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INTRODUCTION

The focus of the Western Wind and Solar Integration Study (WWSIS) is to investigate the
operational impact of up to 35% energy penetration of wind, photovoltaics (PVs), and
concentrating solar power (CSP) on the power system operated by the WestConnect group
of utilities in Arizona, Colorado, Nevada, New Mexico, and Wyoming'. WWSIS was
conducted over two and a half years by a team of researchers in wind power, solar power,
and utility operations, with oversight from technical experts in these fields. This report
discusses the development of data inputs, the design of scenarios to address key issues,
and the analysis and sensitivity studies that were conducted to answer questions about the
integration of wind and solar power on the grid.

The technical analysis performed in

WESTCONNECT this study shows that it is operationally
WestConnect is a group of transmission providers that are feasible for WestConnect to accommodate
working collaboratively on initiatives to improve wholesale 30% wind and 5% solar energy penetration,

electricity markets in the West. Participants include Arizona
Public Service, El Paso Electric Co., NV Energy, Public Service
of New Mexico, Salt River Project, Tri-State Generation and
Transmission Cooperative, Tucson Electric Power, Western

assuming the following changes to current

practice could be made over time:

e Substantially increase balancing

o area cooperation or consolidation,

Area Power Administration, and Xcel Energy. .
real or virtual;

e Increase the use of sub-hourly
scheduling for generation and
interchanges;

e Increase utilization of transmission;

¢ Enable coordinated commitment
and economic dispatch of generation

over wider regions;

e Incorporate state-of-the-art wind and
solar forecasts in unit commitment
and grid operations;

* Increase the flexibility of dispatchable generation where appropriate (e.g., reduce
minimum generation levels, increase ramp rates, reduce start/stop costs or minimum
down time);

e Commit additional operating reserves as appropriate;

¢ Build transmission as appropriate to accommodate renewable energy expansion;

e Target new or existing demand response programs (load participation) to
accommodate increased variability and uncertainty;

e Require wind plants to provide down reserves.

In addition, suggestions for follow-on work to further explore these and additional
mitigation options are listed in the Conclusions and Next Steps section.

! WestConnect also includes utilities in California, but these were not included in WWSIS because California had already com-
pleted a renewable energy integration study for the state.

ES-1




BACKGROUND

WWESIS and its sister study, the Eastern Wind Integration and Transmission Study
(EWITS), follow the U.S. Department of Energy’s (DOE) 20% Wind Energy by 2030
Study that considered the benefits,

costs, and challenges associated

BALANCING AREAS

Balancing areas are responsible for balancing load and
generation within a defined area and maintaining
scheduled interchanges with other balancing areas.

with sourcing 20% of the nation’s
energy from wind power by 2030
[1, 2]. The study found that while
proactive measures were required,
no insurmountable barriers to
reaching 20% wind were identified. Thus, DOE and the National Renewable Energy
Laboratory (NREL) embarked upon WWSIS and EWITS to examine, in much greater
depth, whether there were technical or physical barriers in operating the grid with
20% wind. Solar power was included in WWSIS due to the significant solar resources
and solar development in the West.

Four of the five states in WestConnect have Renewables Portfolio Standards (RPS) that
require 15-30% of annual electricity sales to come from renewable sources by 2020-
2025. Additionally, WWSIS models the entire western interconnection, examining the
operating impact of up to 23% penetration of wind and solar in the rest of the Western
Electricity Coordinating Council (WECC). Most of the states in WECC have similar
RPS requirements and renewable energy growth in the region has been significant.

The study was designed to answer questions that utilities, Public Utility
Commissions, developers, and regional planning organizations had about renewable
energy use in the West:
e What is the operating impact of up to 35% renewable energy penetration and
how can this be accommodated?
e How does geographic diversity help to mitigate variability?
e How do local resources compare to remote, higher quality resources delivered
by long distance transmission?
¢ Can balancing area cooperation mitigate variability?
e How should reserve requirements be modified to account for the variability in
wind and solar?
e What is the benefit of integrating wind and solar forecasting into grid
operations?

e How can hydro generation help with integration of renewables?

WWSIS and its sister study EWITS build upon a large body of work on wind
integration [3-9]. Previous studies examined specific utilities or states, looking at the
impact of wind on operations in the regulation (seconds to minutes), load following
(minutes to hours), and unit commitment (hours to days) time frames. In these
studies, hypothetical wind and transmission build-outs were typically added to

the existing system, which was simulated or statistically analyzed over these time
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frames. These studies generally consider the impact of the variability of wind (due
to varying weather) and the uncertainty of wind (due to our inability to perfectly

forecast the weather). Even if the weather and the wind could be perfectly forecast,

STUDY ASSUMPTIONS
SCENARIO DEVELOPMENT:

e Specific energy targets for each of three technologies: wind, PV, and CSP were fixed. For ex-
ample, wind sites could not be traded out for CSP sites.

e A number of capital cost assumptions in 2008 dollars were used in determining the differ-
ent geographic scenarios: wind at $2000/kW, PV at $4000/kW, CSP with thermal storage at
$4000/kW, transmission at $1600/MW-mile, and transmission losses at 1% per 100 miles. No
tax credits are assumed or included.

e The geographic scenarios considered different interstate transmission build-outs and in-
cluded these costs in the scenarios. Incremental intra-state transmission build-outs were not
specified in this analysis. Existing transmission capacity is assumed to be unavailable for new
renewable energy generation only for the scenario development process.

e New transmission was undersized: 0.7 MW of new transmission was added for each 1.0 MW
of remote generation.

PRODUCTION SIMULATION ANALYSIS:

e All study results are in 2017 nominal dollars with 2% escalation per year.

e $2/MBTU coal; $9.50/MBTU natural gas.

* Carbon dioxide costs were assumed to be $30/metric ton of CO,,

e FExcept in cases where specified, extensive balancing area cooperation is assumed (see box
on page 19).

e The production simulation analysis assumes that all units are economically committed and
dispatched while respecting existing and new transmission limits and generator cycling ca-
pabilities and minimum turndowns.

e Existing available transmission capacity is accessible to renewable generation.

e Generation equivalent to 6% of load is held as contingency reserves — half is spinning and
half is non-spinning.

e The balance of generation was not optimized for renewables. Rather, a business-as-usual ca-
pacity expansion met projected load growth in 2017. Renewable energy capacity was added
to this mix, so the system analyzed is overbuilt by the amount of capacity value of the renew-
able plants.

e Increased O&M of conventional generators due to increased ramping and cycling was not
included due to lack of data.

e Renewable energy plant O&M costs are not included. Wind and solar are considered price-
takers.

e The hydro modeling did not reflect the specific climatic patterns of 2004, 2005, and 2006, but
rather a 10-year long term average flow per month.

e The sub-hourly modeling assumes a 5-minute economic dispatch.
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grid operators would still have to accommodate wind’s variability. It is important to
note that operators already manage variability and uncertainty in the load; wind and

solar add to that variability and uncertainty.

WWESIS was funded by DOE and was managed by NREL. The main partner in this
study was WestConnect. The project team included 3TIER Group (wind power
dataset, and wind and solar forecasts), State University of New York at Albany/Clean
Power Research (solar radiation dataset), Exeter Associates (data collection), Northern
Arizona University (wind validation and hydro), NREL (wind validation, and PV and
CSP power datasets), and GE (scenarios, and main technical / economic analysis). A
Technical Review Committee (TRC), composed of members of WestConnect utilities,
western utility organizations, and industry and technical experts, met eight times to
review technical results and progress. A broader stakeholder group, open to the public,
met five times to ensure study direction and results were relevant to western grid
issues. Interim and final results of this study have been vetted in approximately 30
public forums.

The study examined grid operation for the year 2017. That is, system loads and
generation expansion were projected to represent year 2017. While 35% renewable
energy penetration was not expected by 2017, this year was selected in order to start
with a realistic model of the transmission grid. 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.

WHAT THIS STUDY DOES AND DOES NOT COVER

While this study undertakes detailed analysis and modeling of the power system, it
was meant to be a complement to other in-depth studies:
e  WWSIS is an operations study, not a transmission planning study, although
different scenarios model different interstate transmission expansion options.
e WWSIS is not a cost-benefit analysis, even though wind and solar capital costs
were incorporated in scenario development. Rather WWSIS focuses on the
variable operational costs and savings due to fuel and emissions.
e WWSIS is not a reliability study, although analysis of the capacity value of wind
and solar was conducted to assess their contributions to resource adequacy.
A full complement of planning and operational electrical studies would be
required to more accurately understand and identify system impacts.
e WWHEIS does not address dynamic stability issues.
e WWSIS does not attempt to optimize the balance between wind and solar

resources. Wind and solar levels were fixed independently.
In 2017, it is anticipated that WestConnect and WECC will operate differently

from current practice. WWSIS assumed the following changes from current
operational practice:
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® Production simulations of WECC grid operations assume least-cost
economic dispatch in which all generation resources are shared equally and
not committed to specific loads. Except for California and Alberta, WECC
currently utilizes a bilateral contract market with long and short-term
contracts in which resources are contracted out to meet specific loads.

e Other than California and Alberta, WECC currently operates as 37 separate
balancing areas that utilize these bilateral contracts to balance their areas.
Except where specified, this study assumes five regional balancing areas in
WECC (Arizona-New Mexico, Rocky Mountain, Pacific Northwest, Canada
and California). WWSIS does not consider any power purchase agreements,
including those for renewables?.

e Except for California and Alberta, transmission in WECC is primarily
contractually obligated and utilized. Existing available transmission capacity
may be contractually obligated and not accessible to other generation. This
study assumes that existing available transmission capacity is accessible to
other generation on a short-term, non-firm basis.

e Pricing developed by production cost modeling can vary widely from
bilateral contract prices, and was not aligned or calibrated with current
bilateral contract prices. The incremental operations and maintenance (O&M)
costs in the report do not necessarily replicate escalated current costs in the

Western Interconnection.

