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1 Introduction

The Western Wind and Solar Integration Study (WWSIS) was initiated in 2007 to
examine the operational impact of up to 35% energy penetration of wind generation,
photovoltaics (PV) and concentrating solar power (CSP) on the power system operated
by the WestConnect (www.westconnect.com) group of utilities in Arizona, Colorado,
Nevada, New Mexico and Wyoming. The WestConnect geographic footprint is shown
in Figure 1.1 Although WestConnect includes utilities in California, they were not
included in this study because California had already completed a renewable energy
integration study for the state [1.1]. This study was set up to answer questions that
utilities, PUCs, developers, and regional planning organizations had about the impacts
of integrating more renewable energy in the WestConnect region:

e Can the system operate reliably and securely with large amounts of wind and
solar generation?

e How do local wind and solar resources compare to out-of-state resources?
e Can balancing area cooperation help mitigate variability?

e What is the impact of wind and solar energy on the variable cost of energy
production, fuel consumption, and emissions?

e How much of the available wind and solar energy can be delivered to energy
users?

e What is the role and value of energy storage?

e How would increased penetration of wind and solar generation affect reserve
requirements?

e What is the benefit of wind and solar forecasting?

® Does geographic diversity of renewable energy resources help mitigate
variability?

e How can hydro resources help with integration of wind and solar generation?
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Figure 1.1 Geographic Footprint of WestConnect Utilities.

The WWSIS is sponsored by the U.S. Department of Energy (DOE) and managed by the
National Renewable Energy Laboratory (NREL) with WestConnect as a partner
organization. The study was originally established to build upon DOE’s 20% Wind
Energy by 2030 report [1.2], which did not find any technical barriers to reaching 20%
wind energy in the continental United States by 2030. The WWSIS and its partner study,
the Eastern Wind Integration and Transmission Study (EWITS), performed a more in-
depth operating impact analysis to see if 20% wind energy was feasible from an
operational level. In DOE/NREL’s analysis, the 20% wind energy target required 25%
wind energy in the western interconnection; therefore, this study considered 20% and
30% wind energy to bracket the DOE analysis. And since solar power is rapidly
growing in the west, up to 5% solar energy was also considered in this study.

1.1 References

[1.1] Bai, X,, Clark, K, Jordan, G., Miller, N, Piwko, R.; “Intermittency Analysis project:
Appendix B Impact of Intermittent Generation on Operation of California Power Grid”
CEC-500-2007-081-APB, July 2007.

[1.2] Lindenberg, S., Smith, B., O'Dell, K., DeMeo, E.; “20% Wind Energy by 2030:
Increasing Wind Energy’s Contribution to U.S. Electricity Supply”, DOE/GO-102008-
2567, July 2008.
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2 Objectives and Technical Approach
2.1 Project Objectives

The goal of the WWESIS is to understand the economic and operating impacts due to
increased penetration of wind, PV, and CSP generation resources on the power grid.
This is mainly an operations study and not a transmission planning study, although
several scenarios include inter-regional transmission expansions to deliver power. The
study does not focus on the capital costs of developing wind or solar power resources
but rather the overall operational costs and savings due to fuel and emissions.

2.2 Major Tasks

In the WWESIS, the major tasks consisted of utility data collection, wind and solar dataset
development, scenario development, statistical analysis, production simulation analysis,
reliability analysis, quasi-steady-state analysis, and analysis of mitigation options. The
WWSIS was a large team effort, with Exeter Associates responsible for data collection,
3TIER Group developing the wind dataset and the solar forecasts, State University of
New York (SUNY)/Albany modeling the solar resource, NREL modeling the PV and
CSP power plants, Northern Arizona University (NAU) validating the wind dataset and
hydro operation, and GE developing scenarios and conducting the main technical and
economic analysis. Figure 2.1 shows a flowchart of the major project tasks.

The study examined grid operation for the year 2017. That is, system loads and
generation expansion were projected to represent year 2017. The study examined inter-
annual operability by modeling operations for year 2017 three times, using historical
load and weather patterns from years 2004, 2005, and 2006.

The study focused on the WestConnect region with up to 35% energy penetration of
wind and solar generation. And since renewable energy resources in neighboring
regions can affect operations of the WestConnect region, up to 23% energy penetration
of wind and solar generation was assumed for the rest of WECC. This addressed
concerns of “exporting the variability,” which affected other studies that ignored
significant renewable energy penetrations outside the study area.
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Figure 2.1 Flowchart of WWSIS Project Tasks

2.3 Wind Data Development

3TIER Group developed the wind dataset for the study [2.1]. Over 75 GW of wind
generation sites needed to be modeled in the study. Lacking sufficient measured data to
represent this level of wind generation, it was decided to model the wind resource
across the entire western United States to generate a consistent wind dataset in space
and time. 3TIER Group used the Weather Research and Forecasting (WRF) mesoscale
Numerical Weather Prediction Model (NWP) over the western United States at a 2-km,
10- minute resolution for years 2004-2006. In order to run this large a region at such a
high a resolution, it was necessary to divide it into four domains that were run
independently and then merged. The domains were run in three-day blocks that were
merged together and the seams smoothed. While the seams were smoothed so that
variability did not exceed realistic limits, unfortunately the days with seams exhibited
significantly more variability than the days with without seams. This issue is illustrated
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in Figure 2.2. In order to work around this unfortunate data glitch, data from every
third day was eliminated from the statistical analysis of hourly and 10-minute
variability. The daily energy levels were judged to be reasonable so data for all days
was used for energy analysis and production simulation analysis.
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Figure 2.2 Statistical analysis showing data seam at hour 16 of every third day

3TIER Group also developed day-ahead wind forecasts for each hour. To eliminate any
systematic errors that would result in the forecasts being ‘too good’, a different input
dataset was used for these model runs. The forecasts were run using a coarser
resolution than the 2-km resolution of the ‘actuals’ dataset. One unintended
consequence of this approach was that the resulting wind forecasts were biased. That is,
the total annual energy of aggregated wind plant forecasts was different than the
aggregated annual energy of the ‘actual’ wind profiles. Annual wind forecast errors by
area are summarized in Figure 2.3. On average, wind forecasts in the study footprint
were about 10% high and forecasts in the rest of WECC were about 20% high. Figure 2.3

summarizes the wind forecast errors by area. Figure 2.4 shows how the wind energy
forecast error varies by month.

Creating new unbiased forecasts was not feasible. The hourly wind forecasts were
reduced by 10% in the study footprint and 20% in the rest of WECC. This removed the
annual bias in total energy, but other forms of forecast bias remained.
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Figure 2.4 Monthly wind forecast error in WECC

Over 960 GW of wind sites (32,000 sites of 30 MW each) were modeled. This produced a
data set that not only satisfied all the scenarios for this study, but will enable future
studies of different scenarios representing different wind resources in different
locations. Each 2-km x 2-km grid cell was assumed to contain 10 Vestas V90 3-MW wind
turbines, yielding 30 MW per grid cell. Actual wind plants do not exhibit a
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deterministic ‘wind plant power curve,” so instead of using the sum of 10 Vestas V90
wind turbine power curves, 3TIER Group’s stochastic SCORE methodology was used
for power conversion [2.1]. The SCORE methodology uses measured probability density
functions to produce the type of stochastic output that is observed in actual wind plants.
While array and electrical losses were not explicitly taken into account in the power
conversion, the wind plant output tended to correspond very closely to a net wind plant
output and was used as such. The wind dataset is publicly available [2.2].

Validity analysis was conducted to assess the quality of the wind data. Because this was
the first time such a large, high-resolution wind dataset had been created, it was critical
to check the data in as many ways as possible. This included checks of the power curve,
maximum and minimum output, largest ramps, average capacity factor, etc.

3TIER Group, NREL, and NAU validated the dataset against meteorological tower
measurements of wind speed. In some cases, this was used to determine whether large
wind ramps were real or artifacts of the model process. NREL also validated the dataset
against wind plant output for over 1 GW of wind plants for which NREL could access
data. The most critical check of a dataset for integration analysis is the accuracy of
ramps, in this case, on a 10-minute and hourly timescale. A consistent over- or under-
production bias is less important in assessing operational impacts.

Figure 2.5 shows validation results for the variability of the wind dataset, comparing the
10-minute wind plant output deltas of the actual wind plant output and the mesoscale
modeled dataset over a three year period. (“Delta” is the change from one ten-minute
period to the next.) The dataset is considered conservative because it overestimates the
variability of the wind plant output, as compared to actual measurements.
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Figure 2.5 Example Result from Wind Dataset Validation Analysis
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2.4 Solar Data Development

The State University of New York (SUNY)/Albany developed the solar resource dataset
for the study. SUNY/Albany used a satellite cloud cover model to simulate the United
States at a 10-km, hourly resolution [2.3]. This dataset includes global horizontal, direct
normal and diffuse radiation, as well as hourly day-ahead solar forecasts.

PV was modeled in the WWSIS as distributed generation on rooftops. Modeling
information for large, central station PV plants was not available at the time of the study.
Preliminary data, analysis, and operating experience from the 4.6-MW Springerville
Generating Station Solar System in Arizona indicated that central station PV could have
significant impacts on the grid, but there was little other data to determine whether the
Springerville climate was typical of other regions in the western USA. Weather stations
in the western United States were modeled using PV Watts to create PV output in block
sizes of 100 MW. In order to model distributed generation from multiple resources, PV
Watts was run using 11 different configurations of tilt, orientation, and tracking/flat-
plate. The outputs were aggregated. The hourly PV profiles are available on the web
[2.4].

To downscale the PV output from hourly data to a 10-minute resolution, NREL
developed a model that compared the hourly average PV output to the clear sky (no
clouds) PV output and added variability. The amount of variability added was based on
measured PV output from many small PV plants in Arizona Public Service’s Solar Test
and Research (STAR) program, the Springerville system, and several small PV plants in
Colorado.

