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EWITS was the first of its kind in terms of scope, scale, and process. Initiated
in 2007, the study was designed to examine the operational impactl of up (o
20% 1o 30% wind energy penetration on the bulk power system in the Eastern

Interconnection of the United States.

To set an appropriale backdrop for addressing the key study gqueslions, the
EWITS project team-—with input from a wide range of project stakeholders
including the Technical Review Committee (TRCy—carvefully constricted four
high-penelralion scenarios Lo represent different wind generation development
possibilities in the Eastern Interconnection. Three of these scenarios delivered
wind energy equivalent o 20% of the projecled annual electrical energy
requirements in 2024; the fourth scenario increased the amount of wind energy

to 307,

In each scenario, individual wind

plants from the Eastern Wind Data

Study dalabase (see sidebar) were

selected to reach the target energy A precursor 10 EWATS known as the Eastern Wind Data Study
level. The wind data consisted {AS Trueveind 2009) identified more Lhan 700 GW of poential
of hourly and 10-minute wind future wind plant sites {or the eastern United Stales. All the
plant data for each of three years: major analytical elernents of EWITS redied on the time series wind
2004, 2005, and 2006, Wind plants generation production data synthesized i1 this earlier effort The

were available in all geographic data cover Uiree historical years—2004, 2005, and 2006—ai high

. . . aatial {0l ey ke SO0T fengy o) 1] 3} e i
locations within the Faslern spatial (2-ldlometer (k) and temporal (0-minule} resofulion.

Interconnection except off the shore On-and offshore rescuices are included, along with wind

of the southeastern United States resources for alf slates.
and Canada (because of limitations
on the scope of work for the wind

modeling). Approximately 4 GW of new Canadian renewable generation was

modeled Lo cover imports of new Canadian wind and hydro 1o the northeast,

Abrief description of each scenario follows:
»  Scenatio 1, 20% penetration - High Capacity Faclor, Onshwore: Ulilizes
[ ' high-qualify wind resources in the Greal Plains, with other development
in the eastern United States where goad wind resources exist.

2 Scenario 2, 20% penatration — Hybrid with Offshore: Some wind
generalion in the Greal Plains is moved east. Some Easl Coast offshore
development is included.

e Scenario 3, 20% penetration - Local with Aggressive Offshore: More wind
generalion is moved east toward load centers, necessitaling broader
use of offshare vesources. The offshore wind assamplions represent an
uppermost limit of what could be developed by 2024 under an aggressive

technology-push scenario,




PROJECT OVERVIEW

This section describes the transmission requirements, wind operational impacts,
production-cost modeling results, wind integration costs, carbon sensitivity
analysis, and the wind contribution to resource adequacy for EWTTS.

TRANSMISSION REQUIREMENTS

EWITS uses a deterministic, chronological production-cost model (PROMOD
IV®)! for evaluating transmission requirements. The study process began with
locating wind generation across the interconnection, and then determining

what additional nonwind capacity would be required in each region to

maintain reliability for the projected energy demand in the study year. No new
transinission was considered at this stage. This step allowed the study analysts to
identify the locations of electrical energy supply and locate the loads or demand
for the energy. To develop the transmission overlays, then, the project team used
economic signals to connect the “sources” (supply) to the “sinks” (loads).

The study team used an economics-based expansion planning methodology to
develop transmission requirements for each scenario based on the output of the
different production simulations. Before each set of simulafions, the additional
nonwind capacity required to reliably serve the projected load was determined
using traditional generation expansion methodologies. Wind generation was
assigned a firm capacity value of 20%. Next, wind generation and the indicated
conventional expansion were added {o the production-cost model that contained
the existing transmission network.
After simulating system operation over an entire year of hourly data, study
analysts then compared the results of this modeling simulation to those from
a similar simulation in which constraints on the transmission system were
removed. The comparison indicates how regional or interconnection-wide
production costs increase because of transmission congestion, or put another
way, what value could be achieved by eliminating or reducing transmission
constraints. Differences between the “constrained” case and the “unconstrained”
case yield the following information: '
* The areas of economic energy sources and sinks
¢ The interface flow changes to determine the incremental transfer
capacity needs
* The total benefit savings, which in turn gives a rough estimate of a
potential budget for building transmission to relieve constraints and
reduce congestion costs

