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Supplementary Table 1 Specifications for the on- and offshore turbines used here.

Specifications

GE 2.5 MW  Vestas 8.0 MW

Rated power
Cut-in wind speed
Rated wind speed

Cut-out wind speed
Diameter
Swept area

Number of blades

2,500.0 kW 8,000.0 kW
3.0 m/s 4.0 m/s
13.0 m/s 13.0 m/s
25.0 m/s 25.0 m/s
100.0 m 164.0 m

7,853.9 m? 21,164.1 m?

3 3




Supplementary Table 2. Per unit costs [$/kW] associated with interregional

transmission of power.

Interregional corridor Cost [$/kW]
East-North 65.21
East-Northeast 48.19
East-South 61.72
East-West 2.07
North-West 63.85
North-Northeast 48.19

South-West 107.46




Supplementary Table 3. Costs for mechanical and chemical storage associated with
the three scenarios. E represents the energy-specific cost in $/kWh and P represents
the power-specific cost in $/kW.

Low cost Medium cost High cost

E P E P E P
Mechanical Storage 60 1200 70 1400 80 1600
Chemical Storage 120 240 160 320 200 400




Supplementary Table 4. Properties of small (10-300 MW), medium (300-600 MW) and
large (600-1000 MW) thermal units (coal and natural gas). Data from the IEA [1].

Coal Gas
Small Medium Large Small Medium Large
Max. output [%] 100 100 100 100 100 100
Min. output [%] 50 50 50 25 40 40
Capital cost [$/kW] 621 585 515 524 488 418
O&M [% of Capital cost] 2.1 2.0 1.9 2.6 2.5 2.4
Start-up cost [$/MW] 147 147 147 88 88 88
Min. up time [hr.] 8 8 24 1 4 6
Min. down time [hr.] 4 8 48 1 2 12
Ramping limit [%/hr.] 35 35 35 100 50 50




Supplementary Table 5. Inputs for the cost-optimization model. Columns indicate the different scenarios investigated in
the cost-optimization model, specifically (1) the standard scenario (standard), (2) the standard scenario with low cost
storage (low cost storage), (3) the standard scenario with no storage (no storage), (4) the standard scenario with high cost
renewables (high cost renewables) and (5) the standard scenario with no storage and high price gas (high gas price).

Standard Low cost storage No High cost renewables High gas price
storage
PV [$/kW] 550 550 550 1650 550
Onshore wind [$/kW)] 980 980 980 1950 980
Offshore wind [$/kW] 1300 1300 1300 2300 1300
Coal fuel [$/MMBTU] 3.6 3.6 3.6 3.6 3.6
Gas fuel [$/MMBTU] 7.65 7.65 7.65 7.65 11
Coal and gas options Table S3 Table S3 Table S3 Table S3 Table S3
Transmission Table S1 Table S1 Table S1 Table S1 Table S1

Storage

Medium cost, Table S2

Low cost, Table S2

Medium cost, Table S2




Supplementary Table 6. Parameter settings for the solar filter.

Parameters Setting
All forest 0
o Closed shrublands, woody savannas 5

Suitability

Grasslands, open shrublands, savannas 20
Factor of

Barren or sparsely vegetated 20
Land use . .
(%) Croplands, cropland/natural vegetation mosaic

° Urban and built-up

Water bodies, permanent wetlands, snow and ice

Slope (%) <5

Solar Radiation (kWh/(m?-a)) > 1400




Bl Forests (10.7%)
Shrublands (12.8%)

Bl Savannas (10.8%)

Bl Water (1.7%)
Grasslands (2.4%)

B Wetlands (0.1%)
Croplands (54.4%)

B Urban and built-up (1.0%)
Snow and ice (0.1%)

B Cropland/Natural

vegetation mosaic (2.7%)
" Barren and
sparsely vegetated (3.4%)

Supplementary Figure 1 Land type classifications. Classification of different land
types as determined by the MODIS (Moderate Resolution Imaging Spectroradiometer)
satellite MCD12C1 dataset [2]. The percentage of India’s overall land mass classified as
a specific land type is denoted in parenthesis in the legend. This figure was constructed
in MATLAB version 2017b and edited in Adobe InDesign 2020.
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Supplementary Figure 2 Wind power curves. Wind power curves for the two wind
turbines used in this study.
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Supplementary Figure 3 Geographical distribution and capacities for coal, gas

and nuclear power stations. Coal plants are indicated in dark red, gas in blue and

nuclear in light brown. Coal data are derived from [3] and gas and nuclear data are

derived from [4]. This figure was constructed in MATLAB version 2017b and edited in