CSP was modeled in the WWSIS as 100-MW blocks of parabolic trough plants with six
hours of thermal storage. Over 200 GW of CSP plants were included in the solar dataset
and these profiles are also available on the web [2.4]. The storage was initially
dispatched to a typical utility load pattern (in this case, Southern California Edison). Six
hours of storage requires that the solar field (solar collectors) be approximately twice as
large as a system without storage. The Solar Advisor Model [2.5] was used for the
power conversion using NREL’s Excelergy model to represent the parabolic trough
plants with thermal storage. Losses associated with the thermal storage are estimated to
be minimal for storage of several hours. Because the CSP with thermal storage produces
a very stable output, the 10-minute dataset was created simply by interpolating the
hourly dataset.

2.5 Load Data

It was not possible to obtain 10-minute load data for 2004-2006 from all operating areas
in the study footprint. Therefore, hourly load profile data for all operating areas in
WECC were obtained from a Ventyx database.

10
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2.6 Overview of Study Scenarios

The WWESIS used a multidimensional scenario-based study approach to evaluate:

e Different levels of energy penetration for wind and solar generation, ranging
from 11% to 35%.

e Different geographic locations for the wind and solar resources, and

e A wide array of sensitivities to assess issues such as fuel costs, operating reserve
levels, unit commitment strategies, storage alternatives, PHEV, balancing area
size, etc.

Table 2.1 shows the four levels of wind and solar energy penetration levels assumed for
the study scenarios. The “10%” penetration level included 10% wind energy and 1%
solar energy (relative to total annual load energy) in the study footprint as well as the
rest of WECC. The “20%” penetration level included 20% wind energy and 3% solar
energy in the study footprint, with 10% wind energy and 1% solar energy in the rest of
WECC. The “20/20%" penetration level included 20% wind energy and 3% solar energy
in the study footprint as well as the rest of WECC. The “30%” penetration level
included 30% wind energy and 5% solar energy in the study footprint, with 20% wind
energy and 3% solar energy in the rest of WECC.

Table 2.1 Wind and Solar Energy Penetrations for WWSIS Scenarios

Case In Footprint Energy Penetration Rest of WECC
Name Wind + Solar Wind Solar Wind Solar
10% 11% 10% 1% 10% 1%
20% 23% 20% 3% 10% 1%
20/20% 23% 20% 3% 20% 3%
30% 35% 30% 5% 20% 3%

The study evaluated three major scenarios with wind and solar resources in different
geographic locations.

In-Area Scenario: Each state in the study footprint met its wind and solar energy
targets using the best available wind and solar generation resources within its state
boundary. Each state in the rest of WECC also met its renewable energy target using
the best available resources within the state boundary. In some northern states, it
was necessary to use solar resources from neighboring states due to the lack of good
solar resources. The in-area siting was held constant for the rest of WECC, while the
study footprint examined two additional scenarios.

Mega-Project Scenario: The study footprint met its wind and solar energy targets
by using the best available wind and solar resources within the study footprint.
Given that the many of the best wind resources are in Wyoming, this scenario

11
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include a large penetration of wind generation in Wyoming (and other wind-rich
areas), with new transmission lines to deliver the energy to load centers.

Local-Priority Scenario: This scenario used the best wind and solar sites within the
entire footprint, but included a 10% capital cost advantage to “local” resources
within each state. The result was a scenario that was about half-way between the In-
Area and Mega-Project scenarios.

Table 2.2 shows a summary of the total wind and solar MW ratings by state for the

study footprint. Section 3 provides additional details about the scenarios and how they
were developed. It also provides data on wind and solar resources in the rest of WECC.

12
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Table 2.2 Summary of Aggregated Wind and Solar MW Ratings by State for WWSIS Scenarios

10% 1% 20% 3% 30% 5%
Load Minimum|Load Maximum|Wind Rating Solar Rating|Wind Rating Solar Rating|Wind Rating Solar Rating
Area (MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW)
Arizona 6,995 23,051 3,600 400 7,350 1,200 11,220 2,000
Colorado East 4,493 11,589 2,040 300 3,780 800 5,640 1,400
Colorado West 712 1,526 300 0 600 200 900 300
New Mexico 2,571 5,320 1,080 200 1,920 400 2,790 700
Nevada 3,863 12,584 2,340 200 4,680 700 7,050 1,100
Wyoming 2,369 4,016 930 100 1,620 100 2,340 300
In Footprint 21,249 58,087 10,290 1,200 19,950 3,400 29,940 5,800
10% 1% 20% 3% 30% 5%
Load Minimum|Load Maximum|Wind Rating Solar Rating|Wind Rating Solar Rating|Wind Rating Solar Rating
Area (MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW)
Arizona 6,995 23,051 2,850 400 5,250 1,200 7,710 2,000
Colorado East 4,493 11,589 2,190 300 3,870 800 4,650 1,400
Colorado West 712 1,526 210 0 450 200 570 300
New Mexico 2,571 5,320 1,350 200 2,100 400 2,970 700
Nevada 3,863 12,584 1,350 200 2,490 700 3,450 1,100
Wyoming 2,369 4,016 1,650 100 4,020 100 7,410 300
In Footprint 21,249 58,087 9,600 1,200 18,180 3,400 26,760 5,800
10% 1% 20% 3% 30% 5%
Load Minimum|Load Maximum |Wind Rating Solar Rating|Wind Rating Solar Rating|Wind Rating Solar Rating
Area (MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW)
Arizona 6,995 23,051 810 400 1,260 1,800 1,890 2,600
Colorado East 4,493 11,589 2,010 300 2,400 400 2,490 1,200
Colorado West 712 1,526 60 0 90 0 90 200
New Mexico 2,571 5,320 1,860 400 2,700 1,000 4,350 1,000
Nevada 3,863 12,584 570 100 1,020 200 1,440 600
Wyoming 2,369 4,016 3,390 0 8,790 0 13,770 100
In Footprint 21,249 58,087 8,700 1,200 16,260 3,400 24,030 5,700

13
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2.7 Analytical Methods

The primary objective of this study was to identify and quantify system performance
and any operational problems, including load following, regulation, operation during
low-load periods, etc. Four primary analytical methods were used to meet this
objective; statistical analysis, hourly production simulation analysis, sub-hourly analysis
using quasi-steady-state simulations, and reliability analysis.

Statistical analysis was used to quantify variability due to system load, as well as wind
and solar generation over multiple time frames (annual, seasonal, daily, hourly, and 10-
minute). The power grid already has significant variability due to periodic and random
changes to system load. Wind and solar generation add to that variability, and increase
what must be accommodated by load following and regulation with other generation
resources. The statistical analysis quantified the grid variability due to load alone over
several time scales, as well as the changes in grid variability due to wind and solar
generation for each scenario. The statistical analysis also examined the forecast accuracy
for wind generation.

Production simulation analysis with MAPS (Multi-Area Production Simulation
program) was used to evaluate hour-by-hour grid operation of each scenario for 3 years
with different wind and load profiles. The WECC was represented as a set of 106 zones,
each with its own load profile, portfolio of generating plants, and transmission capacity
with neighboring areas. The zones were grouped into 20 transmission areas. The
production simulation results quantified numerous impacts on grid operation including:

® Amount of maneuverable generation on-line during a given hour, including its
available ramp-up and ramp-down capability to deal with grid variability due to
load, wind and solar.

e Effects of day-ahead wind forecast alternatives in unit commitment

e Changes in dispatch of conventional generation resources due to the addition of
new renewable generation

e Changes in emissions (NOx, SOx,CO2) due to renewable generation

e Changes in costs and revenues associated with grid operation, and changes in
net cost of energy

e Changes in transmission path loadings
e Changes in utilization of hydro resources

e Changes in utilization and economic value of energy storage resources

Quasi-steady-state (QSS) simulation analysis was used to quantify grid performance
trends and to investigate potential mitigation measures in the minute-to-minute time

14
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frame. QSS analysis simulated the operation of dispatchable generation resources as
well as variable wind and solar generation in the study footprint using one minute time
steps, while enforcing constraints related to unit ramp rates, ramp range, intertie flow
schedules, and regional AGC functions. These time simulations enabled examination of
the impact of wind and solar generation during challenging time periods, such as:

e Large 1-hour, 3-hour and 6-hour changes in net load within the study footprint
e High levels of wind and solar penetration
e Low load levels with minimal maneuverable generation on line

e High wind forecast errors

Reliability analysis involved loss of load expectation (LOLE) calculations for the study
footprint and all of WECC using the Multi-Area Reliability Simulation program, MARS.
The analysis quantified the impact of wind and solar generation on overall reliability
measures, as well as the capacity values of the wind and solar generation resources.

Impacts on system-level operating reserves were also analyzed using a variety of
techniques including statistics, production simulation, and QSS simulation. This
analysis quantified the effects of variability and uncertainty, and related that
information to the system’s increased need for operating reserves to maintain reliability
and security.

The results from these analytical methods complemented each other, and provided a
basis for developing observations, conclusions, and recommendations with respect to
the successful integration of wind and solar generation into the WestConnect power
grid.

2.8 References

[2.1] Potter, CW.; Lew, D.; McCaa, J.; Cheng, S.; Eichelberger, S.; Grimit, E. “Creating
the Dataset for the Western Wind and Solar Integration Study (U.S.A.)” Wind
Engineering, Vol 32(4), pp. 325-338, 2008.

[2.2] http://www.nrel.gov/wind/westernwind or http://mercator.nrel.gov/wwsi

[2.3] Wilcox, S.; Anderberg, M.; George, R.; Marion, W.; Myers, D.; Renne, D.; Lott, N.;
Whitehurst, T.; Beckman, W.; Gueymard, C.; Perez, R.; Stackhouse, P.; Vignola, F.
“Completing Production of the Updated National Solar Radiation Database for the
United States”, NREL Report No. CP-581-41511, July 2007.

[2.4] http://mercator.nrel.gov/wwsi

[2.5] http://www.nrel.gov/analysis/sam
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3 Study Scenarios

This study analyzed three scenarios representing different approaches to using the
available wind and solar resources in the study footprint.

In Area: Each state within the study footprint meets its wind and solar energy
penetration target using the best wind and solar resources within each state
boundary.

