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Abstract—The rapid increase in wind power capacity over the
past decade has resulted from the adoption of policies that en-
courage the wider use of renewable energy sources in order to re-
duce��� and the dramatic cost reductions due to technology ad-
vancements. The high variability in wind speeds poses major dif-
ficulties in power system planning and operations, leading to an
acute need for practical planning and operations tools to study
the effects of the integration of wind resources into the grid. This
paper addresses the need in the planning domain through the de-
velopment of a computationally efficient probabilistic production
simulation approach with the capability to quantify the variable
effects of systems for varying levels of wind penetration with the
uncertainty in the variability/intermittency effects of wind genera-
tion at multiple sites together with the other sources of uncertainty
explicitly represented. The simulation approach is based on the
identification of the prevailing wind regimes in the regions where
wind resources are located and the judicious application of condi-
tional probability concepts in incorporating the wind regime rep-
resentation. The regimes-based approach described in the paper
effectively captures both the seasonal and the diurnal variations of
renewable resources and their correlation with the load seasonal
and diurnal changes. Additionally, the proposed approach explic-
itly quantifies the impacts of wind on the additional reserve re-
quirements on the controllable resources. The paper illustrates the
effectiveness of the approach by its application to large-scale test
systems using historical data.

Index Terms—Intermittency effects, probabilistic production
simulation, renewable energy, wind integration, wind regimes,
wind uncertainty and variability.

I. INTRODUCTION

T HE growing concern over the impacts of global warming
has resulted in legislation in numerous jurisdictions to

curb greenhouse gas emissions and to established initiatives to
require the use of renewable resources for electricity supply. For
instance, more than half the U.S. states have set ambitious goals
through their Renewable Portfolio Standards (RPS) specifying
the percentage of the electric energy that needs to be served
by renewable resources by specific target dates [1]. Wind-based
electricity production, which incurs no fuel costs and emits no
pollution, has become the prominent leader in the drive to clean
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energy. The extensive construction of wind farms in the U.S.
and other parts of the world has made wind the fastest growing
source of new electricity capacity. In Europe, Denmark has be-
come the leader of the integration of wind resources into the
grid, with 24% of its electric consumption supplied by wind en-
ergy [2]. Some of the other nations with a significant portion
of their electric demand served by wind include Spain (14.4%),
Portugal (14%), Ireland (10.1%), or Germany (9.4%) [2]. Un-
fortunately, wind energy also poses major challenges to its effec-
tive integration into the grid. An inherent characteristic of wind
speed is its high variability, impacting markedly the times and
the quantities of wind energy production. In addition, the ran-
domness of wind speed and the lack of controllability of wind
energy pose major challenges to the reliable and economic in-
tegration of wind generation.

The wind energy production is used to serve the demand by
displacing some of the expensive and polluting thermal gen-
eration. Since system operators cannot control the outputs of
wind resources, the wind energy is used whenever available with
the explicit aim of avoiding wind energy “spill”—unnecessarily
shutting down the wind resource even though the wind speed
is in the allowable range to produce electricity. The extent to
which the wind energy and the load are correlated is, conse-
quently, an important consideration in the effective utilization
of wind. Clearly, the benefits obtained with the integration of
wind resources are higher if the periods with high wind output
coincide with those with the high loads. The assessment of the
temporal characteristics of the loads and the wind generation
and their correlation are required. Unlike the variability in the
wind speeds, the loads follow well-defined diurnal and weekly
patterns with loads being higher in the week days than on the
weekend and experiencing their peaks during the work day and
lower values during the nights. In Fig. 1, we provide a plot of the
hourly load shape of MISO, a regional transmission organiza-
tion, to illustrate the hourly demands for a winter week. A salient
characteristic is the cyclic nature of the daily load each workday.
For the same week, we show the wind power output of the MISO
system, clearly indicating that the periods with high (low) wind
output do not coincide with the high (low) loads. Such uncor-
related behavior complicates the integration of wind resources
into the grid and is strongly seasonally dependent. Most U.S.
utility systems are summer peaking with the load experiencing
its highest values of the year due to the extensive air condi-
tioning usage. This phenomenon produces strong misalignment
between the loads and the wind outputs due to the reduction in
wind outputs during the summer period, further complicating
wind integration into the grid. The impacts of wind integration
on reliability are evident from the February 26, 2008, ERCOT
event, when the operators had to shed some responsive load as
the lack of supply was becoming too pronounced, resulting in
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Fig. 1. Chronological MISO hourly loads and wind power outputs for the Jan-
uary 7–13, 2006 period.

