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Executive Summary

India has ambitious goals for high utilization of variable renewable power from wind and solar,
and deployment has been proceeding at a rapid pace. The western state of Gujarat currently has
the largest amount of solar capacity of any Indian state, with over 855 megawatts direct current
(MWDC)1 among plants above 1 MWp¢ in size. Combined with over 3,240 megawatts (MW) of
wind, variable generation renewables comprise nearly 18% of the electric-generating capacity in
the state. The Central Electricity Authority has projected these wind and solar capacities will
more than double by 2017.

With high penetration levels of wind and solar, system operators must have access to additional
resources that can help balance the net-load variability (load minus wind and solar output) and
carry adequate reserves to respond to the combination of load and variable generation forecast
errors. To assess the adequacy of balancing resources, and to evaluate operational practices to
access these resources, system operators and planners typically perform grid integration studies.
Key to informative analysis is accurate representation—spatially and temporally—of the power
variability and uncertainty of solar and wind generation. This report focuses on the solar
characteristics needed for a grid integration analysis, which would also include information on
load, wind, and conventional generation.

A new historic 10-kilometer (km) gridded solar radiation data set capturing hourly insolation
values for 2002-2011 is available for India.® The authors apply an established method for
downscaling hourly irradiance data to one-minute irradiance data at each photovoltaic (PV)
power production location for one year—2006.* Using this data, the authors quantify solar
production at locations reflecting six scenarios: baseline, totaling 1.9 gigawatts direct current
[GWpc]) and five possible expansion scenarios, each adding 500-1,000 MW of solar capacity, to
yield a total installed solar capacity of 2.4 GWpc and 2.9 GWpc. The scenarios are:

1. Baseline: existing and planned solar generation, totaling 1.9 GWpc

2. Charanka: expansion at an existing, single solar park; represents the most geographically
concentrated scenario, 1.0 GWpc

3. Seven utility PV locations: expansion at the seven best, developable sites, distributed
throughout the state, 1.0 GWpc

4. Kutchh: expansion in the Kutchh region of Gujarat, distributed across the region, 1.0
GWnpc

! Direct current (DC) ratings refer to the capacity of the photovoltaic panels under standard conditions: 1,000
watts/square meter, 25°C. Alternate current (AC) ratings refer to the peak power output of the inverter, which
includes system losses and DC to AC conversion losses.

2 Large-Scale Grid Integration of Renewable Energy Sources—Way Forward. Central Electricity Authority, 2013.
WWww.cea.nic.in/reports/powersystems/large scale grid_integ.pdf.

? “India Solar Resource Data: Hourly.” National Renewable Energy Laboratory, 2013.
http://www.nrel.gov/docs/fy14osti/61121.pdf, http://rredc.nrel.gov/solar/new_data/India/nearestcell.cgi.

* A single year of sub-hour data captures the seasonal and time of day variability; however multiple study years
would be needed to understand the long-term economics of a PV plant at a particular location.
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5. Narmada Canal: expansion above the canal, evenly distributed across its length 0.5
GWnpc

6. Sixteen Cities rooftop PV: expansion across rooftops in the 16 largest cities, evenly
distributed across the cities; represents the most geographically diverse scenario, 1.0
GWDc.

Three of the expansion scenarios (Charanka, Kutchh, and Narmada Canal) were suggested by the
Gujarat Energy Transmission Corporation (GETCO). The other two scenarios were selected to
reflect broader geographic diversity.

The objective of this report is to characterize and contrast the intra-hour variability of these six
PV generation scenarios. The report statistically analyzes one year’s worth of power variability
data, applied to both the baseline and expansion scenarios, to evaluate diurnal and seasonal
power fluctuations, different timescales of variability (e.g., from one to 15 minutes), the
magnitude of variability (both total megawatts and relative to installed solar capacity), and the
extent to which the variability can be anticipated in advance. The paper also examines how
GETCO and the Gujarat State Load Dispatch Centre (SLDC) could make use of the solar
variability profiles in operations and planning.

One factor inherent to grid balancing challenges associated with increased solar deployment is
the ramp rate, which is the sustained rate of power increase or decrease over time.” Solar power
ramps result from both the daily solar path and cloud patterns that decrease the incident solar
radiation on the PV panels. Quantifying total MW per minute ramp rates allows system operators
and planners to assess balancing options.