Mega Project: The entire study footprint meets its wind and solar energy
penetration target using the best wind and solar resources within the entire study
footprint, regardless of state boundaries. New transmission was added to transport
renewable energy from the generation areas to the load centers.

Local Priority: This scenario is similar to the Mega Project scenario; except that in-
state wind and solar resources have a 10% capital cost advantage over resources in
other states. This scenario falls between the In Area and Mega Project scenarios.

Section 2.5 provided a high-level overview of the study scenarios, including the range of
wind and solar penetration considered. This chapter provides detailed information on
how the scenarios were developed. Locations of available wind and solar sites are
described, and the technical algorithms used to rank the sites selected for each scenario
are explained. Mathematical details of the site selection algorithms are included in
Appendix A.

This study was not intended to be a transmission system design study. Renewable
generation resources within each state were assumed to include the necessary local
transmission facilities to deliver the renewable energy from the plant sites to each state’s
bulk transmission network, per traditional engineering design practices and
performance criteria. New inter-area transmission lines were added for the Mega
Project and Local Priority scenarios to increase bulk power transfer capacities consistent
with the locations of the new renewable generation and the existing load centers.

3.1 Development of In Area Scenario

The In Area scenario assumes that each state within the study footprint meets its wind
and solar energy penetration target using the best wind and solar resources within each
state boundary.

3.1.1 Objectives of the Site Selection Process

The wind and solar data sets included far more available sites than were needed to meet
the study’s energy penetration objectives. Therefore, an analytical method was

17
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developed to select a subset of the available sites in accordance with the following
objectives:

® Satisfy energy penetration targets

e Consider expected market value of energy produced

® Include capacity value of sites

® Recognize that geographic diversity within areas has value
® Include pre-selected wind plants

® Independently select wind, PV, and CSP with storage per specified renewable
generation mix

3.1.2 Available Wind and Solar Sites

The wind database included 32,043 sites with 30 MW of capacity each. These sites were
subjected to an exclusion screen that eliminated 5,523 sites that were in recreational
areas, close to metropolitan areas, in inaccessible terrain, etc. The locations of the
remaining 26,520 wind sites are shown in Figure 3.1. (Note that this includes 2004 sites
that are outside of the WECC area, and were therefore excluded from this study.) The
solar dataset included 275 PV sites and 501 CSP sites, each rated at 100 MW. Locations
of the PV and CSP sites are shown in Figure 3.2.

=, T
% %

CutsideZones
In-Footprint Areas

= Included-Wind

Figure 3.1 All available wind sites in WECC (each grey dot represents 30MW)
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Figure 3.2 All available solar sites in WECC (each grey dot represents 100 MW)

3.1.3 Wind and Solar Site Selection

The selection of wind sites for the In Area scenario followed the process described
below. For each state:

e C(Calculate average annual energy, capacity factor, energy value, and capacity
value for each site from three years of data.

® Order the sites best to worst, independently by generation type, on the basis of:
o DPreselected (i.e., existing plants)

o Energy value. Using a price strip of hourly historical hub spot prices, select
the hub closest to a given site and calculate its energy value.

o Capacity value. Apply a $100/kw-yr weighting factor on a capacity factor
calculated between 2pm and 6pm.

o Geographic diversity as proxy for temporal diversity. Apply a 2%/100-mile
weighting factor based on the distance from center coordinates of the
transmission area (latitude/longitude). East-West diversity was given more
weight than North-South. North-South weighting: 1 for wind, 0 for solar.
East-West weighting; 1 for wind, 1.41 for solar.

19
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o NOTE: Energy value was the dominant factor in the sorting algorithm,
followed by capacity value. However, capacity value exceeded energy value
for some sites. Geographic diversity had a secondary impact.

e Starting from the highest ranked sites, select the required number of wind and
solar sites within the energy footprint to meet the energy target for the state (eg.,
10%, 20%, 30%). Preselected sites are included to meet the energy target for the
state regardless of their energy value.

e Using a similar approach, select sites outside of the study footprint to meet wind
energy targets in the rest of WECC.

A similar process was used to select the solar CSP and PV sites for the In Area scenario.

Using this process, wind and solar sites were selected so that their three-year average
energy would match annual energy targets. The same sites were used for all three
load/weather years (2004, 2005, 2006) so the total wind and solar energy varied slightly
between years. Table 3.1 shows the average annual wind energy by state for the 30%
scenario, as well as the values for individual years.

Figure 3.3 shows the wind sites and Figure 3.4 shows the solar sites selected for the 30%
In Area scenario. Table 3.2 shows a summary of annual load, wind, and solar energy by
area. Note that the in-footprint energy penetration is 35% (30% wind and 5% solar) and
the out-of-footprint energy penetration is 23% (20% wind and 3% solar).

Table 3.1 Annual wind energy by state for three years, 30% in-area scenario

Annual Wind Energy (GWh) Annual Wind Energy (% of load)
Average
Average Load
Sites Sites | Capacity | Energy

WIND - 30% Available | Used [Factor (%) (GWh) 2004 2005 2006 | Average| 2004 2005 2006 | Average
Arizona 1,091 374 30.4% 99,437 | 28,690 | 31,376 | 29,624 | 29,897 | 28.9% | 31.6% | 29.8% | 30.1%
Colorado East 1,673 188 37.4% 61,372 | 18,031 | 18,577 | 18,753 | 18,453 | 29.4% | 30.3% | 30.6% | 30.1%
Colorado West 68 30 33.3% 8,708 2,560 2,674 2,632 2,622 | 29.4% | 30.7% | 30.2% | 30.1%
New Mexico 3,062 93 38.4% 31,260 | 9,120 9,472 9,555 9,382 | 29.2% | 30.3% | 30.6% | 30.0%
Nevada 1,591 235 28.0% 57,505 | 16,673 | 16,601 | 18,598 | 17,290 | 29.0% | 28.9% | 32.3% | 30.1%
Wyoming 8,912 78 41.0% 27,697 | 8,169 8,466 8,608 8,414 | 29.5% | 30.6% | 31.1% | 30.4%
In Footprint 16,397 998 32.8% | 285,979 | 83,242 | 87,166 | 87,769 | 86,059 | 29.1% | 30.5% | 30.7% | 30.1%
WIND - 20%

coB 155 6 25.0% 1,759 351 379 451 394 20.0% | 21.6% | 25.6% | 22.4%
Idaho East 185 26 20.6% 6,907 1,368 1,390 1,459 1,406 | 19.8% | 20.1% | 21.1% | 20.3%
Idaho Southwest 448 50 27.8% 17,962 | 3,443 3,557 3,974 3,658 | 19.2% | 19.8% | 22.1% | 20.4%
Montana 1,194 35 31.2% 14,143 | 2,805 2,825 2,990 2,873 | 19.8% | 20.0% | 21.1% | 20.3%
N. California 472 393 25.0% | 128,935 | 24,930 | 24,462 | 28,038 | 25,810 | 19.3% | 19.0% | 21.7% | 20.0%
Northwest 3,195 431 31.5% | 178,359 | 34,637 | 34,558 | 38,003 | 35,733 | 19.4% | 19.4% | 21.3% | 20.0%
S.California 1,916 483 35.4% | 224,197 | 44,447 | 46,298 | 43,924 | 44,890 | 19.8% | 20.7% | 19.6% | 20.0%
Utah 554 91 32.0% 38,022 | 7,504 7,698 7,773 7,658 | 19.7% | 20.2% | 20.4% | 20.1%
Out of Footprint 8,119 1,515 30.7% | 610,284 | 119,485 121,167 | 126,612] 122,421 | 19.6% | 19.9% | 20.7% | 20.1%
[Total | 24516 [ 25513 31.6% [ 896,263 [ 202,728 208,333 ] 214,381 [ 208,480 22.6% | 23.2% | 23.9% [ 23.3% |

Table 3.3 shows a corresponding summary by area of maximum/minimum load MW,
wind MW rating, solar MW rating, and total renewable MW rating. The maximum and
minimum penetration values in this table are capacity penetrations (not energy
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penetrations). They are calculated as the ratio of renewable MW rating to area

