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7 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 7-1 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 scenario.

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 7-1, 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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s Reserves

* Wind Forecasting

¢ Maintaining System Flexibility

¢ Wind Generation and Dispatch

¢ Saving and Analyzing Operating Data

Section 7.7 summarizes other significant observations from the study results, including;

¢ Flexible Generation

¢ Energy Storage

¢ Dynamic Scheduling

¢ Load and Wind Forecasting with Distributed Wind Generation

Section 7.8 relates recommendations and observations in this report back to the technical
requirements for interconnection of wind plants in the previously published Task 2 report.
Section 7.9 includes recommendations for future work.

7.1 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
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
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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
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.
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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.

7.2 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.

7.2.1.1 Regufation

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.)
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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 peneiration studied (2.5%) average required
regulation capability would increase to approximately 100 MW. Alternate calculation methods
that include historical records of ACE performance, synthesized 1-minute wind power output,
and ISO-NE operating experience suggest that the regulation requirement may increase less
than these amounts.

There are some small differences in regulation impacts discernable amongst layouts 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 scenario layouts of
wind generation exhibit higher variability from one ten-minute interval to the next. A number
of factors could contribute to this result, 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. 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-resclution
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
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robust and is designed to assure regulation adequacy as the required amount of regulation
develops over time and the needs of the system change.

7.2.1.2 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 Minute Non-Spinning Reserve
(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

338




New England Wind Integration Study Key Findings and Recommendations

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.

7.3 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--LMPs). Low-priced wind resources could displace marginal resources, but that
differential is not the same as reductions in LMPs.

M1n essence, this is the cost to replace one MWh of energy from wind generation with ane MWh of energy from the next
available resource from the assumed fleet of conventional resources,
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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.

The study showed relatively small increases in the use of existing pumped-storage hydro 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 7-3. The figure shows the 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 DBest 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.

75 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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7.4 Capacity Value of Wind Generation

Table 7-1 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, using three years of data only gives 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 7-1 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 7-1.

Table 7-1 Summary of Wind Generation Capacity Values by Scenaric and Energy Penetration
14% Energy 20% Energy
3-Year Average 3-Year Average 3-Year Average
Capaclty Value (%) Capaclty Value (%) Capacity Value (%)}
Scenario [% Offshore] Y
.5 % Energy 36% [40%)]

% Energy (Queue)
Onshore

28% [20%)]

[

Maritimes 26% [13%] 26% [9%)]
Best by States 28% [15%] 26% [29%}
Best Sites 35% [47%] 34% [51%])
Offshore 34% [45%)] 32% [58%]

7.5 High-Level Comparison of Scenarios

Overall, 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 results 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.

7.6 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
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predictable diurnal and seasonal patterns. Wind generation does not have such regular
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 nof 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
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curtailed more often than necessary. Analysis performed for the NEWIS indicates that these
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, which 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
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minimum generation levels in order to limit marginal emissions rates) and ignores the fact that
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.

7.7 Other Observations from Study Resulits

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
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energy scenario when much of the natural-gas-fired generation is displaced by the wind
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 to 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).

7.8 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.
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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
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 ISO-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

350







New England Wind Integration Study Key Findings and Recommendations

Sub-hourly performance during challenging periods. A more in-depth investigation of the
dynamic performance of the system under conditions of high stress, such as coincident high
penetration and high variability could be pursued using additional simulation tools that have
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, CP52 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.
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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. Further investigation and refinement of study 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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Multi-Area Production Simulation Software (MAPS™)

1. MAPS - Unique Capabilities

MAPS is a highly detailed model that calculates hour-by-hour production costs while
recognizing the constraints on the dispatch of generation imposed by the transmission system.
When the program was initially developed over twenty years ago, its primary use was as a
generation and transmission planning tool to evaluate the impacts of transmission system
constraints on the system production cost. In the current deregulated utility environment, the
acronym MAPS may more also stand for Market Assessment & Portfolio Strategies because of
the model’s usefulness in studying issues such as market power and the valuation of generating
assets operating in a competitive environment.

The unique modeling capabilities of MAPS use a detailed electrical model of the entire
transmission network, along with generation shift factors determined from a solved ac load flow,
to calculate the real power flows for each generation dispatch. This enables the user to capture
the economic penalties of redispatching the generation to satisfy transmission line flow limits
and security constraints.

