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Abstract

Integrating wind generation into power systems and wholesale electricity markets presents unique challenges
due to the characteristics of wind power, including its limited dispatchability, variability in generation,
difficulty in forecasting resource availability, and the geographic location of wind resources. Texas has
had to deal with many of these issues beginning in 2002 when it restructured its electricity industry and
introduced aggressive renewable portfolio standards that helped spur major investments in wind generation.
In this paper we discuss the issues that have arisen in designing market protocols that take account of
these special characteristics of wind generation and survey the regulatory and market rules that have been
developed in Texas. We discuss the perverse incentives some of the rules gave wind generators to over-
schedule generation in order to receive balancing energy payments, and steps that have been taken to
mitigate those incentive effects. Finally, we discuss more recent steps taken by the market operator and
regulators to ensure transmission capacity is available for new wind generators that are expected to come
online in the future.
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1. Introduction

In 1999 the Texas state legislature passed Senate
Bill 7 (see TSL (1999)) which established a frame-
work for restructuring the electricity industry in
Texas and put into place a renewable portfolio stan-
dard (RPS) for the state. The restructuring efforts
expanded the role of the Electric Reliability Council
of Texas (ERCOT), the independent system opera-
tor that lies entirely within the Texas state bound-
aries and is not subject to federal regulation for
pricing and operations.1

ERCOT began operating as a single control area
in 2001, covering 85% of the load and 75% of the
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1The ERCOT control system does have some DC con-

nections to neighboring reliability regions, but these do not
subject ERCOT to federal regulation. ERCOT also func-
tions as a reliability region , and in this respect is subject to
federal standards.

land area in the state of Texas. Aside from public
power entities, ERCOT has no traditional utilities.
Investor-owned monopoly utilities were unbundled
into separate generation and retail entities in 2002,
with new load-serving entities and power generating
companies allowed to enter the market to compete.
Transmission remained regulated with respect to
rate recovery, route approval, and determination of
need for upgrades, but the task of operating the grid
was transferred to ERCOT (see VTAS (2007)).

Generators and load-serving entities in the ER-
COT market do not deal directly with system op-
erators, but are represented instead by qualified
scheduling entities (QSEs). These QSEs handle
such functions as resource scheduling, control error
management, and financial settlement. Each QSE
is responsible for providing ERCOT with an hourly
schedule matching the total planned output of the
QSE’s committed units with the total amount of
total load it expects in its portfolio. Financial set-
tlements for all grid operations instructed or man-
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aged by ERCOT are done with QSEs (see ERCOT
(2007)).

As the independent system operator, ERCOT
procures and deploys balancing energy and ancil-
lary capacity services for the entire region. It is
also the regional reliability organization. Neither
ERCOT nor the transmission owners whose assets
it operates are permitted to own generation facili-
ties; all energy and capacity services that ERCOT
requires for operating the grid are procured via auc-
tion or in certain cases direct contract (for reliabil-
ity must-run units, for example).

A market clearing price for energy (MCPE) is
calculated for every 15-minute operating interval
based on energy offers from QSEs, and the amount
of balancing energy ERCOT needs to match real-
time load. Most of the energy that ERCOT de-
ploys for ancillary services is paid according to the
MCPE.

ERCOT began operating as a zonal market in
2001, with zones defined each year on the basis of
major transmission paths with degrees of conges-
tion that were deemed commercially significant. In
December 2010, ERCOT is expected to complete its
transition to a locational marginal pricing (LMP)
model in which each node for generation or load
will have its own local energy price based on gener-
ation offer prices, all transmission constraints, and
demand response from loads.2

In addition to the market restructuring provi-
sions, Senate Bill 7 also mandated that 2,880 MW
of renewable energy capacity be installed in Texas
by 2009,3 which amounted to a nearly 2,000 MW
increase in renewable generating capacity. Senate
Bill 20 (see TSL (2005)), which was passed in 2005,
mandated further increases in renewable generat-
ing capacity. Due to excellent wind resources, es-
pecially in western Texas, most of this renewable
energy capacity came in the form of wind genera-
tion.

Integrating wind generating resources (WGRs)
into power systems can present unique challenges
due to the limited dispatchability of wind genera-
tion, errors in forecasting real-time wind availabil-

2ERCOT originally proposed for the nodal market to go
live December 1st, 2008. Setbacks in getting the nodal sys-
tem into operation, however, delayed this start date, and the
nodal market is now expected to go live in 2010 (see Hinsley
(2008)).