a frequency drop that threatened the system stability [3]. The
ERCOT reliability event illustrates the criticality to appropri-
ately manage wind generation variability and the need to com-
pensate for the lack of predictability [4]. Without large-scale
storage devices, operators manage the uncertainty effects by in-
creasing the levels of the system operating reserves [5], resulting
in increased system production costs [6]. Consequently, there is
an acute need for appropriate tools to study the effects of the
integration of wind resources into the grid over longer-term pe-
riods. Such tools need to be able to capture the time-dependent
wind patterns and their correlated behavior with the system load
so that reliability events, such as the one on February 2008 in
ERCOT, are explicitly represented. More precisely, the compli-
cations arising in the ERCOT event of the suddenly decreased
wind power production while the high load levels persisted need
to be effectively captured by such tools so as to quantify the vari-
able effects—economics, environmental, and reliability.

While many wind integration studies employ chronological
production simulation to assess the wind integration economic
and environmental benefits [6], [7], little work has been done
on the representation of the effects of the additional uncertainty
due to wind resource integration, particularly over longer-term
periods. A major challenge is the incorporation of such effects
in the probabilistic production simulation framework [8]. In this
paper, we describe the construction and testing of a practical ap-
proach to quantify the variable effects of systems with integrated
wind resources over longer-term periods. We extend the proba-
bilistic production simulation approach so that it can capture the
additional sources of uncertainty associated with wind genera-
tion and can represent the impacts of the wind resource integra-
tion on the power system production costs, emissions, and
reliability. The extension uses the wind speed regimes model
that we developed for a multi-site wind farm power system. The
model explicitly represents the variability and the uncertainty in
the wind speed and wind power production and is constructed
making detailed use of statistical clustering algorithms. We de-
velop a systematic approach to identify classes of days with sim-
ilar wind patterns at the multiple sites and we probabilistically
represent the wind speed for each class. The incorporation of
the wind regime model into the probabilistic production sim-
ulation framework is accomplished by effective application of
conditional probability concepts to the probabilistic represen-
tation of the load random variable. In this way, the proposed

methodology can explicitly represent the salient, time-varying
patterns of the wind generation. Such an approach differs from
the existing techniques that represent the wind power production
random variable by a multi-state probability distribution [9].

We construct the extended production costing methodology
and simulate systems with integrated wind resources, explicitly
representing uncertainty in the wind resources in addition to that
of other resources and loads. The primary application of the
extended production simulation tool is to quantify the impacts of
the integration of wind resources into the system on the variable
effects over longer-term periods. We illustrate the application
of the tool using the extensive studies we performed under a
wide range of conditions and on systems in different geographic
regions. The studies we discuss provide a realistic assessment
of the impacts of the wind energy variability and intermittency
on the systems’ expected production costs, emissions, and
reliability metrics.

The paper has additional sections. We focus on the wind
regime modeling in Section II and discuss the construction
of the extended probabilistic simulation in Section III. In
Section IV, we present representative results from the extensive
set of simulations performed with the proposed methodology.
We summarize the paper and provide directions for future work
in Section V.

II. WIND RESOURCE MODELING

The quantification of the longer-term impacts of wind re-
source integration into the grid requires a wind generation
model with the appropriate level of detail for representing the
uncertainty in the wind speed and its impacts on the wind power
output. We present in this section such a model to explicitly
represent the variability and intermittency characteristics of
the wind resources for integration into the probabilistic simu-
lation framework [8]. The intended application is to planning
activities and so the level of detail is commensurate with the
requirements of such a planning tool.