This analysis quantifies the relatively simple concept that the total magnitude of solar power
ramping goes up with increased solar capacity. Simply put, total ramping in the baseline scenario
of 1.9 GWpc is less than total ramping in the baseline plus expansion scenario of 2.4 GWpc,
which is less than the four other baseline plus expansion scenarios totaling 2.9 GWpc. The
dominant cause of this correlation is ramping due to sunrise and sunset, which occurs over a
short, predictable period of time. During the monsoon season, clouds reduce the sunrise and
sunset ramp rates, and decrease the peak solar output by 20-35%. Figure ES-1, the aggregate
power output from the baseline plus each expansion scenario in monsoon (left) and dry (right)
seasons, illustrates these results.

> This change in power over time is typically expressed in MW over some time scale of interest, for example five
minutes.
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Figure ES-1. Aggregate power output of baseline plus expansion scenarios on July 23, 2006
(monsoon), and Oct. 12, 2006 (dry season)

This analysis also quantifies that aggregate power ramps from solar expansion scenarios are less
dramatic as the geographic spread of deployment (spatial diversity) is increased. In contrast to
using total magnitude ramp rates, illustrating the more complex effects of geographic diversity

from alternative solar expansion scenarios is better assessed by normalizing ramp rates to the
total nameplate rating.

As Figure ES-2a illustrates, the five-minute ramps normalized as a percentage of installed solar
capacity are relatively constant across the baseline and expansion scenarios during the dry
season, but vary based on time of day. The smallest ramps occur during the midday of the dry
season, with the sun high in the sky and very few clouds. While observable, the ramp rate
differences between scenarios are small because the East-West and North-South impacts on solar
path are not large within Gujarat’s boundaries.
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Figure ES-2. The dry season (a) and monsoon season (b) 95"‘-percentile five-minute ramp (percent
of scenario installed DC solar capacity) during each time of day: sunrise, morning, midday,
afternoon, and sunset

The monsoon season (Figure ES-2b) shows a different time of day pattern than the dry
season—the largest ramps occur during midday, when there are many clouds that change the
solar power production. The effect of geographic diversity becomes more noticeable when cloud
coverage contributes to solar ramping. In this case, geographically diverse locations, such as
baseline plus utility PV at seven locations or rooftop PV, experience lower absolute ramps than
similarly sized scenarios. The baseline plus Charanka scenario (2.9 GWpc), which concentrates
new solar generation in a single location, has 30% and 7% greater ramps in the monsoon and dry
seasons, respectively, over the baseline plus rooftop PV in 16 cities (2.9 GWpc). These increases
may be significant if added requirements for load and conventional generation to provide
balancing services are costly.

The report also presents analysis showing the greatest difference between the monsoon and dry
seasons is seen in the average unpredicted one-minute ramps, which demonstrates that dry
season variability conditions driven by solar path alone persist for longer periods than monsoon
season variability conditions where clouds impact solar output. In other words, it is harder to
predict short-term variability in the monsoon season than in the dry season.

The impact of solar variability quantified in this study can be managed through targeted changes
to system operations and planning. Because most of the solar ramping is based on known
changes due to sunrise and sunset, the Gujarat SLDC may be able to schedule its resources
accordingly. The greater periods of uncertainty stem from cloud-based variability. To address
this impact, Gujarat, in coordination with the central government authorities, is in the process of
assessing and strengthening its suite of tools to anticipate and mitigate this variability, which
include stronger grids, advanced forecasting (day ahead and real-time), improved scheduling,
and market reforms.
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This work brings out several salient features that are important when evaluating potential future
PV renewable generation and its potential grid integration impacts on the power system,
including:

e The diurnal and seasonal power profiles and variability statistics for the existing and
planned 1.9 gigawatts (GW) of solar are characterized using 2006 historic solar resource
data. The geographic spread of this baseline is relatively broad. Power output is raised
slightly if a portion of the plants is assumed to incorporate single-axis tracking, but the
statistics of variability are largely unaffected by tracking.

e The expansion scenarios of 500 to 1,000 MW increase nearly proportionally the absolute
magnitude of the solar variability. The differences in geographic density of the expansion
scenarios affect variability, but when combined with the geographically diverse baseline
scenario and normalized to the total nameplate DC capacity, the differences among
scenarios are small.

e Results illustrate the power ramp rate differences between a single small plant, a very
large plant, several spread out central plants, and rooftop distributed deployments. The
least geographically diverse, baseline plus Charanka scenario, has 30% and 7% greater
midday ramps in the monsoon and dry seasons, respectively, over the more
geographically diverse baseline plus rooftop PV in 16 cities scenario.

¢ In evaluating expansion plans, system planners need to consider other factors related to
location, such as access to uncongested transmission capacity, in addition to variability
differences. If solar deployment across more Indian states is considered, and state-to-state
grid cooperation is increased, the beneficial impacts of geographic diversity should be
larger and would be worth re-evaluating.

