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New England Wind Integration Study Executive Summary

The combination of wind power’s variability and the uncertainty of forecasting wind power
make it fundamentally different from analyzing and operating other resources on the system.
The weather patterns that drive the generation characteristics for wind power vary across many
timescales and are loosely correlated with load. For example, ISO-NE experiences its peak loads
during the summer months, while, as observed in this study, wind generation produces more
energy during the winter months than in the summer. The uncertainty associated with wind
generation is very different from the uncertainty associated with typical dispatchable resources.
In general, uncertainty of energy supply from dispatchable conventional generation is due to
forced unit outages due to equipment failures or other discrete events. Uncertainty in wind
generation is more like uncertainty due to load. The amount of wind generation expected for
the next day is forecasted in advance (just as load is forecasted in advance), and the amount of
wind generation that actually occurs may be different from the forecasted amount, within the
accuracy range of the forecast. In contrast, however, to forecasting of day-ahead load where
typical average error is on the order of 1% to 3% Mean Absolute Error (MAE); the accuracy of
state-of-the-art day-ahead wind forecasts is in the range of 15% to 20% MAE of installed wind
rating. For small amounts of installed wind, load uncertainty dominates, but at higher
penetrations of wind, forecast uncertainty becomes very important. In order to plan for the
reliable operation of the power system, it is important to study how this combination of
variability and associated uncertainty will affect power system operations far enough ahead of
time for the effects to be quantified and any required mitigation measures to be put into service.

The loose correlation of wind and load requires the use of a new metric, “net load,” to study the
impact of large-scale wind generation where the fleet of dispatchable resources is used to
balance the time-synchronous variability and uncertainty of the load minus the output of the
wind generation. When managing the power system, the output of variable resources such as
wind power can be directly subtracted from the amount of load to be served, the dispatchable
resources on the system are then used to serve this remaining (i.e., “net”) load in order to
maintain the power system balance. The net load is then the true variability that must be
managed with dispatchable resources and therefore it is the net load that must be studied when

determining operational effects.

NEWIS Tasks and Analytical Approach

Anticipating the possible penetration of large-scale wind power in New England, ISO-NE also
commissioned this comprehensive wind integration study in 2009 — the New England Wind
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transparent and competitive power system markets, and planning for the future needs of the
system, while providing a means to facilitate innovation and the fulfiliment of New England’s
policy objectives. In this context, the NEWIS is meant to investigate whether there are any
insurmountable operational challenges that would impede ISO-NE’s ability to accept large
amounts of wind generation.

A fundamental assumption in the NEWIS is that the transmission required to integrate the
hypothesized wind generation into the bulk power system would be available and that the
wind power resources would interconnect into those bulk transmission facilities. The NEWIS is
a system-wide transportation study and, as such, does not account for local issues. For example,
even with the limited wind generation that currently exists on the ISO-NE system, there are
some instances where local transmission constraints result in curtailment of wind facilities due
to the typical development pattern of wind generation facilities in New England and their
interconnection under the minimum interconnection standards process. Implementing the
recommendations developed as a result of the NEWIS will not solve these issues, unless the
aforementioned sizable transmission expansions were to be built and the wind generation

facilities were to connect directly into those expansions.

Another important assumption is that the available portfolio of non-wind generation in New
England and neighboring systems was held constant across all alternatives considered. Neither
attrition nor addition of new non-wind generation was considered as modifications to the base

case.

Furthermore, detailed and extensive engineering analysis regarding stability and voltage limits
would be required in order to determine the viability of the hypothesized transmission
expansions, which in themselves may require substantial effort to site and build. It is also
important to note that implementing the recommendations developed during the second task of
the NEWIS (e.g., wind power specific grid support functions, wind power forecasting,
windplant modeling, and communications and control) is essential for the reliable integration of
large-scale wind power into the New England power system.

Finally, in addition to the significant observations mentioned above, changes may be required
to systems and procedures within the ISO organization that are yet to be determined. These
changes would require additional analysis for increasing levels of wind penetration and for
issues identified within New England, or beyond, as system operators gain experience with
wind energy. The development, implementation, and operating costs associated with these

changes are not accounted for in this study.
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Study Scenarios

All of the NEWIS wind scenarios are set to represent approximately the 2020 timeframe. In
addition to the base case assumptions, there are five main categories of wind build-out
scenarios representing successively greater penetrations of wind. The scenarios are categorized
by the aggregate installed nameplate capacity of wind power and the simulated wind fleet’s
contribution to the region’s forecasted annual energy demand. Values used for wind energy
generated by each scenario are averages of the three years simulated via mesoscale modeling.
Values of annual energy demand for the region and individual states are also averages for the
three extrapolated load years used in the simulations and individual load supplied by energy
efficiencies that has been bid into the Forward Capacity Market.

These categories of wind build-out scenarios include:

¢ TPartial Queue Build-out
o Represents 1.14 GW of installed wind capacity
o Approximately 2.5% of the forecasted annual energy demand
¢ TFull Queue Build-cut
o Represents 4.17 GW of installed wind capacity
o Approximately 9% of the forecasted annual energy demand
* Medium wind penetration
o Represents between 6.13 GW and 7.25 GW of installed wind capacity
o Approximately 14% of the forecasted annual energy demand
* High wind penetration
o Represents between 8.29 GW and 10.24 GW of installed wind capacity
o Approximately 20% of the forecasted annual energy demand
* Extra-high wind penetration

o Represents between 9.7 GW (for offshore) or 12 GW (for onshore} of installed wind
capacity

o Approximately 24% of the forecasted annual energy demand

Of the five categories, the Partial Queue and Full Queue build-outs are comprised of projects
that were in the ISO Generator Interconnection Queue as of April 17, 2009, and the queue lists
the proposed point of interconnection for each project. All of the build-outs with greater wind
penetration consist of wind plants strategically chosen and added to the Full Queue site
portfolio, until either the desired aggregate nameplate capacity or the desired energy
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contribution of the resulting wind fleet was satisfied. A range of wind plant scenarios was
developed to represent what the New England system might look like with varying levels of
wind penetration, and to represent different spatial patterns of wind development that could
oceur, including wind development in the Canadian Maritime Provinces. The objective of
scenario development was to enable a detailed evaluation of the operational impacts of
incremental wind generation variability and uncertainty on New England’s bulk electric power
system, including the incremental impact contributed by the spatial diversity of wind plants.
The NEWIS was not intended to identify real or preferred wind integration scenarios.

In order to represent the impacts of wind portfolio diversity, five layout alternatives were
developed for the medium and high wind penetration build-out scenarios, i.e., the 14% energy
and 20% energy scenarios, based on sites with the best (highest) capacity factors. Two of these
layout alternatives were also used for the extra-high wind penetration build-out scenario. A
description of the five layout alternatives developed for each energy target follows:

1. Best Sites Onshore — This alternative includes the onshore sites with the highest
capacity factor needed to satisfy the desired regional energy or installed capacity
component provided by wind power. This alternative’s wind fleet is comprised
predominantly of wind plants in northern New England and therefore it exhibits
low geographic diversity.

2. Best Sites Offshore — This alternative includes the offshore sites with the highest
capacity factor needed to satisfy the desired regional energy or installed capacity
component provided by wind power. This alternative features the highest overall
capacity factor of each energy/capacity scenario set, but also a low geographic
diversity. However, the steadier offshore wind resource features a higher correlation
with load than onshore-based alternatives.

3. Balance Case — This alternative is a hybrid of the best onshore and offshore sites, and
as such exhibits a high geographic diversity, including a good diversity by state. The
offshore component of the wind fleet is divided equally between the states of
Massachusetts, Rhode Island, and Maine (this is also the only alternative that
includes offshore sites located in Maine).

4. Best Sites by State — This alternative likely represents the most spatially diverse
native wind fleet, and is comprised of wind plants exhibiting the highest capacity
factor within each state to meet that state’s contribution of the desired energy goal.
For example, in the 20% energy scenario, each state’s wind fleet was built out in an
attempt to meet 20% of the state’s projected annual energy demand so that the

10
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overall target of 20% of projected annual energy for New England was satisfied. This
alternative enables the investigation of the effects of high diversity and wind power
development close to New England’s load centers. It should be noted that since the
Full Queue contained a disproportionately high capacity of wind projects located in
Maine, the aggregate energy produced from these plants contributes approximately
58% of this state’s forecasted annual energy demand. This meant that the energy
contribution of each of the other states was adjusted (percentage-wise) so that the
regional wind fleet would produce the overall desired contribution to the forecasted
regional energy demand.

5. Best Sites Maritimes -~ In addition to the Full Queue sites located within New
England, this alternative is made up of extra-regional wind plants in the Canadian
Maritime Provinces sufficient to satisfy the desired New England region’s wind
energy or installed capacity. No considerations were made regarding transmission
upgrades required to deliver the hypothetical wind power to New England. Wind
resources in the Maritimes exhibit a high geographic diversity and an overall
capacity factor approaching that of New England’s offshore resource. Considering
the wind plants in the Full Queue, this alternative features the greatest geographic
diversity. Also, given the longitudinal distance of the Maritimes from much of New
England, the effects of integrating wind in the presence of time zone shifts could be
highlighted.

Wind Data

AWS Truepower (AWST) developed a mesoscale wind model for the NEWIS study area,
referred to as the New England Wind Resource Area Model (NEWRAM). The development of
NEWRAM is based on the work that AWST conducted as part of the Eastern Wind Integration
and Transmission Study (EWITS), for which AWST developed the wind resource and wind
power output data. The resulting superset of simulated wind resource data is referred to as
NREL’s Eastern Wind Dataset and represents approximately 790 GW of potential future wind
plant sites within the EWITS study area, and includes almost 39 GW of potential wind resource
within the New England region. For the NEWIS, the New England portion of this wind dataset
was expanded to include wind resources in the Canadian Maritimes and additional siting
screens and validation analyses were applied. This NEWRAM dataset, which includes wind
plant power output profiles as well as day-ahead wind forecasts for the calendar years of 2004,
2005, and 2006, provided the raw material necessary to build the various wind scenarios for the
NEWIS.

1
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Load Data

The load data used in the hourly production cost simulation analysis portion of the NEWIS
comes from the ISO-NE pricing nodes (aka. p-nodes). P-nodes represent locations on the
transmission system where generators inject power into the system or where loads withdraw
power from the system. For the NEWIS, the load data from p-nodes has been aggregated into
the respective Regional System Plan subareas. Historical data was extracted for years 2004,
2005, and 2006.

One-minute average total ISO New England load data was derived from the Plant Information
(PI) data historian, which extracts data from the Energy Management System used for power

system control.

Transmission Expansions

The NEWIS used a base-case transmission configuration for the 2019 ISO-NE system, as well as
three transmission overlays developed as part of the previously described 2009 Governors’
Study:

¢ 2019 ISO-NE System (“existing”) — used for base case.?

¢ Governors’ 2 GW Overlay ~ used as developed for Governor’s Study.

¢ Governors’ 4 GW Overlay/1,500 MW New Brunswick Interchange — An additional 345
kV line taken from the Governors’ 8 GW Overlay was included for Southeastern
Massachusetts in this overlay.

¢ Governors’ 8 GW Overlay/1,500 MW New Brunswick Interchange

Due to scope constraints, only thermal limits were developed, investigated, and utilized for the
NEWIS study. Voltage and stability limits would very likely reduce assumed transfer capability
so the transfer capabilities of the hypothesized transmission expansion assumed in the study
should be considered an upper bound.

Analytical Methods

The primary objective of this study was to identify and quantify system performance or
operational problems with respect to load following, regulation, operating reserves, operation

#The base-case system for 2019 assumes completion of transmission projects in the 2009 RSP.
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during low-load periods, etc. Three primary analytical methods were used to meet this
objective: statistical analysis, hourly production simulation analysis, and reliability analysis.
While the NEWIS tested the feasibility of wind integration under hypothetical future scenario
analyses developed for the study, real world operating and system performance conditions can
vary significantly from these types of hypothesized scenarios.

Statistical analysis was used to quantify variability due to system load, as well as wind
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 generation adds to that variability, and increases 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 generation for each scenario. The statistical analysis also
characterized the forecast errors for wind generation.

Production simulation analysis with General Electric’s Multi-Area Production Simulation
software (GE MAPS) was used to evaluate hour-by-hour grid operation of each scenario for
three years with different wind and load profiles. The production simulation results quantified
numerous impacts on grid operation including the primary targets of investigation:

* 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 and wind

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

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

¢ Changes in transmission path loadings

Other measures of system performance were also quantified, including;

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

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

¢ Changes in use and economic value of energy storage resources
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Reliability analysis involved loss of load expectation (LOLE) calculations for ISO-NE system
using General Electric’s Multi-Area Reliability Simulation program (GE MARS). The analysis
quantified the impact of wind generation on overall reliability measures, as well as the capacity
values of the wind resources. ISO-NE’s current method of determining the capacity value of
wind plants was also compared with the LOLE/ELCC method. 1

Impacts on system-level operating reserves wete also analyzed using a variety of techniques
including statistics and production 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 generation into the ISO-NE power grid.

Key Findings and Recommendations

The study results show that New England could potentially integrate wind resources to meet
up to 24% of the region’s total annual electric energy needs in 2020 if the system includes
transmission upgrades comparable to the configurations identified in the Governors’ Study. It is
important to note that this study assumes (1) the continued availability of existing supply-side
and demand-side resources as cleared through the second FCA (in other words, no significant
retirements relative to the capacity cleared through the second FCA), (2) the retention of the
additional resources cleared in the second Forward Capacity Auction, and (3) increases in
regulation and operating reserves as recommended in this study.

Figure 0-2 shows the annual energy from the ISO-NE generation fleet with increasing levels of
wind generation for the NEWIS study of the horizon year 2020. The pie charts are for the best
sites onshore layout, but since energy targets are the same for all layout alternatives within each
scenario, the results presented in the pie charts are very similar across the range of layout

alternatives within each scenatrio.

 Loss of load expeclation {LOLE) is the expected number of hours or days that the load will not be met over a defined time
period. Effeclive Load Carrying Capability (ELCC) is a data driven metric for capacity value, and represents the amount of
additional load that can be served by the addition of a generator while maintaining the existing level of reliability.
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The existing ISO-NE generation fleet is dominated by natural-gas-fired resources, which are
potentially very flexible in terms of ramping and maneuvering. As shown in the upper left pie
chart of Figure 0-2 natural gas resources provide about 50% of total annual electric energy in
New England assuming no wind generation on the system. Wind generation would primarily
displace natural-gas-fired generation since gas-fired generation is most often on the margin in
the ISO-NE market. The pie charts show that as the penetration of wind generation increases,
energy from natural gas resources is reduced while energy from other resources remains
relatively constant. At a 24% wind energy penetration, natural gas resources would still be
called upon to provide more than 25% of the total annual energy (lower right pie chart). In
effect, a 24% wind energy scenario would likely result in wind and natural-gas-fired generation
providing approximately the same amount of energy to the system, which would represent a
major shift in the fuel mix for the region. It is unclear, given the large decrease in energy market
revenues for natural-gas-fired resources, whether these units would be viable and therefore

continue to be available to supply the system needs under this scenario.
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presents recommended changes to ISO-NE operating rules and practices related to the
following issues:

¢ Capacity Value

¢ Regulation

e Reserves

* Wind Forecasting

e Maintaining System Flexibility

¢ Wind Generation and Dispatch

* Saving and Analyzing Operating Data

The Other Observations from Study Results section summarizes other significant observations
from the study results, including:

¢ Flexible Generation

* Energy Storage

¢ Dynamic Scheduling

* Load and Wind Forecasting with Distributed Wind Generation

The Technical Requirements for Interconnection of Wind Generation section relates
recommendations and observations in this report back to the technical requirements for
interconnection of wind plants in the previously published Task 2 report. The Future Work
section includes recommendations for future work.

Statistical Analysis

The observations and conclusions here are made on the basis of three years of synthesized
meteorological and wind production data corresponding to calendar years 2004, 2005, and 2006.
Historical load data for those same calendar years were scaled up to account for anticipated
load growth through year 2020.

The wind generation scenarios defined for this study show that the winter season in New
England is where the highest wind energy production can be expected. As is the case in many
other parts of the United States, the higher load season of summer is the “off-season” for wind
generation.

While New England may benefit from an increase in electric energy provided by wind
generation primarily during the winter period, the region will still need to have adequate
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capacity to serve summer peak demand. Given current operating practices and market
structures, the potential displacement of electric energy provided by existing resources raises
some concern for maintaining adequate capacity (essential for resource adequacy} and a flexible
generation fleet (essential to balance the variability of wind generation).

The capacity factors for all scenarios follow the same general trend. Seasonal capacity factors
above 45% in winter are observed for several of the scenarios. In summer, capacity factors drop
to less than 30%, except for those scenarios that contain a significant share of offshore wind

resources.

Based on averages over the entire dataset, seasonal daily patterns in both winter and summer
exhibit some diurnal (daily) behavior. Winter wind production shows two daily maxima, one in
the early morning after sunrise, and the other in late afternoon to early evening. Summer
patterns contain a drop during the nighttime hours prior to sunrise, then an increase in
production through the morning hours. It is enticing to think that such patterns could assist
operationally with morning load pickup and peak energy demand, but the patterns described
here are averages of many days. The likelihood of any specific day ascribing to the long-term
average pattern is small.

The net load average patterns by season reveal only subtle changes from the average load
shape, No significant operational issues can be detected from these average patterns, At the
extremes, the minimum hourly net load over the data set is influenced substantially. In one of
the 20% energy scenario layouts, the minimum net load drops from just about 10 GW for load
alone to just over 3 GW. Impacts of these low net load periods were assessed with the
production simulation analysis.

The day-ahead wind power forecasts developed for each scenario show an overall forecast
accuracy of 15% to 20% Mean Absolute Error (MAE). This is consistent with what is considered
the state of the commercial art. These forecast errors represent the major source of uncertainty
attributable to wind generation. The impacts of forecast errors on hourly operations were

evaluated in the production simulation analysis.

Shorter-term wind power forecasts are also valuable for system operations. This study
addressed the use of persistence forecasts over the hour-ahead and ten-minute-ahead time
periods. A persistence forecast assumes that future generation output will be the same as
current conditions. For slowly changing conditions, short-term persistence forecasts are
currently about as accurate statistically as those that are skill-based, but this relationship breaks
down as hour-to-hour wind variability increases. Operationally significant changes in wind
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generation over short periods of time, from minutes to hours (known as ramping events),
highlight this issue. As a first estimate, operationally significant ramps are often considered to
be a 20 percent change in power production within 60 minutes or less. However, the actual
percent change that is operationally significant varies depending on the characteristics of the
power grid and its resources. As the rate and magnitude of a ramp increases, persistence
forecasts tend to become less and less accurate for the prediction of short-term wind generation.

While the persistence assumption works for a study like this one, in reality ISO-NE will need
better ramp-forecasting tools as wind penetration increases. Such tools would give operators
the means to prepare for volatile periods by allocating additional reserves or making other
system adjustments. There has been recent progress in this area and better ramp forecasting
tools are now being developed. For example, AWS Truepower recently deployed a system for
the Electric Reliability Council of Texas (ERCOT) known as the ERCOT Large Ramp Alert
System (ELRAS), which provides probabilistic and deterministic ramp event forecast
information through a customized web-based interface. ELRAS uses a weather prediction
model running in a rapid update cycle, ramp regime-based advanced statistical techniques, and
meteorological feature tracking software to predict a range of possible wind ramp scenarios
over the next nine hours. It is highly recommended that ISO-NE pursue the development of a

similar system tailored to forecast the types of ramps that may impact New England.

Regulation and Operating Reserves

Statistical analysis of load and wind generation profiles as well as ISO-NE operating records of
Area Control Error (ACE) performance were used to quantify the impact of increasing

penetration of wind generation on regulation and operating reserve requirements.”

All differences between the scenarios stem from the different variability characteristics
extracted from three years of mesoscale wind production data in the NEWRAM. The
methodology and ISO-NE load are the same for each scenario, so wind variability is the only

source of differences between scenarios.

HACE is a measurement of the instantaneous difference between the net actual and scheduled electric energy flows over the
interchange between two regions, it is used fo evaluate system control perfarmance in real-time operating conditions. The 1SO
uses the ACE lo dispalch resources that can provide regulation service to the electric grid.
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Regulation

Significant penetration of wind generation will increase the regulation capacity requirement
and will increase the frequency of utilization of these resources. The study identified a need for
an increase in the regulation requirement even in the lowest wind penetration scenario (2.5%
wind energy), and the requirement would have noticeable increases for higher penetration
levels. For example, the average regulation requirement for the load only (i.e., no wind) case
was 82 MW. This requirement increases to 161 MW in the 9% wind energy scenario—and to as
high as 313 MW in the 20% scenario.

The primary driver for increased regulation requirements due to wind power is the error in
short-term wind power forecasting. The economic dispatch process is not equipped to adjust
fast enough for the errors inherent in short-term wind forecasting and this error must be
balanced by regulating resources. (This error must be accounted for in addition to the load
forecasting error.)