Separate dispatches of the interconnected system and the individual companies’ own load and
generation are performed to determine the economic interchange of energy between companies.
Several methods of cost reconstruction are available to compute the individual company costs in
the total system environment. The chronological nature of the hourly loads is modeled for all
hours in the year. In the electrical representation, the loads are modeled by individual bus.

In addition to the traditional production costing results, MAPS can provide information on the
hourly spot prices at individual buses and on the flows on selected transmission lines for all
hours in the year, as well as identifying the companies responsible for the flows on a given line.

Because of its detailed representation of the transmission system, MAPS can be used to study
issues that often cannot be adequately modeled with conventional production costing software.
These issues include:

e Market Structures — MAPS is being used extensively to model emerging market
structures in different regions of the United States. It has been used to model the New
York, New England, PIM and California ISOs for market power studies, stranded cost
estimates, and project evaluations.
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e Transmission Access - MAPS calculates the hour spot price ($/MWh) at each bus
modeled, thereby defining a key component of the total avoided cost that is used in
formulating contracts for transmission access by non-utility generators and independent
power producers.

s Loop Flow or Uncompensated Wheeling — The detailed transmission modeling and
cost reconstruction algorithms in MAPS combine to identify the companies
contributing to the flow on a given transmission line and to define the production cost
impact of that loading.

e Transmission Bottlenecks - MAPS can determine which transmission lines and
interfaces in the system are bottlenecks and how many hours during the year these lines
are limiting. Next, the program can be used to assess, from an economic point of view,
the feasibility of various methods, such as transmission line upgrades or the installation
of phase-angle regulators for alleviating bottlenecks.

¢ Evaluation of New Generation, Transmission, or Demand-Side Facilities - MAPS
can evaluate which of the available alternatives under consideration has the most
favorable impact on system operation in terms of production costs and transmission
system loading.

¢ Power Pooling — The cost reconstruction algorithms in MAPS allow individual
company performance to be evaluated with and without pooling arrangements, so that
the benefits associated with pool operations can be defined.

Table 1 shows how MAPS models the bulk power system and yields an accurate through-time
simulation of system operation.

Table 1
MAPS Models the Bulk Power Systemn

Generation Transmission Loads Transactions
— Detailed — Tracks Individual — Chronological by — Automatic
Representation Flows Bus Evaluation
— Secure Dispatch — Obeys Real Limits - Varying Losses - Location Specific
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2. Modeling Capabilities

MAPS has evolved to study the management of a power system’s generation and transmission
resources to minimize generation production costs while considering transmission security. The
modeling capabilities of MAPS are summarized below:

Time Frame — One year to several years with ability to skip years.
Company Models — Up to 175 companies.

Load Models - Up to 175 load forecasts. The load shapes can include all 365 days or
automatically compress to a typical week (seven different day shapes) per month. The
day shapes can be further compressed from 24 to 12 hours, with bi-hourly loads.

Generation — Up to 7,500 thermal units, 500 pondage plants, 300 run-of-river plants,
50 energy-storage plants, 15 external contracts, 300 units jointly owned, and 2,000 fuel
types. Thermal units have full and partial outages, daily planned maintenance, fixed
and variable operating and maintenance costs, minimum down-time, must-run
capability, and up to four fuels at a unit.

Network Model - 50,000 buses, 100,000 lines, 145 phase-angle regulators and 100
multi-terminal High-Voltage Direct Current lines. Line or interface transmission limits
may be set using operating nomograms as well as thermal, voltage and stability limits.
Line or interface limits may be varied by generation availability.

Losses - Transmission losses may vary as generation and loads vary, approximating the
ac power flow behavior, or held constant, which is the usual production simulation
assumption. The incremental loss factors are recalculated each hour to reflect their
dependence on the generation dispatch.

Marginal Costs — Marginal costs for an increment such as 100 MW can be identified
by running two cases, one 100 MW higher, with or without the same commitment and
pumped-storage hydro schedule. A separate routine prepares the cost difference
summaries. Hourly bus spot prices are also computed.

Operating Reserves — Modeled on an area, company, pool and system basis.

Secure Dispatch — Up to 5,000 lines and interfaces and nomograms may be monitored.
The effect of hundreds of different network outages are considered each study hour,

Report Analyzer — MAPS allows the simulation results to be analyzed through a
powerful report analyzer program, which incorporates full screen displays,
customizable output reports, graphical displays and databases. The built-in
programming language allows the user to rapidly create custom reports.