¢ During the monsoon season, individual plant variability can be quite large due to cloud
passage, but the aggregated power across all plants shows less volatility. Due to the broad
and general nature of the storms, planning and operating the system using a derating of
the solar capacity may help systems operations. Further research could assess whether
this implication could be applicable to other regions of the world with similar monsoonal
climatology and where solar power is being deployed or contemplated.

e The study shows that much of the diurnal solar variability is based on a known solar path,
illustrating a large amount of the PV-imposed needs for grid flexibility are known in
advance, which facilitates grid operational day-ahead scheduling.

e The variability shows strong seasonal characteristics. Generally, absolute variability is
higher during dry seasons during known sunrise and sunset ramps. Variability relative to
output is higher during the monsoon season at midday, when the region experiences a
dramatic decrease in solar power output due to periodic (and relatively unpredictable)
cloud passage.

e Diurnal and seasonal variability characteristics can be important to grid practices. Known
variability implies ramping resources can be confidently quantified and potentially
scheduled. Unpredictable variability statistics can also be quantified, but may require
partially loaded quick ramp or quick start/stop resources to respond.
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Finally, it is recognized that solar profiles are only part of the renewable energy integration study
needs. The broader context calls for similar evaluation of wind power deployment scenario
variability, which will be undertaken by the authors later in 2014. The results of this report
should not be taken independently, as only studies of the full integrated electric system,
including conventional generator capabilities, load variability, operational practice reform, and
assessment of system-level mitigation measures will allow system planners and operators to
examine and address challenges imparted by large-scale variable generation futures.
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1 Introduction

India has ambitious goals for high utilization of variable renewable power from wind and solar,
and deployment has been proceeding at a rapid pace. The western state of Gujarat currently has
the largest amount of solar capacity of any Indian state, with over 855 megawatts (MW) among
plants above 1 MW in size. Combined with over 3,240 MW of wind, variable generation
renewables are nearly 18% of the electric-generating capacity in the state.® The Central
Electr7icity Authority has projected these wind and solar capacities will more than double by
2017.

Worldwide, electric utilities and grid operators are concerned by the variable and uncertain
nature of weather-driven renewable power sources—wind and solar generation output varies
over time, and this output cannot be predicted with perfect accuracy. Grid operators routinely
balance electric load (demand) with the suite of dispatchable conventional generators. With high
penetration levels of wind and solar, system operators must have access to additional resources
that can help balance the net-load variability (load minus wind and solar output) and carry
adequate reserves to respond to the combination of load and variable generation forecast errors.
A variety of approaches to both analyzing and mitigating impacts exist.™’

India-specific challenges with variable generation are being discussed and addressed in the
broader context of grid modernization through grid synchronization, strengthening of
transmission ties, operator practice, and market design.'® Previous collaboration between the
U.S. Department of Energy’s National Renewable Energy Laboratory (NREL) and the Gujarat
Energy Transmission Corporation (GETCO)'" discusses the application of grid-operational
modeling studies to examine challenges and mitigation measures for high future penetrations of
renewable variable generation in Gujarat. The 2012 effort described the nature of a market-based
integration study and how this approach, while new to Indian grid operation and planning, is
necessary to understand how to operate and expand the grid to best accommodate the expansion
of variable generation. The paper also discussed options in defining a study’s scope, such as data
granularity, generation modeling, and geographic scope. Finally, the paper explored how

% Gujarat, like other Indian states, bears primary responsibility for generation-load balance within its boundaries, but
is connected to the single, India-wide electrical interconnection.

" Large-Scale Grid Integration of Renewable Energy Sources—Way Forward. Central Electricity Authority, 2013.
WWWw.cea.nic.in/reports/powersystems/large_scale grid_integ.pdf.

¥ See, for example, Holttinen, H. et al. Design and Operation of Power Systems with Large Amounts of Wind Power.
VTT Technology, 2013. www.ieawind.org/task 25/PDF/T75.pdf.

? Cochran, J., L. Bird, et al. Integrating Variable Renewable Energy in Electric Power Markets: Best Practices from
International Experience. Golden, CO: National Renewable Energy Laboratory, 2012.
www.nrel.gov/docs/fy120sti/53732.pdf.

' Integrating Variable Renewable Energy with the Grid: Lessons from the Southern Region. Mercados Energy
Markets India PVT Ltd., November 2012.
www.shaktifoundation.in/cms/uploadedlmages/variable%20re%20grid%?20integration.pdf.