Figure 0-3 shows regulation-duration curves for increasing levels of wind penetration. It shows
the number of hours per year where regulation needs to be equal to or greater than a given
value. For example, the dark blue curve (the left-most curve) shows that between 30 MW and
190 MW of regulation are required for load alone. The 2.5% Partial Queue scenario (the light
blue line to the right of the load-only curve) increases the regulation requirement to a range of
approximately 40 MW to 210 MW; the overall shape tracks that of the load-only regulation
requirement curve. In the higher wind penetration scenarios, this minimum amount of required
regulation capacity increases and the average amount of regulation required increases such that
the shapes of the curves no longer track that of the load-only curve —this is indicative that the
increased regulation capacity will likely be required to be utilized more frequently. The purple
curve (the middle curve) shows that a range of approximately 50 MW to 270 MW of regulation
is required with 9% wind energy penetration. The yellow and red curves (to the right of the 9%
wind penetration curve just discussed) show that the required regulation increases to ranges of
approximately 75 MW to 345 MW and approximately 80 MW to 430 MW, respectively. These
estimates are based on rigorous statistical analysis of wind and load variability.
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generated, and even the number of individual turbines comprising the scenario, as more
turbines would imply more spatial diversity. At the same time, however, the differences may be
within the margin of uncertainty inherent in the analytical methodologies for calculating
regulation impacts. Given these uncertainties, it is difficult to draw concrete conclusions

regarding the relative merits of one scenario layout over the others.

ISO-NE routinely analyzes regulation requirements and makes adjustments. As wind
generation is developed in the market footprint, similar analyses will take place. Control
performance objectives and the empirically observed operating data that includes wind
generation should be taken into account in the regulation adjustment process.

ISO-NE's current practice for monitoring control performance and evaluating reserve policy
should be expanded to explicitly include consideration of wind generation once it reaches a
threshold where it is visible in operational metrics. A few methods by which this might be done
are discussed in Chapter 4, and ISO-NE will likely find other and better ways as their
experience with wind generation grows. ISO-NE should collect and archive high-resolution
data from each wind generation facility to support these evaluations.

Analysis of these results indicates, assuming no attrition of resources capable of providing
regulation capacity, that there may be adequate supply to match the increased regulation
requirements under the wind integration scenarios considered. ISO-NE's business process is
robust and is designed to assure regulation adequacy as the required amount of regulation
develops over time and the needs of the system change.

Operating Reserves

Additional spinning and non-spinning reserves will be required as wind penetration grows.
The analysis indicates that Ten Minute Spinning Reserve (TMSR) would need to be
supplemented as penetration grows to maintain current levels of contingency response.
Increasing TMSR by the average amount of additional regulation required for wind generation
is a potential option to ensure that the spinning reserve available for contingencies would be
consistent with current practice.

Using this approach, TMSR would likely need to increase by 310 MW for the 20% energy

penetration scenarios, about 125 MW for 14% penetration, and about 80 MW for 9% penetration.

In addition to the penetration level, the amount is also dependent on the following factors:

¢ The amount of upward movement that can be extracted from the sub-hourly energy
market — the analysis indicates that additional Ten Minutes Non-Spinning Reserve
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(TMNSR), or a separate market product for wind generation, would be needed at 20%
penetration

¢ The current production level of wind generation relative to the aggregate nameplate
capacity, and

* The number of times per period (e.g., year) that TMSR and Thirty Minute Operating
Reserve (TMOR) can be deployed — for the examples here, it was assumed that these
would be deployed 10 times per period.

The amount of additional non-spinning reserve that would be needed under conditions of
limited market flexibility and volatile wind generation conditions is about 300 MW for the 20%
Best Sites Onshore case, and 150 MW for the 9% Energy Queue case. This incremental amount
would maintain the TMNSR designated for contingency events per existing practice, where it is
occasionally deployed for load changes. “Volatile wind generation conditions” would
ultimately be based on ongoing monitoring and characterization of the operating wind
generation. Over time, curves like those in Figure 4-5 would be developed from monitoring
data and provide operators with an increasingly confident estimate of the expected amount of
wind generation that could be lost over a defined interval.

The additional TMNSR would be used to cover potentially unforecasted extreme changes
(reductions) in wind generation. As such, its purpose and frequency of deployment are
different from the current TMNSR. This may require consideration of a separate market product
that recognizes these differences. ISO-NE should also investigate whether additional TMOR
could be substituted to some extent for the TMSR and/or TMNSR requirements related to wind
variability.

Due to the increases in TMSR and TMNSR, overall Total Operating Reserve (TOR) increases in
all wind energy scenarios. For the 2.5% wind energy scenario, the average required TOR
increases from 2,250 MW to 2,270 MW as compared to the no wind energy scenario baseline.
The average required TOR increases to approximately 2,600 MW with 14% wind penetration
and about 2,750 MW with 20% penetration.

The need for additional reserves varies as a function of wind generation. Therefore, it would be
advantageous to have a process for scheduling reserves day-ahead or several hours ahead,
based on forecasted hourly wind generation. It may be inefficient to schedule additional
reserves using the existing “schedule” approach, by hour of day and season of year, since that
may result in carrying excessive reserves for most hours of the year. The process for developing
and implementing a day-ahead reserves scheduling process may involve considerable effort
and investigation of this process was outside the scope of the NEWIS.
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Analysis of Hourly Operations

Production simulation analysis was used at an hourly time-step to investigate operations of the
ISO-NE system for all the study scenarios under the previously stated assumptions of
transmission expansion, no attrition of dispatchable resources, addition of resources that have
cleared in the second Forward Capacity Auction, and the use of all of the technical capability of
the system (i.e., exploiting all system flexibility). The results of this analysis indicate that
integrating wind generation up to the 24% wind energy scenario is operationally feasible and
may reduce average system-wide variable operating costs (i.e., fuel and variable O&M costs} in
ISO-NE by $50 to $54 per megawatt-hour of wind energy'> however, these results are based on
numerous assumptions and hypothetical scenarios developed for modeling purposes only. The
reduction in system-wide variable operating cost is essentially the marginal cost of energy,
which should not be equated to a reduction in $/MWh for market clearing price (i.e. Locational
Marginal Prices--LLMPs). Low-priced wind resources could displace marginal resources, but that
differential is not the same as reductions in LMPs.

As mentioned briefly in the introduction to the hourly analysis, the cost information is included
only as a byproduct of the production cost analysis and that the study was not intended
primarily to compare cost impacts for the various scenarios. These results are not intended to
predict outcomes of the future electric system or market conditions and therefore should not be
considered the primary basis for evaluating the different scenarios.

Wind energy penetrations of 2.5%, 9%, 14%, 20%, and 24% were evaluated. As wind
penetrations were increased up to 24%, there were increasing amounts of ramp down
insufficiencies with up to approximately 540 hours where there may potentially be insufficient
regulation down capability. There were no violations that occurred for the regulation up. The
transmission system with the 4 GW overlay was adequately designed to handle 20% wind
energy without significant congestion. The transmission system with the 8 GW overlay was
adequately designed to handle 24% wind energy without significant congestion.

Wind generation primarily displaces natural-gas-fired combined cycle generation for all levels
of wind penetration, with some coal displacement occurring at higher wind penetrations.

2|n essence, this is the cost to replace one MWh of energy from wind generation with one MWh of energy from the next
available resource from the assumed fleet of conventional resources.
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The study showed relatively small increases in use of existing pumped-storage hydro (PSH) for
large wind penetrations; because balancing of net load —an essential requirement for large-scale
wind integration—was largely provided by the flexibility of the natural-gas-fired generation
fleet. It is possible that retirements (attrition) of some generation in the fleet would increase the

utilization of PSH, but that was not examined in this study.

The lack of a price signal to increase use of energy storage is the primary reason the study
showed small increases in the use of pumped-storage hydro in the higher wind penetrations.
For energy arbitrage applications, like pumped storage hydro, a persistent spread in peak and
off-peak prices is the most critical economic driver. The differences between on-peak and off-
peak prices were small because natural-gas-fired generation remained on the margin most
hours of the year. Over the past six years, GE has completed wind integration studies in Texas,
California, Ontario, the western region of the United States, and Hawaii. In many of these
studies, as the wind power penetration increases, spot prices tend to decrease, particularly
during high priced peak hours. The off-peak hours remain relatively the same. Therefore, the
peak and off-peak price spread shrinks and no longer has sufficient range for economic storage
operation. An example of this can be seen in Figure 0—4. The figure shows the Locational
Marginal Price (LMP) for the week of April 1, 2020, for the 20% Best Sites Onshore scenario,
using year 2004 wind and load shapes. It also shows the LMP for a case with no wind
generation. The price spread decreases substantially, which reduces the economic driver for
energy storage due to price arbitrage.
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¢ Average annual Locational Marginal Price (LMP) across ISO-NE® was reduced by
o Best Sites Maritimes - $5/MWh
o Best Sites Onshore - $6/MWh
o Best Sites - $9/MWh
o Best Sites Offshore - $9/MWh
o Best Sites By State - $11/MWh

Variation in the LMP impact for the different layout alternatives results from the differences in
the monthly wind profile as well as the daily profile. For example, the Maritimes layout
alternative has slightly less energy in the summer than the other scenarios. Also, the Maritimes
has less energy in the afternoon to early evening period, than the other scenarios when looking
at the daily average summer profile. As mentioned briefly in the introduction to the hourly
analysis, the cost information is included only as a byproduct of the production cost analysis
and that the study was not intended primarily to compare cost impacts for the various
scenarios. These results are not intended to predict outcomes of the future electric system or
market conditions and actual changes in fuel prices, transmission system topology, and
resource flexibility will have significant impacts on these results.

Revenue reductions for units not being displaced by wind energy is roughly 5%-10%, based on
lower spot prices. For units that are being displaced, their revenue losses are even greater. This
will likely lead to higher bids for capacity and may lead to higher bids for energy in order to
maintain viability. The correct market signals must be in place in order to ensure that an

adequate fleet of flexible resources is maintained.

The study scenarios utilized the transmission system overlays originally developed for the
Governors’ Study. With these transmission overlays, some scenarios exhibited no transmission
congestion and others showed only a few hours per year with transmission congestion. This
suggests that somewhat less extensive transmission enhancements might be adequate for the
wind penetration levels studied, although further detailed transmission planning studies would
be required to fully assess the transmission requirements of any actual wind generation
projects.

12 Based on the hourly marginal unit price. The results also do not account for other factors that may change business models of
market participants.
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Capacity Value of Wind Generation

Table 0-1 summarizes the average three-year capacity values for the total New England wind
generation for all the scenarios analyzed in this study as calculated using the Loss of Load
Expectation (LOLE) methodology where wind generation is treated as a load modifier. As
mentioned in the NEWIS Task 2 report, three years of data only give some indication as to the
variability of the effective capacity of wind generation from year to year. Along with the
effective capacity of each scenario, Table 0-1 also includes in brackets the percent of the
installed capacity that is offshore for that scenario.

Wind capacity values can vary significantly with wind profiles, load profiles, and siting of the
wind generation. For example, the 20% Best Sites Onshore scenario has a wind generation
capacity value of 20% while the corresponding 20% Best Sites Offshore scenario has a 32%
capacity value. The capacity value of wind generation is dominated by the wind performance
during just a few hours of the year when load demand is high. Hence, the capacity value of
wind generation can vary significantly from year to year. For example, the 20% Best Sites
Offshore scenario had wind capacity values of 27%, 26% and 42% for 2004, 2005 and 2006 wind
and load profiles, resulting in the 32% average capacity value shown in Table 0-1.

Table 0-1 Summary of Wind Generation Capacity Values by Scenario and Energy Penetration
14% Energy 20% Energy
3-Year Average 3-Year Average 3-Year Average
Capacity Value (%) Capacity Value (%) Capacity Value (%)}
Scenario [% Offshore] [% Offshore] [% Oftshore]

.5 % Energy 36% [40%]
% Energy (Queus) 28% [20%]
nshore

2 )
26% [9%)

Maritimes ! 26% [13%]

Best by States g 28% [15%] 26% [26%)

Best Sites e 35% [47%) 34% [51%]
ffshare [ 34% [45%] 32% [58%]

High-Level Comparison of Scenario Layouts

For a given penetration of wind energy, differences in the locations of wind plants had very
little effect on overall system performance. For example, the system operating costs and
operational performance were roughly the same for all the 20% wind energy penetration
scenarios analyzed. This is primarily because all the wind layout alternatives had somewhat
similar wind profiles (since all of the higher penetration scenarios included the wind generation
from the Full Queue), there was no significant congestion on the assumed transmission systems,
and the assumed system had considerable flexibility, which made it robust in its capability of
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managing the uncertainty and variability of additional wind generation across and between the

studied scenarios.

The individual metrics (e.g., prices, emissions) are useful in comparing scenarios, but should
not be used in isolation to identify a preferred scenario or to predict actual future results.

Offshore wind resources yielded higher capacity factors than onshore resources across all
scenarios and also tended to better correlate with the system’s electric load. The study indicates
that offshore wind resources would have higher capital costs, but generally require less
transmission expansion to access the electric grid. Some scenarios with the lowest predicted
capital costs (for wind generation only) also required the most amount of transmission because

the resources are remote from load centers and the existing transmission system.

Some scenarios that showed the least transmission congestion also required the greatest
investment in transmission, so congestion resuits should not be evaluated apart from
transmission expansion requirements. Some scenarios that showed the greatest reductions in
LMPs and generator emissions also used wind resources with low capacity factors, which

would result in higher capital costs. The complete results are described in the full report.
Recommended Changes to ISO-NE Operating Rules and Practices

Capacity Value: Capacity value of wind generation is a function of many factors, including
wind generation profiles for specific wind plants, system load profiles, and the penetration level
of wind generation on the ISO-NE system. ISO-NE currently estimates the capacity value using
an approximate methodology based on the plant capacity factor during peak load hours. This
methodology was examined in Chapter 6 and gives an overall reasonable approximation across
the scenarios studied. Given that only three years of data were available for the LOLE
calculation and that the results of this method can vary somewhat from year to year, it is
recommended that ISO-NE monitor a comparison between its current approximate method and
the LOLE/ELCC as operational experience is gained. As wind penetration increases, the
Installed Capacity Requirement (ICR) may not accurately account for the intermittent nature of
wind resources. GE recommends that the ISO evaluate potential improvements to the
calculation of capacity values for wind resources. Given that the capacity value of wind is
significantly less than that of typical dispatchable resources, much of the conventional capacity

may be required regardless of wind penetration (Section 6.5).

Regulation: ISO-NE presently schedules regulation by time of day and season of year. This has
historically worked well as regulation requirements were primarily driven by load, which has
predictable diurnal and seasonal patterns. Wind generation does not have such regular
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patterns. At low levels of wind penetration, the existing process for scheduling regulation
should be adequate, since the regulation requirement is not significantly affected by wind.
However, with higher penetrations of wind generation (above 9%), it will likely become
advantageous to adjust regulation requirements daily, as a function of forecasted and/or actual
wind generation on the ISO-NE system. Due to the additional complexity of accommodating
large-scale wind power, it is recommended that ISO-NE develop a methodology for calculating
the regulation requirements for each hour of the next day, using day-ahead wind generation
forecasts.

Determination of actual regulation requirements will need to grow from operating experience,
similar to the present methods employed at ISO-NE. (See Section 4.4.3)

TMSR: Spinning reserve is presently dictated by largest contingency (typically 50% of 1,500
MW, the largest credible contingency on the system). ISO-NE presently includes regulation
within TMSR. With increased wind penetration, regulation requirements will increase to a level
where this practice may need to be changed - probably before the system reaches 9% wind
energy penetration. Either regulation should be allocated separately from TMSR, or TMSR
should be increased to cover the increased regulation requirements. The latter alternative was
assumed for this study, and TMSR values in this report reflect that. (See Section 4.5.1)

TMNSR: Analysis of the production simulations for selected scenarios revealed that additional
TMNSR might be needed to respond to large changes in wind generation over periods of tens of
minutes to an hour or more. Given the assumption of no attrition of resources, displacement of
marginal generation by wind energy may help to ensure that this capacity is available. In other
words, some resources that are displaced by wind may be able to participate as fast start
TMNSR —if those resources are assumed to continue to be available. A mechanism for securing
this capacity as additional TMNSR during periods of volatile wind generation (as shown in the
statistical analysis and the characterizations developed for the operating reserve analysis) may
need to be developed. The use of TMOR instead of and/or in combination with TMNSR should
be investigated (See Section 4.5.3).

Wind Forecast: Day-ahead wind forecasting should be included in the ISO-NE economic day-
ahead security constrained unit commitment and reserve adequacy analysis. At the present
level of wind penetration, this practice is not critical. At larger penetrations, if wind forecasts
are not included in the economic day-ahead unit commitment, then conventional generation
may be overcommitted, operating costs may be increased, LMPs may be depressed, the system
may have much more spinning reserve margin than is necessary, and wind generation may be

curtailed more often than necessary. Analysis performed for the NEWIS indicates that these
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effects, and hence the case for implementation of a wind power forecast, grows as wind power
penetrations increase. Intra-day wind forecasting should also be performed in order to reduce

dispatch inefficiencies and provide for situational awareness.

It would also be beneficial for ISO-NE to publish the day-ahead wind forecast along with the
day-ahead load forecast, as this would contribute to overall market efficiency. Current practices
for publishing the load forecast should be followed for publishing the wind forecast, subject to
confidentiality requirements. This allows generation market participants to see the net load
forecast and bid accordingly, just as they do with load today (See Section 5.2.4),

Wind Generation and Dispatch: Production simulation results showed increased hours of
minimum generation conditions as wind penetration increases, which, given the policy support
schemes for wind generation, implies increased frequency of negative LMPs. ISO-NE should
not allow wind plants to respond in an uncontrolled manner to negative LMPs (e.g., as self-
scheduled resources). Doing so may cause fast and excessive self-curtailment of wind
generation. That is, due to their rapid control capability, all affected wind plants could possibly
reduce their outputs to zero within a few minutes of receiving an unfavorable price signal. ISO-
NE should consider adopting a methodology that sends dispatch signals to wind plants to
control their output in a more granular and controlled manner (e.g., with dispatch down
commands or specific curtailment orders). This method is recommended in the Task 2 report.
NYISO has already implemented a similar method (See Section 5.2.1 for a discussion on the
frequency of minimum generation issues).

System Flexibility: Increased wind generation will displace other supply-side resources and
reduce flexibility of the dispatchable generation mix—in a manner that is system specific. Any
conditions that reduce the system flexibility will potentially, negatively impact the ability of
New England to integrate large amounts of wind power. Factors that could potentially reduce
system flexibility can be market, regulatory, or operational practices, or system conditions that
limit the ability of the system to use the flexibility of the available resources and can include
such issues as: strict focus on (and possibly increased regulation of) marginal emissions rates as
compared to total overall emissions, decreased external transaction frequency and/or capability,
practices that impede the ability of all resources to provide all types of power system products
within each resource’s technical limits, and/or long-term outages of power system equipment or

chronic transmission system congestion.

Strict focus on marginal emissions rates can reduce system flexibility by encouraging generators
to operate in a manner that reduces their flexibility (e.g., reducing allowed ramp rates or raising

minimum generation levels in order to limit marginal emissions rates) and ignores the fact that
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as non-emitting resources are added to the system the overall level of emissions is reduced. Due
to the variability and imperfect predictability of resources like wind power, dispatchable
resources may need to be utilized in different operational modes that in some instances and/or
during some hours may actually increase these units’ emissions rates (in terms of tons of
emittant per MWh of electrical energy), however the total emissions of the system will be
reduced. The effects of the increases in marginal emissions rates are expected to be several
orders of magnitude smaller than the effect of the overall reductions in emissions. Reduced
frequency and/or capability of external interchange limits the ability of balancing areas to share
some of the effects of wind power’s variability and uncertainty with neighboring systems that at
any given time might be better positioned to accommodate these effects. Practices that limit the
ability of resources to participate in the power system markets to the full extent of their
technical capability may cause the system to operate in a constrained manner, which reduces
system flexibility. Self-scheduled generation reduces the flexibility of the dispatchable
generation resource and can lead to excessive wind curtailment at higher penetrations of wind
generation. It is recommended that ISO-NE examine its policies and practices for self-scheduled
generation, and possibly change those policies to encourage more generation to remain under
the control of ISO-NE dispatch commands. System flexibility can also be negatively impacted
due to expected as well as unforeseen operational conditions of the system that reduce the
ability to access and/or utilize the technical flexibility of the system resources. Examples of
operational conditions that can negatively impact system flexibility include the long-term
outage of resources that provide a large portion of the flexibility on the system, and chronic
transmission system congestion or stability and/or voltage constraints along important
transmission corridors.

Operating Records: It is recommended that ISO-NE record and save sub-hourly data from
existing and new wind plants. System operating records, including forecasted wind, actual
wind, forecasted load, and actual load should also be saved. Such data will enable ISO-NE to
benchmark actual system operation with respect to system studies. ISO-NE should also
periodically examine and analyze this data to learn from the actual performance of the ISO-NE

system.
Other Observations from Study Results

Flexible Generation: The ISO-NE system presently has a high percentage of gas-fired
generation, which can have good flexibility characteristics (e.g., ramping, turn-down). Using the
assumed system, the results showed adequate flexible resources at wind energy penetration
levels up to 20%. Also using the assumed system, there are periods of time in the 24% wind
energy scenario when much of the natural-gas-fired generation is displaced by the wind
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generation, leaving less flexible coal and nuclear operating together with the wind generation.
In this study, physical limits were used to determine how much units could be turned down
when system conditions required such action. ISO-NE will need to be diligent in monitoring
excessive self-scheduling, which could limit the apparent flexibility of the generation fleet. ISO-
NE may need fo investigate operating methods and/or market structures to encourage the
generation fleet to make its physical flexibility available for system operations (See Section
5.2.1.2).