March 2008 GE Proprietory Information Page 6




MAPS Program Description

s Accounting — Separate commitment and dispatches are done for the system and for the
company own-load assumptions, allowing cost reconstruction and cost splitting on a
licensee-agreed basis. External economy contracts are studied separately after the base
dispatch each hour.

e Bottom Line — Annual fuel plus O&M costs for each company, fuel consumption, and
generator capacity factors.
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3. MAPS Applications

The program’s unique combination of generation, transmission, loads and transaction details has
broadened the potential applications of a production simulation model. Since both generation
and transmission are available simultaneously with MAPS, the user can easily evaluate the
system and company impacts of non-utility generation siting and transmission considerations.

In addition to calculating the usual production cost quantities, MAPS is able to calculate the
market clearing prices (marginal costs or bus spot prices} at each load and generation bus
throughout the system, For the load buses, the price reflects the cost of generating the next
increment of energy somewhere on the system, and the cost of delivering it from its source of
generation to the specific bus. Because the production simulation in MAPS recognizes the
constraints imposed by the transmission system, the market clearing prices include the costs
associated with the incremental transmission losses as well as the costs incurred in redispatching
the generation because of transmission system overloads. Figure 1 shows the variation in market
clearing prices of two separate companies. The company wide clearing price is the weighted
average of the clearing prices at the load buses.

35.00 —
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: I T b ‘ N
 $IMWh 25.00 | ¥ FivinI

20.00 |

15,00 - - :

Mon Tue Wed Thu Fri Sat Sun
— Company A —— - _gofn;;ény 8 |

Figure 1. Market clearing prices vary with time and location.

MAPS is also able to calculate and constrain both the actual electrical flows on the transmission
system and the scheduled flows assigned to individual contract paths. The actual real power
flows on the network are based on the bus-specific location of the load and on the generation
being dispatched to serve the load. The scheduled flows include firm company-to-company
transactions that are delivered from the seller to the buyer over a negotiated path. The scheduled
flows also include the generation from remotely owned units, which is delivered to the owning
company over an assigned path, and generation that is delivered to remotely owned load.
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The simultaneous modeling of actual and scheduled flows is especially important in modeling
the Western region of the US where the scheduled flows often have a major impact on the
operation of the system. Figure 2 shows the hourly flows on one of the WSCC interchange paths
where the scheduled flows on the path are limiting while the actual flows are not, resulting in the
generation dispatch being constrained by scheduled rather than actual physical limits. This is
important in identifying the contract paths that have available transfer capability and could be
used to deliver power from potential new development sites.

Actual Hows

Scheduled Aows

Figure 1. Example of hourly actual and scheduled flows.
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4. Production Costing

MAPS models the system chronologically on an hourly basis, dispatching the generation to serve
the load for all hours in a year. As a result, MAPS captures the diversity that may exist
throughout the system, and accurately models resources such as energy storage and demand-side
management.

Load Data

The hourly load data is input to the program in EEI (Edison Electric Institute) format for each
load forecast area, These hourly load profiles are then adjusted to meet the peak and energy
forecasts input to the model on a monthly or annual basis. To accurately calculate the electrical
flows on the transmission system, MAPS requires information on the hourly loads at each bus in
the system. This is specified by assigning one, or a combination of several hourly load profiles
to each load bus.

In addition to studying all the hours in the year, MAPS can study all the days in the year on a bi-
hourly basis, or a typical week per month on an hourly or bi-hourly basis. With these modeling
options, MAPS simulates the loads in chronological order and does not sort them into load
duration curves.

Thermal Unit Characteristics

Essentially all the thermal unit characteristics input to MAPS can be changed on a weckly,
monthly or annual basis. The following are the characteristics that can be modeled:

¢ Each unit can have up to seven loading segments (power points).

* Generating units can burn a blend of up to three fuel types in addition to the start-up
fuel. The percentage of each fuel burned can vary by unit power point. Minimum fuel
usage and maximum fuel limits are modeled and enforced on a monthly basis, If the
maximum fuel limit is reached, the affected units will be switched to an alternate fuel.
Economic fuel switching is also modeled.