' Stoltenberg, B. “Grid Integration Studies and India.” Presented at the 2012 World Renewable Energy Forum.
http://nrelpubs.nrel. gov/Webtop/ws/nich/www/public/Record ?rpp=25 &upp=0&m=1&wW=NATIVE%28%27TITLE
V+ph+words+%27%27india+grid%27%27%27%29 &order=native%28%?2 7pubyear%2FDescend%27%29.
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Gujarat's method of grid operation and current system reliability will affect how an integration
study can be performed.

Market-based integration studies allow quantifiable evaluation of resources—and operational
practices to access these resources—that are necessary to maintain reliability under various
projections of wind and solar penetration. These studies evaluate characteristics and practices,
such as unit commitment and dispatch; the flexibility of existing conventional generators;
quantity and types of reserves; and cooperation between electrical balancing areas. Such studies
can also examine the effects of modifications to historic practices, including market design,
ancillary services, wind and solar power forecasts, and demand scheduling and control. Different
future generation portfolios can be modeled to help guide resource acquisition, including storage
acquisition, and value the provision of flexibility, such as the ability to increase output quickly or
decrease output to low generation levels.

Key to all these informative analyses is accurate representation of the power variability and
uncertainty of solar and wind generation. Individual plants show very rapid power changes due
to cloud passage and wind speed variation. Simply scaling up output patterns from existing
renewable plants to higher future deployment levels ignores deployment expansion geographic
diversity effects and significantly overestimates fluctuations and mischaracterizes the magnitude
and possible costs of the integration challenge.'* Thus, spatial and temporal diversity must be
accurately represented to capture renewable power ramps, which are the changes in generation
output.

To represent spatial and temporal diversity, system planners typically examine multiple scenarios
that include alternative plant locations, and use historic, time-synchronized load, wind, and solar
patterns to capture weather-driven correlations between electric demand and renewable power
delivery. Recent, advanced variable generation integration studies have highlighted the value of
examining sub-hourly variability, which significantly increases the complexity in characterizing
temporal variability.

Development of these wind and solar resource databases is nontrivial. In the case of wind, large-
scale, mesoscale weather models, calibrated with historic weather patterns, are used to predict
wind speeds at potential generation sites. For solar, historic satellite photos of clouds can be used
to determine ground insolation values. Recently, NREL completed a new historic hourly solar
radiation data set capturing hourly insolation values for 2002-2011 for India.'*

The objective of this report is to characterize the intra-hour variability of existing and planned
solar generation in the state of Gujarat, and of multiple future scenarios of solar generation that
reflect different plant locations. The authors apply an established method for downscaling hourly

12 Holttinen, H. et al. “Recommendations for Wind Integration.” IEA Wind, October 2012.
www.ieawind.org/task 25/PDF/WIW12 101 Task%2025_ Recommendations_submitted.pdf .

13 «“Transmission Grid Integration: Western Wind and Solar Integration Study.” National Renewable Energy
Laboratory, 2013. www.nrel. gov/electricity/transmission/western_wind.html.

" “India Solar Resource Data: Hourly.” National Renewable Energy Laboratory, undated.
http://rredc.nrel.gov/solar/new_data/India/nearestcell.cgi.
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irradiance data to one-minute irradiance data at each PV power production location for one
year—2006. A single year of sub-hour data captures the seasonal and time of day variability;
however, multiple study years would be needed to understand the long-term economics of a
photovoltaic (PV) plant at a particular location. Following this introduction, Section 2 describes
the scenarios that were generated for existing and expected solar installations, totaling 1.9
gigawatts (GW), and for five future scenarios with an additional 500-1,000 MW.

Section 3 documents the methods used to convert the hourly data set irradiation values to
minute-to-minute power outputs. Section 4 presents the statistical analysis of one year’s worth of
power variability data on multiple timescales. Single-plant, regional, and state-wide aggregations
will illustrate the smoothing effects of spatial diversity.

Section 5 places the analysis of solar power variability in the context of Gujarat electric grid
operations and planning. The Gujarat State Load Dispatch Centre (SLDC) is ultimately
responsible for maintaining the load-generation balance. Together with GETCO, the SLDC has
taken many steps to accommodate and anticipate grid challenges caused by the variable and
uncertain nature of solar and wind power. This section examines how GETCO and the SLDC
could use the solar variability profiles in operations and planning.

Finally, as discussed in Section 6, it is recognized that solar profiles are only part of the
renewable energy integration study needs. The broader context calls for similar evaluation of
wind power deployment scenario variability. Only studies of the full, integrated electric system,
including load variability, will allow system planners and operators to examine and address
challenges imparted by large-scale variable generation futures.
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2 Solar Power Scenarios

The PV solar power scenarios used in this analysis are divided into two groups: existing and
expected locations, and expansion locations. The existing and expected locations include 1.9 GW
of direct current (DC) capacity and are called the “baseline” scenario. The expansion locations
add 500 to 1,000 MW of additional DC capacity. All scenarios are planned to meet a target DC
installed capacity. The algorithm for transferring DC panel output to alternating current (AC)
power output from the inverter is explained in Section 3."