Energy Storage: Study results showed no need for additional energy storage capacity on the
ISO-NE system given the flexibility provided by the assumed system. However, the need for
energy storage may increase if there is attrition of existing flexible resources needed to balance
net load and dispatchable resources. It is commonly believed that additional storage is
necessary for large-scale wind integration. In New England, wind generation displaces natural-
gas-fired generation during both on peak and off-peak periods. Natural-gas-fired generation
remains on the margin, and the periodic price differences are usually too small to incent
increased utilization of pumped storage hydro-type energy storage, which is why the study
results showed PSH utilization increasing only slightly and only at higher levels of wind
penetration.

Additional energy storage may have some niche applications in regions where some
strategically located storage facilities may economically replace or postpone the need for
transmission system upgrades (i.e., mitigate congestion). Also, minute-to-minute type storage
may be useful to augment existing regulation resources. But additional large-scale economic
arbitrage type storage, like PSH, is likely not necessary (See Section 5.2.1}.

Displacement of Energy from Conventional Generation: Energy from wind generation in New
England primarily displaces energy from natural-gas-fired generation. Although displacement
of fossil-fueled generation might be one of the objectives of regional energy policies, a
consequence is that it may radically change the market economics for all resources on the
system, but especially for the natural-gas-fired generation resources that are displaced.
Although their participation in the ISO-NE market will continue to be important, to serve both
energy (especially during summer high-load periods) and capacity requirements, the balance of
revenues that resources receive from each of these market segments will change. Since total
annual energy output from conventional resources would decline and energy prices also would
decline under the study assumptions, capacity prices from these plants will likely need to
increase if they are to remain economically viable and therefore able to provide the flexibility

required for efficient system operation (See Section 5.2.1}.
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Dynamic Scheduling: Dynamic scheduling involves scheduling the output of a specific plant or
group of plants in one operating area on transmission interties to another operating area.
Dynamic scheduling implies that the intertie flows are adjusted on a minute-to-minute basis to
follow the output of the dynamically scheduled plants. Most scenarios in this study included all
necessary New England wind resources within the ISO-NE operating area, and therefore did
not require dynamic scheduling. The Maritimes scenarios assumed that a portion of the ISO-NE
wind generation would be imported from wind plants in the Canadian Maritimes using
dynamic scheduling, so that ISO-NE would balance the variability due to the imported wind
energy. The results showed, given the study assumptions, that ISO-NE has adequate resources
to balance the imported Maritimes wind generation.

Load and Distributed Wind Forecasting: This study assumed that load forecast accuracy
would remain the same as wind penetration increases. However, a portion of the wind
generation added to the ISO-NE system will be distributed generation that may not be observed
or controlled by ISO-NE. It will essentially act as a load-modifier. As such, distribution-
connected wind generation will negatively affect the accuracy of load forecasts. As long as the
amount of this distribution-connected wind generation is fairly small and if ISO-NE is able to
account for the magnitude and location of distribution-connected wind plants, it should be
possible to include a correction term into the load-forecasting algorithm (See Section 5.3.3).

Technical Requirements for Interconnection of Wind Generation

The Task 2 report, “Technical Requirements for Wind Generation Interconnection and
Integration,” includes a set of recommendations for interconnecting and integrating wind
generation into the ISO-NE power grid. That report was completed before the statistical,
production simulation, and reliability analyses of the NEWIS scenarios were performed. The
recommendations contained in the Task 2 report were re-examined after the NEWIS scenario
analysis was completed and the analysis performed reinforces the need to implement those
recommendations. It was determined that no changes to the Task 2 recommendations are
warranted at this time based on the results of the scenario analysis. A few of the most

significant Task 2 recommendations are summarized below.

Active Power Control: Wind plants must have the capability to accept real-time power
schedule commands from the ISO for the purpose of plant output curtailment. Such control
would most often be used during periods when wind generation is high and other generating

resources are already at minimum load.

AGC Capability: Wind plants should be encouraged to have the capability to accept Automatic
Generation Control (AGC) signals, which would enable wind plants to provide regulation. The
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current ISO-NE market product requires symmetrical regulation, which means that wind
generation could only provide this service when it is curtailed. Some other systems have
asymmetrical regulation markets where wind generation could be quite effective at down-
regulation even under non-curtailed operation, such as when other generation resources have
been dispatched down to minimum load and/or other down regulation resources have been
exhausted.

Centralized Wind Forecast: ISO-NE should implement a centralized wind power forecasting
system that would be used in a manner similar to the existing load forecasting system.
Information from the day-ahead wind forecast would be used for unit commitment as well as
scheduling regulation and reserves. ISO-NE should also implement intra-day forecasting (e.g.
an early warning ramp forecasting system) that will provide improved dispatch efficiency and
situational awareness, and alert operators to the likelihood and potential magnitude and
direction of wind ramp events.

Communications: Wind plants should have the same level of human operator control and
supervision as similar sized conventional plants. Wind plants should also have automated
control/monitoring functions, including communications with 1SO-NE, to implement operator
commands (active/reactive power schedules, voltage schedules, etc.} and provide ISO-NE with
the data necessary to support wind forecasting functions. The Task 2 report contains detailed
lists of required signals.

Capacity Value: Given that only three years of data were available for the LOLE calculation
and that the results of this method can vary somewhat from year to year, it is recommended
that ISO-NE should monitor a comparison between its current approximate method and the
ELCC method for determining the aggregate capacity value of all wind generation facilities in
the operating area, and the calculation should be updated periodically as operational experience
is gained. Historical data should be used for existing plants; data from mesoscale simulations

could be used for new plants until sufficient operation data is available.

If the recommendations developed and discussed in the Task 2 report are not implemented, it is
highly likely that operational difficulties will emerge with significant amounts of wind
generation. Two recent examples of some Balancing Authorities experiences with a lack of
effective communication and control and/or a lack of an effective wind power forecast and the
resulting operational difficulties include having to:
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been developed recently. Both long-term dynamic (differential equations) simulations and fine
time resolution quasi-static time simulations could shed additional insight into the frequency,
ACE, CPS2 and other performance measures of the system, as well as providing more
quantitative insight into incremental maneuvering duties imposed on the incumbent generation
and the impacts of this increased maneuvering on such quantities of interest as emissions and
increased generator maintenance. Such analysis could be part of an assessment of possible
increased operating costs associated with maneuvering (beyond those captured in the MAPS
analysis).

Impacts of Cycling and Maneuvering on Thermal Units. Costs of starting and stopping units,
and static impacts on heat rate were reflected in the study to the extent presently possible.
However, the understanding of these impacts and the quantification of costs is still inadequate
throughout the industry. A deeper quantification of the expected cycling duty, the ability of the
thermal generation fleet to respond and an investigation of the costs — O&M, emissions, heat
rate, and loss-of-life — would provide clearer guidance for both operating and market design

strategies.

Economic Viability and Resource Retirements. The incumbent generating resources,
particularly natural-gas-fired generation, will be strongly impacted by large-scale wind
generation build-outs like those considered in the study. Investigation should be performed to
determine the revenue impacts, and their implications for the long-term viability of the system
resources that provide the flexibility required to integrate large-scale wind power. Such
investigation could include examination of impact of possible resource retirements driven by
reduced energy sales and revenues, and the efficacy of possible market structures for
maintaining the necessary resources to maintain system reliability.

Demand Response. A deeper analysis of the efficacy and limitations of various demand-side
options for adding system flexibility could help define directions and policies to pursue.
Temporal aspects of various demand response options could be further investigated. For
example, heating and cooling loads have significant time and duration constraints that will
govern their effectiveness for different classes of response. Similarly, some types of commercial
and industrial loads may offer options and limitations for providing various ancillary services
that will be needed.

Weather, Production, and Forecasting Data. This study was based on sophisticated meso-scale
wind modeling. The ISO should start to accumulate actual field data from operating wind

plants, from met masts, and from actual forecasts. Further investigation and refinement of study
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results or use of such data in the suggested sub-hourly performance analysis, would increase
confidence in results and may allow for further refinement of ISO plans and practices.

Network Planning Issues. This study was not a transmission planning study. The addition of
significant wind generation, particularly multiple plants in close electrical proximity in parts of
the New England grid that may be otherwise electrically remote (for example the addition of
significant amounts of wind generation in Maine) poses a spectrum of application questions. A
detailed investigation of a specific subsystem within New England considering local congestion,
voltage control and coordination, control interaction, islanding risk and mitigation, and other
engineering issues that span the gap between “interconnection” and “integration” would
provide insight and help establish a much needed set of practices for future planning in New
England (and elsewhere).
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1 Introduction

1.1 Overview of ISO-NE

ISO New England Inc. (ISO-NE) is the not-for-profit corporation that serves as the Regional
Transmission System Operator (RTO) for New England. ISO-NE is responsible for the reliable
operation of New England’s power generation, demand response and transmission system,
administers the region’s wholesale electricity markets, and manages the comprehensive
planning of the regional power system. ISO-NE has the responsibility to protect the short-term
reliability and plan for the long-term reliability of the Balancing Authority Area, a six-state
region that includes approximately 6.5 million businesses and households.

The New England electricity market consists of an energy market (i.e., Day-Ahead and Real-
Time Energy Markets), ancillary services markets (i.e., Forward Reserve Market and
Regulation), and a capacity market (i.e., Forward Capacity Market). Through these competitive
wholesale markets, the ISO ensures the availability of electricity to meet the demands of the
region.

Through the Day-Ahead Energy Market (DAM) and Real-Time Energy Market (RTM]}, the ISO
coordinates the commitment and dispatch of resources by economically scheduling resources to
provide energy and ancillary services on the basis of supply offers, bid-in load, submitted
transactions, and transmission information. The DAM produces financiaily binding obligations.
Resources generally are committed to operate in real-time consistent with their DAM schedule.
To the extent that insufficient resources clear in the DAM to meet ISO-NE’s forecasted real-time
load or expected real-time reliability requirements, ISO-NE commits additional resources in the
RTM, which is effectively a balancing market, In real-time, the dispatch and scheduling
software co-optimizes the dispatch of resources to provide energy and operating reserves. The
ISO also runs the Regulation Market in real-time, which schedules resources to provide
regulation services. Dispatch instructions are sent out to all of the resources in the New England
Balancing Authority Area consistent with their offer data, limits, and constraints to meet
changing load and ancillary service requirements throughout the Operating Day.

Commitment and dispatch of the system is done on five-minute intervals using a security
constrained economic commitment and dispatch. This approach recognizes transmission
constraints in the commitment and dispatch solutions. Both the DAM and RTM generate
Locational Marginal Prices (LMP), which reflects the marginal cost of meeting the next
increment of load at a location while respecting transmission constraints. The RTM also
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control. Once the permitting process is complete, some wind power plants can be constructed in
as little as three to six months, which facilitates financing and quick responses to market signals.
Wind power, with a fuel cost fixed at essentially zero, can contribute to fuel-cost certainty and
would reduce New England’s dependence on natural gas. In New England, the economics of
wind power are directly affected by the outlook for the price of natural gas; higher fuel prices
generally spur development of alternative energy supplies while lower fuel prices generally
slow such development. Wind power development also is directly affected by environmental
policy drivers such as restrictions on generator emissions or renewable energy generation

targets,

While wind can provide low-priced zero-emissions energy, the variability of wind resources
and the uncertainty with which the amount of power produced can be accurately forecasted
poses challenges for the reliable operation and planning of the power system. Many favorable
sites for wind development are remote from load centers. Development of these distant sites
would likely require significant transmission development, which may not appear to be
economical in comparison to conventional generation resources (at current prices) and could
add complexity to the operations and planning of the system. The geographical diversity of
wind power development throughout New England and its neighboring systems in New York
and the eastern Canadian provinces would mitigate some of the adverse impacts of wind
resource variability if the transmission infrastructure, operating procedures, and market signals
were in place to absorb that variability across a larger system. Several Flective and Merchant
Transmission Upgrades are in various stages of consideration to access these wind and other
renewable resources.

1.3 Growth of Wind Power in New England

As of October 2010, approximately 270 megawatts (MW) of utility-scale wind generation are on
line in the I1SO New England system, of which approximately 240 MW are biddable assets. New
England has approximately 3,200 MW of larger-scale wind projects in the ISO Generator
Interconnection Queue more than 1,000 MW of which represent offshore projects and more than
2,100 MW of which represent onshore projects.? The wind capacity numbers in the ISO queue
are based on nameplate ratings. Figure 1-1shows a map of planned and active wind projects in
New England. As an upper bound of all potential wind resources—and not including the

20The 3,200 MW of wind in the queue is as of October 1, 2010, and includes projects in the affected non-FERC queue.
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with equipment outages is of a more discrete and “event” type nature that can be handled in a
relatively deterministic fashion. This is the basis of contingency analysis where lists of credible
contingencies are evaluated on a frequent periodic basis for their effects on power systems

operations,

The combination of wind power’s variability and the uncertainty of forecasting wind power
make it fundamentally different from analyzing and operating other resources on the system.
The weather patterns that drive the generation characteristics for wind power vary across many
timescales and are loosely correlated with load. For example, ISO-NE experiences its peak loads
during the summer months, while, as observed in this study, wind generation produces more
energy during the winter months than in the summer. The uncertainty associated with wind
generation is very different from the uncertainty associated with typical dispatchable resources.
In general, uncertainty of energy supply from dispatchable conventional generation is due to
forced unit outages due to equipment failures or other discrete events. Uncertainty in wind
generation is more like uncertainty due to load. The amount of wind generation expected for
the next day is forecasted in advance (just as load is forecasted in advance), and the amount of
wind generation that actually occurs may be different from the forecasted amount, within the
accuracy range of the forecast. In contrast, however, to forecasting of day-ahead load where
typical average error is on the order of 1% to 3% Mean Absolute Error (MAE); the accuracy of
state-of-the-art day-ahead wind forecasts is in the range of 15% to 20% MAE of installed wind
rating. For small amounts of installed wind, load uncertainty dominates, but at higher
penetrations of wind, forecast uncertainty becomes very important. In order to plan for the
reliable operation of the power system, it is important to study how this combination of
variability and associated uncertainty will affect power system operations far enough ahead of
time for the effects to be quantified and any required mitigation measures to be put into service.

The loose correlation of wind and load requires the use of a new metric, “net load,” to study the
impact of large-scale wind generation where the fleet of dispatchable resources is used to
balance the time-synchronous variability and uncertainty of the load minus the output of the
wind generation. When managing the power system, the output of variable resources such as
wind power can be directly subtracted from the amount of load to be served, the dispatchable
resources on the system are then used to serve this remaining (i.e., “net”) load in order to
maintain the power system balance. The net load is then the true variability that must be
managed with dispatchable resources and therefore it is the net load that must be studied when
determining operational effects.
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The third task — the Mesoscale Wind Forecasting and Wind Plant Models — was completed at
the end of calendar year 2009. This task consists of the development of an accurate and flexible
mesoscale hindcasting model for the New England and Maritime wind resource area (including
offshore wind resources) that aliows for the simulation of power system and wind generation
operations and interactions (e.g., unit commitment, scheduling, load following, and regulation)
over the timescales of interest. The model is designed to produce three years of realistic time-
series of wind data in order to quantify the effects of inter-annual variability in wind generation
and system-wide load. The database of wind resource and power data developed for the
NEWIS along with a tool for interrogating and aggregating this database has been transferred to
ISO-NE. This tool allows reuse of the mesoscale modeling data for further ISO-NE studies.

The fourth task - Scenario Development and Analysis - develops base case and wind
generation scenarios in consultation with ISO-NE and stakeholders that includes potential and
probable scenarios for wind power development for scenarios considering various levels of
wind development: from wind power projects that are active and in advanced stages of the
planning process (approximately 1.14 GW, nameplate) up to 20% to 24 % of the projected
annual consumption of electric energy (approximately 9 GW to 12G W, nameplate). This task
then builds on and expands the knowledge gained and tools developed in the tasks 1, 2, and 3
and the developed scenarios to perform a detailed evaluation of the impact of incremental wind
generation variability and uncertainty on New England’s bulk electric power system via

statistical measures.

The fifth task — Scenario Simulation and Analysis — develops simulations and analysis of these
scenarios in order to assess the measures needed to successfully integrate substantial wind
generation, respectively. The simulations evaluate the use of on-line generation for day-ahead
commitment, economic dispatch, load following, regulation, and contingency reserves; the
production of air emissions; the effects of carbon cost; and the effects on LMPs. Sensitivity
analyses include the impacts of varying levels of diversity of the wind portfolio on the
performance of the electric power system.

The final two tasks — task four and five— were partially performed in parallel and completed in
the fall of 2010.

of the NEWIS Technical Report to New England stakeholders at the November 18, 2009 meeting of the Planning Advisory
Committee {"PAC"). These recommendations will be subject to the applicable stakeholder processes prior to implementation.
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The analysis performed in the NEWIS is both qualitative and quantitative, and is meant to
provide a basis to judge whether the New England power system has adequate resources
(supply and demand-side) to reliably incorporate a large amount of wind-generated power.
Neighboring control area systems and wind power development will also influence ISO-NE’s
bulk electric power system and are therefore also represented in this study. Measures that
would facilitate the integration of wind, such as changes to market rules, and the use of demand
response also are studied. The evaluation also includes a review of the ISO-NE's market design
considering a high peneiration of wind generation and how the scenarios could affect system
reliability and/or contribute to inefficient market operation of the bulk electric power system.
Ultimately, this analysis leads to recommendations for modifying existing procedures,
guidelines, and standards to reliably and efficiently accommodate the integration of new wind
generation.

The results of this report will form some of the basis for the ISO's policies and practices that
may result in changes to the ISO Tariff, Operating and Planning Procedures and Manuals. As
stated earlier, ISO-NE has presented the work completed to date to stakeholders, and will
continue to work with stakeholders to discuss the study’s findings, and then complete a full
stakeholder process within New England prior to implementing any final recommendations in
the form of rule and procedure changes to support the integration of wind power.

In order to be clear about the interpretation of the methods used, results obtained, and any
recommendations provided, it is important to recognize what the NEWIS is and what it is not.
The NEWIS is neither a transmission planning study nor a blueprint for wind power
development in New England, and large-scale wind power development might or might not
occur in the region. The NEWIS takes a snapshot of a hypothetical future year where low,
moderate, and large wind power penetrations are assumed. Feedback dynamics in markets,
such as the impact of overall reduced fuel use and the changes in fuel use patterns on fuel
supply and cost, were not analyzed or accounted for. It is not a goal of ISO-NE to increase the
amount of any particular resource; instead the ISO’s goal is to provide mechanisms to ensure
that it can meet its responsibilities (stated above) for operating the system reliably, managing
transparent and competitive power system markets, and planning for the future needs of the
system, while providing a means to facilitate innovation and the fulfiliment of New England’s
policy objectives. In this context the NEWIS is meant to investigate whether there are any
insurmountable operational challenges that would impede ISO-NE's ability to accept large

amounts of wind generation.

A fundamental assumption in the NEWIS is that the transmission required to integrate the
hypothesized wind generation into the bulk power system would be available and that the
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wind power resources would interconnect into those bulk transmission facilities. The NEWIS is
a system-wide transportation study and, as such, does not account for local issues. For example,
even with the limited wind generation that currently exists on the ISO-NE system, there are
some instances where local transmission constraints result in curtailment of wind facilities due
to the typical development pattern of wind generation facilities in New England and their
interconnection under the minimum interconnection standards process. Implementing the
recommendations developed as a result of the NEWIS will not solve these issues, unless the
aforementioned sizable transmission expansions were to be built and the wind generation
facilities were to connect directly into those expansions.

Another important assumption is that the available portfolio of non-wind generation in New
England and neighboring systems was held constant across all alternatives considered. Neither
attrition nor addition of new non-wind generation was considered as modifications to the base
case.

Furthermore, detailed and extensive engineering analysis regarding stability and voltage limits
would be required in order to determine the viability of the hypothesized transmission
expansions, which in themselves may require substantial effort to site and build. It is also
important to note that implementing the recommendations developed during the second task of
the NEWIS (e.g., wind power specific grid support functions, wind power forecasting,
windplant modeling, and communications and control) are absolutely essential for the reliable

integration of large-scale wind power into the New England power system.

Finally, in addition to the significant observations mentioned above, changes may be required
to systems and procedures within the ISO organization that are yet to be determined. These
changes would require additional analysis for increasing levels of wind penetration and for
issues identified within New England, or beyond, as system operators gain experience with
wind energy. The development, implementation, and operating costs associated with these
changes are not accounted for in this study.