¢  MAPS models fixed O&M in $/kW/year and variable O&M in $/MWh and $/fired
hour. The user controls whether the variable O&M is included in determining the order
for unit commitment and dispatch. A separate bidding adder in $/MWh can also be
input for each unit. This cost is added to the costs used to determine the commitment
and dispatch order of the units, but is ignored when computing actual unit costs.
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e MAPS calculates start-up costs as a function of the number of hours that the unit has
been off-line. The user can specify whether the start-up should be included in the full-
load costs used to determine the order in which the units are committed.

¢ In the unit commitment process, MAPS models the minimum downtime and uptime on
thermal units. Units can also be identified as must-run with the user specifying that the
entire unit is must-run, or only the minimum portion, with the remainder of the unit
committed on an economic basis as nceded.

s MAPS allows the user to specify the portion of each thermal unit that can be counted
toward meeting the load plus spinning reserve requirements, and the portion that can be
considered as quick-start capacity. A spinning reserve credit can also be taken for
unused pondage hydro and energy-storage generating capacity.

o Full and partial forced outage information is specified to MAPS in terms of forced
outage rates.

¢ Maintenance can be specified on a daily basis for any number of maintenance periods
during the year. The user can also identify units as unavailable for specific hours
during the day.

e The thermal generating units bid into the system at their costs, based on fuel prices,
O&M and emission costs, bid adders, and heat rates. Alternatively, the user can input
the bid price in $/MWh by unit power point. This price will then be used in the
commitment and dispatch to determine the way in which the units operate.

e MAPS allows all types of generating units (thermal, pondage, and energy storage) to be
owned by more than one company in a multi-utility simulation. The output and cost of
these units are allocated to the owning companies based on the user-specified
percentages.

o Nearly all unit characteristics including rating, heat rates, and costs, can change on a
weekly basis.

Models for Production Costing
The following sections describe various portions of the production simulation process in MAPS.

Hydro and energy-storage scheduling - MAPS offers threc distinct representations for
modeling hydro plants: hourly modifiers, pondage modifiers or energy-storage devices. This
flexibility allows the program to accurately model each hydro plant based on its operating
characteristics.
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Hourly modifiers allow the user to specify the actual hour-by-hour operation of the plant in MW.
This data can be specified for the 168 hours of a typical week of operation, with the option to
change this data on a monthly basis. Alternatively, the hourly operation for the entire year
(8,760 or 8,784 hours) can be input. This feature can also be used to model firm company
transactions that can be specified on an hourly basis.

Hydro plants can also be modeled as pondage modifiers. Each pondage modifier is defined by a
monthly minimum and maximum capacity (MW) and a monthly available energy (MWh). The
minimum capacity is base-loaded for all hours in the month, representing the run-of-river portion
of the plant. The remaining capacity and energy are scheduled in a peak-shaving or valley-
filling mode over the month. The user identifies the specific load shape to use for scheduling the
plant; options include the system load, combinations of selected company loads, or
combinations of selected area loads. If several pondage units are located at sequential dams on
the same river, they can be scheduled as a group to coordinate the operation of the units.

MAPS allows the user to develop scenarios for different water conditions (e.g., low, average, or
high stream flows) through simple modifications to the available energy specified for the
pondage modifiers,

For energy-storage devices, which include pumped-storage hydro and batteries, MAPS
automatically schedules the operation based on economics and the characteristics of the storage
device. The characteristics specified include the charging (or pumping) and generating ratings,
the maximum storage capacity in MWh, the full-cycle efficiency (which recognizes losses in the
pump/generate cycle), and the scheduling period (daily or weekly). The program examines the
initial thermal unit commitment to develop a cost curve for the week. This cost curve is then
combined with the appropriate chronological load profile to develop an hourly schedule, which
minimizes costs without violating the storage constraints. This schedule is locked-in and the
thermal unit commitment process is repeated to develop the final commitment schedule.

For all three hydro representations, the user also specifies the ownership of the plant, energy
costs in $/MWh, and the transmission system bus or buses at which the plant is located. For
each hourly modifier and pondage plant, you can also specify an economic dispatch price in
$/MWh. If, during the dispatch of the thermal generation, the spot price at the unit’s bus drops
below the specified value, the unit’s output will be backed down to its minimum rating (or 0 in
the case of hourly modifiers) and the energy will be shifted to hours later in the week when the
spot price is higher.

Dispatchable load management and non-dispatchable renewable - MAPS can model some
types of dispatchable DSM and load control as thermal generating units with the appropriate
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characteristics and costs. Load management strategies such as batteries or thetmal energy
storage can be modeled as energy-storage devices.