In addition to these caveats, there are reasons that the study results tend toward the
conservative:

¢  WWSIS did not model a more flexible non-renewable balance of generation
than what exists and is planned in WECC today. If 20-35% variable generation
were to be planned in WECC, more flexible generation would be likely
planned as well, reducing the challenge that wind and solar place on
operation in this study.

e This study modeled the grid for the year 2017. If WWSIS were conducted for a
later year when 35% renewables would be more plausible, the power system
would likely have a larger load, more flexible balance of generation, and more
transmission, all of which would help to accommodate the renewables.

e The wind dataset used was conservative in terms of overestimating the actual
variability found in measured wind plant output.

e The base assumption of $9.50/ MBTU for gas means that gas is displaced,
which leaves coal (which in the West, is less flexible than gas) to accommodate

the variability of the renewables.

2 Thus, throughout this work, costs specifically and solely refer only to variable costs, i.e., fuel plus O&M plus carbon tax, that are
incurred during operation. Prices paid to individual generators are not reported.
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SCENARIOS

WIND, SOLAR, AND LOAD DATA

About 75 GW of wind generation sites were required for the study scenarios. Because
there are not adequate measurements of wind speed or wind power to model this
amount of wind generation, 3TIER Group employed a mesoscale Numerical Weather
Prediction (NWP) Model to essentially recreate the weather in a 3-dimensional physical
representation of the atmosphere in the western U.S. for the years 2004-2006. They

then sampled this model at a 2-km, 10-minute resolution and modeled wind plants
throughout this region, based on a Vestas V90 3-MW turbine. 3TIER Group also
developed day-ahead wind forecasts for each hour. Over 960 GW of wind sites were
modeled. The wind dataset is publicly available [10, 11].

Similarly, a lack of solar irradiance or power measurements led to the use of a satellite
cloud cover model to simulate the United States at a 10-km, hourly resolution [12].
Day-ahead hourly solar forecasts were also developed [10]. PV was modeled in 100-
MW blocks as distributed generation on rooftops because modeling information for
large, central station PV plants was not available at the time of the study. Over 15 GW
of PV plants were included in the dataset. Ten-minute variability was subsequently
added to the aggregate hourly outputs to create the 10-minute PV data.

CSP was modeled as 100-MW blocks of parabolic trough plants with six hours of
thermal storage. Over 200 GW of CSP plants were modeled in the dataset. Because the
CSP with thermal storage produces a very stable output, the 10-minute dataset was
created simply by interpolating the hourly dataset.

Hourly load-profile data for all operating areas in WECC were obtained from a Ventyx

database, and 10-minute load data were derived by interpolating the hourly data.
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SCENARIO DESCRIPTION

The WWSIS used a multidimensional scenario-based study approach to evaluate:
¢ Different levels of energy penetration for wind and solar generation, ranging
from 11% to 35%;
* Different geographic locations for the wind and solar resources;
e Awide array of sensitivities to assess issues such as fuel costs, operating
reserve levels, unit commitment strategies, storage alternatives, balancing

area size, etc.

Table 1 shows the four levels of wind and solar energy penetration assumed for the
study scenarios. The Preselected case includes that wind and solar capacity which
was installed by the end of 2008. The 10% case includes 10% wind energy (relative to
total annual load energy) and 1% solar energy (solar consisted of 70% CSP and 30%
PV) in the study footprint, as well as the rest of WECC. The 20% case includes 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% case includes 20% wind energy
and 3% solar energy in the study footprint, as well as the rest of WECC. The 30%
case 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 1 — WIND AND SOLAR ENERGY PENETRATIONS FOR WWSIS CASES WITH NAMING CONVENTION IN BLUE.

CASE NAME IN FOOTPRINT REST OF WECC
NAME WIND + WIND SOLAR WIND SOLAR
SOLAR

PRE-SELECTED CASE 3%* 3% * 2% *
10% CASE 1% 10% 1% 10% 1%
20% CASE 23% 20% 3% 10% 1%
20/20% CASE 23% 20% 3% 20% 3%
30% CASE 35% 30% 5% 20% 3%

* Existing solar embedded in load

Three geographic scenarios were developed to examine the tradeoff between: 1)
local resources that are closer to load, but have lower capacity factors and 2) remote
resources that have higher capacity factors, but require long distance transmission
to access loads. An algorithm was developed to select sites based on energy value,
capacity value, and geographic diversity according to criteria developed for

each scenario. Figure 1 shows maps of the study scenarios for the 30% case. Total
nameplate ratings of wind generation for each state are shown in blue; solar MW
ratings are shown in red. New transmission lines to increase interstate transfer
capability are shown in black. Significant intra-state transmission also needs to be
built to bring the renewable resources to the existing bulk transmission grid, but

WWSIS did not examine intra-state transmission.
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__In-Area Scenario Local-Priority Scenario
Fg;:tof - Fg;:tof -
5% OR 5 OR
7,500 7,500
@ Wind (MW) @ Wind (MW)
Q Solar (MW) s Q@ Solar (MW)
Mega-Project Scenario
. Figure 1 — Three geographic
o ' scenarios developed for siting of

45450 OR . :

7,500 wind and solar plants in the 30%
case, with appropriate interstate
transmission included to bring
resources to load.

@ Wind (MW)
Q) Solar (MW)

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. No additional interstate transmission was added.

Local Priority Scenario: This scenario used the best wind and solar sites within the
entire footprint, but included a 10% capital cost advantage to resources within each
state. The result was a scenario that was about halfway between the In Area and
Mega Project Scenarios. This scenario includes new interstate transmission, but not as

much as the Mega Project Scenario.

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 many of the best wind resources are in Wyoming, this scenario includes a large
penetration of wind generation in Wyoming (and other wind-rich areas), with new

transmission lines to deliver the energy to load centers.

For all three of these scenarios, the rest-of-WECC scenario remains constant: each
state in the rest of WECC meets its renewable energy target using the best available

resources within the state boundary.

Table 2 shows a summary of the total wind and solar MW ratings by state for the three
study scenarios. Table 3 summarizes the capital costs for the three study scenarios.
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TABLE 2 - SUMMARY OF AGGREGATED WIND AND SOLAR MW RATINGS BY STATE FOR WWSIS SCENARIOS

IN AREA
10% 1% 20% 3% 30% 5%
AREA LOAD MIN. LOAD MAX. WIND SOLAR WIND SOLAR WIND SOLAR
(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
LOCAL PRIORITY
10% 1% 20% 3% 30% 5%
AREA LOAD MIN. LOAD MAX. WIND SOLAR WIND SOLAR WIND SOLAR
(Mw) (MW) (MW) (MW) (MW) (MWw) (MW) (MW)
ARIZONA 6,995 23,051 2,850 400 5,2550 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
MEGA PROJECT
10% 1% 20% 3% 30% 5%
AREA LOAD MIN. LOAD MAX. WIND SOLAR WIND SOLAR WIND SOLAR
(Mw) (MW) (MW) (MW) (MwW) (MW) (MW) (MW)
ARIZONA 6,995 23,051 810 400 1,260 1,200 1,890 2,600
COLORADO EAST 4,493 11,589 2,010 300 2,400 800 2,490 1,200
COLORADO WEST 712 1,526 60 0 90 200 90 200
NEW MEXICO 2,571 5,320 1,860 200 2,700 400 4,350 1,000
NEVADA 3,863 12,584 570 200 1,020 700 1,440 600
WYOMING 2,369 4,016 3,390 100 8,790 100 13,770 100
IN FOOTPRINT 21,249 58,087 8,700 1,200 16,260 3,400 24,030 5,700
10% 1% 20% 3% 30% 5%
OUT OF FOOT- 46,328 | 119,696 22,950 2,500 22,950 2,500 45,450 7,500
PRINT

TABLE 3 — CAPITAL COSTS (IN US2008$) FOR STUDY SCENARIOS WITH 30% WIND ENERGY AND 5% SOLAR ENERGY

INTHE STUDY FOOTPRINT.