49



New England Wind Integration Study

1.7 NEWIS Task Flow and External Review Process
Several levels of review were incorporated into the task flow of the NEWIS:
L. Stakeholder feedback (PAC)
2. Internal ISO-NE review (see Table 1-1)

3. Independent Technical Review Committee (TRC) of recognized experts

(see Table 1-2)

Table 1-1

ISO-NE Team Members Participating in NEWIS

NEWIS ISO-NE Team Member | 18O NE Organization Unit/Title

Jon Black System Operations, Intem

Wayne Cosle Resource Adequacy, Manager

Mike Henderson Regional Planning & Coordination, Director

William Henson System Operations, Senior Renewable Resource Engineer
Steven Judd Area Transmission Planning, Engineer

Fred Letson

Renewable Resource Integration, Intem

Jonathan Lowell

Market Dasign, Principal Analyst

Xiaochuan Luo

Business Architecture & Technology, Principal Analyst

John Norden

System Operations, Director

James Platts

Regional Planning & Coordination, Lead Engineer

Mike Potishnak

System Operations, Principal Engineer

Table 1-2

Members of NEWIS Technica! Review Committee

NEWIS TRC Member Affiliation

Utama Abdulwahid Senior Research Fellow at the University of Massachuselts Wind Energy Center
(UMass WEC)

Michael Jacobs NREL's National Wind Technology Center

Brendan Kirby Consultant for AWEA, NREL, Oak Ridge Nalional Laboratory (ORNL), Electric
Power Research inslitute, and various ISO/RTOs

Warren Lasher ERCOT, Manager of Long-Term Planning and Policy

Michael Milligan NREL's Sysiems Integration Team at the National Wind Technology Center

J. Charles Smith

Ulitity Wind Integration Group, Executive Director
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The NEWIS external review process, consisting of the Technical Review Committee (TRC) and
the Planning Advisory Committee (PAC), was designed to ensure the NEWIS study was guided
by the highest quality of technical work and greatest accuracy of results, and that interested
stakeholders had the opportunity to provide input to the NEWIS at key stages of the study. This
external review process was intended to ensure that the NEWIS provides accurate,
representative, and relevant results and information for New England. A total of six TRC
meetings and eight PAC presentations were held throughout the NEWIS project.

The PAC is the regional forum for interested parties to provide input to ISO-NE concerning the
assessment and development of the Regional System Plan (RSP} and the conduct of system
enhancement and expansion studies.

The TRC was created specifically for the NEWIS and was designed and assembled in a manner
consistent with recommendations of the Utility Wind Integration Group (UWIG) and the
aggregate experience from previous wind integration studies. Collectively, the TRC provided
expertise in all of the technical disciplines relevant to the study.

Table 1-3 is a chronological breakdown of all project milestones, including PAC and TRC
meetings.
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Table 1-3 NEWIS Milestones

Milestene/Meeting Date Descripfion

PAC Review 1211712008 Project roll out

Release RFP 12/119/2008 NIA

Select Vendor 31712000 GE & Enemex & AWS Truepower team was selected

Project Kickoff Meeting 4712009 l::;z:s:i ::::ZI;L?;S: nf:::;:hart, TRC participation, discussed overall
TRC Kickoff Mesting 512212008 Project overview, TRC Charter, Analfylical Approach

Scenario Development 6912009 Begin wind Scenario Development

Markets and Ops meeling 611072009 Explain ISO-NE Market and Operations to Team GE

PAC Revisw 61712009 Stalus update, present selected vendor, TRC, refined scope of work
TRC Meeting 2 7112009 Review mesoscale assumptions, introduce TRC, project schedule
SO g | vz | ekttt st o s
PAC Review 8/19/2008 Preseni scenario framework and assumptions

TRC Meeting 3 102012009 :::::go framework and assumptions partial queue and full queue
Task 2 Release & PAC Meeting 11/18/2008 Discuss Task 2 repori, status update

TRO Mecling 4 s et s e
PAC Reviaw 12/16/2009 Short recap of VAr management recommendations from Task 2
PAC Review 112112010 Describe wind scenarios and transmission overlays

TRC Meeting 5 312212010 Wind scenarios, transmission overlays

PAC Review 512612010 Interim resulis, transmissior/wind scenario pairings

TRC Meeting 6 8/52010 Final draft results

ISO Senior Management Review 10/22/2010 Final draft presentation

PAC Review 1111612010 Prasentation of key findings and recommendations

Finai Report 12117/2010 Relesase final full report
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basis for NEWRAM is the New England regional subset of the Eastern Wind Dataset superset.
As such, description of NEWRAM begins with an overview of the Eastern Wind Dataset
modeling process.

AWST’s work for EWITS consisted of the following five technical tasks:

1. Develop simulated 10-minute wind data for the regional wind resource using
mesoscale modeling

2. Assist NREL with site selection

3. Convert the selected wind resources to time series wind generation

4. Simulate wind forecasts for the selected wind plants

5. Develop simulated one-minute plant output data for select time intervals.

21,1 NREL Eastern Wind Dataset

2.1.1.1 Mesoscale Model Testing

AWST began by running subsets of three years to total one year’s worth of hourly simulations
of two mesoscale models in a variety of configurations, and comparing the resulting diurnal
and seasonal trends to coincident measurements observed at 10 tall tower sites throughout the
study area. Based on comparison of the models, AWST selected the Mesoscale Atmospheric
Simulation System (MASS),* which is a proprietary numerical weather prediction model
developed by AWST's partner, MESO, Inc. MASS uses data from a variety of geophysical® and
meteorological databases to simulate atmospheric conditions over a specified interval and
geographical area. In the finally selected configuration, AWST used the NCEP/NCAR Global
Reanalysis (NNGR) dataset as the initializing data source, with rawinsonde and surface data
assimilated in the course of the simulations.

3 MASS is a simplified computational fluid dynamics {CFD) model that Is able to simulate complex wind flows in areas where
ground measurements are nonexistent, and is designed to generate a highly detailed and realistic representation of wind
resource.

32Geophysical data include topography, land cover, vegetation greenness, sea-surface temperatures, soil temperalures, soil
moisture. Elevation data are from the Shuttle Radar Topographical Mission 30 Arc-Second Data Set (SRTM30). Land cover data
are from the satellite-based Moderate Resolution Imaging Spectro-radiometer (MODIS) data set. The nominal spacing of all
geophysical data sets is 1 km.
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» 20,0001t buffer of large airports (medium and large hub sizes)

» Elimination of slopes greater than 20%

Offshore Sites:

e Sites must have a capacity factor of 32% or greater at 80 meters hub height
e At least 8 kin from mainland for all states

e Water depths must be less than or equal to 30 meters

Onshore exclusion criteria were chosen in anticipation that the “best” onshore sites will be the
ones developed first. The criteria were meant to steer site selection away from restrictive land
uses and areas where wind development is either not viable or would be uneconomical. For
instance, the increased technical challenge of installing turbines on extreme grades, coupled
with the additional mechanical stress and fatigue that up flowing wind (a characteristic of the
wind resource on steeper slopes) introduces on turbine components, makes these locations less
desirable for wind development. Similarly, offshore exclusion criteria were selected to avoid
potential barriers to development, and as such are designed to minimize visual impacts and
represent the state of the art in industry standards concerning water depth. Offshore exclusion
criteria concerning waves and currents were not included.

Using a floor capacity value of 22% for onshore wind power plants, sites with a local maximum
capacity factor, at least 100 MW capacity and spacing no closer than 2 km to nearby sites were
selected. AWST estimated a wind power density ranging from 8 MW/km2 to 20 MW/km?2 based
on the shape of each site. Due to the scarcity of sites in several states including Connecticut and
Rhode Island, a separate site screening with a lower capacity factor threshold (approximately
13.5%) was conducted for those states. With the addition of these lower capacity sites, the result
was a comprehensive set of more than 7,800 sites with a corresponding nameplate capacity of
over 3,000 GW. NREL manually selected the final set of sites to ensure that a diverse set of
scenarios could be developed for the Eastern Wind Dataset, with all states and regions well
represented. NREL's selection process was based on setting capacity factor thresholds for each
state that reduced the total set to match target statewide capacities. A set of 1,326 sites with a
range of rated capacities totaling over 580 GW was used as the final pool to select from in

developing the Eastern Wind Dataset wind scenarios.

AWST used mean 80-meter wind speeds to identify potential offshore sites with an estimated
net annual capacity factor of at least 32%. Due to the spatial consistency of the offshore wind
resource, these sites were grouped into 20 MW blocks representing 4 km? each with a mean
wind power density of 5 MW/kma?. A total of more than 10,000 blocks representing almost 209
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GW of potential wind plants were identified. Table 2-1 shows the breakdown of onshore and
offshore sites for the Eastern Wind Dataset wind plants located in New England.

Table 2-1 Potential New England sites used for Eastern Wind Dataset

Connecticut 7 919 84 1680
Maine 42 5883 64 1280
Massachuselis 19 2166 1006 20120
New Hampshire 21 YXTA 1 20
Rhade Island 7 1039 65 1300
Vermont 17 2019

2.1.1.4 Wind Plant Modeling and Resource-to-Power Conversion

Once the sites were selected, AWST used their proprietary program SynOutput to convert the
atmospheric time-series data to wind plant output. Expected mean wind speeds for each site
were taken from MesoMap® and adjusted to the year of simulation with respect to AWST’s
historical dataset spanning years 1997 to 2007. The mesoscale time series associated with each
site was then scaled to match the expected mean wind speeds. Further adjustments were made
to each site’s diurnal and seasonal wind characteristic trends according to their correlation with
corresponding trends of coincident measurements collected at the 10 validation stations. These
adjustments were used to correct model biases.

Power curves were then developed for IEC Turbine Classes 1, 2 and 3 based on a composite of
utility-scale, commercially available wind turbines. IEC Class 1 and 2 turbines are assumed to
have a hub height of 80 meters; IEC Class 3 turbines are assumed to have hub height of 100

meters. SynOutput then applied the power curve for each turbine class to the time-series data
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for both hub heights at each site, and selected the most appropriate power output based on its
estimated annual mean speed®.

The following operational considerations were factored into SynOutput to ensure realistic
conversion of the simulated meteorological data to wind plant power output:

¢  Wake loss estimation utilizing siting assumptions in conjunction with the prevailing
wind direction determined from the simulated data.

¢ A random factor related to the TKE was used to account for wind gusts not explicitly
simulated by the mesoscale model. Otherwise the simulated wind power time-series are
too smooth.

¢ A normally distributed turbine availability with a mean of 94.8% and a standard
deviation of 2.3%

¢ Three percent electrical losses
» Effects of spatial averaging on the fluctuating wind power

* The cumulative impact of these considerations resulted in total power losses at most
sites between 15% to 17%, and a range of losses at all sites of 12% to 20%.

The results of the mesoscale modeling, site selection process, and power conversion were
annual 10-minute time-series wind power data associated with each potential wind site for the
years of 2004, 2005 and 2006.

2.1.1.5 Wind Forecasting Development

Along with synthesizing wind data, AWST produced hourly forecasts for three different time
horizons (next-day, six-hour, and four-hour) using their statistical forecast synthesis tool,
SynForecast. The forecasts were intended to represent real forecasts generated by a state-of-the-
art forecasting system for the years 2004, 2005, and 2006—the years of the simulated wind time-
series. A typical state-of-the-art day-ahead forecast has a Mean Absolute Error (MAE) of 20%.%

39 The selection of the appropriate IEGC furbine class is aclually based on both the turbulence intensity (T1} and the extreme 10-
minute average wind speed with a 50 year recurrence (Vref) at hub height. However, standards allow a multiplier of 5 to eslimate
Vref from the mean speed. Turbulence intensity is the expected value (at 15 m/s) of the standard deviation of the 10-minute
average wind speed divided by the 10-minute average wind speed. Since simulated wind speeds are instantaneous, Tl vaiues
could not be determined by AWST. Therefore, only the mean wind speed for each site was used to determine turbine class.

“ For mors information on state-of-the-art forecasting refer to the NEWIS Task 2 report.
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In order to develop a realistic forecast, AWST first developed a set of transition probabilities for
simulated plant output data using a Markov chain process,*' and then used these transition
probabilities to produce forecasts for four wind plants for which NREL had provided
concurrent output data. AWST then validated the forecasts using statistical comparisons of the
output data, the forecasts, and the forecast errors to check for systematic biases. After
corrections were made to the next-day and six-hour-ahead forecasts to ensure that their relative
forecast errors were realistic, the forecasting methodology was determined to be satisfactory
and was used to generate forecasts for all wind plants in the Eastern Wind Dataset.

2.1.2 Alterations to the Eastern Wind Dataset for NEWIS

Although first proposed by AWST, ISO decided that the New England subset of the Eastern
Wind Dataset needed to be expanded and extended to meet the needs of NEWIS. Since the
interaction of a region’s wind resource and its power system is region-specific, narrowing the
focus of a wind integration study to just New England allows for more tailoring of the study to
suit its unique wind patterns, installed generation, transmission system, and load patterns. As
stated by the North American Electric Reliability Corporation (NERC) Integration of Variable
Generation Task Force (IVGTF)#, “The degree to which wind matches demand may differ
widely in different geographic areas and at different times of the year. Therefore, it is not
possible to generalize the pattern of wind generation across the NERC region.” #IVGTF further
notes that calculating the ELCC of wind power requires careful accounting of the correlation of
hourly variable generation and hourly demand, and that “this data is needed for variable
generation plants in the specific geographic regions being studied.”#

In general, the vast footprint of the Eastern Wind Dataset precludes significant consideration of
the specific characteristics of the regional wind resource, land use patterns, and power system.
For example, in contrast to the expansive wind resources located in the Great Plains, the

4t A Markov chain represents a random process where the probability distribution of some future state depends only on the
current state. In its application to wind forecasting, the stochastic nature of wind is represented so that the future distribution of
future wind speeds (or wind power output) depends only on the current wind speed {or power output).

12The IVGTF was created by NERC’s Planning and Gperating Commitlees in December 2007 to raise industry
awareness/understanding of the characteristics of variable generation and the challenges associated with large-scale integration
of variable generation.

43 [VGTF report, p. 15
HIVGTF report, p. 38
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majority of onshore wind resources within New England are located in mountainous pockets,
resulting in smaller developable sites. Differences such as these render some site selection
assumptions used for EWITS less relevant for NEWIS, and also pose the need for a few different
land use exclusions. Additionally, the regional tendency towards smaller wind sites in New
England presents a need for greater flexibility in site selection for NEWIS. New England’s
interties with the New York and the Canadian Maritime Provinces, all of which possess
significant native potential wind resource, warrant a more granular examination of the external
impacts of wind development from these windy neighbors on the regional bulk power system.
Ultimately, incorporation of the aforementioned unique regional characteristics into NEWRAM
would facilitate the creation of more insightful wind scenarios, thereby helping to identify and
evaluate operational issues imposed by significant wind penetrations on New England’s bulk

power system.

In order to expand the dataset for NEWIS, the New England subset of the more comprehensive
3,000 GW site set was employed rather than those solely from the final 580 GW Eastern Wind
Dataset. Again, the larger set was that from which NREL hand selected the final 580 GW dataset
primarily by using a list of projects sorted by capacity factor to meet a capacity target for each
state. Use of the larger set added 164 more onshore sites, and more than doubled the potential
onshore wind resources available for the NEWIS from approximately 14.4 GW to almost 35.6
GW. No offshore sites were eliminated during NREL’s final hand selection process, so no
additional offshore sites are contained within the larger set. Table 2-2 lists the additional sites
included that were added from the larger set to the Eastern Wind Dataset.
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Table 2-2 Additional Sites Included in NEWIS Dataset

Connecticut 25 3679.2
Maine 107 13623.9
Massachusetls 5 683.6
New Hampshire 5 5856.2
Rhode Istand 4 478.9
Vermont 18 21348

As a starting point in the development of realistic wind scenarios, it was deemed necessary that
the NEWRAM include wind projects already existing in New England, as well as those projects
that have initiated the development process as demonstrated by their presence in the ISO-NE
Generator Interconnection Queue.* It was therefore important that Queue sites be included in
the NEWRAM irrespective of exclusions. As of April 17, 2009, 4,169 MW of wind projects were
in the Queue, 1,140 MW of which had received a determination of approval based on
information reviewed by ISO during the System Impact Study (SIS)/1.3.9 process.#

Upon review, it was determined that the Queue sites were either coincident or adjacent and
sufficiently close to the sites in the expanded set, and therefore, the expanded set was
adequately representative of the regional wind resource. Table 2-3 is a breakdown of wind
projects in the Queue that were included in the NEWRAM.

4 The ISO-NE Generator Interconnection Queue is used to manage generator Interconnection Requests submilted for
generators larger than 5 MW in capacity. There are three processes involved in interconnecting a generator: an interconnection
process, a markef process, and an 1.3.9 approval process. Cempletion of the interconnection process resulls in an
Interconnection Agreement. A generator's satisfaction of the requirements of the market process results in a Market Participant
Service Agreement oullining the generator’s participation in the Markets for the sale of energy, capacity, andfor ancillary
services. Satisfactory completion of the 1.3.9 process leads to the ISO granting permission {o the generator to operate when
interconnected to the reglonal system.

187 SIS is a peer review process to ensure that a generator or transmission project has no significant adverse impact on
refiahility. A determination of approval under Section 1.3.9 of the 1SO Tariff is a recommendation that a Queue project will not
have significant adverse impact on transmission facilities or the sysiem of another Market Participant.
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Table 2-3 Breakdown of wind projects in the ISO-NE Queue as of Aprii 17, 2009

ME - 518A.3.9 Complete 6 429 0 0

SI15/1.3.9 Pending

iH - §13/1.3.9 Complete 2 136 0 0

SIS/.3.9 Pending

SIsA.39Pe B 5 e
Ri - 515/1.3.9 Complete 0 0 0 0

518/1.3.9 Pending 0 0 1 360

2.1.2.1 Additional Exclusions

At the request of the ISO, additional exclusions specifically suited to the NEWRAM were added
to the Eastern Wind Dataset screening process. Some, like the buffer around two regional
recreation trails, are more restrictive than the Eastern Wind Dataset; others like the lower class
wind speed exclusion are more permissive than the Eastern Wind Dataset. The requested
exclusions include the following:

Onshore Sites:

e Class 2 or lower wind speed (at 80m)
¢ Within a buffer of 4 miles for the Appalachian Trail and Long Trail
¢ Elevations over 3,000 feet - restricting to lower elevations:

o Reduces blade icing problems

o Reduces installation costs

o Reduces impact on viewshed

» Screen out Martha's Vineyard, MA and Nantucket, MA
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Offshore Sites:

¢ Class 4 or lower wind speed (at 80 meters)
¢ Sites must be at least:
o 8 km from mainland for Maine

o Outside of state waters for Massachusetts, Rhode Island, and New Hampshire

After incorporating the exclusions, it was determined that there was a pool of potential sites
sufficient to begin development of the NEWIS wind scenarios.

2.1.2.2 Expanded Validation

Additional wind speed validation was performed using four measurement stations in New
England and four in New York. Based on a review comparing modeled versus measured wind
data, no changes to the data resulted from the expanded validation.

Expanded validation of power output data was conducted with respect to nearest of five
operational wind plants in New England for which there is 10-minute plant output data. Two of
the five operational plants provided data covering the entire 3-year period simulation, and a
third plant provided approximately 8 months of coincident data. Two plants provided data
more recent than the simulation period. Regardless of the duration of coincident data, a
comparison of the diurnal and seasonal trends between measured and simulated data were
evaluated. Based on the results of the power validation, the power plant data was left intact and
utilized for the final development of the NEWIS wind scenarios.

See Appendix A for AWST’s tables and figures associated with the extended wind speed and
power output validation.

2,1.2.3 Modeling of Wind in Neighboring Systems

Wind power production within NYISO and P]M was projected to develop in parallel to native
wind development. Therefore, wind power’s contribution to the total energy demands of both
the NYISO and PJM were assumed to match those of wind’s contribution in New England. For
example, if a regional wind scenario was developed to meet 20% of the New England’s total
energy demand, the assumed wind penetrations were assumed to meet the same energy
requirements in both NYISO and PJM. Wind plant siting and transmission required within
these balancing areas was not considered for the NEWIS.

A dataset similar to the Eastern Wind Dataset was developed for the Maritime Canadian
Provinces of New Brunswick, Nova Scotia, and Prince Edward Island. Table 2—4 shows a total
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of 76 potential onshore sites totaling a nameplate capacity of almost 10.4 GW, and a total of 39
offshore sites representing almost 4.8 GW nameplate that were identified. Since the onshore
wind resource synthesized for the Maritimes exhibited a high capacity factor, no offshore sites
were selected for the Maritimes wind fleet modeled for the NEWIS Maritime scenarios.

Table 24 Sites added for Canadian Maritime Provinces

New Brunswick 10 948.1 8 906.6

Prince Edward Island i2 2489.3 9 11954

Nova Scotia 54 6931.8 22 2660

In summary, the NEWIS dataset differs from the New England region of the Eastern Wind
Dataset in the following ways:

L. The Eastern Wind Dataset model was expanded to cover the Canadian Maritime
Provinces of New Brunswick, Prince Edward Island, and Nova Scotia.

2. Additional wind speed and power output validation was performed using data
collected from measurement stations and existing wind plants located in New
England and New York.

3. AWST provided an expanded dataset (164 additional onshore sites totaling more

than 21 GW of nameplate capacity when compared to New England subset of
Eastern Wind Dataset ) that included existing and proposed wind sites listed on the
ISO-NE Generator Interconnection Queue as of April 17, 2009.