Figure 1 shows the average annual global horizontal irradiance (GHI) for India. The state of
Gujarat has a high annual average solar resource of 5.5 to 6.0 kilowatt-hours (kWh)/square
meters/day over the entire state. This uniformity allows solar power plants to be optimally
located based on proximity to load centers and transmission lines.

"* Direct current (DC) ratings refer the capacity of the photovoltaic panels under standard conditions: 1,000
watts/square meter, 25°C. Alternate current (AC) ratings refer the peak power output of the inverter, which includes
system losses and DC to AC conversion losses.
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Figure 1. Annual average of GHI for India

2.1 Existing and Expected Locations

The existing and expected locations form the baseline scenario. This baseline scenario has three
cases, which vary by extent of fixed-tilt versus tracking: 1) all locations have fixed-tilt PV plants,
2) 10% of the capacity is installed as single-axis tracking systems (with the remaining 90%
installed as fixed-tilt systems), and 3) 25% of the capacity is installed as single-axis tracking
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systems (with the remaining 75% installed as fixed-tilt systems).'® It is unknown what proportion
of the existing and expected PV locations are or will be single-axis tracking plants. In the United
States, approximately 30%-50% of new utility PV plant installations are single-axis tracking.'’
Figure 2 shows the grid cells (approximately 10 kilometers [km] by 10 km) where the PV plants
in the 100% fixed-tilt baseline scenario are located. These locations are based on information
from GETCO. The GETCO maps of existing (see Figure A-1) and expected (see Figure A-2) PV
plant locations can be found in the appendix. The baseline scenarios with 10% and 25% single-
axis tracking are shown in Figure 3a and 3b, respectively.

I Baseline

B Excluded Area =— Road — Canal — Electric Transmission = Electric Substation

Figure 2. Baseline scenario PV plant locations in Gujarat, India'®"

' All fixed-plate systems modeled for Gujarat, India, were assumed to be mounted at a 17° tilt and oriented due
south (azimuth of 180°). Tracking systems were modeled as single-axis tracking systems with a tilt of 0° and
oriented with a north-south pivot axis.

17 Ong, S.; Campbell, C.; Denholm, P.; Margolis, R.; Heath, G. Land-Use Requirements for Solar Power Plants in
the United States. NREL/TP-6A20-56290. Golden, CO: National Renewable Energy Laboratory, 2013.
http://www.nrel.gov/docs/fy130sti/56290.pdf.

'8 The power map reflects infrastructure as of March 2013. More recent maps can be found at
http://getco.co.in/getco_new/pages/power%20map.php.

" The excluded area is used to inform PV siting in one expansion scenario, and comprises forests, permanently
flooded areas, regularly flooded areas, urban areas, water bodies, slope >5%, and protected areas.
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Figure 3. Baseline scenarios with approximately 200 MW of single-axis tracking (a) and
approximately 450 MW of single-axis tracking (b)

2.2 Expansion Locations

To anticipate how variability might change if Gujarat continues to pursue renewable energy
growth targets, the authors created solar profiles for five additional scenarios reflecting different
locations for PV plants. Three of the sites for future scenarios (Charanka, Kutchh, and over the
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Narmada Canal) were suggested by GETCO staff. The other two scenarios were selected to
reflect broader geographic diversity: solar capacity allocations across seven central station
locations throughout the state and a distributed rooftop scenario across 16 cities. The latter was
selected to reflect the growing interest in India for rooftop PV.?° Including the baseline, eight
scenarios and their profiles were produced and analyzed. The remainder of this section will
describe the five expansion scenarios in greater detail.

2.2.1 Charanka

The “Charanka” scenario expands the baseline scenario by adding 1,000 MW pc at the Charanka
Solar Park. One thousand MW requires about 25 square kilometers (km?), which is one-quarter
of a grid cell. Figure 4 shows the location of the Charanka scenario (yellow) on the baseline
scenario map (orange). The Charanka Solar Park was initially started in 2010 and will be located
on more than 20 km? near Charanka in the Patan district in north Gujarat. The solar park was
envisioned to be the site of 500 MW pc of installed solar capacity and is expected to be
completed by the end of 2014. GETCO is supporting the project with infrastructure upgrades,
including a 400-kilovolt transmission line, to evacuate the solar power produced.?' This 500
MW ¢ capacity is reflected in the baseline scenario. The addition of 1,000 MW in the
expansion scenario would result in a total of 1,500 MW ¢ of solar capacity at the Charanka
Solar Park.