3It also includes incremental renewable requirements be-
fore 2009, with 1280 MW required by 2003, 1730 MW by
2005, and 2280 MW by 2007.

ity, and other design limitations of wind turbines
(see DeMeo et al. (2005, 2007) and Smith et al.
(2007)). In other countries, wholesale electricity
markets with high wind penetration levels have of-
ten had to adjust their treatment of WGRs un-
der their market protocols to accommodate these
unique characteristics of wind and not unduly pe-
nalize wind generators for characteristics that are
outside of the wind operators’ control. This typi-
cally includes a more lax treatment of uninstructed
deviations, fewer penalties for over- or undergen-
eration, and less stringent reactive power require-
ments.

ERCOT implemented many of these types of pro-
visions in its original zonal market protocols, in-
cluding allowances for reactive power requirements
and uninstructed deviations from a unit’s scheduled
output. While these market rules were intended
to accommodate WGRs, they gave perverse incen-
tives for wind generators to overschedule genera-
tion in order to receive decremental energy pay-
ments. With input from the staff of the Public
Utility Commission of Texas (PUCT), wind gen-
erators, and other stakeholders, ERCOT revised
the market protocols in 2003 to eliminate payments
to overscheduled wind generators, however this has
been viewed as an ad hoc approach. With the re-
cent move towards adopting a nodal market design,
market protocols are again being developed to ac-
commodate WGRs.

In addition to accommodating WGRs in system
operations and settlement, ERCOT has also had to
deal with transmission issues in integrating wind
generation into its system. This is due to the fact
that the most abundant wind resource is in western
Texas, whereas most of the load is in the east. The
limited transmission capacity out of western Texas
has been a bottleneck for wind generators, and has
required massive wind generation curtailments in
some cases. The PUCT has recently begun tak-
ing a proactive approach to dealing with this issue
by identifying regions of the state that would pro-
vide the most cost-effective wind generation, and
establishing procedures to ensure there is sufficient
transmission capacity installed in those areas in an-
ticipation of wind capacity being added.

This paper surveys the design of the original
zonal market in ERCOT and the new nodal market
proposals, as they relate to WGRs. In sections 2
and 3 we discuss the special treatment of WGRs in
the market designs, the intent of the protocols, and
their ultimate consequences. Section 4 discusses the
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actions taken by the PUCT to ensure transmission
capacity is available for WGRs in the future, and
section 5 concludes.

2. Zonal Market Protocols

The early ERCOT protocols allowed very few
major exceptions for WGRs with respect to oper-
ations and settlement.4 Perhaps the most prob-
lematic allowance concerned uninstructed devia-
tions from a unit’s scheduled output. This protocol
gave qualified wind power generators a much more
forgiving standard than was required of conven-
tional units with respect to unscheduled variations
in a plant’s real-time power output (see Robinson
(2006)). However, this allowance had a secondary
effect on other important protocols that treated
wind resources the same as other resources.

2.1. Uninstructed Deviations

Under the zonal protocols, QSEs would normally
combine a number of generating units into one port-
folio, and present output schedules for the portfolio
rather than for individual units. Resource plans in-
dicate the specific units the QSE plans to commit.
These day-ahead schedules and resource plans sub-
mitted by QSEs were crucial to ERCOT’s ability
to manage the transmission system. They provided
a picture of which generators would be available at
any given moment, and how much additional energy
ERCOT might need to procure in each 15-minute
balancing energy market in order to match total
system generation with forecasted load. Unantic-
ipated changes from scheduled generation compli-
cated grid management, and increased the chance
that ERCOT would have to use more of its operat-
ing reserves.

“Uninstructed deviation” is the difference be-
tween the total real-time metered output of all gen-
erators managed by a QSE, and the sum of the
scheduled operating level for each of those gener-
ators, net of any resource deployments instructed
by ERCOT. Thus, uninstructed deviations differ

4One relatively non-controversial allowance concerned re-
active power requirements. If the design specifications of a
wind turbine were such that the unit could not meet ER-
COT requirements for reactive power, the protocols allowed
the unit to adhere to a voltage profile limited to the quan-
tity of reactive power that the unit could produce at its rated
capability (see ERCOT (2002)).

from an imbalance in that they account for real-
time ERCOT deployment instructions. The orig-
inal zonal protocols contained a mechanism that
reduced payments to a QSE if its uninstructed de-
viation was large during 15-minute operating inter-
vals when ERCOT had to deploy large amounts of
regulation reserves.