Adobe InDesign 2020.
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Supplementary Figure 4 Hourly power demand in 2016. Hourly data for five regions

for a typical day in each month derived from POSOCO [5].
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Supplementary Figure 5 National generation mix. National generation mix of

capacities (GW) for 80% renewables as a function of different scenarios summarized in
Supplementary Table 5.
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Supplementary Figure 6 National system costs. System costs for 80% renewables

as a function of different scenarios summarized in Supplementary Table 5.
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Supplementary Figure 7 CO2 reduction costs. Costs for CO- reductions [in $/ton] for
80% renewables as a function of different scenarios summarized in Supplementary
Table 5.
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Supplementary Figure 8 Seasonal hourly power balance. Hourly power balances
defined for seasonally representative weeks on the basis of the 40% renewables standard
model simulation: February 1-7 (a), May 1-7 (b), August 1-7 (c) and November 1-7 (d).
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Supplementary Figure 9 Seasonal hourly power balance. Hourly power balances
defined for seasonally representative weeks on the basis of the 60% renewables standard
model simulation: February 1-7 (a), May 1-7 (b), August 1-7 (c) and November 1-7 (d).



Supplementary Methods: Mathematical formulation of the proposed optimization
model

The decision variables in the operational component are constrained by those in the
capacity expansion component mainly in three ways. First, the hourly power generation
and hourly online capacities are constrained by the total capacity available for a specific
thermal technology (coal or gas):

0< ply < Pry SIf =T +1, (1)
where p/, and 7/, define the power generation and online capacity for " category of

thermal units in region k at time t. I_,;',I,kaand I, denote the total capacity, the installed

capacity and the newly expanded capacity (between 2019 and 2040 in this study) for /t"
category of thermal units in region k.

Second, wind and solar power are constrained by the total capacity, associated with the
hourly capacity factor calculated based on physical potential:

0<pl<a, -Tk“’zat’k (I,? +13’k) (2)

0<pry < By I =By (112 +I£,k) (3)
where p;".and p;, represent the power generations for wind and solar in region k at time t.
Hourly capacity factors for wind and solar are denoted by «,, and g,. I, I; and /°,

denote the total capacity, the installed capacity and the newly expanded capacity for wind

(x=w) and solar (x=s) in region k.

Third, the hourly power exchange between two regions is constrained by the inter-
regional transmission capacity:

-L

L =Ly <P <Ly =Ly + L, (4)

where p!, represents the transmitted power between regions j and k at hour t. L, and
L, denote the maximum and minimum transmission capacity. L, and [’ , denote the

installed capacity and the newly expanded capacity for inter-regional transmission
corridor j-k.



The objective of the ESCEM is to minimize the overall system costs, which include two

parts: annual operational costs C,, with hourly resolution (fuel costs C,,, start-up costs
C,and operational costs for storage system c, , hydro power ¢,and nuclear power ¢, ),

amortized investment costs ¢,

inv?

and capacity costs C

eap ( fixed O&M costs ¢, and costs

for inter-regional network expansion C,,, ):

min Cop + Ccap =C,,+C,+C, +C,+C )+(C,+C, +C,..) (5)
such that:
N p— p—
C,, = Z[Zak B R +Z(ak TP wal I )J
k=1\_i=1 z=1
N, ( M, . _ _
Com = [ f ]I+.fkwvll{:v+.f/:'lljJ (6)
k=1\_i=1
net: Z a/k L(;k
(j.k)e¥
/uel Z chx pt k
k=1 i=1 t=1
N, M, T )
C,=2.2.>'8D; s},
k=1 i=1 t=1
N, Ny T i (7)
Co =22 e (Pl + p?)
k=1 z=1 t=1
N, T
C, = ZZC Pz}fk
k=1 t=1
N,

where N. and M« denote the numbers of regions and categories of thermal units in region

k. a,and f; are the amortized investment cost and fixed O&M cost for thermal units. 4 and
/. are the amortized investment costs and fixed O&M costs for wind (x=w) and solar (x=s).
177 and 1” denote the power and energy capacities for the newly installed storage
systems; /7 and qa;° represent the corresponding power-specific and energy-specific
amortized investment cost for z" category of storages in region k. aj, is the investment

cost for the newly expanded capacity for inter-regional transmission corridor. ¥ denotes

the set of inter-regional transmission corridors. The operational costs for thermal units,



energy storage and hydro power are ¢, ¢ and ¢;. The annual fixed operational cost for

nuclear power is denoted as ¢ . SD,represents the start-up cost for thermal units.