! PROMOD IV (developed by Ventyx} s an integrated electric generation and transmission market simulotion
system that incorporates extensive details of generaling unit operating choracteristics and constraints, treansis-
slon constraints, generation analysis, unit commitment/operating conditions, and rmarket systemoperations.
PROMOD IV pecforms an 8,760-hour commitiment and dispatch recognizing bath generation and transmission
impacts at the bus-bar level. (Bus-bar refers to the point at which power Is availabie for transmission.)
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Transmission flows between regions in EWITS are determined in part by the
differences between production simmulations using a “copper sheet” (i.e., no
transinission constraints, no congestion) versus the exisling transmission syster.
Transmission capacity is desighed to deliver 80% of the desired energy flow.
Figure 6 shows the annual generation differences between the unconstrained and
constrained cases for Scenario 2. This helps to define the energy source and sink
areas and gives insight into the optimal locations for potential transmission lines
and substations. Red represents the energy source areas; blue signifies the energy
sink areas. As Figure 7 flustrates, the price signal drives energy from low-cost
source areas 10 high-cosi sink areas if the transmission system is not constrained

across the study footprint.

o -

Figure 6. Scenario 2, annual generation differences between unconstrained
case and consirained case (Note: Because price contours developed from defined
pricing hubs, they do not correspond exactly to geography.)



Figure 7. Scenario 2, annual generation weighted locational marginal price
{LMP) for consirained case

Using these comparative results as a guide, and with input from the TRC, the
study team developed transmission overlays for each scenario.

The conceptual transmission averlays, shown in Figure 8, consist of multiple
800-kilovolt (kV) high-voltage direct current (HVDC) and extra-high voltage
{EHVY AC lines with similar levels of new transmission and common elements
for all four scenarios. Tapping the most high-quality wind resources for all
three 20% scenarios, the project team arrived atl a transmission overlay for
Scenario 1 that consists of nine 800-kV HVDC lines and one 400-kV HVDC line.
For Scenario 2, analysis moved some wind generalton eastward, resulling in

a reduced transmission overlay with seven 800-kV HVDC lines and one 400-

EV HVDC line. As more wind generation is moved toward the east and more
offshore resources are used in Scenario 3, the resulling transmission overlay has
the fewest number of IIVDC lines, with a total number of five 800-kV HVDC
lines and one 400-kV HVDC line, (o accommodate the aggressive 30% wind
target and deliver a significant amount of offshove wind along the East Coastin
Scenarijo 4, the overlay must be expanded to include ten 800-kV HVDC lines and
one 400-kV HVBC line.

%]
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Figure 8. Conceptual EHV transmission overlays for each study scenario

Tables 2 through 4 summarize the transmission and construction cost-per-

mile assumptions by voltage level, the estimated total line miles by voltage
level, and the estimated cost in US$2024 for the four wind scenario conceptual
overlays, respectively. In Table 4, the total AC line costs inchide a 25% margin

to approximate the costs of substations and transformers. In addition, the total
HVDC line costs include those for terminals, communications, and DC lines.
Costs associated with an offshore wind collector system and those for some
necessary regional fransmission upgrades are not included in the {otal estimated
cost and would increase total transmission costs. With approximately 22,697
miles of new EHV transmission lines, the transmission overlay for Scenario 1 has
the highest estimated total cost at $93 billion (US$2009).
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COST- P[R MILE ASSUMPTION

VOLTRGE LEVEL

345 Ky

345 KV AC [ 30CKY SO0 EV AC | 765 EY AGOD NV HC | Sna EY DC
(DOUGBLE {THGURBLE
UNIT) CIRCHT)

2350000

,800,000 6,000,000

£5,125,000 |

5750000 | 2.75,00| 14,7930

1,440,000

3,290,000 | 2,440,000 32,850,000

2,410,000 1.850,00 3,080,060

VOLTAGE 5 KV 385KV AC | 500Ky 500 EY AC | 765 KY 400KV DC |eob kv oC | TOTAL
LEVEL {(DOUBLE (DOUBLE

CIRCUIT} CIRCHT)
REFERENCE S [cinas 09,979
SCENARIO 1 243 7,304 560 22,697
SCENARIOR | - 243 7,304 560 52119947
SCENARIO 3 742 7,304 769 17,050
SCENARIO 1064 | 742020 7,308 22,667

Est:mated Cost Summary {US $2024 millions)

VOLTAGH | 3435 HY 325 RV AC [ SCORY GUVAC | FEEEY 400 KV D | 808 RY DO | TOTAL

LEVEL {(BORIELE Wii

TRefergiice T 67 | o0 383 31,170,
Scenario 1 2916 935 30,033 53,4451 93,179
ScenarioZ 6o 16 ] 935 30,033 391 40,206 | 79,941
Scenaric 3 3,569 935 30,033 1,898 22852 64,865
Scenariod: | 13569, o3s|. 3003 7 isaf . sosoe] eassi

Specific findings and conclusions from development of the transmission overlays
for each scenario include the following;

The 800-kV HVDC and EHV AC lines are preferred if not required because
of the volumes of energy that must be transported across and around the
interconnection, as well as the distances involved.