SCENARIO WIND SOLAR | TRANSMISSION WIND SOLAR INTERSTATE TOTAL
(MW) (MW) (GW-MI) ($B) ($B) TRANSMISSION ($B) ($B)
IN-AREA 29,940 5,800 0 59.9 23.2 0 83.1
LOCAL PRIORITY 26,760 5,800 2,100 53.5 23.2 3.4 80.1
MEGA PROJECT 24,030 5,700 6,900 48.1 22.8 11.0 81.9

ES-9




The rest of WECC includes 45,450 MW of wind (591 billion), 4000 MW of PV (516 billion), and 3500
MW of CSP (514 billion). Intrastate transmission is not included in any of these scenario costs.

ANALYTICAL METHODS

Four primary analytical methods were used to evaluate the performance of the
system with high penetrations of wind and solar generation: statistical analysis,
hourly production simulation analysis, sub-hourly analysis using minute-to-minute
simulations, and resource adequacy 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 statistical analysis quantified the grid variability due to load
alone over several time scales, using the interpolated hourly load data. The changes
in grid variability due to wind and solar generation were also quantified for each
scenario at various levels of aggregation. The statistical analysis also examined the
forecast accuracy for wind generation.

Production simulation analysis with GE’s MAPS (Multi-Area Production Simulation)
program was used to evaluate hour-by-hour grid operation of each scenario for 3 years
with different wind, solar, and load profiles. 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 of additional
renewable generation on grid operation including:

e Amount of flexible generation on-line during a given hour, including its

available ramp-up and ramp-down capability;

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

e Changes in conventional generation dispatch;

e Changes in emissions (NO,, SO, and CO,) due to renewable generation;

e Changes in grid operation costs, revenues, and net cost of energy;

e Changes in transmission path loadings;

e Changes in use of hydro resources;

e Changes in use and economic value of energy storage.

Minute-to-minute simulation analysis was used to quantify grid performance trends
and to investigate potential mitigation measures during challenging situations, such
as large 1-hour, 3-hour and 6-hour changes in net load, high levels of wind and solar
penetration, low load levels with minimal maneuverable generation on-line, and /

or high wind forecast errors. Minute-to-minute 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 maximum, minimum, ramp rate, intertie flow schedule, and regional Automatic
Generator Control (AGC) functions.
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Resource adequacy analysis involved loss-of-load-expectation (LOLE) calculations
for the study footprint 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 minute-to-minute
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 grid.

OPERATIONS WITH
35% RENEWABLES

The power system is designed to handle variability in load. With wind and solar,

the power system is called on to handle variability in the net load (load minus wind

minus solar), which can be considerable during certain periods of the year. Figure

2 shows the load, wind, solar, and net load profiles for the 30% case during two
selected weeks in July and April.

In the July week, (top plot), the net
WWSIS finds that 35% renewable energy penetration

is operationally feasible provided significant changes
to current operating practice are made, including
balancing area cooperation and sub-hourly generation
and interchange schedule.

load (blue line at bottom edge) is
not significantly impacted by wind
and solar variation. However, in the
April week (bottom plot), the high,
variable wind output dominates the
net load, especially during low load
hours, leading to several hours of negative net load during the week. This week in

April was the worst week in terms of operational challenges of the three years.

As an example of how the system would operate under less severe operating
conditions, Figure 3 shows the generation dispatch for the same July week shown
in Figure 2 for the In-Area Scenario. The left figure is without renewable generation
and the right is the 30% case. Although the wind and solar generation are definitely
noticeable, they primarily displace combined cycle and gas turbine generation, and

have minimal impact on the steam coal units.
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Figure 2 — With 35% renewables, system operators must now balance generation against the
net load (blue) line. This may be straightforward (top, July) or challenging (bottom, April).

Figure 4 shows similar information for the April week shown in Figure 2. Here,
operating the system with renewable generation is much more challenging. The
combined cycle generation has been almost completely displaced, as have significant
levels of coal generation. Nonetheless, the system can operate with balancing area
cooperation. Without balancing area cooperation, operations during this week would
be extremely difficult, if not impossible, for individual balancing areas.

How much renewable generation can the system handle? All three geographic
scenarios show significant benefits with no negative effects in the 10% case. No
significant adverse impacts were observed up to the 20% case in WestConnect, given
balancing area cooperation. Increased renewable generation in the rest of WECC

3 WECC requires 6% of load to be held as contingency reserves, half of which is required to be spinning (i.e., synchronized to the
grid) reserves.
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(20/20% case) led to increased stress on system operations within WestConnect, with
some instances of insufficient reserves® due to wind and solar forecast error. These can
be addressed, but the system has to work harder to absorb the renewables. Operations
become more challenging for the 30% case in which load and contingency reserves

are met only if the wind/solar forecasts are perfect. With imperfect forecasts, load is
served but there are contingency reserve shortfalls. Extra spinning reserves can be held
every hour of the year to meet those contingency reserve requirements, but the cost to
hold enough to eliminate all contingency reserve shortfalls is very high. A more cost-
effective alternative is to establish a demand response program or develop strategies
to more accurately predict when these shortfalls occur and schedule more reserves
during those hours or add additional quick start generation where needed. In the 20%
and 30% cases, decreased flexibility of either the coal or hydro facilities made operation
more difficult and increased the costs of integrating renewable generation.
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Figure 3 — 35% renewables have a minor impact on other generators during an easy week
in July, 2006. WestConnect dispatch - no renewables (left) and 30% case (right)
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Figure 4 — 35% renewables have a significant impact on other generation during the
hardest week of the three years (mid-April 2006). WestConnect dispatch - no renewables (left)
and 30% case (right)
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BENEFITS OF 35% RENEWABLES

Wind and solar generation primarily displace gas resources nearly all hours of the year,
given the fuel prices and carbon tax assumed for this study ($2/MBTU coal, $9.50/
MBTU gas, $30/ton CO,). Since gas-fired generation is typically more flexible than coal
generation, the natural economic displacement of gas generation by wind and solar
generation makes the balance of dispatchable generation on-line less flexible (fewer
gas units, more coal units). Across WECC, operating costs drop by $20 billion/yr ($17
billion/yr in 2009%$) from approx $50 billion/yr ($43 billion/yr in 2009%$), resulting in

a 40% savings due to offset fuel and

emissions. This savings does not

account for the capital or operating The 30% case reduced fuel and emissions costs by
costs associated with the wind, 40% and CO, emissions by 25-45% across WECC.
solar, or transmission facilities, nor

does it include any of the costs that

would be required to implement the operational reforms needed to accommodate the
renewables including balancing area cooperation or sub-hourly scheduling, although
presumably some of this savings would be used to recover the capital costs of building
this scenario, including payments to wind and solar generators. Figure 5 (left plot)
shows the overall impact on the operating costs of WECC for the various penetration
levels under the In-Area Scenario with a state-of-the-art (SOA) forecast. The 30% case
shows WECC operating cost savings of $20 billion/yr ($17 billion/yr in 2009$) due

to the wind and solar generation resources. Figure 5 (right plot) divides these values
by the corresponding amount of renewable energy provided. In the 30% case, this
equates to $80/ MWh ($60/MWh in 2009%$) of wind and solar energy produced. Lower
penetrations of renewables showed values up to $88/MWh ($75/MWh in 2009$) of
renewable energy produced (see Section 6.2). These operating cost savings would

be applied toward the costs of the wind and solar energy, and depending on the

magnitude of these costs, may or may not be sufficient to cover them.
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Figure 5 — WECC saves $20 billion ($17 billion in 2009S$), or 40%, in annual operating costs
in the 30% case, which is equivalent to $80 ($60 in 20095) per MWh of wind and solar
energy produced. Note: Chart on right starts at $70/MWh.
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At a $3.50/MBTU gas price, wind and solar primarily displace coal generation, leaving
the more flexible gas generation resources to operate together with the wind and solar
generation. With lower gas price assumptions, operating costs are reduced by about
40%, to $46/ MWh ($39/MWh in 2009%$), but emissions reductions are higher.
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Figure 6 — Assuming $9.50/MBTU gas, renewable energy displaces gas (orange). At lower gas
prices ($3.50/MBTU), coal is displaced instead, resulting in greater emissions reductions (blue).

Figure 6 shows the total WECC reductions in emissions for the 30% case. CO2
emissions would be reduced by nearly 120 million tons/ year, or approximately 25%,
for the 30% case. SO, emissions would be reduced by approximately 45,000 tons /
year (~5%) and NO_ would be reduced nearly 100,000 tons/year (~15%) (see Section
6.2.1). At a $3.50/ MBTU gas price, CO, emissions are reduced by nearly 200 million
tons/year (45%), and NO_and SO_by 300,000 tons/year (50%) and 220,000 tons/year
(30%), respectively.