Constraints including unit commitment, operations for energy storages, the system power
balances and reserves, renewable penetration and intra-regional power flow are

considered in the model.

Constraints relating to operations for energy storage are considered based on different

regional distributions and storage types. The charging ( p7;*) and discharging ( p/,*) power

for the z!" category of energy storage in region k is constrained by the non-negative power
capacity of newly installed storage:
0< phs <Ip7 (8)
0< phs <Ip* 9)
The energy flow from a storage system is restricted by the following energy balance:

1 .
es,z __ _es,z ch,z ch,z dis,z self .z es,z
€k =€k TV Pk T az Pk Ve Gk (10)

es

where ¢%°denotes the energy state that satisfies 0<e’” <77. The energy state in the last
time interval is equal to that of the first time interval. (7%, %) and »*represent the

energy efficiency and loss (self-discharge) rates.

To quantify the spinning reserve r%° provided by storage systems, the following

formulation is considered:
O <pfd¢]§ Z tev,z S I_kp,z (11)

0<rs? <I7* (12
t,k k

es,z 1 is,z sel exz
Oget,k, - dis,z .(pik’ + ) 7/951/ (13)

es

For chemical storage, the annual energy flow is restricted by the amortized watt-hours

passing through the battery:

T —
> (plapt ) < 1A (14)



where #, is the annualized watt-hours throughput.

Constraints for the power balance and reserve are considered to meet requirements for
the reliability of power grid operation. For every time interval, the power demand equals
the sum of the power outputs from all categories of thermal units, hydropower and nuclear
power plants, energy storage systems, plus the outputs from wind, solar and inter-
regionally transmitted power:

i‘,pf,k R PR I ;' Phat NZ}( pilse p,f’;f) =D, (15)

where ¥, defines the set of regions connected to region k. D:« denotes the power demand

at time t for region k. p!, and p;} represent the hydropower and nuclear power.

The forecasting errors in energy demand R¢ and wind R” and solar R* output are

considered in the following reserve constraint:

MA N('.\'
—i =i Tw TS dis,z es,z t
D Fi Pl L B I+ (Pz,k Tk )"‘ > Pk

i=1 z=1 je¥,

(16)
>(1+R%)-D,, +R"-p/ +R*- p’,

The constraints of downward reserve are not considered in the model because wind and

solar can provide the downward reserve by curtailing their power output in real time during

contingency, and thus the downward reserve is not binding in day-ahead scheduling. The

minimum load (over generation) problem is captured mainly by the minimum power output

and ramping constraints in this formulation.

To meet requirements for system reliability, the system invested capacity must be no less
than the required capacity standard:

Mk —_ —_ —_
S A TY w2 I 2 D (17)

i=1
where D™ is the required capacity to satisfy reliability standards. 4" and 4, denote the

capacity credits for wind and solar power in region k.

Constraints for renewable portfolio requirements are incorporated to set different levels of



renewable penetration for the energy system:
N, T N,
2.2 (Pl p) M=T- D, (18)
k= k=1

1t=

where ' (0<I'<80% in this study) is the required renewable percentage for the overall

renewable portfolio target.

To sum up, the above optimization model minimizes the overall costs for power grid
operation and capacity investment under a given renewable penetration, as indicated in
equations (5)-(7), constrained by equations (1)-(4) associated with investment and
operational decisions, unit commitment, (8)-(14) for storage operation, (15)-(17) for
system energy balance and reserves and (18) for the required percentage of renewables.
The simulation for India’s energy system projected in 2040 covers the timescale of 8760
hours and requires a total of approximately 5 million variables.



Supplementary Note: CO2 Emissions from energy system

The total CO2 emissions from India’s energy system in 2040 are calculated based on the

emission factors of CO2 and the annual power generation of all thermal generators:

N, My T

D » N (19)

k=1 i=1 t=1

where E° is the total CO2 emissions under scenario s. Possible values of s range from 1-

5, representing the corresponding scenarios in Supplementary Table 5. ¢ denotes the
emission factor for CO; from " category for thermal units. p;; defines power generation

for i category for thermal units in region k at time t under scenario s.
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