov/international/india-renewable-energy-integration.html
https://www.nrel.gov/docs/fy20osti/76153.pdf
https://www.nrel.gov/docs/fy21osti/80192.pdf
https://www.nrel.gov/docs/fy21osti/80190.pdf
https://www.nrel.gov/docs/fy21osti/79996.pdf
https://github.com/nrel/effort
https://github.nrel.gov/kduwadi/EVOLVE


stakeholder processes, will lead to more 
optimal outcomes. Additionally, the 
shared regulatory framework provided 
by the State Electricity Regulatory 
Commissions and the potential for a 
unified planning agency makes the 
states a suitable place for initial high-am-
bition studies on decarbonization. 

Central Power System Planners and 
Regulatory Agencies
Central agencies, administered by the 
Ministry of Power, play an important role 
in India’s power sector and, like the states, 
manage many aspects of the electricity 
grid, including generation, transmission, 
and system operations. CEA is at the 
center of planning for the country, with 
numerous public reports that form the 
basis of essentially all activities around 
power system planning in the country, 
including being key inputs to state and 
DISCOM planning exercises. In this sense, 
adding the two main components of 
decarbonization and electrification and 
high renewable energy grids to planning 
documents such as the Electric Power 
Survey, National Electricity Plans, and 

optimal generation mix reports would 
have far-reaching impact to states and 
DISCOMs considering these trends within 
their localized planning activities. And 
coordination with other central agencies, 
such as the Bureau of Energy Efficiency, 
Ministry of Housing and Urban Affairs, 
and others may help optimize benefits 
to sectors that will become increasingly 
linked in a decarbonized India.  

The timing of power system transitions 
is also an important consideration. While 
electrification will likely bring down 
emissions from buildings, industry, and 
transport, if the grid is not supplied 
by zero-carbon sources, the emissions 
impacts will still be important to under-
stand. Policymakers would benefit from 
knowledge about how these sector tran-
sitions may impact the overarching goal 
of decreased greenhouse gas emissions. 
Regardless, the earlier a low-carbon grid 
is reached, the easier other sectors can 
take advantage of emissions reductions 
by electrifying, so this should remain a 
priority for stakeholders as other sector 
transitions gain momentum. 

Conclusion
The research pathways for decarboniza-
tion of the power sector in South Asia 
are building on a robust set of activities 
that are already underway. In many cases, 
the tools and models that are already 
developed could direct some of their 
questions toward decarbonization, such 
as increasing renewable energy deploy-
ment and creating simple scenarios of 
deep electrification. But in many cases, 
data and model development will need 
major new investments in time and 
effort. A good starting point is to create 
many years of weather data that can be 
synchronized with historical electricity 
load. This data is most valuable when the 
timescales match with those that power 
system operators consider, such as hourly 
or shorter, and the spatial granularity 
captures real weather phenomenon and 
power system network characteristics. 
Another potential step to prepare for 
decarbonization research and develop-
ment is to start coordinating efforts with 
other sectors, such as buildings, industry, 
and transport, to create data that can 
be used in future electrification studies. 
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Figure 6: Road map to advance power system planning activities in India’s states. Source: (Joshi 2021)



This coordination could be especially 
useful in early-stage deployments of 
electrification so that the data collected 
is meaningful for power system studies. 
Good data can form the foundation of 
innumerable research activities by varying 
renewable energy and storage advances, 
energy efficiency, DER deployment, sector 
electrification, etc., that help to frame 
the best path forward and test solutions 
for efficient sector transformation. 
DISCOMs, cities, and states may be the 
best organizations to undertake some of 
these research activities in the near-term, 
but coordination throughout the power 
sector will also be helpful at different 

stages.
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