BALANCING AREA COOPERATION IS ESSENTIAL

There are three key benefits of balancing area cooperation: 1) aggregating diverse

renewable resources over larger geographic areas reduces the overall variability of

the renewables, 2) aggregating the load reduces the overall variability of the load, and
3) aggregating the non-renewable

balance of generation provides
The technical analysis performed in this study

shows that it is feasible for the WestConnect region
to accommodate 30% wind and 5% solar energy
penetration, but it would require extensive balancing
area cooperation or consolidation, real or virtual.

access to more balancing (and

more flexible) resources. Figure

7 shows the reduced-variability
benefit arising from aggregating
smaller transmission areas into the
WestConnect footprint. Variability for
small areas such as Colorado-West (CO-W) or Wyoming (WY) increases significantly
as renewable penetrations increase from the 10% to the 30% case This effect becomes

even more extreme at a more granular level, e.g., for specific balancing areas within
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a state (see Section 7.1). However, when the balancing areas across WestConnect are
aggregated, there is only a slight increase in variability with increased renewables
penetrations, and even a slight decrease in variability WECC-wide.
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Figure 7 — The variability of the net load increases with increasing renewable energy penetration.
Aggregating several transmission areas over the WestConnect footprint results in reduced
variability. Percent increase in the standard deviation of the hourly changes of the net load in all
areas for In-Area Scenario.

44
o
3
7] 43
(&
=]
£
® 42
o
j=5
(o]
u B "
E 44 +—F -  En—
40
Without Balancing Area With Balancing Area
Cooperation Cooperation

Figure 8 — WECC can save $2 billion ($1.7 billion in 2009S) by holding spinning reserves as 5
large regions (right) rather than many smaller zones (left).

From an operational perspective, balancing area cooperation can lead to cost savings
because reserves can be pooled. A sensitivity analysis was performed, running WECC
as 106 zones (which are roughly equivalent to balancing areas in the southwest, but

there are multiple zones per balancing area in the northwest) versus 5 large regions.
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Balancing area (BA) cooperation can take many forms
and means different things to different people. In WWSIS,
cooperation is modeled by assuming:

e All generation resources, across all BAs, are committed
from a common regional generation stack on a least-
cost basis

e Generation commitments assume physical
transmission capability is available for import or export
of power transfers between BAs

e All generation dispatches are made on a least-
marginal-cost basis

¢ All regional reserves are shared across BAs; i.e., the
most economic resources for reserves are used

e Day-ahead generation dispatch and inter-area
transmission schedules can be modified during
operation to enable sharing of load-following,
regulation, and reserves

Mechanisms to enable these aspects of cooperation are
numerous, and include facets currently used or proposed in
WECC such as the ACE diversity interchange (ADI), dynamic
scheduling, an energy imbalance service, and other

means of consolidating BA services. Many technical and
institutional barriers will need to be addressed to achieve
the level of cooperation of the work presented here.

Figure 8 shows the $2 billion ($1.7
billion in 2009$) savings in WECC
operating costs in the 10% case.
There are significant savings from
sharing reserves over larger regions,
irrespective of the renewables on

the system.

SUB-HOURLY SCHEDULING
IS CRITICAL

The current practice of scheduling
both the generation and interstate
exchange only once each hour

has a significant impact on the
regulation duty. At high penetration
levels, such hourly schedule
changes can use most, if not all, of
the available regulation capability
to compensate for Area Control
Error (ACE) excursions during
large scheduled ramps. This can
leave no regulation capability for
the sub-hourly variability.

The minute-to-minute simulations
showed that the current practice of

hourly scheduling has a greater impact on the regulation requirements than does the

wind and solar variability.

Sub-hourly scheduling can substantially reduce the maneuvering duty imposed on

the units providing load following. In the 30% case, the fast maneuvering of combined

Sub-hourly scheduling will be required to successfully
operate the system at high penetration levels without
significantly increased regulating reserves.

cycle plants with sub-hourly
scheduling is about half of that with
hourly scheduling, as shown in
Figure 9. Sub-hourly scheduling in
the 30% case is roughly equivalent
to the 20/20% case with hourly

scheduling. Improvements in plant efficiency and reductions in O&M costs, while

difficult to quantify, are expected from this smoother operation.
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Figure 9 - Fast maneuvering duty of combined cycle units can be cut in half by moving from

hourly to sub-hourly scheduling.

UNCERTAINTY (FORECAST ERROR) RESULTS

IN THE BIGGEST IMPACT ON THE SYSTEM

Integrating day-ahead wind and solar forecasts into the unit commitment process is
essential to help mitigate the uncertainty of wind and solar generation. Even though
SOA wind and solar forecasts are imperfect and sometimes result in reserve shortfalls
due to missed forecasts, it is still

beneficial to incorporate them into
Using state-of-the-art wind and solar forecasts in

day-ahead unit commitment is essential and would
reduce annual WECC operating costs by up to $5
billion ($4 billion in 2009%) or $12-20/MWh ($10-17/

' MWh in 20099) of renewable energy, compared to
WECC operating costs by up to 147%, ignoring renewables in the unit commitment process.
or $5 billion/yr ($4 billion/yr in Perfect forecasts would reduce annual costs by
2009$), which is $12-20/MWh ($10- another $500 million ($425 million in 2009$) or $1-2/
17/MWh in 2009$) of wind and solar MWh ($0.9-$1.7/MWh in 2009$) of renewable energy.
generation. The left side of Figure

10 shows the WECC-wide operating

cost savings for using SOA forecasts compared to ignoring wind in the day-ahead

the day-ahead scheduling process,
because this will reduce the amount
of shortfalls. Over the course of the
year, use of these forecasts reduces

commitment. The right side shows the incremental cost savings for perfect wind and
solar day-ahead forecasts, which would reduce WECC operating costs by another
$500 million/yr ($425 million/yr in 2009%) in the 30% case (see Section 6.2.1), or $1-2/
MWh ($0.9-1.7/ MWh in 2009%$) of wind and solar generation.
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Figure 10 — WECC saves $1-5 billion ($1-4 billion in 2009$) in annual operating costs just by
using a SOA day-ahead forecast in the unit commitment process (left). Incremental savings
for perfect forecasts are an order of magnitude less (right).

THE IMPACTS OF EXTREME FORECAST ERRORS

ON CONTINGENCY RESERVE SHORTFALLS

While on average, wind forecast error is not very large (8% mean absolute error
across WestConnect), there are hours when wind forecast errors can be extreme,
ranging up to over 11,000 MW of over- or under-forecast in WestConnect. Severe
over-forecasts can result in contingency reserve shortfalls; severe under-forecasts can
result in curtailment of wind.

Operating rules dictate that systems must carry contingency reserves to cover system
events, such as tripping of a large generator. In WECC, the spinning portion of these
contingency reserves is equivalent to 3% of the system load. Applying these WECC
rules, severe over-forecasts can lead to under-commitment of generation units, which
can result in contingency reserve shortfalls if insufficient quick-start capacity is
available.

If the forecast is perfect, there are no contingency reserve shortfalls, even in the 30%
case. With a SOA forecast, Figure 11 shows that these contingency reserve shortfalls
become an issue in the 30% case. It should be noted, however, that even these

shortfalls represent only a tiny percentage (~0.005%) of the total load energy.
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Figure 11 — Contingency reserve shortfalls start to become an issue in the 30% case.
Increasing spinning reserve can reduce the shortfalls but even increasing spinning reserves
by 25% of the day-ahead wind forecast does not completely eliminate reserve shortfalls.
Hourly production simulation analysis shows spilled energy, or curtailment, on the left axis and
contingency reserve shortfalls on the right axis for the In-Area Scenario with no wind/solar, the
10, 20, and 30% case for a SOA forecast. The five bars on the right show the effect of increasing
spinning reserve by 5, 10, 15, 20, and 25% of the day-ahead wind forecast.

Spinning reserves can be increased to cover these contingency reserve shortfalls, but
at a cost. Figure 11 shows the impact of increasing spinning reserves by 5, 10, 15, 20
and 25% of the day-ahead wind forecast. However, each additional 5% increment of
committed spinning reserve is increasingly expensive, as shown in Figure 12, and
even with a 25% increase in committed spinning reserves, not all contingency reserve
shortfalls are eliminated.

The average cost of increasing reserves is shown in Figure 12. Increasing the committed
spinning reserve by 5% of the wind forecast increases WECC operating costs by over
$3,000 per MWh ($2,550/ MWh in

2009%) of reduced reserve shortfall.