The diurnal wind-farm power production pattern directly im-
pacts the scheduling of the controllable resources. Indeed, if the
wind energy production is high during the high-load periods, the
wind resources can displace one or more peaking—and, typi-
cally, expensive—controllable units. On the other hand, if the
wind energy production is significant during the low-load pe-
riods, the system operators need to lower the output of the base
loaded—and not-so-flexible—units. As the shape of the daily
wind power production depends directly on the diurnal wind
speed pattern, the wind speed model must reflect this charac-
teristic. Since multiple daily patterns may occur throughout the
period under consideration, we first identify the various wind
speed regimes by grouping into distinct classes the days whose
wind speed patterns have similar “shapes”, with as many classes
as desired to meet some specified tolerance.

Let be the number of days in the study period for wind
speed data collection, e.g., for a one-year data set.
We partition each day into non-overlapping subperiods to
analyze the wind speed data. We assume that the wind speed
is constant over each subperiod. The subperiod duration is the
smallest indecomposable unit of time and no phenomena with
shorter durations may be represented in the model. Let de-
note the wind speed at site on the day for the subperiod .

We construct , the wind speed vector at
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the site on day . We use to construct the super vector

of the day wind speed vectors. Our ob-
jective is to construct classes , , with each
class grouping a set of similar days of wind speed . Various
schemes are used to perform such clustering operations [10],
[11]. For the identification of wind regimes, the hierarchical
clustering and the -means algorithms are particularly useful.
Once we construct the sets of similar days of wind speed data,
we define and characterize the wind speed regimes. Conceptu-
ally, we view each class , , to consist of the
realizations in the data set of the random variables (r.v.s)

of the wind speed at site in the subperiod . We can use the
samples in the set to estimate the mean value or the
higher moments of each r.v. , as well as their joint proba-

bility c.d.f. (cumulative distribution function) and p.d.f. (proba-
bility density function). The probability associated with each
class is approximated by the ratio since the
set contains days of the data set. We refer to the pair
of estimates of the joint c.d.f. of the wind speed r.v.s and as
a regime denoted by . The wind speed regime model uses the
partitioning of each day into subperiods. For concreteness,
we adopt an hourly resolution1 with .

We use the regimes for the modeling of the wind power output
from a turbine and to construct the model of the wind power
output of a wind farm locates at site . We start with focusing
our analysis on the behavior of a stand-alone wind turbine typi-
cally characterized by the so-called power curve , with

. Here, is the wind speed driving the turbine and is the
wind power output of the wind turbine. The shape of the power
curve depends on the turbine technology and its operation. Typ-
ically, we can represent the output as a piece-wise continuous
function [12].

We next discuss the steps to extend the modeling of a stand-
alone wind turbine so as to represent the energy output of a wind
farm at site . Let be the index set
of the wind turbine technology types implemented at site with

being the number of wind turbines of type . A wind turbine
of technology type produces a wind power when experi-
encing wind speed and is, therefore, described by the power
curve , with . Also, we assume no “can-
nibalization” effect. As a result, the losses resulting from the
interferences between the various turbines are negligibly small.
We further assume that all turbines are constructed on towers
of equal height and that all the turbines are experiencing the
same wind speed. Under such assumptions, the total output of
the wind farm is obtained by scaling the output of the individual
turbines:

(1)

Now, as the wind speed is random, the wind power output is also
random and is represented by an r.v. , corresponding to the

wind speed r.v. driving the wind farm turbines. We have:

. The wind speed c.d.f. [p.d.f.] is denoted by

1The adoption of an hourly resolution simplifies the notation and makes the
understanding of the steps easier. The scheme is sufficiently general, however,
to allow the adoption of other resolution levels.

Fig. 2. Representation of the 24 wind power r.v.s for regime at the � sites.

� � . We can analytically express the c.d.f. and p.d.f.

of the wind power r.v. [13].

We associate with each wind speed regime a collection of
r.v.s, one for each site and each subperiod of the day.