MAPS models non-dispatchable DSM and load control and renewables such as photovoltaic or
wind energy as hourly modifications to the load. This modification can be specified for the 168
hours of a typical week, with the option to change this data on a monthly basis, or by specifying
the data for the entire year (8,760 or 8784 hours).

The generating units used to represent DSM, load control, and renewables can be assigned to the
appropriate areas and buses throughout the system to accurately capture the dispersed nature of
such resources.

Maintenance scheduling - The unit planned outages can be specified by the user, in terms of the
starting and stopping dates of the maintenance period, or automatically scheduled by the
program. If being scheduled by the program, the maintenance requirements can be specified as
weeks of maintenance or a planned outage rate. The program schedules the maintenance on a
weekly basis so as to levelize reserves (the difference between installed capacity and the sum of
load plus MW on maintenance) on an area, company, pool, or system basis.

Forced outages - MAPS models the forced outages through either a Monte Carlo or recursive
convolution approach, In the Monte Carlo approach, the forced outages on generating units are
modeled through the use of random outages. This method is stochastic over the course of the
entire year and results in the units being on forced outage for randomly selected periods during
the year, The total outage time for each unit is determined by the forced outage rate, and the
duration of each outage period, also known as the “mean-time-to-repair,” can be specified by
unit in days. Partial outages on the generating units can also be modeled, on a weekly basis.
The random outage method permits accurate treatment of forced outages over the course of the
year while allowing each hour to be deterministically dispatched, thus providing for the most
accurate treatment of transmission limits when operating with the detailed -electrical
representation.

MAPS also has the capability of using the more traditional recursive convolution technique
when run in the transportation mode. This technique convolves the forced outages of the units
with the loads to develop an equivalent load curve each hour, allowing the calculation of
expected output for each of the generating units. In this manner, a unit with a 10% forced outage
rate will have a 10% probability of being unavailable for each hour of the year. This
methodology is not compatible with the more detailed transmission constrained logic, but can be
used with the transportation model and the transfer limits between areas.

March 2008 GE Proprietary Information Page 13




MAPS Program Dascription

Hourly commitment and dispatch - The objective of the commitment and dispatch algorithms
in MAPS is to determine the most economic operation of the generating units on the system,
subject to the operating characteristics of the individual generating units, the constraints imposed
by the transmission system, and other operational considerations such as operating and spinning
reserve requirements. The economics used for commitment and dispatch can be adjusted
through the use of penalty factors that can move a unit within the commitment and dispatch
ordering.

MAPS models the system chronologically on an hourly basis, committing and dispatching the
generation to serve the load for all hours of the year. The unit commitment process in MAPS
begins by developing a priority list of the available thermal units based on their full-load
operating costs. The full-load cost is calculated from the fuel price and full-load heat rate, and
can optionally include the variable O&M costs, start-up costs, and a bid adder. Alternatively, the
full-load cost can be based on the bid prices that were input by unit section. This priority
ordering of the thermal units is used for the entire week.

The units are then committed in order of increasing full-load costs to meet the load plus spinning
reserve requirements on an hourly basis, recognizing transmission constraints. This preliminary
commitment for the entire week is then checked to see if any units need to be kept on-line
because of minimum downtime or minimum run-time constraints,

One potential shortcoming of this process is that baseload units, which tend to be committed first
because of their lower full-load costs, may be committed for just a few hours during the week to
meet load plus spinning reserve, but are then kept on-line, usually at part-load, because of the
minimum downtime constraints. Consequently, the average cost of these units over the course of
the week is much higher than the full-load costs that were used in determining their commitment
ranking. A more economic commitment might be obtained by skipping over these units and
committing intermediate or peaking units, that while they have a higher full-load cost, they can
be more easily cycled from hour to hour.

The multi-pass unit commitment option is designed to commit the units based on their expected
operating costs rather than their full-load costs. This is accomplished by doing the commitment
in up to four passes and adjusting the daily priority costs of those units that are not committed for
a specified number of hours during the day. The cost adjustment is based on the unit type (i.e.,
baseload, intermediate, or peaking) and an input number of hours at full, part, and minimum load
operation. The type for each unit is determined from the unit’s minimum downtime and input
cutoff values for the minimum downtimes of baseload and peaking units. Any unit whose
minimum downtime falls between these cutoff values will be modeled as an intermediate unit.
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Upon completion of the commitment process for the week, the program begins the dispatch
process. All of the committed units are loaded to their minimum power point, and then the
program dispatches the remaining unit sections, in order of increasing incremental cost, to meet
the hourly bus loads, once again recognizing the constraints imposed by the transmission system
and other user-specified operating considerations.