minimum or maximum load MW.
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Figure 3.3 Wind sites for In Area Scenario with 30% wind energy and 5% solar energy.
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Figure 3.4 Solar sites for In Area Scenario with 30% wind energy and 5% solar energy.
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Table 3.2 Energy Summary for 30% In Area Scenario
. Total
In FOOtPrmt Load Wind CSP with Storage PV Renewable
Energy | Energy # Sites Energy # Sites Energy # Sites Energy
Areas (GWh) | (GWh) | (Used/Available) | (GWh) | (Used/Available) | (GWh) | (Used/Available) (GWh)
Arizona 99,437 | 29,897 374 /1091 3,735 10/38 1,548 10/16 35,180
Colorado East 61,372 | 18,453 188/1673 2,252 7158 1,038 7113 21,743
Colorado West 8,708 | 2,622 30/68 564 2/8 151 1/11 3,337
New Mexico 31,260 | 9,382 93 /3062 1,421 4/35 473 3/19 11,276
Nevada 57,505 | 17,290 235/1591 2,161 6/45 773 5/10 20,224
Wyoming 27,697 | 8,414 78/8912 0 0/0 420 3/10 8,834
In Footprint 285,979] 86,058 998 /16397 10,133 29/184 4,403 29/79 100,594 35.2 %
. Total
OUt Of FOOtprlnt Load Wind CSP with Storage PV Renewable
Energy | Energy # Sites Energy # Sites Energy # Sites Energy
Areas (GWh) | (GWh) | (Used/Available) | (GWh) | (Used/Available) | (GWh) | (Used/Available) (GWh)
coB 1,759 394 6/155 294 1/22 142 1/2 830
Idaho East 6,907 | 1,406 26/185 0 0/0 142 1/8 1,548
Idaho Southwest 17,962 | 3,658 50 /448 0 0/0 132 1/5 3,790
Montana 14,143 | 2,873 35/1194 0 0/0 127 1/14 3,000
Northern California |128,935| 25,812 393/472 2,726 8/26 1,117 8/30 29,655
Northwest 178,359| 35,733 431/3195 0 0/0 1,645 13/54 37,378
Southern California | 224,197| 44,890 483 /1916 8,957 23/85 2,050 13/39 55,897
Utah 38,022 | 7,658 91 /554 937 3/24 303 2/14 8,898
Out of Footprint | 610,284 (122,424 1515/8119 12,914 35/157 5,658 40/ 166 140,996 231 %
Table 3.3 Power Summary for 30% In Area Scenario
In Footprint
Load Wind CSP with Storage PV Total Renewable
Minimum | Maximum | Rating| Penetration | Rating| Penetration | Rating| Penetration |Rating| Penetration
Areas (MW) (MW) (MW) [% Min]| %Max| (MW) [% Min| % Max| (MW) [% Min| % Max| (MW) |% Min| % Max
Arizona 6,995 23,051 11,220 160% | 49% | 1,000 | 14% 4% 1,000 | 14% 4% 13,220 189% | 57%
Colorado East 4,493 11,589 5,640 | 126% | 49% 700 16% 6% 700 16% 6% 7,040 | 157% | 61%
Colorado West 712 1,526 900 | 126% | 59% 200 28% | 13% 100 14% % 1,200 | 169% | 79%
New Mexico 2,571 5,320 2,790 | 109% | 52% | 400 | 16% | 8% 300 | 12% | 6% | 3,490 [ 136% | 66%
Nevada 3,863 12,584 | 7,050 [ 183% | 56% | 600 | 16% | 5% 500 | 13% | 4% | 8,150 | 211% | 65%
Wyoming 2,369 4,016 2,340 | 99% | 58% 0 0% 0% 300 13% 7% 2,640 | 111% | 66%
In Footprint 21,249 58,087 ]29,940| 141% | 52% | 2,900 [ 14% 5% 2,900 | 14% 5% [35,740] 168% | 62%
Out of Footprint
Load Wind CSP with Storage PV Total Renewable
Minimum | Maximum | Rating| Penetration |Rating| Penetration |Rating| Penetration |Rating| Penetration
Areas (MW) (MW) (MW) [% Min| %Max| (MW) |% Min] % Max| (MW) | % Min| % Max| (MW) | % Min| % Max
coB 138 294 180 [ 131% | 61% 100 73% | 34% 100 73% | 34% 380 |276% | 129%
ldaho East 460 1,365 780 | 170% | 57% 0 0% 0% 100 22% % 880 | 191% | 64%
Idaho Southwest 1,188 3,592 1,500 | 126% | 42% 0 0% 0% 100 8% 3% 1,600 | 135% | 45%
Montana 1,149 2,337 1,050 | 91% | 45% 0 0% 0% 100 9% 4% 1,150 | 100% | 49%
Northern California 10,297 28,319 |11,790| 114% | 42% 800 8% 3% 800 8% 3% |[13,390] 130% | 47%
Northwest 14,278 30,953 |[12,930| 91% | 42% 0 0% 0% | 1,300 | 9% 4% |14,230( 100% | 46%
Southern California | 9,557 26,864 |14,490| 152% | 54% | 2,300 | 24% | 9% | 1,300 | 14% | 5% |[18,090| 189% | 67%
Utah 2,263 7,274 2,730 [ 121% | 38% 300 13% 4% 200 9% 3% 3,230 | 143% | 44%
Out of Footprint 46,328 119,696 |45,450] 98% | 38% | 3,500 | 8% 3% 4,000 | 9% 3% [52,950] 114% | 44%

3.1.4 Transmission Zones and Areas

Although this study focused primarily on the WestConnect footprint, the analytical
models used in the study covered the entire WECC system with the exception of
Canada. The WECC system was divided into 14 transmission areas. Each transmission
area was further subdivided into transmission zones. Figure 3.5 shows a map of the

transmission areas and zones. Table 3.4 summarizes the same information in tabular

form.
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In Figure 3.6, the WECC transmission areas have been reduced to dots and the inter-area
transmission paths are emphasized. One rating is shown for each path, even though
many paths have a different rating for each flow direction. Bi-directional ratings for the
transmission paths within the study footprint for the In Area scenario are shown in
Table 3.5. The Local Priority and Mega Project scenarios included significant expansion
to the transmission system. The incremental path ratings associated with that expansion
are described in Sections 3.2 and 3.3.
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Figure 3.5 Map of Transmission Zones and Areas
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Table 3.4 Transmission Zones and Areas

Transmission Area Name Transmission Zone Name Abbrev.
Arizona Electric Power Coop AEPC
Arizona Public Service Co APSC
P — Glen C_anyon A_rea AZ-GC
Salt River Project SRP
Southern Arizona AZ-S
Tucson Electric Power Co TEP
Sunflower Electric Power CSUA
Colorado Springs Utilities CSuU
Sl Zs Platte River Power Authority PRPA -
Public Service of Colorado - East PSCE =
Tri-State G&T: in East CO TS-ECO S
WestPlains Energy Colorado WEPL °
Colorado West Public; Service of Cplorado - West PSCW LOL
Tri-State G&T: in West CO TS-WCO -
Navajo Tribal Utility Authority NAVTRUA o
El Paso Electric EPE =
Los Alamos County LAC 2
New Mexico Public Service Co of New Mexico PNM =
Texas-New Mexico Power WECC TNPW %
Tri-State G&T: NM/Plains Electric TS-NM =
Southwestern Public Service Company FARM
Sierra Pacific Power Co SPP
Nevada Nevada Power Co NEVP
Deseret G&T Cooperative DGT
PACE - Central Wyoming WYCEN
PACE - Northwest Wyoming WYNW
Wyoming Tri-State G&T: in Wyoming TRSTWYOA
WAPA - Colorado Missouri (Wyoming) WACM
PACW - Soutwest Wyoming WYSW
COB California-Oregon Border Area COB
Idaho East Idaho Power East IPCE
PACE - Idaho PACID
Idaho West Idaho Power West IPCW
Northwestern Energy - Broadview BRODV
Montana Northwestern Energy - Garrison GARSN
WAPA - WAUW - MT North-Central WAUW-M
Dept of Water Resources - North DWR-N
Modesto Irrigation District MID
Northern California Power Agency NCPA
Pacific Gas & Electric - Main PG-EM
Northern California Redding Electric Dept RDNG
Sacramento Municipal Utilities District SMUD
Santa Clara Electric Dept SNCL
Turlock Irrigation District TID
WAPA - Mid Pacific (CVP) WAMP
Avista AVA
BPA - Lower Columbia LOWC 8
BPA - Olympia oLY w
BPA - Spokane SPOK ;
BPA - Western Montana WMT —
Eugene Water and Electric Board EWEB S
PACW - Mid Columbia PMIDC |7}
Northwest PACW - Southern Oregon PSORE &
Portland General Electric PGE
PUD No 1 of Chelan County CHPD
PUD No 1 of Cowlitz County COPD
PUD No 1 of Douglas County DOPD
PUD No 1 of Pend Oreille County POPD
PUD of Grant County GCPD
Puget Sound Energy PSE
Anaheim Public Utilities Dept. ANHM
Dept of Water Resources - South DWR-S
Riverside Utilities Dept RVSD
Southern California Southern California Edison SCE
San Diego Gas & Electric SDGE
Imperial Irrigation District 11D
Los Angeles Dept of Water and Power LDWP
PACE - Utah UPL
Utah Utah Associated Municipal Power UAMPA
Utah Municipal Power Agency UMPAA
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Figure 3.6 WECC Transmission Paths and Ratings.

Table 3.5 Selected WECC Transmission Path Ratings.

WECC Path Rating Rating
(From-To, MW) (To-From, MW)

Arizona to Southern Nevada 5,250 5,250
Colorado East to New Mexico 64 1

Colorado East to Colorado West 2,199 1,468
Colorado West to New Mexico 690 690

New Mexico to Arizona 6,225 6,600

Northern Nevada to Southern Nevada | 2,000 2,000
Wyoming to Colorado East 1,605 2,178
Wyoming to Colorado West 309 207

3.2 Development of Mega Project Scenario

The objective of the Mega Project scenario was to take advantage of the best wind and
solar sites in the entire WestConnect footprint to meet the total renewable energy
penetration targets of the region. Given that many of the highest capacity factor wind
sites are in Wyoming, this scenario naturally includes a high concentration of wind
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plants in Wyoming, with new transmission facilities to deliver the wind power to the
large load centers in Arizona and Nevada.

The process to develop the Mega Project scenario started with the In Area scenario,
which included the best wind and solar sites in each state. The concept was to swap less
attractive local sites for more attractive remote sites. An algorithm was developed that
displaced less attractive local sites in one area, making it a net importer, with the energy
from higher-capacity sites in another area, making it a net exporter. Meanwhile, total
renewable energy in the study footprint was held constant. The tradeoff of remote
versus local sites accounted for the capital cost of generation equipment and
transmission facilities, as well as the cost of transmission losses. The algorithm iterated
towards a combination of resources that would meet the total renewable energy targets
at minimum cost. The algorithm used the following assumptions and concepts:

e Capital cost for wind = $2000/kW
e Capital cost for PV = $4000/kW
e Capital cost for CSP plus storage = $4000/kW

e Existing transmission would not be used for new renewable energy. New
transmission would be required to accommodate wind/solar generation. Given
that all remote renewable generation sites would rarely be at maximum output
simultaneously, the total transmission requirement was estimated to be 70% of
the maximum possible wind and solar power transfer. Therefore, 0.7 MW of
new transmission was added for each 1.0 MW of remote generation.

e New transmission was assumed to have a capital cost of $1600/MW-mi. With a
20% capital recovery factor, this translated to an annual carrying cost of
$320/MW-mi-yr.

e Transmission losses on new intra-area facilities were assumed to be 1% per 100
miles, based on the distances between the center coordinates of the transmission
areas.

e Transmission cost included a proxy for the cost of In Area transmission required
to “collect” the energy from geographically diverse plants in exporting areas. A
cost of 5% per 100 miles was applied to the distances from the plants to the
center coordinates of the wind plants in the area.