Expressed another way, it would be It is more cost-effective to have demand response

address the 89 hours of contingency reserve
shortfalls rather than increase spin for 8760 hours of
the year. Demand response can save up to $600M/
yr ($510M/yr in 2009$) in operating costs versus
committing additional spinning reserves.

comparable to pay some of the load
$3,000/ MWh ($2,550/ MWh in 2009%)
to drop off rather than increasing the
spinning reserve by 5% of the forecast.
At the other extreme, if spinning
reserve is increased by 25%, it would
cost an average of roughly $13,600/ MWh ($11,600/ MWh in 2009$) of reserve shortfall.
The incremental reduction achieved by increasing the spinning reserve from 20% to
25% of the forecast would cost over $100,000/ MWh ($85,000/ MWh in 2009$). It should
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be more economic to use load participation (i.e., demand response) than to increase the
spinning reserves to achieve the same objectives. Using load participation instead of
committing additional generation for operating reserves would save up to $600 million
($510 million in 2009%$) in operating costs per year (see Sections 5.4, 7.2, and 6.2.2).
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Figure 12 — The cost of increasing spinning reserves increases with higher percentages of
spin. The incremental cost increases sharply at higher percentages of spin, indicating that
the cost of reducing those final reserve shortfalls is prohibitively high. The five bars show the
effect of increasing spinning reserve by 5, 10, 15, 20, and 25% of the day-ahead wind forecast.
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Figure 13 — A demand response program which requires load to participate in the 89 hours of
the year that there are contingency reserve shortfalls is more cost-effective than increasing
spin for each of the 8760 hours of the year. Hourly contingency reserve-shortfall duration curves
for the In-Area 30% case with a SOA forecast with no additional spinning reserves, and then with
spinning reserves increased by 5, 10, 15, 20, and 25% of the day-ahead wind forecast.
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Instead of holding additional spinning reserve for each of the 8760 hours of the year,
Figure 13 shows that a demand response program could address those 89 hours of

the year when there is a contingency reserve shortfall and have a total participation of
approximately 1300 MW of load. The contingency reserve shortfalls could also be met by a
combination of increased spinning reserves and a smaller demand response program. An
alternative to demand response or increased spinning reserve for every hour of the year
could be dynamic allocation of spinning reserves based on better forecasting, improved

reserve policies, and more accurate prediction of when shortfalls are likely to occur.

HOW OFTEN IS WIND CURTAILED?

Uncertainty drives both curtailment and reserve shortfalls. With a perfect forecast,

no wind or solar curtailment was necessary in any of the scenarios. Even in the few

hours when the renewable generation exceeded the load in WestConnect, there was
sufficient flexibility within WECC to absorb all of the generation. With a SOA forecast,

no curtailment occurred up through the 20% case (see Figure 11). The hourly production
simulations showed about 800 GWh of wind curtailment in the 30% case, representing less
than 0.5% of the total wind energy production. In addition, the minute-to-minute analysis
indicated that more wind curtailment may be required under some combinations of low
load and high wind. Altogether, wind curtailment in the 30% case is estimated to be on the
order of 1% or less of the total wind energy. Curtailment is also affected by flexibility of the
balance of generation, e.g., raising the minimum operating point of the coal units to 70%
increased the wind curtailment slightly (see Sections 6.2 and 6.4.4).

THE EFFECT OF VARIABILITY -

ARE ADDITIONAL RESERVES NECESSARY?

In addition to contingency reserves, utilities are required to hold variability or load
following reserves to cover 10-minute load variability 95% of the time. Typically,
utilities do not commit additional variability reserves because the existing dispatchable
generating fleet can adequately cover this variability reserve requirement. With wind
and solar, the net load variability increases and in the 30% case, the average variability
reserve requirement doubles. However, when wind and solar are added to the system,
thermal units are backed down because it is sometimes more economical to back down
a unit rather than to decommit it.

This results in more up-reserves X L X
While the need for variability reserves doubles in the

30% wind case, the backing down of conventional
units results in more available up-reserves. Therefore,
commitment of additional reserves is not needed to
cover the increased variability.

available than in the case when there
is no wind and solar, as shown in
Figure 14. Therefore, commitment

of additional reserves is not

needed to cover variability in the
study footprint. Figure 14 shows a
duration curve of the total amount of up-reserves in the committed generation after the
contingency reserve requirement is subtracted out, showing that 95% of the time, there
are adequate up-reserves in the 30% Local Priority case.
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Figure 14 — There are more up-reserves available in the 30% case than in the no wind/solar
case because the additional renewable energy generation causes many conventional units to
be backed down. Variability Up-Reserve Margin — Local Priority 30% vs. No Wind or Solar Case.

Regulating reserves are a subset of the fast variability requirement, but are held
separately from the 10-minute variability reserves. Regulating reserves are required
to be automatically controlled through AGC. While WWSIS did not evaluate which
units were on AGC, the minute-to-minute analysis showed that sufficient regulating
reserve capability was available in WestConnect.

Down reserves can be handled through wind curtailment when other resources are
depleted. A wind plant can reduce its output very quickly in response to a command
signal. Simulations in this study

show that down reserves can be
Wind plants can be curtailed to provide down

regulating reserves instead of moving regulating units.
Even so, curtailment is estimated to be on the order of
1% or less of total wind energy in the 30% case.

implemented through command
signals (ACE signals) from system
operators. With extensive balancing
area cooperation, WestConnect can
accommodate large amounts of
renewables, and curtailment of wind is expected to be on the order of 1% or less in
the 30% case.

WHAT IS THE EFFECT OF DIFFERENT TRANSMISSION
AND GEOGRAPHIC SCENARIOS?

The In-Area, Local Priority, and Mega Project Scenarios showed similar overall
performance and economics for a given penetration level. This indicates that the
specific locations of the wind and solar resources within WestConnect are not critical,
provided there is adequate transmission infrastructure and access, and balancing area
cooperation (see Sections 4.2.3, 5.5, 6.4.1, 6.4.6, 7.3.1). The assumption that existing
transmission capacity can be fully utilized is an important change from present
practice underpinning these results.
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Figure 15 shows the study footprint’s monthly wind and solar energy as a percentage
of load energy for all three scenarios in the 30% case in 2006.
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Figure 15 — The month-to-month variation of wind and solar penetration is greater than the
scenario-to-scenario variation.

The plots clearly illustrate that 1) despite the month-to-month variation, there is
relatively little difference among scenarios at the footprint resolution and 2) there is
significant month—to-month variation in energy across the year. In fact, there is more
interannual variation in each month’s penetration levels than there is inter-scenario

variation (see Section 4.1.1-4.1.2)

The total WECC operating cost savings per MWh of renewable energy for the different
scenarios was also very similar across the three geographic scenarios, with only a slight
increase in value as the wind plant locations were shifted to the higher capacity factor

sites in the Local Priority and Mega Project Scenarios (see Section 6.4.1)

IS NEW LONG DISTANCE TRANSMISSION NEEDED?
Sufficient intra-area transmission within each state or transmission area for renewable
energy generation to access load or bulk transmission is needed. However, the In-
Area Scenario, which included no

additional long distance, interstate
Up to 20% renewable penetration could be achieved

with little or no new long distance, interstate
transmission additions, assuming full utilization of
existing transmission capacity.

transmission, worked just as well
operationally as the other scenarios.
A sensitivity case examined the
impact of the interstate transmission
build-outs in the Local Priority

and Mega Project Scenarios (which required $3.4 and $11 billion dollars, in 2008$, of
interstate transmission respectively). Figure 16 shows the increased annual operating
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costs for the cases in which the new interstate transmission build-outs associated
with the Local Priority and Mega Project Scenarios were eliminated. These increased
costs are modest because renewables have displaced other generation and freed up
transmission capacity. Assuming renewables have full access to this newly opened

up capacity, there is less need for new transmission.

Assuming a 15% fixed charge rate, the 30% Local Priority Scenario would justify
about $2 billion ($1.7 billion in 2009$) in transmission investments and the Mega
Project Scenario would justify a little over $10 billion ($8.5 billion in 2009$). This rough
estimate suggests that the full-scale transmission build-out might be justified in the
30% Mega Project Scenario, but not at lower penetrations in the Mega Project or for
any of the other scenarios. A more limited transmission build-out may be justified for
the Local Priority Scenario. Of course, these estimates do not include any reliability
benefits that would be realized from adding more transmission. All scenarios could be

built out to the 10% case without any new interstate transmission (see Section 6.4.6).
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Figure 16 — Building the Local Priority and Mega Project Scenarios without the
accompanying interstate transmission, increases costs at high penetrations in the
Mega Project Scenario.

IS ADDITIONAL STORAGE NEEDED?

Storage can provide many benefits to the system, including price arbitrage (charging
when spot prices are low and discharging when prices are high), reliability, and
ancillary services. Pumped storage hydro (PSH), solar thermal storage, and plug-in
hybrid electric vehicles (PHEVs) were examined in WWSIS, with the largest focus
on PSH (see Chapter 8). WWSIS evaluated only the price arbitrage part of the value
proposition for PSH and found it much less than sufficient to economically justify
additional storage facilities.
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In the 10% and 20% wind penetration scenarios, gas generation is always on the
margin (meaning that there are only small spot price variations during most days).
As a result, there is no apparent opportunity to economically justify energy storage
based on price arbitrage. Spot price variations increase in the 30% wind penetration
scenarios, primarily due to errors in day-ahead wind energy forecasts. Occasionally,
the price swings are very large. However, because this is driven by forecast
uncertainty, it is not possible to strategically schedule the use of storage resources
to take advantage of the price variations (and subsequently help eliminate the

operational problems due to wind forecast errors).
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Figure 17 — A new 100-MW PSH plant with perfect pricing foresight would earn
approximately $4 million/yr ($3.4million/yr in 20095) from price arbitrage in the 30% case.