Operational constraints - In MAPS, the production simulation is formulated as a linear
programming (ILP) problem where the objective function is to minimize the production costs
subject to electrical and business constraints. MAPS models each security constraint as a single
constraint in the LP formulation. MAPS derives these constraints from the production costing
input data (for example, identified must-run units and minimum down-time for generation units)
and from user-specified operating nomograms, such as those often used by system operators to
represent voltage and transient stability limits. MAPS monitors the flows on individual
transmission lines and interfaces on an hourly basis to ensure that the line or interface limits, or
other security constraints such as import limits, are not violated while dispatching the generation
system.

MAPS can also consider other user-specified contingencies such as the tripping of lines or
groups of lines, or the tripping of load or generation at specified buses. The final generation
dispatch developed by MAPS will be secure in the sense that the system will be operating within
all its limits even under the contingency conditions.

Operating and spinning reserves -~ During both the unit commitment and dispatch, MAPS
models operating reserve requirements for areas, companies, pools, and the entire system. The
operating reserves are calculated based on a percentage of the load, a fixed MW reserve, and a
percentage of continuous rating of the largest committed unit.

The total operating reserves can be met by a combination of quick-start reserves (units not
actually running but which can be brought on line very quickly) and spinning reserves. The
portion of operating reserves that can be met by quick-start reserves can be specified by area,
company, pool, or system. The user identifies which units have quick-start capability.

A spinning reserve credit can be taken for unused generation from energy-storage units. The
user can also specify the portion of each committed thermal unit that can be applied toward the
spinning reserve requirements,

Emissions - MAPS models two general types of emissions. The first type of emission is a
function of the amount of fuel being used. This type would typically be used to model sulfur and
particulate emission. The second type of emission is a function of the unit operation, but is not
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directly related to the amount of fuel, This type could be used to model NOx emissions, which
can decrease with increased power output.

In addition to the emission rates modeled by fuel type or by unit, the user can input, by thermal
unit and emission type, the removal efficiency (in per unit) of the emission control equipment,
and the removal and trading costs in dollars per ton of emission. The removal cost represents the
operating costs associated with emission conirol equipment. The trading cost can be used to
model the costs associated with the emissions that are not removed by the control equipment.
These costs could include the costs related to the purchase of emission allowances.

Penalty factors on the removal and trading costs can also be input to control the extent to which
these costs are included in the full-load and incremental costs used to determine the order in
which the units are committed and dispatched

Representation of various power market participants - Through the appropriate assighment
of loads and generation, the various participants in the power market can be represented in
MAPS. Integrated utilities would have generation, transmission, and be responsible for serving
load. Separate distribution entities would not own any generation but would purchase all of the
energy they need to meet their foad obligations. Independent power producers would be
modeled as companies with generation but no transmission or load. The commitment, dispatch,
and cost allocation functions in MAPS itself would represent the independent system operator.
The wholesale power broker would be modeled as a company with firm contracts to buy energy
from other companies, which would then be resold on a firm or economy basis.

MAPS models bilateral contracts between market participants as firm transactions between the
selling and buying companies. These contracts can be specified in terms of hourly MW values,
or as minimum and maximum MW ratings and available monthly energy that would be
scheduled by the program.

Purchase and sale contracts - MAPS can model internal transactions (purchases and sales
contracts) between companies with the system, and external transactions with companies outside
the study system.

The internal transactions can be either “firm” or “economy.” Firm transactions between
companies can be specified in MW on an hourly basis, or as a minimum and maximum rating
(MW) and a monthly energy (MWHh), which can be scheduled by MAPS. The firm transactions
occur regardless of economics. The economy transactions occur between companies in the
system dispatch when it is cheaper for a company to purchase energy to serve its load than to
generate load with its own units.
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The external contracts can also be categorized as “firm” and “economy.” The primary difference
is that firm external confracts are evaluated as part of the base dispatch each hour, while
economy external contracts involve multiple dispatches each hour to evaluate the price paid for
the energy.

Firm external contracts are modeled as unit modifiers located outside the study system, but in all
other respects they are treated the same as any other system generation, Company ownerships
are assigned to the units, and they are modeled in the commitment and dispatch along with the
local generation.