This is the only scenario that includes solar expansion at an existing site. While future solar
growth might occur at other existing sites, the Charanka scenario was chosen to capture the most
centralized expansion and is useful in illustrating the impact of concentrated deployment on
variability.

20 «“Gujarat prepares new solar rooftop policy.” PV Magazine, Sept. 9, 2013. www.pv-
magazine.com/news/details/beitrag/gujarat-prepares-new-solar-rooftop-policy 10001266 1/#axzz2t§RFTuNM.
21 «“Report on Green Energy Corridors: Transmission Plan for Envisaged Renewable Capacity.” Power Grid
Corporation of India Ltd., July 2012. www.forumofregulators.gov.in/Data/study/Report-Green-Energy-Tr.-
corridor.pdf.
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Figure 4. Charanka scenario is 1.0 GW of additional capacity at Charanka Solar Park (yellow) with
the baseline scenario (orange)

2.2.2 Seven Utility Photovoltaic Locations

The “seven utility PV locations scenario” expands the baseline scenario by adding about 143
MW at each of seven locations throughout western Gujarat. Figure 5 shows the locations of
the seven PV plants. The seven locations are based on grid cells with the highest annual GHI
intensity and at least 4 km? (using 40 MW pc/km?) of developable land. Developable land
excludes forests, permanently flooded areas, regularly flooded areas, urban areas, water bodies,22
slope >5%, and protected areas.”> Developable land within grid cells is also tested for
proximities, including: 5 km from roads** and 3 km from transmission.** If two adjacent grid-
cells qualify, the next best grid cell is used in order to diversify the locations of the seven utility
PV plants.

2 “Global Land Cover Characterization: Eurasia Version 1.” U.S. Geological Society, 2008. Version 1:
http://edc2.usgs.gov/glec/glec.php.

3 “protectedPlanet.net” United Nations Environment Programme and International Union for the Conservation of
Nature, 2014. www.protectedplanet.net/.

# «OpenStreetMap.” OpenStreetMap contributors, undated. Accessed Jan. 7, 2013:
http://www.openstreetmap.org/#map=5/51.500/-0.100.

> Shah, M.N. “Power Map of Gujarat” sent in personal communication to Stoltenberg, B., National Renewable
Energy Laboratory. GETCO, May 27, 2013. The map was labeled as Updated March 31, 2013.
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Figure 5. Seven utility PV locations scenario (yellow) each with 143 MW PV plants with the
baseline scenario (orange)

2.2.3 Kutchh Region

The “Kutchh region” scenario is six utility PV plants spread through the Kutchh region, as
shown in Table 1. The allocation of capacity throughout Kutchh was performed under the
guidance of GETCO.?® Grid cell selection within an area was performed using the same
guidelines of annual GHI intensity and developable land use restriction outlined in Section 2.2.2.

Table 1. Allocation of Capacity for Utility PV Plants in the Kutchh Region

Area Capacity (MWpc)
Bhachau and Shivlakha 200
Anjar 200
Varsana 200
Nakhatrana 150
Abdasa 150
Nani Khakhar 100

Figure 6 shows the grid cells selected for the Kutchh scenario and the baseline scenario.

*% Kalsaria JE, D.H. Email to Stoltenberg, B., National Renewable Energy Laboratory. GETCO, Sept. 30, 2013.
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Figure 6. Kutchh scenario (yellow) consists of six utility PV plants ranging from 100 to 200 MW
with the baseline scenario (orange)

2.2.4 Narmada Canal

The “Narmada Canal” scenario is based on recent reports that fixed PV panels are being
mounted over the canal.”’*® The selection of grid cells for this scenario was formed by finding
the grid cells that spatially intersect the canal and calculating the PV capacity available within
each grid cell, assuming 1.3 MWpc per kilometer of canal. The grid cells are sorted by annual
GHI intensity, and the grid cells are selected in order of highest resource quality until the
cumulative sum is 500 MW pc.

Figure 7 shows the grid cells selected along the Narmada Canal. The average DC capacity per
grid cell is 31 MW.

7 “Gujarat’s canal-top solar power plant: 10 must-know facts.” The Economic Times, April 10, 2013.
http://economictimes.indiatimes.com/slideshows/infrastructure/gujarats-canal-top-solar-power-plant-10-must-know-
facts/slideshow/19472958.cms.