4, AWST ensured all Queue sites were scaled commensurate with their proposed
installed capacity.

5. Additional exclusions were added to the site selection process.

6. Alterations to site size restrictions were made in order to allow smaller sites.

2.2 Load Data

2.2.1 Source

The ISO develops its plans to address needs in the regional transmission system through an
open stakeholder process. Each year these needs are considered over a planning horizon of 10
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In this manner the net load (i.e. load minus wind) could be used for the dispatch of the more
conventional (i.e. dispatchable) resources on the system. The net load concept is critical to
determining the operating impacts that wind generation may have for two reasons 1) power
produced by wind is essentially used as available (i.e. wind is a non-dispatchable resource) and
2) the variability that must be matched by the fleet of dispatchable resources is the combination
of the variability introduced by wind and by load which are somewhat correlated. Since the
variability of wind and the variability of load are somewhat correlated (i.e. neither perfectly
correlated or anti-correlated nor completely uncorrelated) they cannot be analyzed
independently.®

2.2.2 Extrapolation Methodology and Effects

One difficulty in this study has been to determine the best manner in which to extrapolate the
2004 thru 2006 loads out to what they might be during the timeframe under study (i.e. the
approximate year of 2020). A complicating factor is that whatever extrapolation methodology
employed should preserve the shape of the loads in order to preserve the “net load” concept
where the variability on the system is determined by subtracting the time-synchronous wind
generation from native load on the system. This net load concept allows for a more complete
picture of how the dispatchable resources on the system will be utilized, since the wind
generation will essentially be an “as available” resource (due to its low operational cost and
policy incentives to maximize wind derived energy) and this as available resource shares some
(but not all) of the originating phenomena that drive the load: over most timescales, load and
wind are only loosely correlated (at best).

After initial attempts at developing a more complex extrapolation technique, simple peak ratio
scaling was selected as the preferred method of extrapolation. In peak ratio scaling, the peak
load hour is multiplied by a value to bring it to the expected target peak (in this case 31.5 GW).
All other hours in the year are multiplied by this same value. This process was used for each of
the years investigated (2004, 2005, and 2006). Table 2-5 shows each year’s peak load and the
peak load ratio used to multiply all the loads for each year.

% A further description of the net load concept and it criticality to determining operaiional impacts can be found in the report
Analysis of Wind Generation Impact on ERCOT Ancillary Services Requirements by GE Energy Applications and Systems
Engineering.
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Table 2-5 Load Exfrapolation using Peak Load Methodology
2004 234 GW 1.344
2005 259 GW 1.214
2006 272GwW 1.158

All forms of load extrapolation possess certain advantages and disadvantages: though peak

load scaling does not allow precise matching for specific energy targets, peak load scaling is

straightforward and completely preserves the load shape which also has the effect of growing

the hour-to-hour load changes in a predictable and reasonable fashion. Peak scaling ratiois a

common method for load extrapolation both in general and for wind integration studies. The

main effect of peak load scaling is that the amount of annual energy for the extrapolated load

varies somewhat between the years since the load shapes are different for each of the three

years. Figure 2-4 shows the unscaled loads above and the scaled loads below.
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Figure 24 Original and Extrapolated Loads
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As can be observed in the top half of Figure 24, the original load shapes are different from each
other. For instance, the peak load hour in 2004 occurs much later in the year (approximately
hour 5800) than it does for the peak hours in 2005 and 2006 (both of which occur at about hour
5200). The peak loads for 2005 and 2006 are also much closer in magnitude (25.9 GW and 27.2
GW) as compared to the peak load of 2004 (23.4 GW). Also of note is that there are higher loads
in the winter of 2004 than there are in the years of 2005 and 2006. These differences are
somewhat magnified by the peak load scaling, as can be seen in the bottom half of Figure 2—4.
Also, since the peak load ratio is larger for 2004 than it is for either 2005 or 2006, all loads in
2004 are multiplied by a larger value for extrapolation. This increases the magnitude of the
extrapolated loads for the 2004 loadshape and its effect is particularly visible on the loads
during the shoulder months. Also, since the loads in the winter of 2004 are larger than the loads
in the winter of 2005 or 2006, the extrapolated loads during the winter of 2004 are significantly
higher than those of either 2005 or 2006. Some of the global effects of these differences include
the facts that there is a larger annual energy associated with the extrapolated 2004 loadshape
than for the 2005 or 2006 loadshapes: 174.42 TWH (2004), 160.75 TWH (2005), and 149.24 TWH
(2006); and that there are some larger hour-to-hour changes in the loads for the 2004 and 2005
extrapolated loadshapes as compared to the 2006 extrapolated loadshape.

2.3 Overview of Study Scenarios

2.3.1 Introduction

All of the NEWIS wind scenarios are set to represent approximately the 2020 timeframe. In
addition to the base case assumptions, there are five main categories of wind build-out
scenarios representing successively greater penetrations of wind. The scenarios are categorized
either by the aggregate installed nameplate capacity of wind power or the simulated wind
fleet’s contribution to the region’s forecasted annual energy demand. Values used for wind
energy generated by each scenario are averages of the three years simulated via mesoscale
modeling. Values of annual energy demand for the region and individual states are also
averages for the three extrapolated load years used in the simulations and individual load
supplied by energy efficiencies that has been bid into the FCM.

These categories of wind build-out scenarios include:
e Partial Queue Build-out
o Represents 1.14 GW of installed wind capacity
o Approximately 2.5% of the forecasted annual energy demand
¢ Full Queue Build-out

o Represents 4.17 GW of installed wind capacity
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o Approximately 9% of the forecasted annual energy demand

¢ Medium wind penetration
o Represents between 6.13 GW and 7.25 GW of installed wind capacity
o Approximately 14% of the forecasted annual energy demand

¢ High wind penetration
o Represents between 8.29 GW and 10.24 GW of installed wind capacity
o Approximately 20% of the forecasted annual energy demand

* Extra-high wind penetration

o Represents between 9.7 GW (for offshore) or 12 GW (for onshore) of installed wind
capacity
o Approximately 24% of the forecasted annual energy demand

Of the five categories, the Partial Queue and Full Queue build-outs are comprised of projects
that were in the ISO Generator Interconnection Queue as of April 17, 2009, and the queue lists
the proposed point of interconnection for each project. All of the build-outs with greater wind
penetration consist of wind plants strategically chosen and added to the Full Queue site
portfolio, until either the desired aggregate nameplate capacity or the desired energy
contribution of the resulting wind fleet was satisfied. A range of wind plant scenarios was
developed to represent what the New England system might look like with varying levels of
wind penetration, and to represent different spatial patterns of wind development that could
occur, including wind development in the Canadian Maritime Provinces. The objective of
scenario development was to enable a detailed evaluation of the operational impacts of
incremental wind generation variability and uncertainty on New England’s bulk electric power
system, including the incremental impact contributed by the spatial diversity of wind plants.
The NEWIS was not intended to identify real or preferred wind integration scenarios.

In order to represent the impacts of wind portfolio diversity, five layout alternatives were
developed for the medium and high wind penetration scenarios, i.e. the 14% energy and 20%
energy scenarios. Two of these layout alternatives were also used for the extra-high wind
penetration scenario. A description of the five layout alternatives developed for each energy
target follows:

1. Best Sites Onshore — This alternative inclides the onshore sites with the highest
capacity factor needed to satisfy the desired regional energy or installed capacity

component provided by wind power. This alternative’s wind fleet is comprised
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predominantly of wind plants in Maine and therefore it exhibits low geographic
diversity.

2. Best Sites Offshore — This alternative includes the offshore sites with the highest
capacity factor needed to satisfy the desired regional energy or installed capacity
component provided by wind power. This alternative features the highest overall
capacity factor of each energy/capacity scenario set, but also a low geographic
diversity. However, the steadier offshore wind resource features a higher correlation

with load than onshore-based alternatives.

3 Balance Case (aka. Best Sites) — This alternative is a hybrid of the best onshore and
offshore sites, and as such exhibits a high geographic diversity, including a good
diversity by state. The offshore component of the wind fleet is divided equally
between the states of Massachusetts, Rhode Island, and Maine (this is also the only
alternative that includes offshore sites located in Maine). Due to a naming
convention change during the course of the NEWIS, this layout alternative may be
found listed in this report as either the “Balance Case” or the “Best Sites”.

4. Best Sites by State — This alternative likely represents the most spatially diverse
native wind fleet, and is comprised of wind plants exhibiting the highest capacity
factor within each state to meet that state’s contribution of the desired energy goal.
For example, in the 20% energy scenario, each state’s wind fleet was built out in an
attempt to meet 20% of the state’s projected annual energy demand so that the
overall target of 20% of projected annual energy for New England was satisfied. This
alternative enables the investigation of the effects of high diversity and wind power
development close to New England’s load centers. It should be noted that since the
Full Queue contained a disproportionately high capacity of wind projects located in
Maine, the aggregate energy produced from these plants contributes approximately
58% of this state’s forecasted annual energy demand. This meant that the energy
contribution of each of the other states was adjusted (percentage-wise) so that the
regional wind fleet would produce the overall desired contribution to the forecasted

regional energy demand.

5. Best Sites Maritimes — In addition to the Full Queue sites located within New
England, this alternative is made up of extra-regional wind plants in the Canadian
Maritimes Provinces sufficient to satisfy the desired New England region’s wind
energy or installed capacity. No considerations were made regarding transmission
upgrades required to deliver the hypothetical wind power to New England. Wind
resources in the Maritimes exhibit a high geographic diversity and an overall
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Tabhle 2-7 Partial Queue site breakdown

Connecticut - - - - - - - - - 0% 0% -
Maine 6 0429 | 1,298 - - - 6] 0429 ) 1,298 35% 0% | 35%
Massachusetls 2 0.044 135 1] 0460 | 1615 310504 1750 35% 40% | 40%
New Hampshire 21 0136 448 - - - 2| 0436 448 8% 0% | 38%
Rhode Island - - - - - - - - - 0% 0% -
Vermant 21 0.071 198 - - - 2 0071 198 32% 0% | 32%

Table 2-7 is the Partial Queue site breakdown by state, type of wind plant (onshore versus
offshore), capacity factor, total nameplate capacity and total energy contribution. Capacity
factor and energy values are based on the three-year average energy outputs of each simulated
wind plant. For example, Maine’s onshore contribution consists of six sites totaling 429 MW in
nameplate capacity, an average annual energy output of 1,298 GWh, and an average capacity
factor of 35%.

2.3.4 Full Queue

The Full Queue represents a total of 4.17 GW of installed wind capacity, or approximately 9% of
total annual energy demand for the New England region. Wind projects included are all of
those in the Partial Queue, plus the remainder of wind sites in the Generation Queue regardless
of SIS/1.3.9 status.® This scenario assumes the Governors’ 2 GW Overlay for transmission is

necessary in order to integrate the sites in Northern Maine.

% Wind projects listed as “Withdrawn” within the Aprit 2008 Queue were net included in the full Queue build-oul scenario. These
sites were exciuded since the reason for their withdrawal is unknown and may have included poor siling, e.g. location in an
unfavorable wind regime.
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Table 2-9 20% Energy Full Queue plus Best Onshore site breakdown

0% 0%] 0%
Maine 157% 63§ 7.001} 20,226 - - - 63| 7.0011 20,226 33% 0%} 33%
0719 2359 33% 40% | 37%

Connecticut 0% - - - - - - . -

Massachusetis 4% 51 0.259 744

-
e
.
=
=3
——
-3
=2
I3
=3

New Hampshire 30% 12| 1.064] 37336 - - - 12] 1.064 [ 3335 36% 0% | 36%
Rhode Istand 10% - - - 110360 1,295 i} 0.3601 1,285 0% 41% 1 41%

Vermont 23% 111 0.635

- - - 111 0.635 33% 0%} 33%

Table 2-9 is the 20% Energy Full Queue plus Best Onshore site breakdown. A total of 63
onshore sites are now located in Maine (35 of which are added to the full queue), with an
aggregate nameplate capacity of 7,001 MW, and an average annual output of 20,226 GWh and
corresponding 33% capacity factor. Maine wind plants therefore account for almost 70% of the
total wind energy generated in this scenario, which is more than one-and-a-half times the state’s
annual energy demand. This scenario exhibits an overall 34% average capacity factor, which is
lower than all but one of the other 20% energy scenarios, due to its emphasis on onshore wind
development, which generally has a lower capacity factor than offshore wind power.
Additionally, this scenario features a total of 91 wind plants, the most of the 20% scenarios.

2.3.5.2 Best Offshore + Full Queue — 20% Energy

The 20% Energy Full Queue plus Best Offshore scenario represents a total of 8.29 GW of
installed wind capacity. Wind projects included are all of those in the Full Queue, plus the
offshore sites within the NEWRAM with the highest capacity factor that meet the 20% regional
energy target.
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Table 2-10 20% Energy Full Queue plus Best Offshore site breakdown

0% 0%] 0%

Connecticut 0% - - - - - - . -

Maine 58% 28| 2881 7486 - - - 28] 2881 7486 32% 0%} 32%
Massachusetls 28% 3] 0.059 183 5| 4.585| 18,222 8] 4.644 | 18,405 35% 45% | 45%
New Hampshire 12% 510400 | 4,290 - - - 51 0400] 1,280 3% 0% | 37%
Rhode Island 10% - - - 110360 1,295 110360 1,295 0% % 41%

Vermont

Table 2-10 is the 20% Energy Full Queue plus Best Offshore site breakdown. The overall
average capacity of the scenario is 40%, highest of the 20% scenarios. The five offshore wind
plants in Massachusetts account for 55% of the nameplate capacity and almost 63% of the
energy output region’s wind fleet. Compared to the regional onshore wind resource, the
offshore wind resource is greater and features much less spatial variation (i.e. it is more
consistent both temporally and spatially), which gives the offshore scenarios the highest
capacity factors of all the study scenarios.

2,3.5.3 Balance Case® - 20 % Energy

The 20% Full Queue plus Balance Case represents a total of 8.80 GW of installed wind capacity.
Wind projects included are all of those in the Full Queue, plus the addition of 3.7 GW of
offshore wind, and lastly the addition of onshore sites with the highest capacity factor required
to meet the 20% total energy target. The offshore wind plants are divided evenly between the
states of Maine, Massachusetts, and Rhode Island, each containing 1.5 GW of offshore wind

nameplate capacity.

% Due o a naming convention change during the course of the NEWIS, this layout alternative can be found in this report listed
as either the “Balance Case” or the “Best Sites”
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Table 2-11 20% Energy Full Queue plus Balance Case site breakdown

0% 0% 0%

Conneclicut 0% - - - - - - - .

Maine 114% 337 33721 951 411500} 5169 37| 4872 14,740 32% 39% | 35%
Massachuselis 9% 3] 0059 183 2} 1498{ 5800 51 1557} 5,982 35% 4% | 44%

New Hampshire 19% 8| 0.647| 2096 - - - 8| 0647 | 2,096 37% 0%} 37%
Rhode istand |~ 44% - - - 711513} 5657 7] 1513| 5857 0% 43% | 43%
Vermont 7% 5} 0209 584 - - - 51 0.209 584 32% 0%F 32%

Table 2-11 is the 20% Full Queue plus Balance Case site breakdown. Non-Queue sites selected
for this 20% scenario include a total of 8 onshore wind plants with an aggregate nameplate
capacity of 938 MW, and 11 offshore sites totaling 3,691 MW. Due to the large component of
offshore wind (there is almost an even split between offshore and onshore total wind capacity)
this scenario has a 38% capacity factor, second highest of the 20% scenarios. A total of 37 wind
plants (33 onshore, 4 offshore) are sited in Maine, with an aggregate nameplate capacity of 4,872
MW, and a total average annual output of 14,740 GWh, or half of the total wind energy

generated in this scenario.
2.3.5.4 Best By State + Full Queue — 20% Energy

The 20% Energy Full Queue plus Best By State scenario represents a total of 10.24 GW of
installed wind capacity. Wind projects included are all of those in the Full Queue, plus the
addition of both onshore and offshore sites within each state to attempt to meet approximately
20% of each state’s energy demand. Due to the disproportionate amount of Maine wind plants
in the Queue, it had already met 58% of its own average annual energy demand without any
additions. This meant that in order to meet the 20% regional target, the state energy targets of
additional wind plants sited in other states had to be lowered commensurately, i.e. wind plants
sited in Connecticut, Massachusetts and Rhode Island generate 16% of their respective annual
state energy demands.

Figure 2~12 is an illustration of sites included in the 20% Energy Full Queue plus Best By State
scenario, and depicts a high diversity of onshore wind, and a strong correlation between wind
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Table 2-12 20% Energy Full Queue plus Best By State site breakdown

Connecticut 16% 20] 2642} 5,604 - - - 20| 2642] 5,604 24% 0% ] 24%

Maine 58% 2812681 7488 - - - 28| 2681] 7486 32% 0% | 32%

Massachusefts 16% 22] 16191 4,353 2| 1498 5,800 241 3147 (045 3% 44% | 37%
0,15

New Hampshire 20% 8| 0691} 2208 - - - 8| 0891] 2208 36% 0% 1 36%

Rhode Istand 16% - - - 3| 0555] 2018 3] 0555] 2,019 0% 42% | 42%

Vermont 20% 05491 1,501 91 0549 1,501 33% 0%} 33%

Table 2-12 is the 20% Energy Full Queue plus Best By State site breakdown. This scenario
exhibits the lowest overall capacity factor of 34% due to emphasis on using in-state wind

development to supply a significant portion of each state’s annual energy demand, thereby
requiring the incorporation of many sites with significantly lower capacity factors. The 24%
capacity factor of Connecticut-based wind plants highlights this fact.

2.3.5.5 Maritimes + Full Queue - 20 % Energy

The 20% Energy Full Queue plus Best Sites Maritimes scenario represents a total of 8.96 GW of
installed wind capacity. Wind projects included are all of those in the Full Queue, and the
addition of the best (by capacity factor) onshore Maritime sites sufficient to meet the 20%
regional energy target. It is assumed that all of the wind power generated in the Maritimes will
be exported to the New England Control Area without any filtering or smoothing of the energy
flow by the Maritimes systems (i.e. all volatility is exported).
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Table 2-13 20% Energy Full Queue plus Best Sites Maritimes site breakdown

Connecticut 0% - - - - - - - . - 0% 0% 0%

Maine 58% 281 2681 7486 “ - - 28] 2681 7486 32% 0% 1 32%
Massachusetts 3% 31 0.059 183 1] 0460| 1,615 4105191 1,798 35% 40% | 40%

New Hampshire 12% 5] 0400] 1,290 - - - 5] 0400 1,290 37% 0% 37%
Rhode Island 10% - - - 110360 1,205 110360 1,285 0% 1% | 41%
Vermont 7% 51 0.208 584 - - - 5§ 0.208 584 2% 0% | 32%

Maritimes 351 4.787

- - - 35| 4.787 | 16,607 40% 0% | 40%

Table 2-13 is the 20% Energy Full Queue plus Best Sites Maritimes site breakdown. A total of 35
wind plants located in the Maritimes exhibit a 40% capacity factor, and contribute an average
annual energy output of 16,607 GWh, or slightly more than half of 20% of New England’s
forecasted (average) regional energy demand. Due to the quality of the wind resource in the
Maritimes, the overall average capacity of this scenario is 37%, which rivals the balance case.

2.3.6 Medium Penetration Scenarios - 14%Energy

The 14% energy cases serve as midpoint cases between the Full Queue buildout and the 20%
cases, and are a subset of the 20% scenarios. As such, the overall pattern of wind development
of the 14% scenarios are identical (but with a lower installed wind capacity) to their respective
20% scenario counterparts, which are all described in detail above. Therefore, the discussion of
each of the 14% scenarios that follows below will focus mainly on the differences relative to the
20% scenarios to avoid repetition. All 14% energy cases use the Governors’ 2 GW overlay.