The special feature of the economy external contract logic in MAPS is that multiple dispatches
are performed each hour (both with and without each economy external contract) and the price
paid for the energy is a function of the change in system operating costs. This total savings is
also referred to in MAPS as the delta costs. These total savings from the transactions are divided
between the system and the outside world according to a specified percentage. The system
savings resulting from an external economy purchase are allocated to those companies that are
net buyers of energy. Similarly, any savings from an external economy sale are allocated to
those companies that are net sellers of energy.

Cost reconstruction - Within a single run of the program, MAPS can perform two separate
dispatches of the system generation, In the system dispatch, the entire system is dispatched to
serve the load as economically as possible, subject to the constraints imposed by the
transmission system. In the company own-load dispatch, each company’s resources (including
its firm transactions with other companies) are economically dispatched to serve its own load.
The results of the two dispatches are then used to calculate the savings that result from the
coordinated system dispatch versus the isolated company dispatches. Several methods of cost
reconstruction arc available to allocate these savings between the buyers and selers and to
compute the individual company costs in the system environment.

Furthermore, multiple pools within a system can be modeled in MAPS. MAPS has the
capability to model economic energy transaction within a company’s power pool, if desired in
the simulation.

Hourly bus spot prices - MAPS computes hourly spot prices at individual buses. The bus spot
price is the cost of supplying an additional MW of load at the bus and includes the cost of
generating the energy, the cost of the incremental transmission losses, and any costs associated
with re-dispatching the generation if this additional increment of load caused overloads on the
transmission system. The difference in spot prices at two buses is the short-run marginal
wheeling cost between these buses.
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MAPS can also develop marginal costs on a company and pool basis. There are two types of
marginal cost calculations in MAPS: incremental and delta. Incremental marginal costs are
calculated from a single dispatch and are equal to the cost of the last increment of power
generated. Delta costs are calculated from two dispatches and equal the average cost of the
change in energy dispatched. The hourly marginal costs can be summarized for on-, mid-, and
off-peak periods by month, season and year.
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5. Transmission Network

MAPS contains two distinct models for representing the transmission system. The original
approach uses a transportation model to limit the transfer between interconnected areas during
the dispatch of the system generation. The second approach performs a transmission-
constrained production simulation, using a detailed electrical model of the entire transmission
network, along with generation shift factors determined from a solved ac load flow, to calculate
the real power flows for each generation dispatch. This makes it possible to capture the
economic penalties of redispatching the generation to satisfy transmission line flow limits and
security constraints. In the electrical representation, all physical components of the transmission
system are modeled, including transmission lines, phase-angle regulators, and HVDC lines.

MAPS can also operate in the mode in which both methodologies are used simultaneously. For
example, MAPS can operate the system so that both the scheduled contract flows (transportation
model) and actual electrical flows are calculated, with the more restrictive limits applying.
Similarly, MAPS can constrain the system based only on the transfer limits between areas while
calculating the actual electrical flows throughout the system.

Most discussions about the future of power systems agree that networks will be stressed more
than ever before, and the utilities will not have the luxury of observing artificial constraints. For
this reason, it is important to model the actual electrical flows on the lines in addition to the
transportation flows between the control areas. MAPS, with both models available, is perfectly
suited to model both the current operation of a system and to examine the various ways in which
the system might be operated in the future.

Transportation Model - In both the transportation and electrical representations, MAPS
calculates and limits the transmission flows on an hourly basis. In the transportation mode, the
utility system is modeled as discrete operating areas containing generation and load. The
transmission system is represented in terms of transfer limits on the interfaces between the
interconnected areas. These limits can be different for the two directions of interface flow, and
can be specified on an hourly basis. These limits can also vary on an hourly basis in response to
user-specified conditions as to whether or not specified units are available {(for commitment) or
have been committed (for dispatch).

Electrical Representation - In the electrical representation, the load and generation are assigned
to individual buses and the transmission system is modeled in terms of the individual
transmission lines, interfaces (which are groupings of lines), phase-angle regulators (PARs), and
HVDC lines. Limits can be specified for the flow on the lines and the operation of the PARs.
These limits can change on an hourly basis as a function of loads, generation, and flows
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elsewhere on the system. Examples of the types of operating nomograms that can be modeled in
MAPS include:

e transmission line or interface limit as a function of area or company load

o net imports to an area as a function of load

simultaneous imports into an area

e minimum generation by area.