The normal bandwidth for metered generation
was ±1.5% of the QSE’s schedule (or ±5 MW in the
case of small-schedule QSEs). If the total amount
of regulation reserves deployed during the settle-
ment interval were more than 25 MW or less than
-25 MW, QSEs outside the proscribed bandwidth
were subject to an uninstructed deviation charge for
overgeneration when the MCPE was high, and for
undergeneration if the MCPE happened to be neg-
ative. In other words, if a QSE’s uninstructed devi-
ation appeared to contribute to ERCOT’s need to
increase deployment of regulation reserves, the QSE
would be penalized. The magnitude of the penalty
was a function of how large the QSE’s uninstructed
deviation was at the time regulation reserves were
deployed.

For qualified wind generators, however, the band-
width was ±50% of the schedule for those resources.
This meant that a wind generator that was always
scheduled at 50% of its rated capacity would never
cause an uninstructed deviation penalty, regardless
of how erratic and unpredictable real-time wind
generation might be. The only times a wind re-
source might face a penalty were when its schedule
was low and wind was unexpectedly strong, and
when its schedule was high and the wind unexpect-
edly died down.

The larger deadband was a recognition of the
fact that wind is not controllable (unlike conven-
tional fossil-fueled units) and that a narrow dead-
band could often penalize wind generators for devi-
ations beyond their control. But it also opened up
a gaming opportunity, discussed below, that con-
ventional units, due to the narrower deadband re-
quirement, did not have.

2.2. Out-of-merit Energy
The liberal uninstructed deviation allowance cre-

ated a perverse incentive for wind developers to
overschedule. The incentive came from ERCOT’s
protocol for curtailing generation to avoid overload-
ing congested transmission lines. In the early zonal
market, this mechanism did not treat wind power
any differently from conventional resources. By re-
ducing the uninstructed deviation penalty for wind

3



units, it became possible for wind units to receive
energy payments even when the wind was not blow-
ing.

In the zonal market, ERCOT operators use out-
of-merit energy (OOME) to relieve congestion on
lines within a zone that may remain due to the
flow of scheduled power and the deployment of bal-
ancing energy. ERCOT procures balancing energy
market-wide on a merit basis, i.e. by awarding the
procurements to the QSEs that have offered the
energy at the lowest cost. In addition, balancing
energy awards and instructions go to the QSE’s
portfolio of resources, not to a specific generating
unit, without considering the feasibility of the re-
sulting intrazonal network flows. Consequently, the
units that a QSE uses to provide balancing energy
are selected without regard to the feasibility of the
resulting intrazonal network flows and may be lo-
cated in such a way that their deployment would
cause certain transmission lines to become over-
loaded. To solve these problems, ERCOT procures
OOME from units that can relieve congestion on
the line by generating more or less energy at spe-
cific points on the network.

Unit curtailments to relieve transmission conges-
tion come as OOME-Down instructions from ER-
COT operators. Because they are instructed to
deviate from their schedules, OOME-Down does
not count towards a QSE’s uninstructed deviation
penalty. OOME-Down during any given 15-minute
operating interval is settled at the current MCPE,
so that the QSE is made whole for the difference
between its scheduled output, and the lower output
instructed by ERCOT (see ERCOT (2002)).

A higher scheduled operating level increases the
payment a QSE receives for the same OOME-Down
instruction. For conventional units this was sim-
ply a mathematical artifact of the protocols, and
the uninstructed deviation penalty provided an in-
centive to keep schedules and operations reflective
of one another. Without such an onerous penalty,
however, a QSE scheduling wind could schedule
more generation, yet actually generate the same
amount and not face an economic consequence. In
essence, a QSE scheduling wind could oversched-
ule generation without any concern regarding the
actual availability of wind resource. If this sched-
ule congested a transmission line, the QSE would
be given an OOME-Down payment to relieve the
congestion, and would be paid the difference be-
tween its scheduled output and the OOME-Down
instruction. Moreover, if there was insufficient wind

resource available to generate according to ER-
COT’s revised schedule, the QSE would not in-
cur an imbalance charge (so long as it remained
within 50% of the scheduled quantity). If conges-
tion and subsequent curtailments become a proba-
ble occurrence (as it did in the area where most of
the wind power in ERCOT had been developed),
then OOME-Down could become a recurring rev-
enue source and not just compensation for changes
ordered by ERCOT.5

2.3. Out-of-merit Energy Revisited
QSEs scheduling wind power recognized how the

OOME-Down mechanism could be uniquely ex-
ploited, and worked with ERCOT and the PUCT
on an amendment to the protocols intended to elim-
inate the potential for abuse (see Gauldin et al.
(2003) for the PUCT staff’s assessment of the
OOME-Down issue). The new provision applied
only to wind units in the area experiencing chronic
transmission congestion (see ERCOT (2003)).