Using this algorithm, the Mega Project scenario was developed to minimize the cost of
generation equipment, new transmission, and losses. In addition to a list of wind and
solar sites, the algorithm produced a set of inter-area transmission capacity
requirements. These requirements were then manually adjusted to reflect practical
constraints.
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The transmission system developed by algorithm was rationalized using engineering
judgment. Inter-area transfer requirements were rounded to match typical transmission
line ratings; 1000 MW for 345 kV ac circuit, 1600 MW for 500 kV ac circuit, and 3600 MW
for a 600 kV HVDC bipole were assumed. Inter-area transfer requirements that fell
significantly below these MW values were ignored.

Similarly, wind plants were rationalized to multiples of 30 MW and solar plants were
rationalized to multiples of 100 MW. This was necessary because of how the site-
swapping algorithm worked. It maintained constant wind and solar energy in the study
footprint. When the algorithm removed a less attractive 30 MW wind site in one area, it
replaced it with a higher capacity factor site in another area, which meant adding a site
smaller than 30 MW. Given this addition of fractional plants, it was necessary to round
the final results into multiples of 30 MW wind sites and 100 MW solar sites.

Figure 3.7 shows a map of the Mega Project scenario. Table 3.6 summarizes the
aggregated annual wind and solar energy for each area and Table 3.7 summarizes the
aggregated wind and solar plant ratings. The red numbers on the map represent the
total wind MW in each area. The change from the In Area scenario is shown in
parentheses. Wyoming has a total of 13,770 MW of wind generation, and increase of
11,430 MW over the In Area scenario. Arizona has a total of 1,890 MW of wind
generation, a decrease of 9,330 MW from the In Area scenario. It is economically
advantageous for Arizona to import wind energy from Wyoming, since the higher
capacity wind resources in Wyoming can more than compensate for the costs related to
transmitting the energy to Arizona.
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Figure 3.7 Map of Mega Project Scenario with Transmission Additions
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Table 3.6 Energy Summary for 30% Mega Project Scenario
Total
Load Wind CSP with Storage PV Renewable
Energy | Energy # Sites Energy # Sites Energy # Sites Energy
Area (GWh) [ (GWh) [(Used/Available)| (GWh) | (Used/Available)[ (GWh] | (Used/Available) (GWh)
Arizona 99,437 | 5433 63 /1091 5,503 15/38 1,690 11/16 12,626
Colorado East 61,372 | 7,899 83/1673 1,639 5/58 1,035 7/13 10,573
Colorado West 8,708 293 3/68 0 0/8 287 2/11 580
New Mexico 31,260 | 14,921 145/ 3062 1,533 4/35 929 6/19 17,383
Nevada 57,505 | 3,755 48/1591 1,457 4/45 320 2/10 5,532
Wyoming 27,697 | 53,758 459/8912 0 0/0 142 1/10 53,900
In Footprint 285,979| 86,059 801/16397 10,132 28/184 4,403 29/79 100,594 352 %
Total
Load Wind CSP with Storage PV Renewable
Energy | Energy # Sites Energy # Sites Energy # Sites Energy
Area (GWh) | (GWh) | (Used/Available) | (GWh) | (Used/Available) | (GWh) | (Used/Available) (GWHh)
CcOoB 1,759 394 6/155 294 1/22 142 1/2 830
Idaho East 6,907 1,406 26/185 0 0/0 142 1/8 1,548
Idaho Southwest 17,962 3,658 50/ 448 0 0/0 132 1/5 3,790
Montana 14,143 2,873 35/1194 0 0/0 127 1/14 3,000
Northern California | 128,935 25,812 393/472 2,726 8/26 1,117 8/30 29,655
Northwest 178,359 | 35,733 431/3195 0 0/0 1,645 13/54 37,378
Southern California | 224,197 | 44,890 483/1916 8,957 23/85 2,050 13/39 55,897
Utah 38,022 7,658 91/ 554 937 3/24 303 2/14 8,898
Out of Footprint 610,284 | 122,424 1515/8119 12,914 35/157 5,658 40/ 166 140,996 23.1 %
[Total | 896,263] 208,483] 2316/24516 | 23,046 63/341 [ 10,061] 69/245 | 241,590 | 27.0 %
Table 3.7 Power Summary for 30% Mega Project Scenario
Load Wind CSP with Storage PV Total Renewable
Minimum | Maximum | Rating Penetration | Rating|  Penetration | Rating|  Penetration Rating|  Penetration
Area (MW) (MW) (MW) | % Min | %Max [ (MW) | % Min | % Max | (MW) | % Min | % Max [ (MW) | % Min | % Max
Arizona 6,995 23,051 1890 | 27% 8% 1,500 | 21% 7% 1,100 | 16% 5% 4,490 | 64% 19%
Colorado East 4,493 11,589 2490 | 55% 21% 500 11% 4% 700 16% 6% 3690 | 82% 32%
Colorado West 712 1,526 90 13% 6% 0 0% 0% 200 28% 13% 290 41% 19%
New Mexico 2,571 5,320 4,350 | 169% 82% 400 16% 8% 600 23% 11% 5350 | 208% | 101%
Nevada 3,863 12,584 | 1,440 | 37% 11% 400 10% 3% 200 5% 2% 2,040 | 53% 16%
Wyoming 2,369 4,016 13,770] 581% | 343% 0 0% 0% 100 4% 2% 13,870] 586% | 345%
In Footprint 21,249 58,087 [24,030| 113% | 41% | 2,800 | 13% 5% 2,900 | 14% 5% 129,730| 140% 51%
Load Wind CSP with Storage PV Total Renewable
Minimum| Maximum| Rating| Penetration | Rating| Penetration | Rating| Penetration [ Rating| Penetration
Area (MW) (MW) (MW) | % Min | %Max | (MW) | % Min | % Max | (MW) | % Min | % Max | (MW) | % Min | % Max
coB 138 294 180 131% 61% 100 73% 34% 100 73% 34% 380 276% | 129%
Idaho East 460 1,365 780 170% 57% 0 0% 0% 100 22% 7% 880 191% 64%
Idaho Southwest 1,188 3,592 1,500 | 126% 42% 0 0% 0% 100 8% 3% 1,600 | 135% 45%
Montana 1,149 2,337 1,050 91% 45% 0 0% 0% 100 9% 4% 1,150 | 100% 49%
Northern California 10,297 28,319 |11,790| 114% 42% 800 8% 3% 800 8% 3% 13,390| 130% 47%
Northwest 14,278 30,953 | 12930 91% 42% 0 0% 0% 1,300 9% 4% 14,230| 100% 46%
Southern California 9,557 26,864 | 14,490 152% 54% 2,300 24% 9% 1,300 14% 5% 18,090| 189% 67%
Utah 2,263 7,274 2,730 | 121% 38% 300 13% 4% 200 9% 3% 3,230 | 143% 44%
Out of Footprint 46,328 119,696 |45,450| 98% 38% | 3,500 8% 3% 4,000 9% 3% |52,950| 114% | 44%
Total | 67,577 | 177,783 [69,480] 103% | 39% [6,300] 9% | 4% [6,900] 10% | 4% [82,680] 122% | 47%

3.3 Development of Local Priority Scenario

The Local Priority scenario was developed from the In Area scenario using the same
algorithm and assumptions as for the Mega Project scenario. The only difference was
that the capital cost of In Area wind and solar generation was assumed to be 10% lower
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than for remote wind and solar sites in other areas. This served as a proxy for local
incentive programs that would produce local social benefits such as jobs and tax
revenue.

Figure 3.8 shows a map of the Local Priority scenario. Aggregated wind and solar
generation energy and MW ratings for each area are shown in Table 3.8 and Table 3.9.

The distribution of wind and solar resources in the Local Priority scenario is about half-
way between the In Area scenario and the Mega Project scenario. Of the three major
scenarios in this study, the project team considers this to be the most realistic. It seems
likely that states will want to produce a significant portion of their required renewable
energy locally. But given the extraordinary quality of the wind resources in Wyoming
and a few other locations, it seems likely that some renewable energy will be exported to
other states.
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Figure 3.8 Map of Local Priority Scenario with Transmission Additions