To examine a best-case scenario for storage, a new 100-MW PSH plant was added to
the system and given perfect foresight of spot prices so that it could be dispatched to
optimize revenue. The results in Figure 17 show the resulting number of operating
hours and value. With no renewables, the PSH unit would run about 2200 hours (total
pumping and generating time) and have an operating value of about $2.6 million
($2.2 million in 2009$) for the year. With a perfect forecast, the value of the PSH unit
decreased as the renewable penetration increased, due to decreased spot prices. With
30% penetration and a perfect forecast the 100-MW PSH plant only had an annual
operating value of $0.5 million ($0.4 million in 2009$) which would only yield a
capitalized value of about $35/kW ($30/kW in 2009$). With an SOA forecast, spot
prices are higher due to forecast error, and the 30% case increased the PSH annual
operating value to $3.8 M ($3.2M in 2009$). However, this is several times less than
would be required to recover costs for a new PSH plant* (see Section 8).
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WHAT IS THE BENEFIT OF FLEXIBILITY IN

THE REST OF THE GENERATION FLEET?

System flexibility is the key to accommodating increased renewable generation. WWSIS
finds that at higher (30% case) penetration levels, decreased flexibility of either the coal or
hydro facilities made operation more difficult and increased the costs of integrating the

renewable generation.

ALLOWING HYDRO TO PROVIDE LOAD FOLLOWING

FOR WIND/SOLAR VARIABILITY IS HELPFUL

Hydro generation is capable of quick start/stop cycling and fast ramping, which makes it a
good partner for variable wind and solar generation. Sensitivity analyses were conducted

to examine the effects of hydro constraints on operating costs (see Section 6.4.2).

Operating Cost Savings ($M)
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Figure 18 — Decreasing the flexibility of the hydro system increases costs. Operating cost savings
for hydro dispatch to net load (left), and operating cost increase for constant output hydro operation
(right), WECC.

This study assumed that hydro generation is normally committed and dispatched to
serve daily peak net-load periods, while respecting the minimum operating points
on the hydro units. The left side of Figure 18 shows the impact of adjusting the hydro
schedules to account for the day-ahead renewable forecasts. Although the impact

is relatively small at low levels of penetration, the WECC operating costs would be
reduced by $200 million/yr ($170 million/yr in 2009%) at the 30% case, increasing the
value of wind and solar energy by about $1/MWh ($0.9/MWh in 2009%).

The right side of Figure 18 examines the impact if hydro operation were severely
constrained, such as a requirement to maintain constant river flow. In this case, the
WECC operating costs would increase by up to $1 billion/yr ($0.9 billion/yr in 2009%).
Clearly it is important to maintain as much operational flexibility as possible with the

hydro generation (see Section 6.4.2).

4 Assuming $1200-2000/kW capital cost and a fixed charge rate of 15% for a new PSH, $18-30 million annually would be needed
to recover capital costs.
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CONSTRAINTS ON COAL PLANTS RESULT
IN HIGHER OPERATING COSTS

In WWSIS, coal plants were assumed to be able to operate down to minimum
generation levels of 40% of nameplate capacity. WWSIS finds that higher minimum
generation levels result in increased operating costs.

A sensitivity case explored the impact of varying coal plant minimum loading on
system operating costs. Increasing the minimum loading had minimal impact with
wind penetrations less than 20%. At the 30% scenario, the impact becomes more
noticeable, as shown in Figure 19. If coal plants are allowed to only operate above
70% load, then WECC operating costs would increase by nearly $160 million/yr ($136
million/yr in 2009%). See Section 6.4.4.
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Figure 19 — Decreasing the flexibility of the coal fleet by increasing minimum generation
levels on coal plants increases costs. Increased WECC operating costs over 40% minimum

ratings on coal plants, 30% case.

WHAT IS THE CONTRIBUTION OF
RENEWABLES TO RESOURCE ADEQUACY?

Variable resources such as wind and solar PV are primarily energy resources rather
than capacity resources. However, they provide some contribution to reliability
(resource adequacy). A range of capacity valuation techniques based on traditional loss-
of-load-expectation (LOLE) data were evaluated to consider the variability inherent
with the renewable generation. This was conducted for WestConnect assuming no
transmission constraints within the study footprint and no interconnections with the
rest of WECC, so that the capacity value characteristics of the renewable generation
could be isolated.
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Table 4 shows capacity values of wind based on daily LOLE which were typical of

the overall analysis. Wind generation resources selected for this study were found to

have capacity values in the range of 10% to 15%. Wind plant energy output tends to
be higher during winter and spring

. . seasons, and during nighttime
Wind was found to have capacity values of 10-15%;

PV was 25-30%; and CSP with 6 hours of thermal
energy storage was 90-95%.

hours, which is contrary to system
peak load periods. Hence, the
capacity value is low relative to the
plant rating. PV solar plants have
capacity values in the range of 25% to 30%. Although PV solar produces its energy
during the daytime, output tends to decline in the late afternoon and early evening
when peak load hours often occur. The PV output was based on the DC rating of the
system; it would be 23% higher if based on the AC rating and included inverter and
other losses from the outset. Concentrating solar plants with thermal energy storage
have capacity values in the range of 90% to 95%, similar to thermal generating plants.
Their maximum energy production tends to be during the long summer days, and
the storage capability extends the energy output through the late afternoon and early

evening hours, when peak loads occur (see Sections 4.2, 4.3, and 9.2 through 9.7).

TABLE 4 — CAPACITY VALUES FOR 2004 2006.

CASE WIND ONLY PV ONLY CSP ONLY WIND+PV+CSP
10% 13.5% 35.0% 94.5% 18.2%
20% 12.8% 29.3% 94.8% 19.7%
30% 12.3% 27.7% 95.3% 19.8%
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CONCLUSIONS AND NEXT STEPS

The technical analysis performed in this study shows that it is feasible for the
WestConnect region to accommodate 30% wind and 5% solar energy penetration.
This requires key changes to current practice, including substantial balancing area

cooperation, sub-hourly scheduling, and access to underutilized transmission capacity.

WWEIS finds that both variability and uncertainty of wind and solar generation
impacts grid operations. However, the uncertainty (due to imperfect forecasts) leads to
a greater impact on operations and results in some contingency reserve shortfalls and
some curtailment, both of which are relatively small. The variability leads to a greater
sub-hourly variability reserve requirement, but because conventional units are backed
down, the system naturally has extra reserve margins.

This study has established both the potential and the challenges of large scale
integration of wind and solar generation in WestConnect and, more broadly, in WECC.
However, changes of this magnitude warrant further investigation. The project team
regards the following as valuable topics for exploration:

e Characterization of the capabilities of the non-renewable generation portfolio
in greater detail (e.g., minimum turndown, ramp rates, cost of additional wear
and tear);

e Changes in non-renewable generation portfolio (e.g., impact of retirements,
characteristics, and value of possible fleet additions or upgrades);

* Reserve requirements and strategies (e.g., off-line reserves, reserves from non-
generation resources);

e Load participation or demand response (e.g., functionality, market structures,
PHEV);

» Fuel sensitivities (e.g., price, carbon taxes, gas contracts and storage, hydro
constraints and strategies);

e Forecasting (e.g., calibration of forecasting using field experience, strategies for
use of short-term forecasting);

* Rolling unit commitment (e.g., scheduling units more frequently than once on a
day-ahead basis);

e Transmission planning and reliability analyses (e.g., transient stability, voltage
stability, protection and control, intra-area constraints and challenges);

e Hydro flexibility (e.g., calibration of hydro models with plant performance).
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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 [1.1] 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 [1.2]. This study was set up to answer questions that utilities, Public Utility
Commissions (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?
The study objectives, technical approach and study scenarios are presented in Chapters

1 through 3. Observations and conclusions from the various analyses are provided at
the end of Chapters 4 through 9. The key findings are presented in Chapter 10.
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Figure 1.1 Geographic Footprint of WestConnect Utilities

The WWESIS 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 [1.3], 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) [1.4], 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.

WWSIS and its partner study EWITS build upon a large body of work on wind
integration [1.5 through 1.10]. Previous studies examined specific utilities or states,
looking at the impact of wind on operations in the regulation (seconds to minutes), load
following (minutes to hours), and unit commitment (hours to days) time frames. In these
studies, hypothetical wind and transmission build-outs were typically added to the
existing system, which was simulated and statistically analyzed over these time frames.
These studies generally consider the impact of the variability of wind (due to varying
weather) and the uncertainty of wind (due to the inability to perfectly forecast the
weather). Even if the weather and the wind could be perfectly forecasted, grid operators
would still have to accommodate wind’s variability. It is important to note that
operators already manage variability and uncertainty in the load; wind and solar add to
that variability and uncertainty.