Because it was a temporary remedy specific to
one area, the new protocol took into account the
fact that some newer wind turbines had the capa-
bility of responding quickly to ERCOT instructions
and some did not. For the older wind turbines, ER-
COT set an area-wide operating maximum that re-
placed QSE schedules as the basis for OOME-Down
payments. Wind farms with turbines capable of re-
ducing output within 15 minutes of receiving an
instruction from ERCOT were allowed more flexi-
bility in their scheduling.

This temporary remedy remained in place pend-
ing ERCOT’s transition to a nodal market. The
nodal congestion management system under the
new market design would eliminate these issues,
since the deployment of balancing energy takes into
account power flows and ensures feasibility of the
dispatch, thereby eliminating the need for OOME.

3. Nodal Market Protocols

Beginning in 2010 the ERCOT market will un-
dergo a major redesign. The principal changes un-

5In some ways, the attraction of this strategy was similar
to the “DEC game” in which a generator creates the ap-
pearance of congestion by overscheduling, and then receives
payments to “reduce” its scheduled output in order to relieve
the apparent congestion. In this case, however, the strategy
involved manual instructions from system operators rather
than the optimized outcome of the economic dispatch engine.
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der the new market protocols are a nodal, as op-
posed to zonal, congestion management system and
more centralized coordination of the market. In
addition to the general changes to market opera-
tions, the nodal protocols have a number of pro-
visions that are meant to better integrate WGRs
into the market by specifically taking account of
their unique properties. This includes (i) an assess-
ment of WGRs in long-term resource planning; (ii)
a consistent and more accurate forecasting method-
ology, which is conducted by ERCOT, to determine
potential wind generation for day- and hour-ahead
scheduling; and (iii) reduction of imbalance and de-
viation penalties for WGRs in real-time.

3.1. Long-Term Resource Assessment
One of the provisions of the nodal protocols

is for ERCOT to conduct and publish a series
of resource adequacy assessments, ranging from a
seven-day to multi-year assessments (see ERCOT
(2008b)). These long-term assessments include de-
tailed load, generation, and transmission resource
forecasts, and also include reports from genera-
tors on expected capacity additions, retirements,
and mothballing. Included in these assessments are
long-term wind resource forecasts, which are pro-
vided by WGRs. These resource forecasts are given
as a statistical normal daily generation profile for
each of the following 36 months (with the resource
assessments updated on a rolling basis). Under the
old zonal market protocols, by contrast, wind gener-
ators’ capacity value is proxied as a fixed percent-
age of nameplate capacity, and at one point the
adjustment was 2.5% of nameplate capacity (see
Baldick and Niu (2005)). The use of WGR fore-
casts under the nodal protocols is meant to ensure
that WGRs are not ‘penalized’ and excess conven-
tional generating capacity not built, by assigning
an arbitrary fixed capacity value to WGRs. Simi-
larly, the explicit treatment of WGRs in determin-
ing system resource requirements will also help to
minimize long-term investment costs, since the sys-
tem will not be ‘overbuilt’ by excluding the capacity
value of wind.

One shortcoming of this resource assessment
method is that it does not explicitly account for
the stochastic nature of real-time wind availabil-
ity. A more robust characterization of wind’s ca-
pacity value should explicitly account for this un-
certainty in wind availability (and correlations be-
tween different WGRs) in determining the extent
to which conventional generation capacity should

be available. For instance, in its analysis of high-
wind scenarios DOE (2008) uses a statistical assess-
ment of wind variability to determine capacity re-
quirements. Voorspools and Dhaeseleer (2007) sur-
vey some other proposed methods of assessing the
capacity value of wind, which could further benefit
wind integration efforts in ERCOT.