Similar levels of new fransmission are needed across the four scenarios,

and certain major facilities appear in all the scenarios. This commonality

is influenced by the top-down method used and the location of the wind
generation in each scenatio. The study focuses on four possible 2024
“futures.” Determining a path for realizing one or more of those futures was
outside the study scope. Large amounts of transmission are also required in
the Reference Case.

The modeling indicates that significant wind generation can be
accommodated as long as adequate fransmission capacity is available and
market/operational rules facilitate close cooperation among the operating
regions.
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» Transmission offers capacity benefits in its own right, and enhances wind
generation’s contribution to reliability by a measurable and significant
amount.

s The EHV DC transmission that constitutes a major portion of the overlays
designed for the scenarios in EWITS has benefits beyond those evaluated
here. For example, it would be possible o schedule reserves from one area
to another, effectively fransporting variability resulfing from wind and
load to areas that might be beiter equipped to handle it. And the fransfer
capability of the underlying AC network could be enhanced by using the

DC terminals to mitigate limilations caused by transient stabilily issues.

WIND OPERATIONAL HIPACTS

Reliable delivery of electrical energy fo load centers entails a continuous process
of scheduling and adjusting eleciric generation in response to constantly changing
demand jSufficient amounts of wind generation increase the variability and
uncertainty in demand that power system operators face from day to day or even
from minute to minute. Quantifying how the amountis of wind generation in

each of the study scenarios would affect daily operations of the bulk system and
estimating the costs of those effects were major components of EW ITSJ

Using detailed chronological production simulations for each scenario, the

study team assessed impacis on power system operation. The objective of

these simulations was fo mimic how day-fo-day operations of the Easlern
Interconnection would be conducted in 2024 with the prescribed amounts of wind
generation in each scenario, new conventional generation per the expansion study,
and the transmission overlays the study team developed. Ways to manage the
increased variability and uncertainty attributable to wind generation, along with
the resulling effect on operational cosls, were of primary interest.

EWITS uses a deterministic production-cost model to run hourly power system
operational simulations using the transmission overlays for each scenario and
the wind plant outputs and actual load data for 2004, 2005, and 2006. The model
takes the wind generation at each “injection bus” {i.e,, the closest transmission
connection to the wind plant) and dispatches nonwind generation units
accordingly for each markel region while solving at the model node for the LMP.
The tool simulates achual power system operations by first solving the unit-
commitment problem (i.e., what conventional generators will be dispatched to
meeet load), then using the wind power and load forecasts, and finally dispatching
the units based on the actual modeled wind and load data. Obtaining realistic
results is necessary because unit-commitment decisions must actually be made
well in advance, allowing generators sufficient time to start up and synchronize
to the grid. A hurdle rate accounts for hourly transactions among eight different
market regions. The simulation is done over the entire study region and the wind
plant and load time series data capture geographic diversity.
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RESERVE REQUHRPEMENTS

With large amounts of wind generation, additional operating reserves (see

sidebar) are needed to support interconnection frequency and maintain balance

between generation and load. Because the amounts of wind generation in any

of the operating areas, for any of the scenarios, dramatically exceed the levels

{for which appieciable operaling experience exists, the study team conducted

statistical and mathematical analyses of the wind generation and load profile

Tyuas of Baserves

In bulk electric systenn operations, different types of generation
reserves are maintained to support the delivery of capacity and
energy from rescurces to loads in accordance with good utitity
practice.

Contingency Resarves

Reserves to mitigate a ‘contingency,'which is defined as the
unexpected failure or outage of a system component, such as a
genesator, a transmission ling, a circuit breaker, a switch, or another
electrical element. In the formal NERC definition, this term refers 1o
the provision of capacity deployed by the balancing authority to
meet the disturbance control standard {DCS) and other NERC and
regional reliability organization cenlingency requirements.

Opoarating Reservaes

That capability above firra system demand required to provide for
regulation, foad forecasting error, forced and scheduled equipment
outages, and local area pratection. This type of reserve consists

of both generation synchronized to the grid and generation that
can be synchronized and made capabie of serving load within a
specified period of time.

Regulating Reserves

An amount of reserve that is responsive to automatic generation
control (AGC) and is sufficient to provide normal regulating
margin. Regulating reserves are the primary tool for maintaining
the frequency of the bulk eleciric system at 60 Hz.