WWSIS was funded by DOE and managed by NREL. The main partner in this study was
WestConnect. The project team included 3TIER Group (wind power dataset, and wind
and solar forecasts), State University of New York at Albany/Clean Power Research
(solar radiation dataset), Exeter Associates (data collection), Northern Arizona
University (wind validation and hydro analysis), NREL (wind validation, and PV and
CSP power datasets), and GE (scenarios, and main technical/economic analysis). A
Technical Review Committee (TRC), composed of members of WestConnect utilities,
western utility organizations, and industry and technical experts, met eight times to
review technical results and progress. A broader stakeholder group, open to the public,
met five times to ensure study direction and results were relevant to western grid issues.
Results of this study have been extensively vetted in public forums.

The study examined grid operation for the year 2017. That is, system loads and
generation expansion were projected to represent year 2017. While 35% renewable
energy penetration was not expected by 2017, this year was selected in order to start
with a realistic model of the transmission grid. 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.
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2 Objectives and Technical Approach
2.1 Project Objectives

The goal of the WWHSIS 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.
Capital cost tradeoffs between wind and solar generation facilities and inter-regional
transmission lines were considered in the development of the study scenarios. The
scenarios were subsequently compared in terms of operational performance, overall
operational cost savings due to avoided fuel usage, and reductions in emissions.

2.2 Major Tasks

In the WWEIS, 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) at Albany / Clean Power Research 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. While 35% renewable
energy is not expected by 2017, this year was selected in order to start with a realistic
model of the transmission grid. 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.

Modeling 35% wind and solar energy penetration with the 2017 WECC system was
expected to yield conservative results, because in reality, that penetration level will
occur further into the future, and generation resources installed at that time may have
more flexibility. Furthermore, the gas and coal fuel price assumptions for this study led
to gas generation resources being displaced by wind and solar, so less flexible coal
generation was left to accommodate the variability of wind and solar resources. In
addition, the wind data used in the study was found to have higher variability than that
measured at existing wind plants.



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 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% — 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 five levels of wind and solar energy penetration assumed for the
study scenarios. The “PreSelected” case included wind and solar generation that was in
operation before the end of year 2008. 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

In Footprint Rest of WECC
Case Name | Wind + Solar | Wind | Solar | Wind + Solar | Wind | Solar
PreSelected 3% 3% * 2%* 2% *
10% 1% 10% 1% 1% 10% 1%
20% 23% 20% 3% 1% 10% 1%
20/20% 23% 20% 3% 23% 20% 3%
30% 35% 30% 5% 23% 20% 3%

* Existing solar generation embedded in load

The study evaluated four 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 other 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.

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 other 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 to
provide the least cost of delivered energy. Given that many of the best wind
resources are in Wyoming, this scenario includes 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 the site selection algorithm included a 10% capital cost
advantage to “local” resources within each state. The result was a scenario that was
about halfway 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.
Appendix A provides information about the site selection algorithm and also includes
detailed tables showing load, wind generation, and solar generation by area for each
penetration level and each scenario.



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




2.4 Analytical Methods

The primary objective of this study was to identify and quantify any system
performance or operational problems with respect to 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 characterized the forecast errors
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. 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;:

e 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 use of hydro resources

e Changes in use 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
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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.

2.5 Study Assumptions

Scenario development:

® Specific energy targets for each of three technologies: wind, PV, and CSP with
storage were fixed. For example, wind sites could not be traded out for PV sites.

® A number of capital cost assumptions in 2008 dollars were used in determining
the different geographic scenarios: wind at $2,000/kW, PV at $4,000/kW, CSP
with thermal storage at $4,000/kW, transmission at $1,600/MW-mile, and
transmission losses at 1% per 100 miles. No tax credits are assumed or included.

® Incremental intra-state transmission build-outs were not specified in this
analysis.

® The geographic scenarios considered different inter-state transmission build-outs
and included these costs in the scenarios.

e Existing transmission capacity was assumed to be unavailable for new renewable
energy generation only for the scenario development process.
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New transmission was undersized: 0.7 MW of new transmission was added for
each 1.0 MW of remote generation.

Solar energy was split 70% CSP and 30% PV for the various scenarios.

Production simulation analysis:

All study results were in 2017 nominal dollars with 2% escalation per year.
$2/MBTU coal; $9.50/MBTU natural gas

Carbon dioxide costs were assumed to be $30/ ton of CO?2.

Except where specified, extensive balancing area cooperation was assumed.

The production simulation analysis assumed that all units were economically
committed and dispatched while respecting existing and new transmission
limits, generator cycling capabilities, and minimum turndowns.

Existing available transmission capacity is accessible to renewable generation.
Generation equivalent to 6% of load was held as contingency reserves —half is
spinning and half is non-spinning.

The balance of generation was not optimized for renewables. Rather, a business-
as-usual capacity expansion met projected load growth in 2017. Renewable
energy capacity was added to this mix, so the system analyzed was overbuilt by
the amount of capacity value of the renewable plants.

Increased O&M of conventional generators due to increased ramping and cycling
was not included due to lack of data.

Renewable energy plant O&M costs were not included. Wind and solar were
considered price-takers.

The hydro modeling did not reflect the specific climatic patterns of 2004, 2005,
and 2006, but rather a 10-year long-term average flow per month.

The sub-hourly modeling assumed a 5-minute economic dispatch.

2.6

Wind Data Development

3TIER Group developed the wind dataset for the study [2.1, 2.2]. 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 resolution, it was necessary to divide it into four geographical domains that were
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run independently and then merged. The domains were run in 3-day blocks that were
merged together and the seams smoothed. While the seams were smoothed so that
variability did not exceed realistic limits, the days with seams unfortunately exhibited
significantly more variability than the days without seams. This byproduct of the data-
creation process is illustrated in Figure 2.2. In order to avoid unintended consequences
during data analysis tasks, wind data from every third day (starting with day one) were
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 were used for energy
analysis and production simulation analysis.

25000

3-day (72-hour) average profile for 2006
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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. As described above, the ‘actual” wind profiles
were derived from the NCAR/NCEP Reanalysis dataset with 10-minute timescale and 2-
km resolution. The ‘forecast” wind profiles were derived from the Global Forecast
System dataset with 1-hour timescale and 6-km resolution. One unintended
consequence of this approach was that the resulting wind forecasts were biased in
comparison to the ‘actual’ wind profiles. That is, the total annual energy of aggregated
wind plant forecasts was different from 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 2.4 shows how the wind energy forecast

error varies by month. In both of these figures, unbiased forecasts would have error
values of zero.
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Creating new unbiased forecasts was not feasible within the time constraints of the
study. Therefore, to compensate for the bias in the forecast dataset, 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 forecast bias over shorter periods still
remained.

Figure 2.4 Monthly Wind Forecast Error in WECC
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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 deterministic wind plant power curve. In other
words, they do not show a one-to-one correlation between wind speed and wind power.
Therefore, 3TIER Group's stochastic SCORE (Statistical Correction to Output from a
Record Extension) methodology was used for power conversion, instead of using the
sum of ten Vestas V90 wind turbine power curves. The SCORE methodology uses
measured probability density functions to reproduce the type of stochastic output that is
observed in actual wind plants. The SCORE process uses observed statistical deviations
from a mean value to create probability density functions of deviation from some central
point. Because the process of running SCORE for each individual turbine would be very
time consuming, SCORE-lite was developed. SCORE-lite models each grid point by
aggregating ten individual samples from the original SCORE probability density
functions. Wind speeds were converted to stochastic wind power output in 30 MW
blocks using these SCORE-lite probability density functions. SCORE-lite was validated
and found to result in a realistic number of ramps while retaining the diurnal
characteristics of the wind [2.1, 2.2]. 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 [2.3].

NREL also developed 1-minute power output data based on measured data from wind
plants with Vestas V90 turbines. The 10-minute data trends were removed from that
measured data. The remaining fast fluctuations were sampled and overlaid on the 10-
minute wind dataset from 3TIER.

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 about 1 GW of actual wind plants for which NREL could
access historic 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 including
regulation, ramping, and load following.
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Figure 2.5 shows validation results for the variability of the wind dataset, comparing the
10-minute wind-plant output deltas (the change from one ten-minute period to the next)
or ramps of the mesoscale-modeled dataset to actual wind plant data. Two validation
graphs of 10-minute ramping statistics for wind plants in two different states are shown.
The top graph shows 536 MW of wind plants in Texas from 2004 — 2006. The bottom
graph shows a large wind farm in the WestConnect footprint over the same time period.
The dataset is considered conservative because it generally overestimates the variability
of the wind plant output, as compared to actual measurements.