2.3.6.1 Best Onshore * Full Queue — 14% Energy

The 14% Energy Full Queue plus Best Onshore scenario represents a total of 6.75 GW of
installed wind capacity. Figure 2-14 is an illustration of all scenario sites, which are broken
down categorically in Table 2—-14. Similar to the 20% Best Onshore scenario, the non-Queue
component of the 14% onshore scenario is comprised predominantly of wind plants located in
Maine. A total of 44 onshore sites (16 of which are non-Queue sites) are located in Maine with

an aggregate nameplate capacity of 4,584 MW, generating an average annual output of 13,281
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Table 2-14 14% Energy Full Queue plus Best Onshore site breakdown

Connecticut 0% - - - - - . - - - 0% 0of 0%
Maine 103% 441 4584 1 13,281 - - - 44 | 4584 | 13,281 33% 0% | 33%
Massachusetlis 3% 3| 0.059 183 1} 04601 1,615 4| 05191 1,798 35% 40% | 40%

New Hampshire 25% 10| 0864 | 2,746 - - - 10| 0864 | 2,746 36% 0% | 36%
Rhode Island 10% - - - 1] 0360f 1,295 110360 1,295 0% 4% | 41%
Vermont 16% 71 0419 1,223 - - - 71 0419 1,223 33% 0% | 33%
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Table 2-15 14% Energy Full Queue plus Best Offshore site breakdown

e 7

Connecticut 0% - - - - - - - - - 0% 0| 0%

Maine 58% 281 2681 7486 - - - 28§ 2681 1,486 32% 0% | 32%
Massachusells 15% 31 0.059 183 31 24207 9,504 6| 2480 9667 35% 45% | 45%

New 12% 5] 0400| 1290 - - - 5| 0400 1,290 37% 0% 3%
Hampshire

Rhode Istand 10% - - - 1] 03601 1,295 1| 0.360 1,295 0% 41% | 41%
Vermont % 51 0.208 584 - - - §| 0.208 584 32% 0% 32%
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Table 2-16 14% Energy Full Queue plus Balance Case site breakdown

Conneclicut 0% - - - - - - - - - 0% 0} 0%

Maine 85% 28| 2.681] 7486 210966 3523 30 | 3.667 | 11,008 32% M%| A%
Massachusetts 6% 3] 0.059 183 2| 0886 3,703 5} 1.045| 3,885 35% 43% | 42%

New Hampshire 12% 51 0400) 1,290 - - - 5] 04607 1,290 37% 0%1 37%
Rhede Island 28% - - - 510936 3573 5| 0986 3,573 0% 41% | 41%
Vermont 7% 51 0.209 584 - - - 51 0.209 584 32% 0% 32%

2.3.6.4 Best By State + Full Queue — 14% Energy

The 14% Energy Full Queue plus Best By State scenario represents a total of 7.25 GW of installed
wind capacity. Figure 2-17 is an illustration of this scenario’s sites, which are broken down
categorically in Table 2-17. Similar to the 20% best-by-state methodology, offshore and onshore
wind plants were added to the Full Queue sites so that each state’s wind portfolio could meet
approximately 14% of its average annual energy demand, but again, due to the
disproportionate amount of Maine wind power present in the Queue (2,681 MW generating
58% of the state’s average energy demand), other state energy targets had to be lowered to
satisfy the regional 14% energy target. The portion of each state’s annual energy demand
contributed by its instate wind portfolio include: 9% for Connecticut, Massachusetts and
Vermont, 10% for Rhode Island, and 12% for New Hampshire. In sum, the 14% Best-By-state
scenario is comprised of a total of 67 onshore sites with an aggregate capacity of 6,142 MW and
3 offshore sites with an aggregate capacity of 1,110 MW (versus 87 onshore sites totaling 8,182
MW and 5 offshore sites totaling 2,053 MW for the 20% case). Similar to the 20% Best-By-State
scenario, this scenario exhibits the lowest overall capacity factor of all the 14% energy cases.
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Table 2-17 14% Energy Full Queue plus Best By State site breakdown

Connaclicut 9% 1] 15221 3,306 - - - 115221 3,308 25% 0] 25%

Maine 58% 281 2.681| 7488 - - - 28] 2681 7,486 32% 0% | 32%
Massachusefts 9% 171 1272 3454 2107506 2,766 19120221 6220 31% 42%] 3%

New Hampshire 12% 5] 04001 1,290 - - - 51 0400] 1,290 7% 0% | 37%
Rhode Istand 10% - - - 1] 0360] 1,295 1| 0360 1,295 0% 4% | 41%
Vermont 9% 61 0.287 744 6 0.287 744 2% 0% 32%

2.3.6.5 Maritimes + Full Queue — 14% Energy

The 14% Energy Full Queue plus Best Sites Maritimes scenario represents a total of 6.39 GW of
installed wind capacity. Figure 2-18 depicts the spatial distribution of this scenario’s sites,
which are broken down categorically in Table 2-18. This scenario is identical to its 20%
counterpart except that 18 Maritimes sites have been omitted, giving a total Maritimes
nameplate wind capacity of 2,225 MW instead of 4,787 MW (in the 20% case).
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2.3.7 Extra-High Penetration Scenarios - 12 GW Wind

The extra-high wind penetration scenarios were designed to identify operational issues in the
region’s bulk power system at wind penetrations exceeding 20%. Starting with their 20%
scenario counterpart, the 20% Energy Full Queue plus Best Sites Onshore scenario, they were
developed by the addition of other NEWRAM sites that have the next highest capacity factors.
As such, their descriptions below will focus mainly on the characteristics of the wind plants that
were not present in the 20% scenarios. The extra-high wind penetration scenarios use the
Governors’ 8 GW Overlays.
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Table 2-19 Breakdown of Best Onshore and Full Queue sites for 12 GW Nameplate

Connecticut 0% - - - - - - - - - 0% 0 0%
Maine 178% 72] 7966 22935 - - - 72| 7.966| 22935 33% 0% 33%
Massachuselts 4% 7| 0.279 800 1] 0.460| 1,615 8| 0738 | 24156 33% 40% | 31%
New Hampshire 44% 17| 1.629| 4,897 - - - 17| 1629¢ 4,897 34% 0% | 34%
Rhode Island 0% - - - 1] 0360 1,295 11 0380 1,295 0% % | A%
Vermont 40% 161 1113] 3,189 - - - 16 1413 | 3,159 32% 0%{ 32%
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2.3.7.2 Best Offshore + Full Queue — 12 GW Wind

The Best Offshore 12 GW scenario represents a total wind energy output equivalent to
approximately 24% of the region’s annual energy demand in order to be more directly
comparable to the 12 GW Best Onshore Case and is therefore not 12 GW in nameplate due to
the high capacity factor of the offshore wind resource. Figure 2-20 depicts the spatial
distribution of this scenario’s sites, which are categorized in Table 2-20. The total nameplate
capacity in this scenario is approximately 9.7 GW. Two additional offshore wind sites have been
added relative to the 20% Best Offshore case; both southeast of Massachusetts and totaling to
1412 MW.
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5. A combination of high fuel prices and high carbon cost, low fuel prices and high
carbon cost to not only account for a possible range of fuel price scenarios, but also
to attempt to account for potential changes in fuel costs that may impact one fuel
with respect to another (e.g. natural gas vs. coal).

6. Storage sensitivity - The impact of increased storage, based on utilization. Since this
sensitivity was based on the utilization of existing storage and since (as will be seen
later in this report) the existing storage was not fully utilized, this sensitivity case
was not investigated.

7. Wind Forecast impacts — (No forecast, state-of-the-art forecast, perfect forecast) in
order to investigate the operational effects of improving the wind power forecast.

2.3.9 Development of Transmission Overlays

2,3.9.1 Introduction

The location of much of the high capacity factor potential wind resource in New England does
not correlate well with areas of high population and concentrated energy demand. In general,
the region’s population and electricity demand are concentrated in southern New England,
while the best onshore wind resources are located in the north. This lack of spatial coincidence
introduces a need for new transmission to connect potential wind resources to load centers
throughout the region. Potential offshore wind resources are located much closer to load centers
significantly reducing the amount of required transmission. Since a primary objective of the
NEWIS is to identify the operational effects of large-scale integration of wind power, the role of
transmission cannot be understated, especially given that many potential wind plants in New
England could not feasibly be built and operated without the construction of new transmission.
Figure 2-21 illustrates the poor correlation in the locations of regional wind resource and areas
of greatest electricity demand.
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of the wind scenarios used in the Governor’s Study.*The overlay design was strictly
conceptual, considering only single-contingency thermal constraints.® Additionally, the
Governor’s study did not evaluate the feasibility of siting specific transmission projects, and
potential transmission identified does not represent the future location of facilities; however,
efforts were made to site potential transmission within existing rights-of-way while also
accounting for alternative power flow paths in the event of a contingency. In general, the results
of the study found a need for higher voltage classes of transmission introduced as the wind
penetration gets significantly large (i.e. greater than 4 GW installed nameplate capacity).

Given that the core objectives of the Governor’s Study were economic in nature, EIG developed
preliminary order-of-magnitude cost-estimate ranges for each of the conceptual transmission
expansions used. Note that no additional cost analyses or considerations regarding hypothetical
transmission used were made for the NEWIS, Therefore, it is advised that readers interested in
preliminary transmission costing refer to the Governor’s Study.

2.3.9.3 Development of Overlays for NEWIS

In contrast to the Governor’s Study, for which transmission overlays served only as wind
delivery systems connected to the bulk system at major load centers, the overlays were
integrated into the regional transmission system for the NEWIS. All collocated substations of
the overlays and the 2019 ISO-NE system were tied together, thus allowing the overlays to act
as conduits for loads and power generated by other sources, rather than just the wind. This was
critical to developing hypothetical transmission that enables a realistic simulation of generation
dispatch, which thereby yields realistic LMPs.

Wind build-out scenarios were matched with Governor’s Study transmission overlay
configurations and a preliminary copper sheet simulation was run to determine their respective
suitability. Based on the copper sheet simulations and the developed thermal transfer limits, the
overlays were found to be able to support more wind power than the wind scenarios used in
the Governor’s Study. For example, the Governors’ 4 GW overlay, which was developed to be
able to robustly deliver a total additional generation (i.e. wind)nameplate capacity of 4 GW, was

& Transmission constrainis are the physical limitations of the bulk power syslem thal reduce the ISO's ability to dispatch the
lowest-priced resources to meet the regional eltectricity demand. Due to these constraints, the ISO may have to dispatch higher-
priced resources, and the incremental increase in cost is reflacted in wholesale eleclricity prices as congestion costs.

65Typical transmission designs are subjected to technical oplimization and a rigorous voitage and stability analyses.
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capable of transporting wind penetrations in the 20% energy scenario, or up to 9.77 GW of
wind. The primary reasons smaller overlays are able to be used are that typical capacity factors
of wind plants are between 20% and 45% due to the resource’s variable nature and that
geographic diversity limits the coincident output of the wind power fleet; nameplate, fully
coincident output values were used for the Governor’s Study. Thus, from a thermal transfer
limit standpoint only, the overlays used in the Governor’s Study are designed to address the
long term expansion of the system beyond the immediate concern of integrating the wind
generation postulated in the various scenarios. In consideration of wind plant interconnection,
it is assumed that wind plants in each scenario are connected directly to the overlays. In effect
this means that all local transmission needed to connect the wind to the overlays was presumed
to already exist and that it is sufficiently robust to be unconstrained in all of the NEWIS wind
scenarios. Because of this, during operational simulations conducted as part of the NEWIS, local
transmission is “invisible” to the system. This is an important consideration in that the reader
should not assume that for the study local transmission congestion could impede the
deliverability of the wind to the larger transportation model. In fact due to the typical
development pattern of wind generation facilities in New England and their interconnection
under the minimum interconnection standards process, local interconnections are often the
point at which congestion occurs which results in potential wind curtailments.

2.3.9.4 Validation of Power Flow Cases

ISO-NE provided GE the 2019 power flow base case. Based on the transmission overlay
developed by EIG, GE built three additional power flow cases (Governors’ 2 GW overlay,
Governors’ 4 GW overlay and Governors’ § GW overlay) and delivered these to ISO-NE in PSSE
RAW format.

ISO-NE then used Power World Simulator version 14 to validate that the power flow cases built
by GE were consistent with the overlay developed by EIG. Power World Simulator has a
function to compare topological differences between two power flow cases. It presents a report
of what elements are added and removed in the present case from the base case. The topological
difference reports generated by Power World Simulator were then compared to the
transmission overlay by EIG side by side to make sure that the power flow cases have
represented the transmission overlay correctly. There were several iterations between ISO-NE
and GE in building and validating these cases. However, detailed and extensive engineering
analysis regarding stability and voltage limits would be required in order to determine the true
viability of the hypothesized transmission expansions, which was outside the scope of the
NEWIS.
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23.9.5 Developments of Interface Transfer Limits

After building and validating the power flow cases, ISO-NE inserted definitions for the

Objectives and Technical Approach

interfaces (see Table 2-21) between RSP’ subareas for the 2019 base case, 2 GW overlay case, 4
GW overlay case and 8 GW overlay case: no new interfaces were created. Transfer limits were

calculated for each interface of these power flow cases by using the Available Transfer

Capability (ATC) module of Power World Simulator. The calculated interface limits were later

reviewed at the Planning Advisory Committee and the NEWIS Technical Review Committee

and used in the operational analysis performed using General Electric’s Multi Area Production
Simulation (GE MAPS) program.

Table 2-21 Transfer limits hetween RSP subareas

New Brunswick- New England 1000 1000 1000 1000
Orrington-South 1200 2500 5500 6100
Surowlec-South 1150 2100 5200 5800
Maine-NH 1450 2700 5700 6400
North-South 2700 3800 6800 7400
Boston Import 4300 4900 4500 4900
SEMA No Limit No Limit No Limil No Limit
SEMARI 3300 4200 6500 6500
East - West 3500 4300 7900 8600
West - East 4400 5100 5800
CT Import 3600 5300 7700 8200
CT Export 4200 4900 5400
Sauthwest Connecticut import 3650 3650 3850 3650
Norwalk-Stamford 1650 1650 1650 1650
Cross-Sound Cable (Export) 330 330 330 330
Cross-Sound Cable (Import) 346 KEL 346 346
NY-NE Sumimer 1525 1,525 1,525 1,525
NY-NE Winter 1600 1,600 1,600 1,600
NE-NY Summer 1200 1,200 1,200 1,200
NE-NY Winter 1325 1,325 1,325 1,325
HQ-NE (Highgate) 200 200 200 200
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» Substation Improvements or Additions

» ME - Keene Rd Substation — New 345/115 Autotransformer

¢ ME - South Gorham Substation — New 345/115 Autotransformer
¢ NH - Comerford Substation - New Reactive Devices

¢ MA - West Amesbury Substation — New 345/115 Substation

» MA — Hdgar Substation — New 115 kV Reactors

s  MA ~ Wachusett Substation — New 345/115 Autotransformer

¢ CT - Broadway Substation — 2 New 115/13.8 Transformers

¢ CT - Union Substation — New 115/13.8 Substation

+ All future Queue Generation Projects that had PPA approval (Section 1.3.9) as of May
2009

In the 2019 ISO-NE system (Figure 2-22), the following counties: northern Somerset, northern
Oxford, Aroostook and Washington Counties in northern Maine are considered part of New
Brunswick, Area 105. These counties make up a part of the region with excellent onshore wind
resource. Main Public Service territory consisting of Aroostook and Washington Counties are
currently served radially from New Brunswick. No wind power projects in the Partial Queue
scenario are located in these counties; however, these northernmost areas are tied into the rest
of the regional transmission system for all of the non-base case transmission overlays used for
the NEWIS, allowing access to wind resources located there.
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Table 2-22 Breakdown of 2 GW transmission overlay

CATEGORY SUB-CATEGORY CIRCUIT #OF
DESCRIPTICN  DESCRIPTION MILES SUBSTATIONS
TRANSMISSION 1. 345kV AC Backbone 355

2. 345kV AC / HVDC Backbone 240

3. 345kV Local Loops 645

4. 115kV Reinforcements 545

TOTAL 1785
SUBSTATION 1. 345kV AC Backbone 3

2. 345kV AC / HVDC Backbone 3

3. 345kV Local Loops 8

4. 115kV And 69kV Reinforcements 20

TOTAL 34

The Governors’ 2 GW overlay consists of the following potential transmission and related
system upgrades relative to the 2019 ISO-NE system:

¢ 345kV and 115 kV local loops and radials in NH and ME to connect inland and offshore
wind
¢ Single-circuit overhead 345 KV backbone, central ME-Millbury-Manchester, and single-

circuit overhead 345 kV backbone to high-voltage direct-current (HVDC) submarine
cable, ME-Boston to move energy to load centers

e Upgraded coastal substations in MA and RI with reinforced 115 kV to connect offshore
wind '

¢ Other small disbursed inland and offshore wind connect to existing 115 kV substations

¢ 1,785 miles of total potential new transmission circuit
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received 1.3.9 approval and therefore is considered a near-term project. Hypothetical local
transmission loops acts as conduits for wind buildout in northern Maine, and thus would
require integration of these areas into the jurisdiction of the Federal Energ Regulatory
Commission (FERC).

23.9.8 Governors’ 4 GW Overlay

The Governors’ 4 GW overlay is a composite of the following transmission designs from the
Governor's Study: 1) The 4 GW onshore overlay, which serves as the primary overlay
architecture, 2) a 1,500 MW New Brunswick interconnection, and 3) additional transmission in
SEMA to ensure deliverability of potential offshore in Massachusetts and Rhode Island, which
is a feature of the 8 GW overlay in the Governor’s Study. Of the two voltage class options
outlined for this scenario in the Governor’s Study, 500 kV loops were selected for use. Table 2~
23 is a breakdown of all transmission and substation upgrades featured in this overlay.

Table 2-23 Breakdown of 4 GW transmission overlay

CATEGORY SUB-CATEGORY CIRCUIT #OF
DESCRIPTION  DESCRIPTION MILES SUBSTATIONS
500kV BACKBONE LOOPS
TRANSMISSION 1. 500kV Backbone Loops 2750
2. 345kV Local Loops 480
3. 115kV Reinforcements 465
SUBTOTAL 3695
SUBSTATION 1. 500kV Backbone Loops 15
2. 345kV Local Loops 12
3. 115kV And 69kV Reinforcements 14
SUBTOTAL 41
1500 MW Naw Brunswick inlerchange
TRANSMISSION 1. +/- 450kV HVDC Bi-Polar O/H Backbone 400
SUBTOTAL 400
SUBSTATICN 1. +/-450kV, 1500 MW HVDC Bi-Polar Terminal 1
TOTAL 4095 42

119




New England Wind Integration Study Objectives and Technical Approach

The Governors’ 4 GW overlay consists of the following potential transmission and related

system upgrades relative to the 2019 ISO-NE system:

345kV and 115 kV local loops and radials in NH and ME to connect inland and offshore
wind
Dual-circuit overhead 500 kV backbones through most of interior New England

Upgraded coastal substations with reinforced 345 kV and 115 kV to connect offshore
wind in MA, RI

Other small disbursed inland and offshore wind connect to existing 115 kV substations

Added 345 kV line from SEMA to Millbury {(element from 8 GW overlay) to connect
offshore wind in MA & RI

A New Brunswick interconnection consisting of a +/- 450 kV HVDC overhead line
capable of transporting 1,500 MW of power from the Keswick area of New Brunswick
south via the northern Maine border to Millbury, Massachuseits.

4,095 (3,695w/o NB interconnect) miles of total potential new transmission circuit
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2.3.9.9 Governors’ 8 GW Overlay

The 8 GW overlay is architecturally identical to the 8 GW Governor’s Study overlay, with the
addition of the 1,500 MW New Brunswick interconnection. Of the two voltage class options
outlined for this scenario in the Governor’s Study, 500 kV loops were selected for use. Table 2—
24 is a breakdown of all transmission and substation upgrades featured in this overlay.

Table 2-24 Breakdown of 8 GW transmission overlay

CATEGORY SUB-CATEGORY CIRCUIT #0OF
DESCRIPTION  DESCRIPTION MILES SUBSTATIONS
500kV BACKBONE LOOPS
TRANSMISSION 1. 500kV Backbone Loops 2740
2. 345kV Local Loops 1395
3. 115kV Reinforcements 185
SUBTOTAL 4320
SUBSTATION 1. 500kV Backbone Loops 10
2. 345KV Local Loops 2
3. 115kV And 69kV Reinforcements 5
SUBTOTAL 44
1500 MW New Brunswick Interchange
TRANSMISSION 1. +/- 450kV HYDC Bi-Polar O/H Backbone 400
SUBTOTAL 400
SUBSTATION 1. +-450kV, 1500 MW HVDC Bi-Potar Terminal 1
TOTAL 4720 45

The 8 GW overlay consists of the following potential transmission and related system upgrades
relative to the 2019 ISO-NE system:

¢ 345kV and 115 kV local loops and radials (NH and ME) to connect on and offshore wind
s Dual-circuit overhead 500 kV backbones through most of interior New England

» Upgraded coastal substations with reinforced 500 kV, 345 kV and 115 kV to connect
offshore wind in MA, RI
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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. Three primary analytical methods were used to meet this objective; statistical
analysis, hourly production simulation analysis, and reliability analysis. While the NEWIS
tested the feasibility of wind integration under hypothetical future scenario analyses developed
for the study, real-world operating and system performance conditions can vary significantly
from these types of hypothesized scenarios.

Statistical analysis was used to quantify variability due to system load, as well as wind
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 generation adds to that variability, and increases what must be accommodated by
load following and regulation with other generation resources. The statistical analysis
quantified the grid variability due to 1oad alone over several time scales, as well as the changes
in grid variability due to wind generation for each scenario. The statistical analysis also
characterized the forecast errors for wind generation.

Production simulation analysis with General Electric’s Multi-Area Production Simulation
software (GE MAPS) was used to evaluate hour-by-hour grid operation of each scenario for 3
years with different wind and load profiles. The production simulation results quantified
numerous impacts on grid operation including the primary targets of investigation:

¢ 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 and wind

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

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

» Changes in transmission path loadings

Other measures of system performance were also quantified, including:

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

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

¢ Changes in use and economic value of energy storage resources
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Reliability analysis involved loss of load expectation (LOLE) calculations for ISO-NE system
using General Electric’s Multi-Area Reliability Simulation program, (GE MARS). The analysis
quantified the impact of wind generation on overall reliability measures, as well as the capacity
values of the wind resources.