¥ “Gujarat lights up canal with 10 MW project.” PV Magazine, Aug. 14, 2013. www.pv-

magazine.com/news/details/beitrag/gujarat-lights-up-canal-with-10-mw-project 100012392/#axzz20jolLPCO.
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Figure 7. Narmada Canal scenario (yellow) with 500 MW distributed along the Narmada Canal in
Gujarat with the baseline scenario (orange)

2.2.5 Sixteen Cities: Rooftop PV

The “16 cities: rooftop PV” scenario consists of 62.5 MW ¢ of rooftop PV in 16 large cities in
Gujarat, for a total of 1,000 MW pc. The cities are randomly selected from a spatial data set® that
identified large cities. Rooftop PV is assumed to be evenly distributed over the entire grid cell.
Figure 8 shows the locations of the 16 cities on top of the baseline scenario. Grid issues for
rooftop deployment include distribution system concerns related to safety and electric effects.
Specific local feeder impacts depend on interconnection voltage, protection schemes, inverter
characteristics, and other factors of feeder system design. For the purpose of this paper, only the
aggregate power ramping effects are examined, with the view of characterizing changes in the
bulk electric system operational needs. This scenario captures the impact of the most widely
dispersed geographic deployment.

2 «“ESRI Data and Maps 9.3: World Populated Places.” ESRI, 2005. Cities: Vadodara, Dhrangadhra, Patan,
Visnagar, Gandhi Dam, Dahod, Nadiad, Anand, Jamnagar, Botad, Bhavnagar, Porbandar, Kundla, Ukal, Mahuva,
and Veraval. www.esri.com/.
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Figure 8. Sixteen cities: rooftop PV scenario (yellow) consists of 62.5 MW in each of 16 cities with
the baseline scenario (orange)

2.3 Summary of Scenarios

Table 2 summarizes the capacity, number of locations, geographic area encompassing all
locations, and scenario density for the baseline scenarios and each of the expansion scenarios,
independent of the baseline scenario. The geographic area and the scenario density serve as a
proxy for estimating the geographic diversity. In addition, the densities of the baseline plus each
expansion scenario were computed.

Table 2. Capacity, Area, and Density of the Baseline and Expansion Scenarios for Gujarat

Scenario Capacity of Number Scenario  Scenario Baseline plus
Baseline or of Plant Area Density Expansion
Expansion Locations (km?) (MWpc/km?)  Scenario Density
(MWpc) (MWpc/km?®)

Baseline (all scenarios) 1905 84 72604 0.026 -

Charanka 1000 1 1000 1.000 0.040

Seven utility PV plants 1000 7 28652 0.035 0.039

Kutchh region 1000 6 3884 0.257 0.040

Narmada Canal 497 16 7199 0.069 0.032

16 cities: rooftop PV 1000 16 62813 0.016 0.032
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3 Sub-Hour Solar Power Data

Rapid changes in PV power output at a single location are observable in the time series shown in
Figure 9, an example from Boulder, Colorado. These rapid changes in solar power output may
impact the operation of other generators and the economics of operating the grid reliably.*® Solar
power production data with high temporal and spatial resolution is needed in order to study the
effect of different solar capacity expansion scenarios. The qualities of the data set, most relevant
to an integration study, include:*'

e Solar power data must be time synchronized to the weather conditions during each time
step and at each geographic location.

e Solar power data must have sufficient temporal resolution to capture site-specific solar
power output ramps.

e Solar power data must have appropriate spatial-temporal correlations to capture intra-
plant and plant-to-plant ramping correlations.

e Solar power data must have sufficient geographic resolution to represent the relative solar
power injection into the power system at each location.

3 Lew, D. et al. How do Wind and Solar Power Affect Grid Operations: The Western Wind and Solar Integration
Study. Proceedings of the 8" International Workshop on Large-Scale Integration of Wind Power and on
Transmission Networks for Offshore Wind Farms, Bremen, Germany, Oct. 14-15, 2009. NREL/CP-5500-54684.
! Hummon, et al. Sub-Hour Solar Data for Power System Modeling From Static Spatial Variability Analysis,
Preprint. Proceedings of the 2™ International Workshop on Solar Power in Power Systems, Nov. 12-13, 2012.
NREL/CP-6A20-60548.

14

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.