Other power and energy summary tables for 10% and 20% penetration levels are
included in Appendix A.
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Table 3.8 Energy Summary for 30% Local Priority Scenario
Total
Load Wind CSP with Storage PV Renewable
Energy | Energy # Sites Energy # Sites Energy # Sites Energy
Area (GWh) | (GWh) | (Used/Available) | (GWh) | (Used/Available) [ (GWh) [ (Used/Available) (GWh)
Arizona 99,437 | 21,138 257/1091 3,735 10/38 1,548 10/ 16 26,421
Colorado East 61,372 | 15320 155/1673 2,252 7/58 1,038 7/13 18,610
Colorado West 8,708 1,736 19/68 564 2/8 151 1/11 2,451
New Mexico 31,260 | 10,047 99/3062 1421 4/35 473 3/19 11,941
Nevada 57,505 | 9,101 115/1591 2,161 6/45 773 5/10 12,035
Wyoming 27,697 | 28,716 247 /8912 0 0/0 420 3/10 29,136
In Footprint 285,979| 86,058 892 /16397 10,133 29/184 4,403 29/79 100,594 352 %
Total
Load Wind CSP with Storage PV Renewable
Energy | Energy # Sites Energy # Sites Energy # Sites Energy
Area (GWh) | (GWh) | (Used/Available) | (GWh) | (Used/Available) | (GWh) [ (Used/Available) (GWh)
coB 1,759 394 6/155 294 1/22 142 1/2 830
Idaho East 6,907 1,406 26/185 0 0/0 142 1/8 1,548
Idaho Southwest 17962 | 3,658 50/ 448 0 0/0 132 1/5 3,790
Montana 14,143 | 2873 35/1194 0 0/0 127 1/14 3,000
Northern California | 128,935| 25,812 393/472 2,726 8/26 1,117 8/30 29,655
Northwest 178359 35,733 431/3195 0 0/0 1,645 13/54 37,378
Southern California | 224,197 | 44,890 483 /1916 8,957 23/85 2,050 13/39 55,897
Utah 38,022 | 7,658 91/554 937 3/24 303 2/14 8,898
Out of Footprint 610,284 122,424 1515/8119 12,914 35/157 5,658 40/ 166 140,996 23.1 %
Table 3.9 Power Summary for 30% Local Priority Scenario
Load Wind CSP with Storage PV Total Renewable
Minimum | Maximum | Rating | Penetration | Rating [ Penetration | Rating | Penetration | Rating | Penetration
Area (MW) (MW) (MW) | % Min| %Max| (MW) | % Min| % Max| (MW) | % Min| % Max| (MW) [ % Min| % Max
Arizona 6,995 23,051 7,710 | 110% | 33% | 1,000 | 14% 4% 1,000 | 14% 4% 9,710 | 139% | 42%
Colorado East 4,493 11,589 4,650 | 103% | 40% 700 16% 6% 700 16% 6% 6,050 | 135% | 52%
Colorado West 712 1,526 570 | 80% | 37% | 200 | 28% | 13% 100 | 14% 7% 870 | 122% | 57%
New Mexico 2,571 5320 2970 | 116% | 56% 400 16% 8% 300 12% 6% 3,670 | 143% | 69%
Nevada 3,863 12,584 3450 | 89% | 27% 600 16% 5% 500 13% 4% 4,550 | 118% | 36%
Wyoming 2,369 4,016 7,410 | 313% | 184% 0 0% 0% 300 13% 7% 7,710 | 325% | 192%
In Footprint 21,249 58,087 26,760 | 126% | 46% | 2,900 | 14% 5% 2,900 | 14% 5% | 32,560 153% | 56%
Load Wind CSP with Storage PV Total Renewable
Minimum | Maximum | Rating [ Penetration | Rating [ Penetration [ Rating | Penetration [ Rating | Penetration
Area (MW) (MW) (MW) | % Min [ %Max| (MW) | % Min| % Max| (MW) [ % Min| % Max| (MW) [ % Min| % Max
coB 138 294 180 | 131% | 61% 100 73% 34% 100 73% 34% 380 | 276% | 129%
Idaho East 460 1,365 780 | 170% | 57% 0 0% 0% 100 22% 7% 880 | 191% | 64%
Idaho Southwest 1,188 3,592 1,500 | 126% | 42% 0 0% 0% 100 8% 3% 1,600 | 135% | 45%
Montana 1,149 2,337 1050 | 91% | 45% 0 0% 0% 100 9% 4% 1,150 | 100% | 49%
Northern California 10,297 28319 | 11,790 | 114% | 42% | 800 8% 3% 800 8% 3% | 13390 130% | 47%
Northwest 14,278 30953 [ 12930 91% | 42% 0 0% 0% 1300 | 9% 4% | 14,230 100% | 46%
Southern California 9,557 26,864 14,490 | 152% | 54% | 2,300 | 24% 9% 1,300 | 14% 5% 18090 | 189% | 67%
Utah 2,263 7,274 2,730 | 121% | 38% 300 13% 4% 200 9% 3% 3,230 | 143% | 44%
Out of Footprint 46,328 119,696 | 45,450 | 98% | 38% | 3,500 | 8% 3% 4,000 9% 3% |[52,950] 114% | 44%
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4 Statistical Analysis: Seasonal Monthly, Daily Trends

One undeniable constant of power systems operation is that load is always changing —
second-to-second, minute-to-minute, hourly, seasonally and yearly. The variability of
load (or the degree to which it changes) is dependent on a wide range of factors, not the
least among them being human behavior. The key goal of power systems operation is to
maintain the crucial balance between system load and dispatchable generation.

As the amount of variable resources like wind and solar generation increases on the
system, the balancing act becomes more intricate. Because they are not considered
“firm” generation, wind and solar output contribute to the “net load”! seen by the
balance of generation. As such, they increase the variability of the system load and
consequently the ramp and range requirements for units committed to meet the load.

The goal of this chapter is to statistically characterize the hourly variability of the load,
wind, solar, and net load in individual states/transmission areas, the study footprint,
and WECC. The analysis will begin with an overall examination of broad trends and
progressively delve into the nuances and implications of period-to-period changes.

As discussed earlier in Chapter 2, there is a tremendous amount of data available for
analysis. The breakdown from a statistical point-of-view is as follows

e Three data years (2004, 2005, 2006)
® 14 transmission areas (6 in study footprint, 8 outside) comprising 108 load zones
® Four penetration levels (baseline, 10%, 20%, 30%)

® Three study scenarios (In Area, Local Priority, Mega Project)

These cases taken together lead to 504 unique combinations that could potentially be
analyzed. This is shown graphically in Figure 4.1 below. For example, a plot of the
average daily load, wind and solar profiles for year 2006 in Arizona for the 30%
penetration level in the LP scenario may be interesting, but is only one of 504 such plots
that convey similar information for other years, states, penetration levels and scenarios.
Since it would be prohibitive to present this level of detail, the chapter focuses on
meaningful representative samples of the analyses. Most often (though not always), the
statistical characterization is illustrated using 2006 data, the LP scenario, 30%
penetration level and the in-footprint states (blue path in Figure 4.1). The reasons for this
are discussed throughout the chapter. Other illustrative charts and data are included in
the appendices. However, even the appendix material is selected to give a broad

! Net load is defined as the instantaneous system load, minus the generation output of non-
dispatchable wind and solar generation (Load-Wind-Solar), i.e. net load is the amount of
generation required from dispatchable units.
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overview of the work, as opposed to exhaustive detail of every chart and graph
produced in the study.

Northwest
SocCal
uT

Figure 4.1 Graphical Representation of Statistical Study Permutations and Most Often Used Path

4.1 Monthly Energy from Wind and Solar

As discussed Chapter 3, The wind and solar sites were selected within the WECC region
to produce the 10%, 20%, and 30% penetration levels under the three scenarios IA, LP
and MP. Table 4.1 describes the wind and solar combinations for the penetration levels.
For the 30% penetration level under the IA scenario, wind sites are selected such that the
aggregate name-plate wind can supply on average 30% of the annual load energy inside
the footprint and 20% of the annual load energy outside the footprint. Similarly CSP and
PV sites are chosen to supply 5% of the annual load energy inside the footprint and 3%
outside.

However, due to the variable nature of the wind and solar resources, one would not
expect that they would meet 35% of the load energy at all times. A key question
examined is this section is, what is the monthly/seasonal and yearly variation of wind
and solar energy within footprint and across states/areas, and how closely does it
correspond to the expectation in Table 4.1?
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Table 4.1 Wind and Solar2 Combinations for Various Penetration Levels

Penetration Level | Wind and Solar Energy (% of Load)

30% 30% Wind, 5% Solar In Footprint
20% Wind, 3% Solar Out of Footprint

20% 20% Wind, 3% Solar In Footprint
10% Wind, 1% Solar Out of Footprint

10% 10% Wind, 1% Solar In Footprint
10% Wind, 1% Solar Out of Footprint

4.1.1 Year-to-Year Comparison

Earlier in Chapter 3, wind and solar site selection was discussed, and Table 3.1 listed the
annual wind energy by state in 2004, 2005 and 2006 for the 30% In-Area scenario. At the
footprint level, the total annual wind and solar energy only varies slightly between
years, but more variation is expected at higher spatial and temporal resolutions.

Figure 4.2 shows the study footprint monthly energy from wind and solar for 2004, 2005,
and 2006 wind shapes in GWh. Figure 4.3 plots the monthly energy as a percentage of
load energy in the month. In both plots the green sections of each bar indicate monthly
energy from wind, the orange sections indicate monthly energy from CSP, and the
magenta sections indicate monthly energy from PV. The height of the bar gives the total
renewable energy for each month of the year. For illustration, the 30% penetration level
for the In-Area scenario is shown. Similar plots for the other penetration levels and
scenarios are included in Appendix B.

The data in the plots above (and Table 4.2 two pages over) and clearly indicate two
salient points (1) there is significant year-to-year variation in the total monthly energies,
and (2) 30% is not always 30%!

On the first point, overall, there is 5% more wind and solar energy in 2006 than 2004, but
the seasonal differences are even more evident. During winter and early spring there is
over 30% more energy from 2006 wind and solar than for the same period in 2004.
Conversely, in the late spring to summer period there is over 20% more wind and solar
energy in 2004 than 2006. The highest monthly total energy (11,651 GWh) is recorded in
March 2006, and the lowest (5,022 GWh) occurs in August 2006. The 2006 data posses
much more dynamic range and deviation than other years, which makes 2006 a good
year to illustrate the statistical variability.

On the second point, Figure 4.3 clearly shows the seasonal characteristic of the wind and
solar energy and highlights its relationship to the load variation (this will be explored

2 Solar mix is 70% concentrating solar plant with storage (CSP w/s) and 30% photo-voltaic (PV)
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further in Section 4.3. Over each year, wind energy is 30% of the load, and solar energy
is 5%, but the monthly penetration varies significantly from season to season regardless
of the year. For example, in March and April 2006, wind and solar combine to meet 55%
of the load, but in July and August 2006, they combine to meet just 17%. This is partially
because the study footprint load is higher in summer than the fall, but also the wind
energy content tends to be more in the spring months and less in the summer (reverse
for solar). Later sections in this chapter will delve deeper into the load-wind coincidence
and the potential operational issues, particularly during low load, high wind hours.
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Figure 4.2 Total In-Footprint Monthly Energy from Wind and Solar for 2004 — 2006 (30% In Area Scenario)
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Figure 4.3 Total In-Footprint Monthly Energy from Wind and Solar for 2004 — 2006 (30% In Area Scenario)
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Table 4.2, summarizes the monthly energies for individual states in the study footprint
and the total footprint. This data supports the two salient points made earlier discussion.
Within each area, there is significant year-to-year variation in the total monthly energies,
and in some months, the energy penetration in certain states is well over 30%. The
second point is discussed further in Section 4.1.3.