Impacts on system-level operating reserves were also analyzed using a variety of techniques
including statistics and production 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 generation into the ISO-NE power grid.
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3 Statistical Analysis and Characterization of Study Data

Wind generation is variable across time scales ranging from seconds to seasons, and cannot be
perfectly forecast over any horizon. Because Balancing Area load also exhibits variability and
uncertainty across many operational time frames, the impacts of wind generation on ISO-NE
operations are a function of the degree to which this variability and uncertainty increases the
overall variability and uncertainty of the net load.

The general purpose of the analysis in this section is to convey a familiarity with the
chronological load and wind data that are the primary inputs to the technical analysis described
in later sections. It is generally not possible to extract quantitative conclusions about operating
impacts directly from statistics of wind and load data. While certain features may stand out
from the perspective of system operations - such as lower net loads during off-peak hours —a
range of other factors must be considered to determine the magnitude of the impact. Production
simulations take a great number of these other factors into account as they seek to mimic the
actual operation of the system against the array of operating constraints, and therefore are the
better framework for drawing operational conclusions

Wind generation scenarios defined for the study are shown in Table 3-1. As described in
Section 2.1, the scenarios were constructed by selecting grid cells from the NEWRAM.
Individual cells were then grouped into “plants,” for which chronological production data at
ten-minute resolution over the calendar years 2004, 2005, and 2006 were extracted.

In the MAPS production simulations, individual plants were assigned to existing or planned
network buses in the ISO-NE model. In this statistical analysis and characterization, the
aggregate production, i.e. the total generation of all plants in each scenario, is analyzed.

As described in Section 2.2.1, ISO-NE load data at 10-minute resolution for the same calendar
years as the wind production data was obtained. ISO-NE load data at 1-minute resolution for a
different year was also used for analysis in the project, but is not reported on in this section. An
extrapolation algorithm developed with guidance from ISO-NE staff was applied to the load
data sets to make them representative of the future study year.
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The initial part of this section focuses on the variability of wind generation as defined by the
study scenarios and how it combines with the inherent variability of ISO-NE load. The analysis
first looks at hourly data over the entire three years of the available wind and load data.
Variability and uncertainty are then examined with the 10-minute interval data. Finally, the
uncertainty and error characteristics of various forecasts available for the chronological wind
production data are analyzed including the day-ahead and 4-hour ahead forecasts that are part
of the NEWRAM. Other techniques important to the analysis presented later in the report, such
as persistence forecasts, are also examined.

The analysis here is conducted on an aggregate basis for the entire footprint; that is, the total
generation for each time interval (10-minute, 1-hour, as appropriate) is considered, independent
of where the individual virtual plants may be located. Differences stemming from alternate
layouts of wind generation for scenarios of similar penetration are used to compare locational
effects. The transmission infrastructure assumed for the study was not a factor in this analysis;
the views of the data here assume a zero-impedance “copper sheet” network for transporting
energy from sources to loads.

3.1 Wind Generation Variability

The time horizons for which wind generation variability is important for power system
operations range from tens of seconds to seasons. Over shorter horizons, the variability appears
as almost random due to the extremely large number of factors that can influence production
over this time frame. Over longer horizons, such as weeks or seasons, patterns reflecting the
underlying meteorological drivers for wind generation can usually be discerned. Over longer
time scales such as years, varying production is driven by even larger meteorological patterns
that were first identified a few decades ago, e.g. the El Nino/La Nina cycle in the Pacific, and
closer to New England, the North Atlantic Oscillation.

3.1.1 \Variability — Energy Production

The energy delivery by month for all wind generation scenarios is shown in Figure 3~1. The
monthly values reflect the average of all three years of production data in the NEWRAM
dataset. The bias toward production in the winter months is clearly seen, as well as the

minimum production over the summer (i.e. peak load) months.

Another view of the same data is found in Figure 3-2, with the energy production averaged by
seasons rather than individual months.
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Averaging by hour of the day over an extended period such as a season can help reveal these
patterns. Figure 3-12 through Figure 3-15 show the average daily patterns of wind generation

for each scenario by season.

The winter pattern shown in Figure 3-12 is marked by two maxima in wind generation, one
corresponding to the morning load pickup period, the other the late afternoon/early evening
peak period. The pattern is evident in all scenarios. This would appear to be very desirable from
a power system operations perspective. It should be remembered, however, that the patterns
presented have been heavily smoothed by averaging over a large number of hours (over 1000),
and the 3 year dataset available for analysis may not be indicative of behavior over longer
record lengths, which could reveal larger meteorological patterns.

The average spring pattern (Figure 3-13) is less variable than that for winter, but also exhibits
an increasing trend later in the day toward peak load hours. Production drops over the
nighttime hours, and the timing of the increase over the day may or may not correspond to the
morning load pickup.

The summer pattern in Figure 3-14 also shows declining levels of wind generation over the
early morning until around or just after sunrise. Again, the timing of the pickup in wind
generation in the average pattern would appear to be potentially helpful with morning load
pickup, but the earlier qualifications also apply here.

The fall pattern (Figure 3-15) is similar to that in springtime, more constant than winter or

summer, with a larger late-day peak.

Duration curves for each wind generation scenario using all three years of hourly data are
shown in Figure 3-16.
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Once sorted, the standard deviation of the variations in each bin is computed, and plotted
against production level, as shown by the red squares in Figure 3-39. Three years of ten-minute
data result in over 150,000 samples. Because of the large sample size, the distributions in each
bin are quite Gaussian, so the standard deviation becomes a useful metric for calculating the
expected magnitude of variations.

The shape of the curve in Figure 3-39 bears some explanation. At low levels of wind generation,
the expected variations are small mainly due to low wind speed levels. The expected variations
are highest near 50% of nameplate production because wind speeds are such that each turbine
is operating on the steepest portion of the power curve (power is a function of the wind speed
cubed). As the aggregate production level increases further, winds are more vigorous and there
is a larger probability that at least some of the individual turbines in the aggregate are operating
above rated wind speed. In this region, variations in wind speed have little to no impact on
production, i.e. the power output of the turbine remains constant as wind speed varies.
Consequently, the expected variation from one interval to the next is much smaller than at
lower production levels.

It must be kept in mind that these statistical characterizations of variability are applied to all of
the wind turbines in the scenario as a whole. They are useful here because of the large amounts
of wind generation assumed for each scenario. In practice, a similar approach might be used.
Wind plant production data from EMS archives - which would be of much higher resolution
(e.g. SCADA scan periodicity, about 4 seconds) that what is available for this study - can be
periodically extracted and analyzed in a manner similar to what is shown here. The result
would be statistical characterizations of the actual wind generation fleet that could be fed into
analyses of regulation and operating reserve needs going forward.

Figure 3-39 through Figure 3-42 show characterizations of ten-minute variations for four wind

generation scenarios, using three years of data. The blue lines on each chart are approximations
of the empirical data represented by the red squares. The shape suggested by the empirical data
provides for a simple curve fit using a quadratic expression.
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3.2 Wind Generation Forecasting and Uncertainty

The accuracy with which wind generation can be predicted varies with the forecast horizon.
Beyond a week or so, it is nearly impossible to predict hourly production with any reasonable
accuracy; forecasts based on empirical or historical data, as presented here previously, would
likely be as accurate as much more sophisticated methods. Fortunately, forecast accuracy for
both load and wind generation will increase as the horizon is shortened.

In power system operations, the critical horizons are those used by operators to commit,
schedule, and dispatch generation. The day-ahead forecast, meaning a forecast of hourly
production over the 24 hours of the next day and generated about twelve hours prior to the
start of the target day, is a critical input to processes that optimize the economic efficiency of the
system within security and reliability constraints. Errors in the forecast quantities — load and
wind generation - that drive the commitment and dispatch processes can have consequences for
the economic efficiency and/or reliability of the system. Over-forecasting of wind generation
can result in commitment of too much conventional generation leading to excess uplift charges;

under-forecasting may lead to depletion of reserves and very high locational marginal prices
(LMPs).

Even shorter horizons are also important, as “looking ahead” is a fundamental part of power
system operation. These horizons range from an hour to four or more hours into the future.

The NEWRAM dataset developed for this study also includes forecasts of production for each
hour that represents a prediction made during the previous day, four hours prior to the start of
the hour, and one hour prior.

The objective here is to characterize wind generation forecast accuracy for the horizons integral
to the study:

¢ The day-ahead forecast used in unit commitment,
e Anhour-ahead forecast that factors into operating reserve considerations, and

e A very short-term forecast (10-minutes ahead) that is used to assess incremental
regulation needs, as will be described in Chapter 4.
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The production simulations can help reveal the significance of these errors with respect to
system reliability and economics. Going forward, there are some significant outstanding
questions regarding use of wind generation forecasts in the various operational contexts. In
wholesale energy markets, for example, wind generation scheduled only in real-time or in
short-term markets has the effect of ensuring over-commitment in the day-ahead market. On
the other hand, over-forecasting of wind generation in the day-ahead reliability commitment
may pose risks to system security.

These questions are now beginning to be addressed as the amount of wind generation becomes
visible in energy markets and other operating regimes.
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3.2.3 Hour-Ahead

At one-hour horizons, “persistence” forecasts have been shown to be as statistically accurate as
those based on more sophisticated techniques or atmospheric modeling. Persistence forecasts
simply assume that things will not change — the forecast for the next interval is what is

measured in the current interval.

Persistence forecasts are also simple to generate, and therefore are used in this study as a proxy
for short-term wind generation forecasts. While the overall accuracy, as mentioned above, is
good relative to other methods, they are of limited use in volatile wind conditions that may lead
to large ramps in wind generation. Research is ongoing on special techniques for forecasting
these conditions and better predicting large changes in wind generation. For purposes of this
study, though, persistence is used due to its simplicity and the lack of hard data with respect to
current or future ramp forecasting accuracy.

For 1-hour persistence, the forecast is the current hour’s value, and any changes from the
current hour are directly equal to the forecast error. Previous views of the hourly changes are
also characterizations of the 1-hour persistence forecast error. The chart in Figure 3-49 (which is
identical to the chart in Figure 3-28) shows the distribution of all hourly errors for the 20%
scenarios.

A more useful representation of persistence forecast errors is shown in Figure 3-50. In this
chart, the errors are grouped by hourly production level, as with the ten-minute data earlier in
this section. The expected error changes with production level and the empirical data can be
simply approximated with a quadratic expression.
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3.3 Statistical Characterization Observations and Conclusions

The observations and conclusions here are made on the basis of three years of synthesized
meteorological and wind production data corresponding to calendar years 2004, 2005, and 2006.
In some senses, the sample size is very adequate, as the behavior of wind generation under
many types of weather regimes is embedded in the dataset. In other respects, though, there may
be some inadequacies. For example, inter-annual variability is known to be an important
question for wind generation. With a limited sample size in terms of the number of years
represented, there is no way to tell from the dataset alone whether annual energy production,
for instance, is lower, higher, or about equal to what might be expected annually over the life of
a wind project. Other resources, such as long-term meteorological records, would need to be
consulted to provide insight into these types of questions.

The wind generation scenarios defined for this study show that the winter season in New
England is when the highest wind energy production can be expected. As is the case in many

other parts of the U.S., summertime is the “off-season” for wind generation.

The capacity factors for all scenarios follow the same general trend. Seasonal capacity factors
above 45% in winter are observed for several of the scenarios. In summer, capacity factors drop
to less than 30%, except for those scenarios that contain a significant share of offshore wind

resources.

Based on averages over the entire dataset, seasonal daily patterns in both winter and summer
exhibit some diurnal behavior. Winter wind production shows two daily maxima, one in the
early morning after sunrise, and the other in late afternoon to early evening. Summer patterns
contain a drop during the nighttime hours prior to sunrise, then an increase in production
through the morning hours. It is enticing to think that such patterns could assist operationally
with morning load pickup and peak energy demand, but the patterns described here are
averages of many days. The likelihood of any specific day ascribing to the long term average
pattern is small.

The net load average patterns by season reveal only subtle changes from the average load
shape. No significant operational issues can be detected from these average patterns. At the
extremes, the minimum hourly net load over the data set is influenced substantially. In one of
the 20% by energy scenarios, the minimum net load drops from just about 10 GW for load alone
to just over 3 GW. The very substantial additional turn-down on that particular day would be
very noticeable operationally (and is evaluated directly in the hourly production simulations).
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The day-ahead forecasts developed for each scenario from information in the NEWRAM dataset
show an overall forecast accuracy of 15% to 20% Mean Absolute Error (MAE). This is consistent

with what is considered the state of the commercial art. Day-ahead forecasts for all scenarios are
important since they will be used directly in the hourly production simulations, and represent

the major source of uncertainty attributable to wind generation.

Shorter-term forecasts also factor into operations. For reserves, the most important of these are
the short-term hour ahead and ten-minute ahead forecasts. The process for generating these
normally uses persistence, which assumes that there will be no change in wind generation over
the forecast horizon. Persistence has been shown to be as statistically accurate as forecasts based
on skill and sophistication (though skill-based forecasts may be much better during periods of
predictable changes). The various statistical characterizations developed to portray the
variability and short-term uncertainty of the aggregate wind generation in each scenario are
also critical inputs to the analysis of operating reserve impacts in the next chapter.
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4 Impact on ISO-NE Operating Reserves
4.1 General

The objective of this portion of the analysis is to evaluate how various levels of wind generation
might impact ISO-NE policies and practices for operating reserves. Currently, ISO-NE defines
three categories of operating reserve:

¢ 10-minute spinning reserve - TMSR

e 10-minute non-spinning reserve - TMNSR

¢ 30-minute operating reserve - TMOR

The ten-minute reserve requirement is based on the largest credible single contingency®, which
varies with system conditions; usually 50% (but sometimes as low as 25%) of the contingency
amount is carried as spinning reserve (TMSR), and 50% as 10-minute non-spinning reserve
(TMNSR). The 30-minute operating reserve (TMOR) requirement is 50% of the second largest
credible contingency.

The dynamic nature of the ISO-NE reserve requirements was difficult to model directly in the
production simulations, so an approximation was derived with the guidance of ISO-NE staff.
For the calculations here, and in the production simulations described later, procurement of

reserves was assumed to be a function of day type and time of day, as follows:

» (700-2300 Weekdays

o Total 10 minute reserve = 1500 MW, 750 of which will be 10-minute spin (750 MW
TMSR, 750 MW TMNSR)

o 30-minute reserve (TMOR): 750 MW
o The total 10-minute and 30-minute reserve would be 2250 MW
e 2300-0700 Weekdays and all hours Weekends.

o Total 10 minute reserve: 1300 MW; 650 of which will be 10-minute spin (650 MW
TMBSR, 650 MW TMNSR)

% “Credible” is based on a set of stress tests defined by NPCC and augmented by ISO-NE for the purposes of determining
operaling reserve contingencies to be planned for. More severe “extreme” conlingencies may require additional operator and/or
automatic intervention including shedding of firm load.
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o 30-minute reserve (TMOR): 650 MW
o The total 10-minute and 30-minute would be 1950 MW

ISO-NE procures regulation capacity separately in the ancillary services market, but the amount
of regulation carried is counted toward TMSR. The amount needed is based on careful analysis
of load behavior, and varies by season, day type, and hour. The regulation schedule for
weekdays in 2008 is provided in Table 4-1 as an illustration.

Table 41 ISC-NE 2008 Regulation Schedule for Weekdays

day hour Jan feb mar apr may jun jul aug sep oct nov deg

week 1 80 e ] 90 50 50 90 90 [ 50 50 80 90
week 2 30 30 30 50 50 30 30 30 30 30 30 30
week 3 0 30 30 50 50 30 30 30 30 3 30 30
week 4 30 an 30 50 50 30 30 30 30 30 30 30
week 5 30 30 30 50 &0 30 30 30 30 30 30 30
weok 6 140 140 140 100 100 150 150 1650 100 100 140 140
week 7 170 170 170 200 200 180 180 180 180 180 170 170
week 8 170 170 179 170 170 180 180 180 150 150 170 170
week 9 100 100 100 100 100 110 110 110 80 80 100 100
week 10 53 50 50 90 90 50 50 50 50 50 50 50
week 11 50 50 50 90 o 50 50 50 50 50 50 50
weok 12 5 50 50 90 90 50 50 b0 60 50 50 50
veeek 13 50 50 50 80 80 50 50 50 50 50 50 50
week 14 50 50 &0 9 90 50 50 50 50 50 50 50
weoek 15 50 50 50 90 50 50 50 50 50 50 50 50
week 16 50 50 50 90 90 50 50 50 50 50 50 50
week 17 80 80 80 90 80 80 80 80 70 70 80 80
week 18 80 80 80 110 119 30 80 80 80 1] 80 80
week 19 80 80 80 10 110 80 80 BO 80 80 80 80
week 20 80 80 80 110 119 80 80 80 80 80 80 BO
ook 21 80 80 80 110 119 80 80 80 80 80 80 a0
vweak 22 110 110 110 150 150 120 120 120 110 110 110 110
wesk 23 160 160 160 170 170 160 160 160 160 160 160 160
wesk 24 160 160 160 170 17 160 160 160 180 160 180 160

Hourly regulation varies from a low of 30 MW (overnight on weekends) to a high of 200 MW
(spring morning load pickup). Over all hours of 2008, the weighted average hourly regulation is
about 80 MW.

Wind generation will increase the real-time variability and short-term uncertainty of the net
load against which other resources are scheduled and dispatched.

4.2 Methodology

Chronological production simulations at hourly resolution have become the standard approach
for assessing wind integration impacts. Effects of wind inside of the hour on regulation,
balancing, and reserves in general cannot be directly evaluated at that granularity.
Consequently, statistical techniques have been developed for application to hourly and higher
resolution wind and load data to estimate the impacts within the hour.
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4.3 High-resolution analysis

Statistical analysis of wind and load data is employed to determine how much additional
regulation capacity would be required to maintain CPS1 and CPS2 metrics in each of the wind
scenarios. The data available for this analysis consists of high-resolution (10-minute interval)
load and wind generation data, compiled for the study from actual load data for 2004, 2005, and
2006, and synthetic wind generation data from the ISO-NE mesoscale data. Additionally, one-
minute resolution data for ISO-NE load provided for an earlier study was used.

Additionally, wind production data at 1-minute resolution was synthesized for a portion of the
analysis. The procedure used is based on previous high resolution measurements of large wind
plants and groups thereof that reveal a normally-distributed random behavior of faster
variations about a trend.®

ISO-NE operating structure forms the primary backdrop for the analysis. The movement of
generation in real-time operations is assumed to be in response to:

* The sub-hourly market, where clearing points are determined in advance based on
short-term (10 to 20 minute) forecasts of demand and participating generation is
economically dispatched, or

¢ Automatic Generation Control (AGC) signals to units participating in the regulation
market to correct for Area Control Error (ACE) between sub-hourly market intervals

The first objective of the statistical analysis is to analyze the fast fluctuations of wind generation
relative to similar variations in the load. Using the one-minute resolution load data as a
reference, the fast variations are computed as the difference between the data and a twenty
minute rolling average window to the 1-minute data (10 samples before and 10 samples
following). Results are shown in Figure 4-1.

£ Wan, Yih-Huei and Bucaneg, Demy "Short Term Fluctuations of Large Wind Power Plants® NREL/CP-500-30747, January
2002
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(i.e. deviation from the 20-minute trend) of the total wind generation can be calculated using the
2 MW assumption above:

o, '—( 8800 22)— 188
wind - 100 : MW Eq.1

And, because these variations are uncorrelated with those in load, using the standard deviation
of load variations shown above in Figure 4-2, the standard deviation of the variability for net
load ( i.e. load net of wind generation) is calculated as:

2 2 2 2
for +T,,,; = 316 \/cr + o =509
\/ Varl wind MW Varz wind M £q.2

where the first equation uses the rolling trend approximation for sub-hourly market response to
load and the second uses ten-minute averages. In either case, the effect of the fast fluctuations in
wind generation is quite small; the standard deviation of variability is increased from 25.4 to
31.6 MW or from 47.3 to 50.9 MW,

Over longer time scales - tens of minutes up to hours —~ wind generation exhibits variations that
are of a markedly different character than that of load. In general, load changes over these time
periods are relatively predictable, owing to both aggregation effects and a high level of
familiarity based on history and heuristics. In this part of the analysis, it will be assumed that
short-term forecasts of load are nearly perfect, and that sub-hourly energy markets will dispatch
the necessary capacity to balance load over these intervals.

The same notion is extended to wind generation, except with recognition that short-term
forecasts may exhibit appreciable error. Stated another way, sub-hourly markets will provide
the necessary maneuverable capacity to balance forecast load and forecast wind generation;
errors in these forecasts (for wind only, given the assumptions) will increase the regulation
burden.

Figure 4-3 provides an illustration. The forecast for interval H2+20 is based on the observed
wind generation during a previous interval or series of intervals, in this case the observed wind
from H2+10. In the analysis here, it is assumed that the forecast for interval H2+20 is assimilated
into the sub-hourly energy market clearing. The difference between the actual wind generation
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The scenarios analyzed above are for illustration, and are representative of the penetration
levels examined in this study. In the analysis to come, the specific variability characteristics of
each scenario are computed and then used in estimations of incremental regulation
requirements. Characterization of the variability in this manner captures the uniqueness of each
defined scenario; those with large concentrated wind generation facilities will show more
variability than scenarios with much more dispersed plants. Effects of geographic diversity, as
another example, can be seen in Figure 4-6, where the variability at 10 minute intervals,
expressed as a percentage of total capacity, declines as the number of individual turbines in the
scenario (and the total installed capacity) increases.