3.2. Day-Ahead and Real-Time System Operations

A major change under the nodal protocols is that
ERCOT will operate a series of centralized mar-
kets day-ahead for energy and capacity trading, as
well as day- and hour-ahead reliability unit com-
mitments (RUCs), which are meant to ensure there
is sufficient generating capacity committed to min-
imize reliability risks. Under the zonal market de-
sign, there was no centralized day-ahead markets,
and market participants were expected to procure
energy and ancillary service through bilateral con-
tracts. The nodal markets consist of (i) a day-ahead
market (DAM), which is a voluntary financial mar-
ket for energy transactions; (ii) a day-ahead reli-
ability unit commitment (DRUC), which is a unit
commitment ERCOT conducts based on resource
data provided by market participants to ensure suf-
ficient generating capacity is committed to serve
forecasted energy and ancillary service needs; (iii)
an hourly reliability unit commitment, which re-
peats the DRUC process on an hourly basis to en-
sure there is sufficient generating capacity for each
hour; and (iv) a real-time market, which dispatches
the system in real-time (see ERCOT (2008c)).

Wind resource forecasting obviously plays a ma-
jor role in these markets, especially in the RUCs.
The importance of accurate wind resource assess-
ments will grow as additional wind capacity will
make wind a greater share of generation. This issue
is further exacerbated in low-load periods, in which
WGRs will serve a larger portion of the load and
there may be less conventional generating capacity
online and available to respond to wind resource
forecast errors.

Under the nodal protocols, wind resource fore-
casting will be the sole responsibility of ERCOT,
as opposed to individual WGRs. This ensures that
wind forecasts are all produced using a consistent
high-fidelity method, and allows ERCOT to en-
sure that sufficient generating resources are com-
mitted in the RUCs to reliably serve the load in
real-time. The hourly wind resource forecasts are
produced using an ensemble of (i) physical models,
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which model regional weather patterns; (ii) statisti-
cal models, which use historical and real-time data
to estimate wind generation; and (iii) telemetered
real-time data provided by wind generators. These
models are combined to produce hourly probabil-
ity distributions of generation from each WGR for
the following 48 hours. These hourly probability
distributions are then used to produce hourly re-
source forecasts, called the Wind Generation Re-
source Production Potential (WGRPP), which is
a generation level with an 80% probability of ex-
ceedance (i.e. if we let x denote the WGRPP, x is
chosen such that there is an 80% probability that
the actual wind generation is greater than x) (see
ERCOT (2008c) for a description of these forecast-
ing activities).

The WGRPP forecast is used primarily in the
RUCs, and bounds the amount of energy from wind
generators that can count towards resource require-
ments. Furthermore, under the current nodal pro-
tocols, WGRs are not qualified to provide ancillary
services. This use of the WGRPP in the RUCs is
to ensure an exceedingly low loss of load probabil-
ity, which could occur if an overly optimistic wind
forecast is used and insufficient generating capac-
ity is committed day- and hour-ahead. Although
the WGRPP bounds wind generation in the RUCs,
wind generators are permitted to submit bids into
the DAM or bilaterally trade more energy than the
WGRPP, since bilateral and DAM transactions are
treated as being purely financial transactions. This
provision allows wind generators to realize the value
of their generation assets by selling their expected
wind generation, while being subject to the finan-
cial obligation to replace any energy shortfall in the
real-time market.

Although the use of this conservative WGRPP
in the RUC will reduce loss of load probabilities,
the use of a point estimate of wind (as opposed to
explicitly modeling the random nature of wind in
a stochastic unit commitment framework) will tend
to be inefficient. One shortcoming of this approach
is that the RUCs may overcommit generation day-
and hour-ahead due to an overly conservative esti-
mate of wind generation potential being used. On
the other hand, the fact that the random nature
of wind is not explicitly modeled in the RUC may
lead to commitments with loss of load probabilities
that are too high. Garćıa-González et al. (2008)
develop a stochastic unit commitment framework
that models wind uncertainty in making commit-
ment decisions. Although they apply the frame-

work to co-optimization of wind dispatch, unit com-
mitment, and energy storage, the approach could
easily be generalized to a system without energy
storage. Another issue raised by the use of WGRPP
in the RUCs is the uplift of ‘make-whole’ payments.
Make-whole payments are supplemental payments
given to ensure that generators that are committed
in the RUCs fully recover their startup costs, which
they may not do if they are only given linear energy
and ancillary service payments (see Sioshansi et al.
(2008) for a description of this issue). The cost of
these payments is uplifted to load-serving entities
(LSEs) in proportion to their resource shortfall in
the RUCs (e.g. if ERCOT forecasts that an LSE
requires 110 MW of capacity but it has only sched-
uled 100 MW, then its resource shortfall is 10 MW).
Thus, if an LSE purchases or schedules wind gener-
ation beyond the WGRPP, it would either have to
purchase more firm capacity from another market
participant or be subject to uplift charges in the
RUCs, which can place an additional cost on the
sale of wind generation beyond the WGRPP.