Table 4.2 Monthly Energy Summary for 2004, 2005, and 2006, 30% In Area Scenario

2004 GWh

Jan Feh Mar Apr May Jun Jul Aug Sep Oct Nov Dec
AF 1,779 2681 2637 3638 4273 2812 2020 2,207 3023 3519 2,356 2,890
CE 1,891 1580 2,194 1,708 2489 1510 1,284 1,401 1,781 1850 1,199 2413
CW 227 208 338 284 433 280 236 231 278 283 132 328
NM 858 895 1,061 1,011 1,191 829 654 773 978 963 658 1,058
NV 1,204 1570 1,767 1,845 2,302 1,601 1.404 1,496 1,430 1876 956 2,046
Wy 951 B2 953 637 955 609 528 513 582 640 4585 1072
FP 5,570 7 546 8,951 9222 11643 7 541 5,127 5,620 8,082 9,131 5,527 9,807
2005 GWh

Jan Feh Mar Apr May Jun Jul Aug Sep Oct Nov Dec
AF 2577 2510 4,085 4,083 3510 3,810 2410 14574 3,080 2542 3,268 2,376
CE 1,935 14512 2,002 2,085 1873 1,901 1,294 1,112 1,654 1,505 2414 2,569
CW 250 217 307 321 329 339 229 196 301 228 325 351
NM 1,103 754 1,127 1,139 956 1,017 788 586 926 884 1,099 993
NV 1,556 1083 1,995 2,036 1,748 2,188 1,345 1,065 1,656 1,359 1,724 1.751
Wy 914 549 853 643 673 663 477 500 601 590 1,168 1,186
FP 8,737 6564 10,339 10,347 9,088 9817 5574 5,037 8,217 7208 9,597 9,232
2006 GWh

Jan Feh Mar Apr May Jun Jul Aug Sep Oct Nov Dec
AF 3657 2,890 4,629 4,213 3,261 2,440 1723 1,568 2,234 2588 2816 2430
CE 249 2401 2,208 2,236 1,761 1,500 1047 523 1514 1917 2,083 2,018
CW 340 340 323 396 288 273 167 166 225 271 31 255
NM 1,156 994 1,269 1,198 853 802 721 566 850 1023 1,052 933
N 2,325 1657 2,485 2461 1,738 1,602 1,237 1528 1,279 1415 2,099 1670
Wy 1,167 1087 736 765 B30 544 358 371 588 814 EE) 916
FP 11,135 9370 11651 11,269 8592 7,162 5253 5,022 5,700 8429 9,352 8,222

4.1.2 Scenario Comparison

For the three study scenarios, suitable wind and solar sites were selected based on a
number of factors, as discussed in Chapter 3. The distribution of the sites, capacity
factor, and diversity are distinct enough to impact the overall energy profile. Figure 4.4
and Figure 4.5 plot the footprint total and percent monthly energy from wind and solar
for the three scenarios, in 2006 for 30% penetration.

From a total and percent energy viewpoint, there is a much greater difference from
month to month than from scenario to scenario. In fact, it’s safe to say that there is
relatively little difference among scenarios at this resolution. Having said that, the Mega
Project scenario exhibits slightly more dynamic range over the year, with 58% energy
from wind and solar in January, and 14% in July.
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Figure 4.4 2006 Total In-Footprint Monthly Energy from Wind and Solar for all Scenarios (30% Penetration)
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4.1.3 State-by-State Comparison

The monthly energy at the footprint level tends to obscure some interesting differences
among the states, due to size variances. Chapter 3 summarized the wind and solar

energy in each state

for the three scenarios. Figure 4.6 and Figure 4.7 plot the total

monthly energy in Arizona and Wyoming for the 30% Local Priority scenario. The
numbers above the bars indicate the renewable energy as a percent of the state load

energy.
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Figure 4.6 2006 Arizona Total and Percent Monthly Energy from Wind and Solar (30% LP Scenario)
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Figure 4.7 2006 Wyoming Total and Percent Monthly Energy from Wind and Solar (30% LP Scenario)

These two states are chosen for illustration because they have just about the same
amount of installed wind capacity but are polar opposites with regard to the size of the
load and the quality of wind and solar resources. As expected, the seasonal patterns
observed at the footprint level are evident at the state level, but there is a dramatic
difference in the monthly energy penetration. During the fall and winter months, wind
and solar energy is well over 100% of Wyoming's load energy, reaching almost 200% in
January. Similar wind capacity in Arizona, gives a high penetration value of less than
50% in March. This highlights the fact that a large amount of wind in a small area could
lead to challenging operational issues, but larger balancing areas can better
accommodate high wind penetration. This point is emphasized even more clearly by the
data in Table 4.3. The table summarizes the percent monthly energy from wind and
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solar for individual states in the study footprint, the total study area, and all of WECC.
The areas are arranged in order of increasing size (load) from left to right.

Table 4.3 Summary of 2006 Percent Monthly Energy from Wind and Solar (30% Wind Energy in Footprint)

IA Scenario

CO-W WY NM CO-E NV Ariz FP WECC
Jan A47% 52% 45% 50% 54% 50% 50% 37%
Feb 53% 50% 44% 51% 48% 50% 49% 34%
Mar A47% 33% 53% 45% 60% 66% 54% 37%
Apr 62% 37% 51% 51% 60% 61% 55% 37%
May 40% 31% 33% 35% 34% 36% 35% 29%
Jun 36% 24% 27% 27% 30% 22% 26% 22%
Jul 18% 14% 24% 17% 17% 13% 16% 16%
Aug 20% 16% 20% 14% 24% 13% 17% 17%
Sep 35% 30% 35% 34% 27% 23% 28% 22%
Oct 40% 34% 42% 38% 31% 40% 37% 27%
Nov A47% 43% 41% 43% 57% 40% 45% 32%
Dec 33% 36% 34% 36% 35% 31% 34% 25%
LP Scenario

CO-W WY NM CO-E NV Ariz FP WECC
Jan 34% 189% 48% 42% 30% 37% 54% 38%
Feb 38% 168% 47% 44% 28% 38% 53% 35%
Mar 33% 110% 56% 38% 31% 49% 50% 35%
Apr 45% 125% 54% 43% 35% 46% 52% 36%
May 30% 88% 35% 30% 21% 27% 33% 28%
Jun 28% 63% 28% 24% 19% 17% 24% 22%
Jul 14% 35% 25% 15% 10% 10% 15% 15%
Aug 16% 45% 21% 13% 14% 10% 16% 16%
Sep 27% 96% 37% 29% 17% 18% 29% 22%
Oct 29% 118% 45% 33% 21% 31% 40% 27%
Nov 35% 147% 44% 37% 32% 30% 46% 33%
Dec 23% 133% 36% 30% 20% 23% 37% 26%
MP Scenario

CO-W WY NM CO-E NV Ariz FP WECC
Jan 8% 481% 73% 23% 12% 14% 59% 39%
Feb 9% 433% 71% 24% 13% 16% 56% 36%
Mar 8% 410% 82% 21% 13% 19% 46% 34%
Apr 11% 433% 78% 24% 16% 21% 49% 35%
May 8% 280% 49% 17% 10% 15% 31% 28%
Jun 7% 216% 39% 14% 9% 11% 22% 21%
Jul 4% 121% 33% 10% 5% 8% 14% 15%
Aug 4% 131% 29% 9% 7% 8% 16% 16%
Sep 7% 265% 53% 18% 8% 11% 31% 23%
Oct 7% 345% 64% 19% 10% 13% 41% 27%
Nov 8% 388% 67% 19% 13% 13% 49% 34%
Dec 6% 334% 60% 17% 8% 9% 42% 28%

In the Mega Project scenario, most of the wind capacity inside the study footprint is
installed in Wyoming and New Mexico (13,770 MW and 4,350 MW respectively). This
leads to large penetration levels in the winter and spring months, as shown in the
bottom section of Table 4.3. In January, wind and solar energy is 481% of Wyoming's
load energy. However, the penetration on a footprint-wide basis is 59% and 39% on a
WECC-wide basis. Again, this reinforces the argument that balancing over a wider area
would mitigate some of the variability issues that lead to operation difficulties. The next
section uses duration plots to more closely examine some of these high wind, low load
periods.
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4.2 Yearly Duration Trends

The ability of the system to accommodate net load variations is in large part a function
of the absolute net load level. Since system maneuverability tends to increase with the
generation level, and vice versa, the generation mix is more flexible at high load hours
and less flexible at low load hours. Past studies have shown, that during the hours when
load is lowest, there tends to be more wind energy, which could lead to minimum load
issues at high wind penetration levels. This section will examine the duration of wind
and solar over the year and the correlation of net load variability with load levels
throughout the year. For clarity and brevity, most of the charts and discussion will focus
on year 2006, the 30% penetration level, the study footprint and a few selected states.
Information on other years, penetration levels and states are included in Appendix B.

4.2.1 Wind Duration

Figure 4.8 below shows the 2006 wind duration plots for all three scenarios at the 30%
penetration level. Each division on the x-axis represents deciles, or 10% of the yearly
hours (876 hours). The highest instantaneous penetration achieved in the year is listed in
the inset box.
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Figure 4.8 2006 Study Footprint Wind Duration Plots for all Three Scenarios (30% Penetration)

Not surprisingly, of the three, the In-Area scenario has the highest instantaneous
penetration. There are 24 hours with over 100% instantaneous penetration, versus 5
hours for the LP scenario and none for the MP. This is due to the fact that the IA scenario
has more installed capacity than the other scenarios. However, it tends to drop more
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steeply than the others because the overall energy content of the wind resource is not as
good as the other scenarios.