The curves can be approximated well with a simple quadratic expression. The utility of this
approximation is that the variability can be defined by the current or forecast production level,
This provides a method to procure the appropriate amount of additional regulating reserves as

wind generation varies over hours or days.
4.4 Results with hourly data

The estimated operating reserve requirements for each wind generation scenario are described
here. The previous discussion feeds into the regulation analysis. Beyond regulation, other
calculation techniques using 10-minute wind and load data along with production simulations
results from MAPS are used to assess how the ISO-NE operating reserve categories would be
impacted by wind generation.

4.4.1 Regulation — Hourly Approximations

Incremental regulation requirements for each scenario are estimated as a function of the
variability of ISO-NE load as implied from the scheduled regulation (see Table 4-1) and the
variability of the wind generation as defined by the 10-minute “persistence forecast error”
characterizations, as shown in Figure 4-7 for each of the study wind generation scenarios.

Equations which approximate the 10-minute variability as functions of hourly production level
for each wind generation scenario in the study are shown in Table 4-2. These equations are

graphically depicted in Figure 4-7.
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As mentioned previously, the variability of wind generation at this time scale is assumed to be
uncorrelated with that of load, so a statistical combination of independent variables is
appropriate. The calculation assumes that the total variability is the root mean square sum
(RMS) of:

» The standard deviation of the load variability, assumed to be 1/3 of the regulation
scheduled for the hour (encompasses 99.7% of all variations in the normal sample)

¢ The fast wind variability, taken as 2 MW per 100 MW of installed capacity. For each
scenario, the total fast variability is the root-mean-square sum of the installed capacity
divided by 100 times 2 MW squared. This component is included for completeness, but a
very small contributor to the incremental regulation (per Equation 1).

o The longer-term wind variability or the difference between the short-term persistence
forecast and the actual wind 10 minutes into the future. This error is taken as the
variability from one 10-minute interval to the next and is a function of the expected
hourly production level, i.e. the expected error is largest in the middle range of the

aggregate production level per curves in Figure 4-7 above and the equations in Table 4
2.

Results of the calculations for all scenarios are shown in Table 4-3 through Table 4-5. The
amount of additional regulation calculated for each hour depends on

* The amount of regulation carried for load alone. It should be noted that when more
regulation is available, the incremental impact of wind generation is reduced due to the
statistical independence of the variations in wind and load.

+ The aggregate wind generation production level, since the statistics show that wind
production varies more when production from 40 to 60% of maximum (Figure 4-7)

As can be seen in Tables 4-3 through 4-5, at 20% wind energy penetration, the average
regulation requirement is estimated to increase from approximately 80 MW without wind, to a
high of approximately 315 MW with 20% wind depending on the differences within the
scenario. At lower penetration levels, the incremental regulation requirement is smaller. The
hourly analysis indicates average regulation requirements would increase to a high of
approximately 230 MW with 14% wind energy penetration. At 9% wind energy penetration, the
average regulation would increase to approximately 160 MW. At the lowest wind penetration
studied (2.5%); average required regulation capability would increase to approximately 100
MW.

The “Regulation - High Estimate” values apply a factor of 1.0 to the longer-term wind
variability in the RMS calculation. A parallel analysis (described in 4.4.2) indicated that the
results using this factor were likely conservative. Consequently, a “Regulation — Low Estimate”
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Based on the assumptions used in this analysis, the key factor in the additional regulation
required for each scenario is the variability from one 10-minute interval to the next. The
variability of each scenario on this time scale is a complicated function of the scenario definition
and meteorology; predicting the variability of a given deployment of hundreds of wind turbines
on this time scale is not possible. However, the high-resolution wind production data
developed for this study allows the variability of a defined scenario to be characterized after the
fact, facilitating this analysis.

The approach is likely not that different from that which will be used by ISO-NE as wind
generation becomes more visible in power system operation. Archived measurements from the
EMS could serve a role similar to that of the NEWRAM data.

4.4.2 Regulation Analysis Using Historical ACE Records

With guidance and assistance from ISO-NE operating personnel, additional analysis of
regulation requirements was conducted with high-resolution (1-minute) load and synthesized
wind data. The approach utilized ACE (area control error) values from the EMS archive fora
calendar year. To this, the hourly scheduled regulation and the short-term wind generation
persistence forecast were added as vectors.

For each 1-minute interval, a new ACE value was computed by adding the 10-minute wind
generation forecast error to the ACE for load alone from the historical record. This augmented
ACE value assumes that no regulation capacity is deployed to compensate for the difference
between the actual wind generation and the amount that is scheduled into the sub-hourly
energy market.

The average ACE for load and ACE net load are then calculated for each hour based on the sixty
1-minute samples. Each hour is then grouped according to some defined criteria —e.g,. all
weekday hours ending 0100, or all hours in the year where the scheduled regulation for load is
XMW. In each grouping the ratio of regulation scheduled for load to the ACE for load is
calculated. ACE for net load is then multiplied by that ratio to calculate the new regulation
amount for net load in a particular grouping of hours.

The process used here first groups all hours by the amount of regulation being carried for load.
Then, within each group, the data is sorted by the wind generation production level.
Regulation-to-ACE ratios are calculated for each of these sub-groups. Results for the “20% Best
Sites Onshore” scenario are shown in Figure 4-10. Values for the chart are found in Table 4-6
along with the average new regulation amounts for each level of scheduled regulation.
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wind generation is in the mid-range of aggregate nameplate production, with smaller
impacts at both lower and higher levels.

The purpose of this analysis was to provide a check on the methodology using hourly data
described in Section 4.4.1. A comparison of Table 4-6 with Table 4-3 through Table 4-5
suggests that the hourly methodology described earlier may be conservative. It should be
recognized that both of the methods used here are approximate.

The fundamental assumption used in both approaches is that a portion of the wind generation
variations within the hour will be addressed through dispatch in the sub-hourly energy market,
and errors in the short-term wind generation forecast that go into the dispatch decisions will
increase regulation requirements. A simple short-term persistence forecast was used here; in
practice, more sophisticated algorithms will likely be embedded in ISO-NE automatic
generation control. As the characteristics of the wind generation in actual operation are better
learned through experience, the forecasting routines and other algorithms used to determine
regulation needs will also improve. This will lead to an optimization over time of the amount of
additional regulation scheduled and procured to deal with the increased net load variability
due to wind generation.

For the remainder of this discussion, the most conservative of the previous calculations -
namely the “Regulation - High Estimates” will be used.

4.4.3 Summary — Impacts of Wind Generation on ISO-NE Regulation Requirements

Based on the preceding analysis, summarized in Figure 4-9, the following conclusions
regarding the impacts of wind generation on ISO-NE regulating requirements are made:

¢ For any of the wind generation scenarios examined, the amount of additional regulation
needed to maintain control performance will vary with the current wind production
level.

* The unique variability of each scenario is considered through the statistical
characterization of the aggregate 10-minute data from the NEWRAM. A large number of
factors influence this variability, and are beyond the scope of this analysis. However,
sufficient empirical data provides a way to bypass such a complicated analysis, and
instead utilize the observed or learned behavior of the aggregate wind generation for
operational analysis.

¢ TFast fluctuations in wind generation — over tens of seconds to a minute — are relatively
small due to smoothing effects and have very little impact on ISO-NE regulation
requirements.
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o The difference in variability between scenarios with the same energy penetration is
reflected in these results. The differences in regulation impacts discernable amongst
layouts at the same energy penetration levels can be traced directly to the statistics of
variability used in these calculations. Based on the ISO-NE wind generation mesoscale
data, some scenario layouts of wind generation exhibit higher variability from one ten-
minute interval to the next than others. A number of factors could contribute, including
the relative size of the individual plants in the scenario layout (and the impact on spatial
and geographic diversity), the local characteristics of the wind resource as replicated in
the numerical weather simulations from which the data is generated, and even the
number of individual turbines comprising the scenario, as more turbines would imply
more spatial diversity.

¢ Regulation requirement is only slightly increased at 2.5% penetration. The calculated
change is likely within the “noise” of the assumptions and analytical methodology.

* At 9% penetration, the maximum hourly regulation requirement is changed by about
25%, and the average requirement over the year is about double (82 to 161 MW). With
current practice for load alone, there are about 4000 hours in the years where the
scheduled regulation is either 30 MW or 50 MW; at 9% wind penetration, the data shows
less only 25 hours over the course of the year analyzed where the hourly regulation is 50
MW or less.

* At 14% penetration, average regulation requirements are more than doubled depending
on scenario. With 20% energy penetration, average regulation could be nearly 4 times
the amount currently carried by ISO-NE,

» The current practice for scheduling regulation may be impacted. Regulation quantities
for specific hours and day types are determined months in advance in some cases,
although the amount actually procured is determined nearer to real time. With wind
generation, the amount scheduled in advance would have to be on the basis of the
maximum possible wind generation variability. This would correspond most closely to
the “Maximum” values shown in Table 4-3 through Table 4-5; the amount actually
procured would depend on the actual wind generation level, and could be as low as the
“Minimum” amounts in the same tables.

*  Analysis by ISO-NE operations personnel and the analysis of historical ACE data
provide evidence that even the “Low Estimate” regulation numbers shown in the tables
may be conservative.

Regulation requirements at ISO-NE are continually evaluated and adjusted based on operating
experience and a desire to maintain adequate control performance with economic efficiency.
Consequently, regulation procured for any level of wind penetration will likely be highest
initially, and then reduced over time as experience is gained. The analysis in this project was not
intended to arrive at the “final numbers” that will be reached through the ISO-NE process, but
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rather to ascertain whether the probable increase in regulation requirements would be within
the capability of the ISO-NE generating fleet.

After a review of the three estimates of increased regulation requirements, ISO-NE Staff
concludes that there may be adequate supply and its business process is sufficiently robust to

meet the challenges ahead.
4.5 Impacts on Other Operating Reserves

Regulation is just one piece of the ancillary services procured by ISO-NE to maintain system
reliability. The impacts of wind generation as defined by the study scenarios on the other
elements — 10-minute spinning reserve (TMSR), 10-minute Non-spinning Reserve (TMNSR),
and 30-minute Operating Reserve (TMOR) - are examined here.

4.5.1 10-Minute Spinning Reserve (TMSR)

ISO-NE counts regulation resources toward their TMSR requirement. Conceivably, regulation
could be near the top of the aggregate range when a contingency occurs, thereby actually
reducing the amount of spinning reserve available for replacing lost generation. This current
policy is based on years of experience. With additional regulation required by wind generation,
the amount of TMSR available to respond to a contingency could be lower than the current
minimum amounts.

Figure 4-11 shows the hourly profile of regulation for load, regulation for the “20% Queue +
Best Sites Onshore” scenario (using the Regulation — High Estimate), and TMSR. It is apparent
that the amount of TMSR available to deploy for contingencies is substantially reduced. In other
words, the regulation for net load (in blue) can be as much as twice as large for load alone (in
red) which decreases the capacity available for TMSR (the distance between black line and the
blue or red lines, respectively). Figure 4-12 provides a closer view of four separate weeks from
Figure 4-11.
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4.5.2 Thirty Minute Operating Reserve (TMOR)

The portions of ISO-NE operating reserves not performing regulation duty are held to cover
major loss-of-supply contingencies, errors in forecasted load, loss of transmission elements, and
to restore reserves upon the aforementioned events. Available spinning reserves respond
immediately through inertial and governor action. To restore frequency, spinning reserves are
dispatched upward and non-spinning reserves are started to both assist and replace spinning
reserves. Over time, 30-minute reserves replace both types of 10-minute reserves that are now
serving load along with the lost generation that created the contingency.

The regulation analysis above {Section 4.4} considers the real-time variability of wind
generation and represents additional capacity needed to compensate for this variability, and
shows how regulation capacity would need to increase for the wind generation scenarios
considered in the study. The remaining questions are concerned with the impacts on other

reserve categories.

Large changes in wind generation are of a markedly different nature than contingency events
because:

¢ They do not occur instantaneously, but rather over longer periods of several tens of
minutes to an hour or more;

» They are potentially predictable through advanced forecasting, which would provide
operators with forewarning and time to adjust the operating plan in a somewhat
economic manner.

The forecasting aspect is difficult to consider analytically since short-term forecasting, especialty
for significant wind events is relatively new and the performance that may be achievable is just
speculative at this point in time. It therefore is not factored into the following analysis.

Using the “20% Best Sites Onshore” scenario as an example, changes in load and net load over
periods ranging from one to four hours were analyzed. The distribution of hourly changes for
over 26,000 hours in the three-year record is shown in Figure 4-13. Figure 4-14 provides and
expanded view of the right-hand portion of the distribution, where the net change is in the

positive (increasing net load) direction.

The working assumption is that the ISO-NE system is capable of responding to the largest
hourly increases in load, but beyond that, operating reserves would be needed to meet the net
load increase. The significance of the figures is that there are only 28 events where the hourly
increase in load net of wind generation exceeds 3300 MW, which is the highest load-only
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replaced by other resources to maintain headroom. Resources in the sub-hourly energy market
would have some capability to be dispatched up to make up for a portion of the lower-than-
forecast wind generation, but may be inadequate to replace it all.

For very large hourly changes (houtly persistence forecast errors) resulting in under-delivery of
wind energy, non-spinning reserves may need to be deployed to either off-load regulating
resources or supplement capacity in the sub-hourly market. Closer inspection of the data
behind Figure 4-16 reveals that wind generation in the 20% Best Sites Onshore scenario could
be expected to drop more than 1500 MW over an hour about 0.3% of the hours, or about 25
times per year. For very large hourly changes (hourly persistence forecast errors}) resulting in
under-delivery of wind energy, non-spinning reserves may need to be deployed to either
rebalance regulating resources or supplement capacity in the sub-hourly market. Expected 1-

hour persistence forecast errors for the 20% Best Sites Onshore scenario are shown in Figure 4-
16.

The standard deviations of the expected hourly changes for this scenario are shown in Figure 4-
15. Figure 4-16 shows the range of hourly changes for the 20% Best Sites Onshore scenario as a
function of current hourly production. The diamond symbols are the standard deviation of the
expected hourly change, and the ends of the vertical lines represent the largest single hourly
changes observed in the three years of data. The maximum drop is 2100 MW (occurring when
hourly production is between 60% and 70% of aggregate nameplate capacity) in the three years
of data available for analysis. As assumed for this study, TMNSR is either 650 or 750 MW
depending on the hour. Inspection of the hourly load changes shows that, for all hours, the
standard deviation of the expected change is about 1000 MW, with a maximum load increase of
3300 MW occurring on 7 occasions over the three-year hourly load sample. However, if wind
generation were to decrease by a large amount during a period where load was anticipated to
be flat and there was a minimum amount of flexible, dispatchable capacity available, the ability
of the sub-hourly market resources to make up for the deficit could be limited. In such a period,
TMNSR would need to be deployed but could compensate for only part of the deficit by current
practice.

The varying volatility of wind generation with production level and the low correlation to load
cycles makes direct augmentation of TMNSR difficult. A different mechanism for securing
additional 10-minute non-spinning reserves which recognizes the probability of a large
reduction in wind generation and the ability of market resources to compensate may be a better
solution (e.g. new ERCOT 15-minute market product). Since the reductions in wind generation
under consideration here happen over an hour or substantial fraction thereof and may be
predictable, it is also not clear that the 10-minute capability would be necessary; some
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Committee meetings with ISO-NE staff - that for purposes of this evaluation assume that
TMNSR can be called on up to 10 times in a year to compensate for large load increases or wind
generation decreases. So, to limit TMNSR deployment to this number for the case with wind,
the chart indicates that an additional 300 MW of non-spinning reserve, beyond that defined as
TMNSR, would need to be available (300 MW is the approximate difference along the
horizontal axis between the No Wind case and the With Wind case at 10 events/year).

This is only a rough approximation, since the results of this analysis show that for load alone,
there are 100 hours in the annual simulation where the available range up flexibility was
insufficient. The “allowable events/year” actually comes from current ISO-NE practice, where
TMNSR is occasionally deployed for large increases in load. However, there is some disconnect
between the production simulations here and reality, as 100 times per year is far higher than
experience shows. That is why the difference between the cases is used as the metric.

It should also be noted that this additional quick-start generation would be needed only when
indicated by wind generation conditions ~ if wind generation production were very low or
predicted to be very low, there would obviously be no concern. And, the production
simulations show no hours where the available quick-start generation (beyond the amount
designated as TMNSR) would be less than the capacity required to supplement the aggregate
range up sufficiently to cover the load-net-wind generation change.

Because sufficient quick-start generation appears to be available at all hours, there would
always be adequate capacity to meet the TMNSR requirement as well as supplementing
flexibility to meet large short-term changes in wind generation. The question actually appears to
be one of semantics, but in reality it likely comes down to the market mechanisms required to
ensure both adequate TMNSR as presently defined and additional non-spinning reserve to
cover very large wind reductions when conditions warrant (i.e. there would be no need to
designate additional TMNSR if wind production levels are low or within the capability of the
sub-hourly market resources).
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The primary driver for increased regulation requirements due to wind power is the error in
shori-term wind power forecasting. The economic dispatch process is not equipped to adjust
fast enough for the errors inherent in short-term wind forecasting and this error must be
balanced by regulating resources. (This error must be accounted for in addition to the load
forecasting error.)

There are some differences in regulation impacts discernable amongst scenarios at the same
energy penetration levels. This can be traced directly to the statistics of variability used in these
calculations. Based on the ISO-NE wind generation mesoscale data, some scenarios of wind
generatfion exhibit higher variability from one ten-minute interval to the next than others. A
number of factors could contribute, including the relative size of the individual plants in the
scenario (and the impact on spatial and geographic diversity), the local characteristics of the
wind resource as replicated in the numerical weather simulations from which the data is
generated, and even the number of individual turbines and wind plants comprising the

scenario, as more turbines and more wind plants would imply more spatial diversity.

At the same time, however, the differences may be within the margin of uncertainty inherent in
the analytical methodologies for calculating regulation impacts. Given these uncertainties, it is
difficult to draw concrete conclusions regarding the relative merits of one scenario over the
others from the regulation viewpoint. For example, future developments in short-term wind
generation forecasting could result in a more variable, but easier to forecast, deployment of
wind generation a smaller burden on regulation, since a large proportion of the changes would
be scheduled into the sub-hourly energy market.

ISO-NE routinely analyzes regulation requirements and makes adjustments. As wind
generation is developed in the market footprint, similar analysis will take control performance
objectives and the characteristics of the operating wind generation through empirical data into
account. At a minimum, high-resolution data for all wind generation facilities should be
collected and archived. When regulation needs are analyzed, approaches like those illustrated
in this report or others developed by ISO-NE staff can be used to augment the current methods

for evaluation regulation requirements.

Analysis of these results indicates, assuming no attrition of resources capable of providing
regulation capacity, that there may be adequate supply to match the increased regulation
requirements under the wind integration scenarios considered. ISO-NE’s business process is
robust and is designed to assure regulation adequacy as the required amount of regulation
develops over time and the needs of the system change.
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4.6.2 Other Operating Reserves

Additional operating reserves will likely be required as wind penetration grows. The analysis
indicates that TMSR would need to be supplemented as penetration grows to maintain current
levels of contingency response. Increasing TMSR by the average amount of additional
regulation required for wind generation would insure that the spinning reserve are available for
contingencies would be consistent with current practice.

Using this approach, TMSR would be increased by 300 MW or so for the 20% scenarios, up to
150 MW for 14% energy penetration, and about 80 MW for 9% penetration.

The amount of additional non-spinning reserve that would be needed under conditions of
limited market flexibility and volatile wind generation conditions is about 300 MW for the 20%
Best Sites Onshore case, and 150 MW for the 9% Energy Queue case. This incremental amount
would maintain the TMNSR designated for contingency events per existing practice, where it is
occasionally deployed for load changes or large forecast errors. “Volatile wind generation
conditions” would ultimately be based on ongoing monitoring and characterization of the
operating wind generation. Over time, curves like those in Figure 4-7 would be developed from
monitoring data and provide operators with an increasingly confident estimate of the expected
amount of wind generation that could be lost over a defined interval.

In additional to the penetration level, the amount is also dependent on the following factors:

¢ The amount of upward movement that can be extracted from the sub-hourly energy
market - the analysis indicates that additional TMNSR, or a separate market product for
wind generation, would be needed on average only about 7 or 8 times per month at 20%
penetration.

» The current production level of wind generation relative to the aggregate nameplate
capacity.

» The number of times per period (e.g. year) that TMSR and TMOR can be deployed - for
the examples here, 10 was assumed.

The additional TMNSR would be used to cover anticipated extreme changes (reductions} in
wind generation. As such, it purpose and frequency of deployment are different that the current
TMNSR. A separate market product that recognizes these differences may be advisable.

At 20% energy penetration, extreme changes in load net wind generation over several tens of
minutes to an hour or more are only slightly larger than those seen for load alone. The data
shows only 28 events over three years of hourly data where the increase in load net wind

generation is greater than the maximum increase in load alone. The magnitude of these events
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