In real-time, ERCOT uses a security constrained
economic dispatch (SCED) model to serve the load
at least cost given system and generator constraints
(see ERCOT (2008d)). The SCED is conducted
at five-minute intervals, using real-time system and
generator information. System constraints that are
modeled include transmission limits and reliabil-
ity requirements. Generators are dispatched based
upon energy offer curves and telemetered resource
limits—which include high and low sustained oper-
ating limits (HSL and LSL, respectively) and ramp
constraints. WGRs are dispatched just as conven-
tional generators are, except that the HSL used
in the SCED is given by their metered output if
there is no curtailment or the WGR’s estimate of
available capacity (based on current wind speeds)
if there is curtailment. The output of the SCED
is a series of dispatch instructions for generators
and LMPs that are paid to generators for their
output. As under the zonal protocols, WGRs are
given a wider tolerance for uninstructed deviations
from their dispatch instructions. WGRs do not in-
cur any deviation penalty for undergeneration and
only incur a penalty for overgeneration. As such, a
WGR must only take action to adjust its real-time
output if its generation is curtailed. Moreover, a
WGR is subject to deviation penalties for overgen-
eration only if its output is curtailed by more than
2 MW and its actual output is 10% greater than its
dispatch instruction. Conventional generators, by
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contrast, are subject to deviation penalties if they
deviate by more than 5% from their dispatched out-
put.

This more tolerant treatment of WGR deviations
reflects the fact that WGRs have much less con-
trol over real-time output than conventional gen-
erators, but helps put sufficient incentives in place
to ensure performance by WGRs. This is achieved
by subjecting WGRs to purchase replacement en-
ergy for over- and under-generation from the dis-
patch instruction, as well as any financial obliga-
tions entered into bilaterally or in the DAM. Al-
though undergeneration is not subjected to any de-
viation penalties, the fact that wind generation has
a zero marginal generation cost will give WGRs an
incentive to generate up to its dispatch quantity and
receive LMP payments. Overgeneration is similarly
penalized by the real-time price of decremental en-
ergy, as well as deviation penalties if the WGR is
more than 10

4. Transmission Access for Wind Generators

One of the largest impediments to integrating
wind generators into the ERCOT market is the ge-
ography of the state and access to transmission ca-
pacity. The most abundant wind resource in ER-
COT is in the western end and panhandle region
of the state, whereas most of the population and
load centers are in the east. This geography and
the limited transmission capacity out of western
Texas has proven to be a challenge to integrating
wind generators into the ERCOT power system.
As Baldick and Niu (2005) note, this issue is ex-
acerbated by the fact that ERCOT’s interconnec-
tion policy allows wind generators to connect to the
power system even without sufficient transmission
capacity to carry the power. Moreover, the cost of
any upgrades or additions to the high-voltage trans-
mission grid that may be necessitated from gener-
ator interconnection are assigned to loads (as op-
posed to generators) using a postage-stamp tariff.

For example, in 2002 758 MW of wind genera-
tors were interconnected in the McCamey area in
western Texas, despite there only being 400 MW
of transmission capacity in the substation. LCRA
(2003) estimates that this resulted in about 380
GWh of wind generation, with an estimated mar-
ket value of more than $21.4 million, being curtailed
until mid-2003 when the substation was upgraded.

In order to address this issue, the Texas legisla-
ture passed Senate bill 20 in 2005 (see TSL (2005)),

which mandated that the PUCT take steps to en-
sure transmission infrastructure improvements are
undertaken for wind generators.6 The new law
directed the PUC to (i) designate regions within
Texas that would deliver the most beneficial and
cost-effective wind resource, (ii) develop a plan to
build transmission capacity into those zones, and
(iii) take into account financial commitments of
WGR developers in determining the competitive-
ness of a potential zone. The purpose of this leg-
islation is both to encourage investment in wind
generation in regions that are most beneficial to
consumers and will deliver wind generation at least
cost, and prevent transmission constraints from
limiting the delivery of energy once capacity is in-
stalled, as was the case with the McCamey sub-
station in 2002. As noted above, the cost of these
transmission upgrades will ultimately be borne by
ratepayers through postage-stamp tariffs.