Spinning Heserves

The portion of operating reserve consisting of {1} generation
synchronized (o the system and fully available to serve load within
the disturbance recovery period that folfows a contingency event;
aor (2) load fully removable from the system within the disturbance
recovery period after a contingency event.

data to estimate the additional
tequiremel@ [hese were used

as inpuls to the production-cost
modeling. The analysis focused on
the major categories of operaling
reserves, which included needs
for regulafion, load following, and
contingencies.

In the production simulations

for each scenario, study analysis

took into account the additional

uncertainty and variability resulting

from wind generation by

* Incorporating the increased
operating reserves as constraints
on the commitment and
dispatch of generaling resources
in each operating area

¢ Committing generating units
for operation based on forecasts
of load and wind generation,
then dispatching the available
units against actual quantities,

The levels of wind generation
considered in EWITS increase

the amount of operating reserves
required to support interconnection
frequency and balance the system in
real time, Contingency reserves are
nof direclly affected, but the amount
of spinning reserves assigned {o
regutlation duty must increase
because of the additional variability
and short-term uncertainty of the

balancing area demand. ‘
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Figure 6-3 shows APCs of the ideal, intermediate, and actual cases for each
scenario. With the increased 30% wind energy penetration offsetting base-load
steam generation, Scenario 4 has the lowest APCs of the four wind scenarios.
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Figure 6-3. Annual APCs using 2004 hourly profiles

Table 6-1 summarizes the integration costs for each scenario in US$2024 per
megawatt-hour (MWh) of wind energy. Carrying additional reserves has a
much larger effect on total infegration costs than the day-ahead wind forecast
error, which could be caused by the resulting total forecast error reduction of
aggregating many individual wind plants over a very large geographical area.

Mo i

&R  (SIWh oEwindenergyin US$024) : ,

DAY-AHEAD VARIABLE RESERVE | TOTAL INTEGRATION
SCENARIO | FORECAST BRROR(3/ | ($/AWh) COSY

pwh} ($/8AWh)
10 REE R 78,00
2 459 7.21
3 SR T SRR AR Y § S R e . 2
4 251 456 - 7.07

Table 6-2 lists the integration costs for each scenario from different perspectives,
in dollars per megawatt-hour ($/ MWh) normalized over total wind energy ($/
MWHh), as a percentage of total APCs, and in dollars normalized over the total
load amount (§/ MWh). With 20% to 30% wind energy penetration levels for the
Eastern Interconnection footprint, the total system operational costs caused by
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Based on the work done in this study, the EWITS team can make a number of
general observations. The wind generalion doees not need 100% transmission for
the raled wind generation connecled Lo the transmission system. The geographic
diversity of wind generation produces a coincident peak capacity of 80%.-901%

of the tolal rated wind generalion. Transmission does not need {o be sized {0
handle all the wind generation al ifs maximum coincident ouiput, Some wind
can be curtailed for some hours more economically than building transmission
that would be loaded only for those few hours. Adding more generation svith
stnall curlaifments to neet the renewable energy standards can be more cost-
effective than designing a lransmission syslem for the peak coincident oulpul of
the gencralion. The top-down cconomic process used for BEWIIS doetermines the
curtailment energy for wind and also the potential benefit of adding transmission

compared 1o the cosl.

The cambination of large pools of low-cost energy delivered to higher priced
areas and the abundance of generation capacity off peak creates a large market
price signal that drives the justification of economic transmission expansion

ai the 20% wind energy level. The price sighal is quite sensifive 1o the price of
natural gas. Natural gas-fired generation sets the marginal price on the energy
market. The difference in marginal prices across the Fastern Intercommection
drives the need for (ransmission. The assumed price of 58/ MBtu {(millions of
British thermal units) translates to a significant differential in marginal prices

across the interconnection,

Al the USS52009 price of natural gas in the 53-54/ MBiu range, the energy market
prices are alveady level and the difference in energy price across the Easlern
Interconnection is reduced. Less transmission can be justified at lower gas prices
that reduce the differential pricing across the Eastern Interconmection.

AL 30% wind energy, energy markel prices are practically level across the Eastern
Interconnection. The energy market no fonger gives a signal to justify additional

transmission expansion based on marginal prices.

Wind generalion generally cloes not appear on peak and contributes less to
serving load on peak than off peak. Wind generation on the peak hour in the
Midwest JSO for the last 5 vears has been 1.2%, 11.4%, 1.2%0, 11.8%, and 56%,
regpectively. Currently, wind generation in the Midwest 1SO area is concentrated
in a small geographic area in soutliwestern Minnesota and northern lowa. Wind
generation potential exists in much of the Midwest 150's {ootprint. Geographic
diversity is expecled to increase the capacity contribution of wind on the

peak periad.