1
_ 1200 H
o~
- (
- Q.
E 1000 K N °+ “ i
il ' D
E | K o. il
. a 1
£ 800t ? kil
=) a1 .
g ,rt‘ 1 |
: | da o" 1l
= 600 £ l.
i) 4 ] -
= HA WL R
3 400 C( EJ) G E
= i .
te] .
5 / |
® / ground- satellite- .
E 200 jj 1 minute  hourly é Y
G + Boulder L:s Q
Golden —— **@-- >
0-050 S hai o VY

July 7, 2008

Figure 9. Simultaneous irradiance measurements from two sites 70.4 km apart at two time scales:
tstep = 1 minute (line) and satellite irradiance values, tstep = 60 minutes (dotted line with circles). The
site near Boulder, Colorado, is located at 39.911_N -105.235_W (gray), and the site near Golden,
Colorado, is located at 39.742_N -105.180_W (black).*

The following subsections describe the source of the hourly irradiance and meteorological data
for Gujarat, summarize the method for downscaling hourly irradiance data to one-minute
irradiance data, and describe the conversion of the irradiance and meteorological data to power
output from the solar plant.

3.1 Satellite Irradiance and Meteorological Data

The new historic 10-km solar radiation data set for India capturing hourly insolation values for
2002-2011, including GHI and direct normal irradiance (DNI), is derived from satellite images
from the Meteosat satellite using the semiempirical model developed by Perez et al.*® The data
set captures impacts of earth/solar geometry and localized atmospheric effects, including clouds,
aerosols, humidity, and decreased visibility. The data is mapped into a 10 km by 10 km grid on
the Earth’s surface. The irradiance data is shifted from Greenwich Mean Time to local standard
time.** The hours listed in Table 3 replicated the same value over the entire region. During these
hours, the sub-hour irradiance algorithm, which analyzes and categorizes the spatial variability,
did not perform as expected because the standard deviation of the identical spatial data is
undefined.®

32 Hummon, et al. Sub-Hour Solar Data for Power System Modeling From Static Spatial Variability Analysis,
Preprint. Proceedings of the 2™ International Workshop on Solar Power in Power Systems, Nov. 12-13, 2012.
NREL/CP-6A20-60548.

3 Perez, R. et al.. "A New Operational Satellite-to-Irradiance Model." Solar Energy (73:5),2012; pp. 307-317.
* Wilcox, S. M. National Solar Radiation Database 1991-2010 Update: User's Manual. NREL/TP-5500-54824.
Golden, CO: National Renewable Energy Laboratory, 2012. www.nrel.gov/docs/fy120sti/54824.pdf.

%> These hours were not included in the statistical variability analysis in Section 4.

15

This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications.


http://www.nrel.gov/docs/fy12osti/54824.pdf

Table 3. Hours of Missing Meteosat Satellite Data

Hours (local
Day time) (
Dec. 8, 2006 3 p.m.
Dec. 11, 2006 3 p.m.
Dec. 14, 2006 2 p.m.
Dec. 16, 2006 2p.m., 3 p.m.
Dec. 24, 2006 4 p.m.
Dec. 30, 2006 2 p.m.
Dec. 31, 2006 3 p.m.

Meteorological data, including dry bulb temperature and wind speed, necessary to calculate the
power output from a PV module is from the National Aeronautics and Space Administration
Modern-Era Retrospective Analysis for Research and Applications data set.>® The data set is
available to the public through NREL

at http://rredc.nrel.gov/solar/new_data/India/nearestcell.new.cgi.

3.2 Sub-Hour Irradiance Algorithm

This study uses the sub-hour irradiance algorithm (SIA), developed for the U.S. Western Wind
and Solar Integration Study Phase 2.*” The algorithm generates synthetic GHI values at an
interval of one minute, for a specific location, using satellite-derived, hourly irradiance values for
the nearest grid cell to that location and grid cells within 40 km. The input to SIA, spatial
irradiance data surrounding the location of interest, make the output of SIA dependent on the
specific location, season, and time of day by classifying the likely temporal variability from the
spatial distribution of irradiance variability. During each hour, the observed GHI value for the
grid cell of interest and the surrounding grid cells is related, via probability distributions, to one
of five temporal cloud coverage classifications. An algorithm for each cloud coverage
classification was designed to reproduce the variability statistics of that class in the form of a
time series with one-minute time steps.

3.2.1 Spatial and Temporal Variability Relationship

The algorithm predicts the temporal variability from a spatial “patch” of satellite data points. The
GHI values are converted to a fraction of the clear sky irradiance value, called the clearness
index (ci), to remove the diurnal effects of the solar zenith angle. Figure 10a shows the measured
GHI from a ground sensor and the predicted clear sky GHI. Dividing the measured GHI by the
clear sky GHI results in a number between zero and one, where one is clear sky conditions and
zero is no visible irradiance, as shown in Figure 10b. Clearness index values greater than one
occur both due to cloud-focusing events, where irradiance is reflected off of the edge of a cloud,
and thus, the total irradiance at the earth’s surfac