The PUCT identified five competitive renewable
energy zones (CREZs) in Texas on the basis of their
high and relatively concentrated wind resource po-
tential, and on the basis of financial commitments
demonstrated by developers (see PUCT (2008a)).
The PUCT further identified four wind integra-
tion scenarios and ordered ERCOT to conduct a
study to determine the cost of interconnecting up
to 18.5 GW of power under these scenarios. This
first scenario was a conservative scenario in which
only enough wind would be built to meet the 10
GW mandate in Senate bill 20, while scenarios
two and three considered higher wind penetration
levels. The fourth scenario excluded some of the
CREZs that PUCT Commissioner Parsley believed
would be more economic to interconnect with the
neighboring SPP control area.

ERCOT’s transmission study (see ERCOT
(2008a)) considered several different options in
transmission expansion—including upgrading the
existing low-voltage infrastructure, and the use of
high-voltage DC (HVDC) and high-voltage (765
kV) AC connections directly from the CREZs into
the load centers. HVDC and 765 kV AC connec-
tions provide the benefits of bypassing the exist-
ing transmission infrastructure, reducing the need
to upgrade these installations, and can also signifi-
cantly reduce right of way costs, since higher trans-
mission capacities can be achieved with a single

6Senate bill 20 also increased the renewable energy targets
for Texas from the levels set by senate bill 7 to 5,880 MW
by 2015 and 10,000 MW by 2025.
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right of way. Kirby et al. (2002) and Weigt et al.
(2009) discuss and analyze these and other benefits
of using HVDC connections to directly deliver wind
to load centers.

In the case of Texas, however, HVDC and 765
kV AC present several disadvantages that have ul-
timately made their use uneconomic. Integrating
HVDC connections into an AC transmission net-
work requires costly high-voltage DC-AC convert-
ers at the two ends of the HVDC connection. This
in turn requires the HVDC connection to cover a
long distance and carry high capacities to exploit
economies of scale, allowing for only a limited num-
ber of HVDC connections to be built (the cases ER-
COT examined only had two HVDC lines). This
presents two challenges for wind integration in ER-
COT. One is that significant transmission upgrades
are required within the CREZs to deliver energy
to the limited number of HVDC connections. Sec-
ondly, in order to ensure the transmission system
is compliant with N − 1 reliability requirements,
a number of electrically parallel AC transmission
lines would have to be upgraded, which reduces the
cost advantage of HVDC relative to upgrading the
existing infrastructure. 765 kV AC connections also
suffered from these issues—exploiting the reduced
right of way cost with high-voltage AC connections
would require upgrades to transmission infrastruc-
ture within the CREZs, and N − 1 reliability re-
quirements would also require upgrades to the ex-
isting infrastructure. In the end the lower cost of
upgrading the existing infrastructure, along with
reasonable system operations costs and wind cur-
tailment levels with this type of transmission topol-
ogy, led the PUCT to approve upgrades to the ex-
isting infrastructure without use of HVDC or 765
kV AC connections. Figure 1 shows the CREZ that
have been designated by the PUCT, and the con-
ceptual transmission scenario. Current estimates
place the cost of development at nearly $5 billion,
with an estimated ratepayer impact of around $4
per customer per month (see PUCT (2008a) and
ERCOT (2008a)).7

Now that the transmission expansion plans have
been approved, the next step in the CREZ process
is for the PUCT to award specific transmission ex-
pansion projects to transmission service provides

7One issue noted in ERCOT’s study is that the cost of
transmission infrastructure has increased dramatically from
the 2006-based figures used in the study, and as such the
study most likely understates the true cost of transmission
upgrades.

(TSPs). Unlike previous transmission projects, in
which the upgrades would be assigned to the in-
cumbent transmission utility serving the area, the
PUCT has opted to open CREZ-related transmis-
sion to competition among TSPs. The PUCT re-
cently approved rules that specify the requirements
for certifying interested parties as TSPs and for
awarding transmission expansion projects to them
(see PUCT (2008b)). After the PUCT has certified
the TSPs, they will spend a year developing de-
tailed transmission expansion plans for PUCT re-
view and approval. It is worth noting that while
the transmission scenario developed by ERCOT
and approved by the PUCT is detailed in terms of
equipment needs, length of transmission upgrades,
and approximate interconnection points with the
current transmission system, there are nonetheless
many details that will have to be determined by the
TSPs.