_ Specific findings and conclusions are as follows:

* The loss of load expectation (LOLE) analysis performed for this
study shows that the existing transmission network in the Eastern
Interconnection contributes roughly 50,000 megawatts (MW) of capacity
benefits. With the transmission overlays developed for the wind
scenarios, the benefit increases by up to 8,500 MW,

* LOLE analysis of the Eastern Interconnection with wind generation and
the fransmission overlays developed in this study estirnates that the

g \f..Q cc \l ne ELCC of the wind generation ranges from 24.1% to 32.8% of the rated
aq . installed capacity.
Joad- cary yin b} * The {ransmission overiays increase the ELCC of wind generation
cApe b , ' ‘il y . anywhere from a few to almost 10 percentage points (e.g., 18% to 28%).

¢ The ELCC of wind can vary greatly geographically depending on which
historical load and wind profiles are being studied. The EWITS team
observed interannual variations; these variations, however, were much
smaller than had been observed in previous studies (e.g., EnerNex 2006).

e Characteristics of the zonal ELCC differences between profiles tended to

be the same between all four scenarios.

WIND INTEGRATION COSTS AND IMPACTS
Assessing the costs and impacts of integrating large amounis of wind generation
was another key aspect of this study. Methods and analytical approaches used in
earlier integration studies were the starting point, but as interim results became
available, nuances and challenges in those methods when they are applied to a
large, multiarea production model became apparent. As a result of this project,
then, the team learned a great deal of useful information about the total costs
assaciated with managing the delivery of wind energy.
Despite the challenges, the study team has confidence in the resulfs as applied
over the entire model footprint. Salient poinis include the following:
* The conventional proxy resource assumption is not usable with very large
amounts of wind generation.
¢ Because the production simulation model contains multiple operating
areas, and transactions between these areas are determined on an
economic basis, variabilify from wind in a given area will be carried
through economic transactions fo other areas.
¢ -Earlier integration studies isolated the subject area by restricting
transactions to predefined shapes based on historical contracts.
: * The integration costs over the entire model are accurate because all
transactions sum to (nearly) zero.
¢ Costs for infegrating wind across the inferconnection vary by scenario.
For the 20% cases, Scenario 1 showed the highest cost at $8.00/MWh
(megawatt-hour) of wind energy; Scenario 2 follows at $7.21/MWh.
Scenario 3 shows the lowest integration costs at $5.77 / MWh. These cosis
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are in US$2024; using the 3% escalation factor, the integration costs in

US$2009 would be $5.13/ MWh for Scenario 1, $4.63 / MWh for Scenario 2, / {
and $3.10/MWh for Scenario 3.

* The integration cost results for the 20% scenarios show that spreading g < '3 I:U' 260 9
the wind more evenly over the footprint reduces the cost of integration. / v =
Integration costs increase to $7.07/ MWh for the 30% scenario, or $4.54/ e 3 s
MWh in US$2009. This scenario is roughly a combination of Scenarios 1 g s . G ; t

and 3.

* Using the actual shape as the proxy resource {with no intrahour
variability or uncertainty over any forward time frame) eliminates any
issues related to the “value” of wind energy befween the actual and ideal
wind cases.

* The actual shape proxy, however, does potentially mask or leave out
some true operational costs, for example, backing down or possibly even
decommitting fossil-fuel units to accommodate wind generation.

*  Wind generation reduces LMP in all operating regions.

* The reduction appears to be greatest with local wind resources.

¢ Offshore wind has more effects on LMP in eastern load centers.

SENSITIVITIES
PRODUCTION MODEL ASSUMPTIONS AND CURTAILMENT
The study team investigated the cause of wind generation curtailment
by running additional production simulation cases. The results produced
quantitative information about the causes, revealing the following:
* Removing must-run flags from coal units had very little effect on wind
generation curtailment {decrease of (.27%).
* Sefting the dispatch price of wind generation to negative $40/MWh re-
duced curtailment by just under 50% (6.38% to 3.51%).
¢ The copper sheet case shows a curtailment level of 0.12%, which is most
likely because of minimum generation constraints.
° Increasing minimum generation levels to 50% on coal plants increased cur-
failment by only 2%.

This information led the team to conclude that transmission congestion is the
primary cause of wind generation curtailment in Scenarios 1 through 4.

UNIT COMMITMENT WITH PROMOD IV BID LOGIC _
PROMOD 1V offers a more sophisticated security-constrained unit-commitment

algorithm that was not used for the base production simulations in the study
because it increases simulation time. A sensitivity case using wind and load
profiles based on 2005 data was run to assess the performance of this alternative
approach and the effect on production and integration costs.
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