Seasonal and diurnal patterns of the modeled data were generally in good agreement

with the actual wind plant output and capacity factors were within a few percentage
points of actual wind plant output.
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Figure 2.5 Examples from Wind Dataset Validation Analysis — Meso-Scale Model Results Versus Actual Texas
Wind Plant Output (top) And Actual WestConnect Wind Plant Output (bottom)

2.7 Solar Data Development/

The State University of New York (SUNY) at Albany / Clean Power Research, developed
the solar resource dataset (SolarAnywhere) for the study. They used a satellite cloud
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cover model to simulate the United States at a 10-km, hourly resolution [2.4]. This
dataset includes global horizontal, direct normal and diffuse radiation. Hourly day-
ahead solar forecasts were developed by 3TIER Group [2.5].

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 [2.6] to create PV output in
block sizes of 100 MWoc. Default settings of PV Watts were used for inverter and
transformer losses, soiling and other losses, and system availability, for a total derating
factor of 0.77. That means that the total AC output under standard temperature
conditions was 77% of the DC rating. In order to model distributed generation from
multiple, dispersed resources, PV Watts was run using 11 different system
configurations of tilt, orientation, and tracking/flat-plate selection. The outputs were
aggregated. The hourly PV profiles are publically available [2.7].

To refine 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 sub-hourly 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 available on the web [2.7]. 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 [2.8] 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.

2.8 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
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WECC were obtained from a Ventyx database, and 10-minute load profiles were derived
by interpolating the hourly data.

2.9

What This Study Does and Does Not Cover

While this study undertakes detailed analysis and modeling of the power system, it was
meant to be a complement to other in-depth studies:

WWEIS is an operations study, not a transmission planning study, although
different scenarios model different inter-state transmission expansion options.

WWSIS focuses on the variable operational costs and savings due to fuel and
emissions. It is not a cost-benefit analysis, even though wind and solar capital
costs were incorporated in scenario development.

WWE SIS analyzed the capacity value of wind and solar to assess their
contributions to resource adequacy. However, it is not a comprehensive
reliability study. A full complement of planning and operational electrical
studies would be required to more accurately understand and identify system
impacts.

WWEIS does not address dynamic stability issues.

WWESIS does not optimize the balance between wind and solar resources. Wind
and solar levels were fixed independently.

In 2017, it is anticipated that WestConnect and WECC will operate differently from
current practice. WWSIS assumed the following changes from current operational
practice:

Production simulations of WECC grid operations assume least-cost economic
dispatch in which all generation resources are shared equally and not committed
to specific loads. Except for California and Alberta, WECC currently uses a
bilateral contract market with long and short-term contracts in which resources
are contracted out to meet specific loads.

Other than California and Alberta, WECC currently operates as 37 separate
balancing areas that use these bilateral contracts to balance their areas. Except
where specified, this study assumes five regional balancing areas in WECC
(Arizona-New Mexico, Rocky Mountain, Pacific Northwest, Canada, and
California). WWSIS does not consider any power purchase agreements,
including those for renewables.

Except for California and Alberta, transmission in WECC is primarily
contractually obligated and used. Existing available transmission capacity may
be contractually obligated and not accessible to other generation. This study
assumes that existing available transmission capacity is accessible to other
generation on a short-term, non-firm basis.
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® Pricing developed by production cost modeling can vary widely from bilateral
contract prices, and was not aligned or calibrated with current bilateral contract
prices. The incremental operations and maintenance (O&M) costs in the report
do not necessarily replicate escalated current costs in the Western
Interconnection.

In addition, the study results tend toward the conservative:

e WWSIS did not model a more flexible non-renewable balance of generation than
what exists and is planned in WECC today. If 20-35% variable generation were to
be planned in WECC, more flexible generation would likely be planned as well,
reducing the challenge that wind and solar place on operation in this study.

® This study modeled the grid for the year 2017. If WWSIS were conducted for a
later year when 35% renewables would be more plausible, the power system
would likely have a larger load, more flexible balance of generation, and more
transmission, all of which would help accommodate the renewables.

e The wind dataset used was conservative in terms of overestimating the actual
variability found in measured wind plant output.

® The base assumption of $9.5/MBTU for gas means that gas is displaced, which
leaves coal (coal, in the West, is less flexible than gas) to accommodate the
variability of the renewables.
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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 is 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 datasets included far more available sites than were needed to meet
the study’s energy penetration objectives. Therefore, an analytical method was
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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 (existing or expected to be in service by 2008).
® 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, which 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.

CugsideZones
In-Foolprint Areas
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Figure 3.1 All Available Wind Sites in WECC (Each Grey Dot Represents 30 MW)
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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:

Calculate average annual energy, capacity factor, energy value, and an
approximate capacity value for each site from three years of data.

Order the sites best to worst, independently by generation type, on the basis of:

Preselected (i.e., existing plants)

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

Capacity value: Apply a $100/kw-yr weighting factor on a capacity factor
calculated between 2 p.m. and 6 p.m. for June, July, and August

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 for solar was
given more weight than North-South due to the fact that sunlight migrates
from East to West. North-South weighting: One for wind, zero for solar. East-
West weighting; one for wind, 1.41 for solar.
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- NOTE: Energy value was the dominant factor in the sorting algorithm,
followed by capacity value. However, capacity value exceeded energy value
for a few sites. Geographic diversity was found to have a secondary impact in
the siting selection results.

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
(e.g., 10%, 20%, and 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 the individual annual targets for wind energy and solar energy.
The same sites were used for all three load/weather years (2004, 2005, and 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 total installed rating of wind and solar generation in the 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).
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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%

CcoB 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 24,516 [ 2,513 [ 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

penetrations). They are calculated as the ratio of renewable MW rating to area minimum

or maximum load MW.

Out of Footprint
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In-Area Scenario

Figure 3.3 Overview of 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 FOOtpn nt 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 18871673 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 %
Out of Footprint Toval
p 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 81/30 29,655
Northwest 178,359( 35,733 43173195 0 0/0 1,645 13/54 37,378
Southern California | 224,197 44,890 48371916 8,957 23/85 2,050 13739 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 3.3 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% | 7% | 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%
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 (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. The WECC system was
divided into 14 transmission areas. Each transmission area was further subdivided into
transmission zones. Figure 3.4 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 3.5, the WECC transmission areas have been reduced to dots and the inter-area
transmission paths shown with their transfer ratings (in MW). 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 WECC path ratings used in this study were derived
from the Ventyx database and adjusted per discussions with the WestConnect utilities.

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 3.4 Map of Transmission Zones and Areas

29



Table 3.4 Transmission Zones and Areas

Transmission Area Name Transmission Zone Name Abbrev.
Arizona Electric Power Coop AEPC
Arizona Public Service Co APSC
Arizona Glen Canyon Area AZ-GC
Salt River Project SRP
Southern Arizona AZ-S
Tucson Electric Power Co TEP
Sunflower Electric Power CSUA
Colorado Springs Utilities CsSuU
Colorado East Platte River Power Authority PRPA -
Public Service of Colorado - East PSCE c
Tri-State G&T: in East CO TS-ECO s
WestPlains Energy Colorado WEPL °
Colorado West Public Service of Colorado - West PSCW LE
Tri-State G&T: in West CO TS-WCO -
Navajo Tribal Utility Authority NAVTRUA ©
El Paso Electric EPE =
Los Alamos County LAC 2
New Mexico Public Service Co of New Mexico PNM £
Texas-New Mexico Power WECC TNPW 5
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 L
BPA - Spokane SPOK ;
BPA - Western Montana WMT u—
Eugene Water and Electric Board EWEB 8
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 1ID
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 3.5 WECC Transmission Paths and Ratings (in MW)

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. Since many of the highest capacity factor wind sites are
in Wyoming, this scenario naturally includes a high concentration of wind plants in
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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. An overview of the siting algorithm is presented here. Appendix A
includes additional details about the methodology, data, and process.

The algorithm used the following assumptions and concepts. Capital costs are
approximations in 2008 dollars.

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 inter-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
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requirements. These requirements were then manually adjusted to reflect practical
constraints. 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 ratings were rounded off to be multiples of 30 MW and solar
plants were sized to be 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 3.6 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, an 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. In order to meet the
target of 30% wind energy, it is economically advantageous to build long-distance
transmission to deliver higher capacity wind resources from Wyoming to Arizona, 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 3.6 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) | (GWHh) | (Used/Avadilable)| (GWh) | (Used/Available) [ (GWh) | (Used/Available) (GWh)
CcoB 1,759 394 6/155 294 1/22 142 1/2 830
|daho 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 | 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 %
[Total | 896,263] 208,483 2316/24516 | 23,046 | 63/341 [ 10061 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 1,890 27% 8% 1,500 | 21% 7% 1,100 | 16% 5% 4,490 | 64% 19%
Colorado East 4,493 11,589 2,490 55% 21% 500 11% 4% 700 16% 6% 3,690 [ 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 1440 | 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% |29,730| 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 