This is more clearly shown in Figure 4.9, which plots the same traces normalized as a
percent of nameplate wind. It is clear that there is a distinct separation of traces due to
difference in quality of wind resources. The IA scenario trace drops quite a bit faster
than the MP trace, because there are more hours in the year when the wind output is
high in the MP scenario. The MP wind is at or above 50% of nameplate capacity for 40%
of the year, or 3504 hours. By comparison, the IA wind is at or above 50% of nameplate
capacity for only 22% of the year, or 1927 hours. The LP scenario, as expected, is
somewhere in between the IA and MP. On the flipside, all three scenarios exhibit similar
characteristics at the low end. IA, LP and MP wind are less than 10% of nameplate
capacity for approximately 10% of the yearly hours. Both Figure 4.8 and Figure 4.9
highlight the fact that the real difference between the three wind scenarios is at the mid-
range to high wind levels.
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Figure 4.9 2006 Study Footprint Wind Duration Plots Normalized as % of Nameplate Wind

As pointed out in Chapter 3, the wind profiles for the 20% and 30% penetration levels
were created by adding new sites to the 10% profile. For the each of the three scenarios,
the 10% profiles generally contain the best available sites in terms of energy content. For
the 20% and 30% profiles, the next best sites are added, subject to the rules of the site
selection algorithm for the particular scenario.

The differences between the 10%, 20% and 30% penetration profiles for the Local

Priority scenario are shown by the yearly duration plots in Figure 4.10. Each division on
the x-axis represents deciles, or 10% of the yearly hours (876 hours).
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Figure 4.10 2006 Study Footprint Wind Duration Plots for all Three Penetration Levels (LP Scenario)

The data underscore the fact that high instantaneous wind penetrations can be achieved
during the year even for the lowest energy penetration level. Figure 4.11 shows the
duration plots normalized as a percent of nameplate wind capacity. The difference
between the traces is small but nevertheless observable. The 10% profile is at or above
50% capacity for 22% of the year, while the 30% profile is at or above 50% capacity for
30% of the year.
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Figure 4.11 2006 Study Footprint Wind Duration Plots Normalized as % of Nameplate Wind

41



DRAFT Do not distribute or cite 12-31-09

At the state/area level, one would expect the difference between individual wind
profiles to be significant for all three scenarios. Figure 4.12 plots the 2006 wind duration
curves for all states/areas in the footprint for the 30% Local Priority scenario. Figure 4.13
shows the same traces normalized as a percentage of the installed wind capacity in the
area. The highest instantaneous penetration achieved in the year is listed in the inset box
on Figure 4.12.
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Figure 4.12 2006 In-Footprint Area Wind Duration Plots for the 30% LP Scenario
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Figure 4.13 2006 In-Footprint Area Wind Duration Plots Normalized as % of Nameplate Wind
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Recall that for the Local Priority scenario, Arizona and Wyoming have the largest
installed base of wind while Colorado West and New Mexico have the least. On Figure
4.12, the states/areas are arranged by load size (smallest to largest) in the legend. It is
fairly obvious why Wyoming (with big wind and small load) would have very high
instantaneous wind penetration (286%) during the year, while Arizona (big wind and
big load), does not rise to this penetration level — though it’s still very high at 101%. On
the other hand Colorado West, despite the relatively small installed wind capacity, still
has a fairly high instantaneous penetration due to the small load in the area.

The slope of the traces, especially in Figure 4.13, gives some insight into the quality of
installed wind in each area for the LP scenario. Generally, the flatter the trace, the higher
quality the wind resource. In Figure 4.13, Arizona has the steepest trace, while Wyoming
has the flattest, confirming what we already know about the quality of the wind in these
states for the LP scenario. The most curious trace is Colorado East which is fairly steep
in the first decile, but flattens out considerably for other deciles — meaning wind in
Colorado-East spends more time in 20% to 80% of nameplate range, than wind in other
areas.

4.2.2 Solar Duration

Figure 4.14 shows the 2006 yearly duration and instantaneous penetration for the study
footprint CSP under the 30% Local Priority scenario. The orange trace is the CSP output
plotted against the left axis, and the blue trace is the instantaneous penetration plotted
against the right axis.
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Figure 4.14 2006 Study Footprint CSP Duration and Penetration for the 30% LP Scenario

For the LP 30% scenario, sufficient CSP capacity is installed to supply only 3.5% of the
load energy. However, over the course of the year, the instantaneous CSP penetration

43



DRAFT Do not distribute or cite 12-31-09

reaches 11.5%, and is in fact greater than or equal to 5% for about 35% of the year. The
CSP duration curve is strongly influenced by the built-in six hours of storage. This is
evidenced by the fact that the orange trace is convex-shaped, so that it persists longer at
its peak and rolls off quickly thereafter. With 2,900 MW of installed CSP (with storage)
capacity, the output is at or above 2,500 MW for 20% of the year. However, this rolls off
very quickly, such that CSP output is at or above 500 MW only 54% of the year. There is
no output for 40% of the year, the hours when it’s dark and storage is exhausted.

Figure 4.15 shows the 2006 yearly duration and instantaneous penetration for the study
footprint PV under the 30% Local Priority scenario. The purple trace is the PV output
plotted against the left axis, and the blue trace is the instantaneous penetration plotted
against the right axis.
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Figure 4.15 2006 Study Footprint PV Duration and Penetration for the 30% LP Scenario

PV resources are installed to supply 1.5% of load energy, but like the CSP, PV output
also reaches a relatively high penetration of 7.3% during the year. A key difference
between the two, however, is that PV has no storage so it tends to have a sharper peak
than CSP (this will discussed further in the next section) and a more gentle roll-off. The
purple trace in Figure 4.14 tends to drop very steeply during the peak output hours, but
then ramp more gradually toward zero output. With 2,900 MW of installed PV capacity,
the output is at or above 1,250 MW for 20% of the year, and at or above 500 MW only
38% of the year. There is no PV output for 50% of the year, 10% more zero output hours
than CSP, which is extended by the storage capacity.

4.2.3 Net Load Duration

The wind and solar duration in isolation may be interesting and may give some insight
into the quality of the resources, but the main goal is to determine their impact on load
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variability and, by extension, generation requirements. The net load duration is more
useful for looking at the trend in the coincident combinations of load, wind and solar
over the year. As discussed earlier, net load is determined by subtracting the hourly
chronological wind and solar generation from the corresponding hourly load. The data
are then sorted to produce the net load duration curve for the year.

Figure 4.16 shows the 2006 study footprint net load duration curves for the In-Area
scenario. The magenta trace is for the baseline or existing wind and solar, and the others,
green, orange and blue, are for the 10%, 20% and 30% penetration levels respectively.
The inset boxes list the maximum and minimum net load observed during the year for
each penetration level. The horizontal black trace indicates the minimum load point
(without existing wind) for the year.
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Figure 4.16 Study Footprint 2006 Net Load Duration for the In-Area Scenario

The duration curves illustrate the impact of increasing amounts of wind and solar
generation on net load, especially during low load hours (the tenth decile). Over the
year, regardless of wind penetration, there are several hours when net load dips below
the minimum load point (22,169 MW). For the baseline, this is 1.68% of the year or 147
hours, but for 30% penetration it is 57% of the year or almost 5000 hours. Now, there
may be nothing inherently critical about this minimum load threshold. The system may
be able to operate well below this load level, but it simply serves as a reference point for
illustration. During the absolute minimum net load hour for 30% penetration, the wind
and solar generation push the net load down to —2,914 MW. In other words, during that
hour there is 2,914 MW more renewable generation alone than load on the system
footprint! Clearly, the footprint system must either export to the rest of WECC or spill
renewable generation. This is an “interesting” operating problem to have, and it gets
even more “interesting” at the state/area and zone level, especially if each area or zone
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has to provide ancillary services to integrate these resources. Chapter 6, Operational
Analysis, will demonstrate the system impact on this day and other challenging days,
and discuss strategies to improve operations.

As we have seen earlier, the statistical character of the net load at the footprint level is
not altogether dissimilar for the three scenarios (differences become more stark at the
state level, as will be shown later). Figure 4.17 plots the 2006 study area net load
duration curves for the three scenarios at 30% penetration on one chart. The figure also
includes call-outs with the top and bottom ten percent of load hours, as well as the
median load hours.
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Figure 4.17 Study Footprint 2006 Net Load Duration for all Scenarios (30% Penetration)

The charts confirm that there is no significant differentiation between the three scenarios
at the footprint level. During the low load hours a similar challenge is presented by all
three scenarios. For the minimum load hour, the LP net load is —1,245 MW and the MP
net load is 1,014 MW — not that much different qualitatively from the IA net load in that
hour. The number of hours that net load is below the minimum load point is basically
the same in all three scenarios, as is the maximum net load observed during the year.

The next few charts plot the 2006 net load duration curves for the three different
scenarios in three selected states: IA in Arizona, LP in New Mexico, and MP in
Wyoming. This combination of states and scenarios is selected to give a flavor of the
stress imposed at the area level by the various scenarios.
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In each of these states, the wind and solar output has an increasingly dramatic impact on
the net load. In Arizona there is enough wind to supply 30% of Arizona’s load. Since
Arizona is a fairly large state and the wind resources are not particularly great (in terms
of capacity factor), this leads to a large installation base and potential operation
difficulties when the load is low. In Figure 4.18, for 30% penetration, Arizona’s net load
is below the observed state minimum load 45% of the year, and the minimum net load is
almost -5,000 MW (wind and solar output is 5,000 MW more than load). In New Mexico,
under the LP scenario, the installed wind and solar capacity pushes down the minimum
load point considerably, as shown in Figure 4.19. For 30% penetration, New Mexico’s
net load is below the state minimum load 60% of the year. In Wyoming under the MP
scenario, most of the wind resources are installed to supply load elsewhere in the
footprint. With this large base of installed wind on a small load footprint, Figure 4.20
shows the resulting net load duration curves. The load in Wyoming is completely
dominated by wind and solar generation even at the 10% penetration level. For 30%
penetration, the net load is below the Wyoming minimum load 90% of the time, and is
in fact negative for 65% of the year. The minimum net load observed under this scenario
is about 10,400 MW. Needless to say, for Wyoming to balance this wind with
generation resources in Wyoming is impossible. However, balancing on a wider area,
regional, footprint or WECC-wide is more operationally tenable, and will be discussed
further in Chapter 6, Operational Analysis.
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