The user can control the extent to which MAPS will enforce the limits assigned to an interchange
path, transmission line, or other system element. Each monitored element is assigned an
overload cost in $/MWh. If violating the limit will result in production cost savings greater than
or equal to the overload cost, the limit will be ignored. If the monitored element has a small
overload cost, it has “soft” limits that will be monitored but will most likely not result in a
significant redispatch of the generation. An element with a large overload cost will be modeled
with “hard” limits that are strictly enforced and rarely, if ever, violated, necessitating a
redispatch of the generation to correct the violations.

Losses - The impact of losses on the system can be calculated by using nodal loss factors. The
incremental loss factor at a node is defined as the incremental change in system losses for a 1
MW increase in injection at that node (and withdrawn at the reference bus). The average loss
factor represents the actual losses in the system for the given hour for a 1 MW injection at that
node. A loss model based on incremental losses gives an accurate price signal to market
participants of the losses at a location. However, it results in an over-collection of loss revenue
since the losses calculated using incremental loss factors are twice the actual losses in the
system. On the other hand, a loss model based on average loss factors collects revenues for the
actual losses in the system, but does not give the correct value of locational marginal price
including losses. The incremental loss model in MAPS gives the user the option to use both the
average and incremental loss factors in the calculation of losses and the incremental cost of
losses.

Because the loss factors in the system change from hour to hour depending on the dispatch of
generation, MAPS recalculates the incremental loss factors each hour based on the commitment
and dispatch. The option to use full as well as scaled incremental losses at different points in the
commitment and dispatch algorithm is also available.

In addition to using the hourly loss factors to modify the delivery factors, an alternative method
being considered by some 1SOs is to use the loss factors to modify the the unit bids at a location,
or to modify both the unit bids and delivery factors at the same time. These options are also
available in MAPS.
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6. Data Input/Output

The MAPS data is input through data tables that arc stored as text files, which can be easily
accessed and edited through standard text editors. The table structure is essentially free-format
with no stringent requirements that data can be input in specific positions within a line. The
table structure in MAPS is self-documenting and allows the user to freely insert comments in the
data to aid in documentation.

All MAPS output is stored in binary files to allow for report generation and customization at a
later date. Among the results stored in binary files are the individual unit quantities on an
hourly, monthly, annual, and study period basis for the system and own-load dispatches, and the
hourly interface flows. The stored results of the transmission analysis, when MAPS is run in
with the detailed electrical representation, include the hourly flows and plant outputs, the
limiting elements for each hour and the marginal benefit of relaxing each limiting constraint, and
the hourly spot prices at specified buses.

The MAPS Report Analyzer (MRA) is an extremely powerful tool for analyzing the vast
quantities of generation- and transmission-related data produced by MAPS. The MRA loads the
data from the binary files into a very efficient database and allows the user to easily create
customized reports and graphs through the use of built-in commands and a simple programming
language.

The MRA is completely menu driven and includes several on-line help function to guide the
user. The MRA has several options for plotting study results, The first option is intended to
give the user a quick look at the data but does not offer all of the flexibility, such as changing
scale divisions or adding text to the graphs, that is sometimes needed. The MRA also contains a
separate plotting package that can be used to fine tune the appearance of plots. The third option
allows the user to export the data for use with other plotting software,

The following pages show some of the reports and graphs that are readily available from the
MRA or can be easily generated from data accessible through the MRA.
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Year -- 2000
Monthly Summary Table
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Table 2. MAPS Standard System Report
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Figure 2. Typical Plots Available from MRA
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7. Hardware Specifications for Running MAPS and MRA

March 2008

Table 3. MAPS and MRA Hardware Specifications

PENTIUM PC

System

Pentium IV

25 GHz

1 GB RAM

40 GB Disk

2 Button Mouse
101 Keys (US)
Floppy Disk Drive
CD-ROM

56 kB Modem

Monitor

20" Color Display

Backup

CD-Writer

Op Sys

Windows NT, 95, 98,
2000, or XP

Aux Software

Exceed 7.0 from
Hummingbird
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8. MAPS Licensees

A list of current MAPS licensees is available on request.
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9. MAPS Pricing Information

Pricing information for licensing MAPS, MAPS training, and MAPS studies conducted by
GE Energy personnel is available on request.
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Appendix D - MARS Description



