5. Conclusions

Texas is the first area in the United States to con-
front high penetrations of wind power as a pressing
operational reality. As the amount of wind power
grew past the point of being mere “white noise” on
the power system, ERCOT operating rules began to
reflect key tradeoffs. Wind is indeed different, but
in most cases the difference results in a combina-
tion of special allowances and special restrictions.
This balance has been especially crucial with re-
spect to congestion management, transmission ex-
pansion, and long-term capacity planning.

As with many dynamic and growing markets
where predecessors are few, fine-tuning the oper-
ating rules is a matter of trial and error. Al-
lowances that may seem reasonable and benign may
have unintended consequences that do not become
apparent until the level of wind penetration be-
comes large. This was seen, for instance, with the
treatment of WGRs’ uninstructed deviations and
OOME payments under the original zonal market
design. This issue was resolved with a temporary
fix under the zonal protocols, and has informed the
nodal market design.

ERCOT’s transition to a nodal market will pose
brand-new challenges both for ERCOT and for
wind developers themselves. Siting new wind re-
sources at an already-congested transmission node
poses a significant price risk for developers, which
should deter over-development in congested areas
but may have other less-desirable effects that are
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difficult to predict in advance. The PUCT and ER-
COT have developed an innovative means of en-
suring transmission capacity is available for future
wind projects. The aim of these efforts is not only
to ensure there is sufficient transmission capacity
available, but also to proactively “direct” wind in-
vestment in parts of the state that have been iden-
tified as having the best wind resources. One of the
major challenges confronting ERCOT in the future
will be the determination of wind power’s true ca-
pacity value, and incorporating this experience into
long-term planning.

Figure 1: Map of the CREZs in ERCOT designated in PUCT
(2008), the expected wind generating capacity of the regions,
and new transmission pathways.
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González, A. M., May 2008. Stochastic joint optimization
of wind generation and pumped-storage units in an elec-
tricity market. IEEE Transactions on Power Systems 23,
460–468.

Gauldin, J., Greffe, R., Hurlbut, D., Jaussaud, D., Zhou, S.,
2003. 2002 annual report on the ercot wholesale market.
Tech. rep., Austin, Texas, project No. 26390.

Hinsley, R., December 2008. Texas nodal market implemen-
tation: Program update. ERCOT Board of Directors.

Kirby, N. M., Xu, L., Luckett, M., Siepmann, W., June 2002.
Hvdc transmission for large offshore wind farms. Power
Engineering Journal 16, 135–141.

LCRA, August 2003. Study of Electric Transmission in Con-
junction with Energy Storage Technology. Lower Colorado
River Authority, Austin, Texas, prepared for Texas State
Energy Conservation Office.

PUCT, 2008a. Commission Staffs Petition for Designation
of Competitive Renewable Energy Zones. Public Utility
Commission of Texas, final Order, Docket Number 33672.

PUCT, 2008b. Order Adopting New §25.216 As Approved
At The May 22, 2008 Open Meeting. Public Utility Com-
mission of Texas, docket Number 34560.

Robinson, M., October 29-November 1 2006. Role of bal-
ancing markets in wind integration. In: Power Systems
Conference and Exposition, 2006. IEEE PES, pp. 232–
233.

Sioshansi, R., O’Neill, R. P., Oren, S. S., May 2008. Eco-
nomic consequences of alternative solution methods for
centralized unit commitment in day-ahead electricity mar-
kets. IEEE Transactions on Power Systems 23, 344–352.

Smith, J. C., Milligan, M. R., DeMeo, E. A., Parsons, B., Au-
gust 2007. Utility wind integration and operating impact
state of the art. IEEE Transactions on Power Systems 22,
900–908.

TSL, 1999. Senate bill 7. Texas State Legislature, legislative
session 76(R).

TSL, 2005. Senate bill 20. Texas State Legislature, legislative
session 79(1).

Voorspools, K. R., Dhaeseleer, W. D., January 2007. Critical
evaluation of methods for wind-power appraisal. Renew-
able and Sustainable Energy Reviews 11, 78–97.

VTAS, 2007. Vernon’s Texas Annotated Statutes. Utilities
Code, Chapter 39.

Weigt, H., Jeske, T., Leuthold, F., von Hirschhausen, C.,
2009. ‘take the long way down’: Integration of large-scale
north sea wind using hvdc transmission, forthcoming in
Energy Policy.

9