For an hourly resolution of the wind speed data, each of the
wind speed r.v.s results in a power output

with: , , . We find

it convenient to use a matrix representation of the collection of
and corresponding in an array with rows and 24

columns. We conceptually depict this representation in Fig. 2.
For regime , we are interested in the total hourly wind power
production from the sites given by

(2)

We next approximate the c.d.f. of the 24 hourly wind power r.v.s
. This step may be performed making use of numerical ap-

proximation techniques for the data samples of each regime. We
may reduce the computational burden by introducing additional
assumptions. With the wind speed regime-based approach, we
have identified the typical patterns of wind speeds which simul-
taneously occur at the wind farm locations. In this way, we
implicitly capture the correlation between the daily wind speed
patterns at the sites. The sites are assumed to be geograph-
ically well removed from one another so that the correlation
among any pair of sites is negligibly small. As such, we may
assume without loss of generality that the power outputs are in-
dependent r.v.s. Consequently, the corresponding wind power
r.v.s are also statistically independent. We construct an estimate
of the p.d.f. of , by iteratively convolving the p.d.f.s of

the .

III. PRODUCTION SIMULATION TOOL FOR SYSTEMS

WITH INTEGRATED WIND RESOURCES

The probabilistic simulation tool is widely used to evaluate
the expected energy produced by each unit in the resource mix
over a specified period of time and determine the expected
system production costs, the expected emissions, the reliability
indices, and other variable effects over the specified study
period. The probabilistic simulation is used in longer-term
planning studies to investigate issues such as the optimal
resource mix determination to serve the forecasted load. We
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briefly review probabilistic production simulation to introduce
the related notation; more details are available elsewhere [8].

The specification of the production simulation periods is de-
pendent on the planning horizon of the study and the level of
detail required. For the realistic emulation of the actual system
operations, we define the simulation periods to cover the entire
study period and in a way that captures seasonality effects, as
well as changes in the resource mix and resource characteristics,
the new policy and legislative initiatives, the investment deci-
sions, and the maintenance schedule of the resources. The sim-
ulation periods are non-overlapping and may have unequal dura-
tions. Each simulation period consists of a number of subperiods
that determine the duration. We denote by the number of sub-
periods in the simulation period and define
to be the subperiod index set for the simulation period . We per-
form probabilistic simulation over each simulation period.

For each simulation period, the required supply and demand
data are collected to run the simulation with the resolution that is
commensurate with the level of detail desired for the study. The
resolution entails a specification of the smallest indecomposable
unit of time and impacts, therefore, the nature of the load and
resource representation. The load is assumed to be constant over
that time unit and all phenomena of shorter duration cannot be
represented in the simulation and are thus ignored. We may view
the load as an r.v. whose probability distribution we estimate

from the chronological load data. We refer to the complement
of the c.d.f. of as the inverted load duration curve (l.d.c.).

The probabilistic simulation emulates the energy production
by each unit in the resource mix used to meet the load in the
simulation period . In our work, we consider a system with
the committed set of units committed in period denoted by

. This set is constituted of the units that
are not on planned maintenance in period and which may be
scheduled for generation in that period. Each controllable unit
has its output level set by the system operator but the output is
also a function of the availability of the unit. We model the avail-
ability of each unit by a discrete random variable to represent the
multi-state capacities with which a unit may be dispatched. In
our work, we use a two-state probabilistic representation for the
units: either the full unit capacity is available or all the unit is
on forced outage. We further assume that the availability r.v. of
each unit is independent of any other unit and also independent
of the load r.v.

Each unit may be represented by a single-block or a multiple-
block model. Once scheduled, each unit has its blocks loaded
in a way to meet the load in the most economic manner. We
represent the impacts of the scheduling determined by the unit
commitment of the controllable units by a priority list. The list is
constructed to reflect the actual economics of the power system
operations. Typically, the blocks of the units are loaded in order
of increasing prices starting with the cheapest blocks and ending
with the most expensive block.

The simulation makes use of the notion of equivalent load r.v.
Consider the loading of blocks to meet the load.
We compute the equivalent load iteratively and each unit

is loaded using

(3)

In (3), is the equivalent load after the first blocks have

been loaded and is the outage capacity r.v. of the th block to

be loaded. We may view as the uncertain load that is served

by the units’ blocks loaded after block is loaded. The com-
putation makes use of the inverted l.d.c. to successively
compute as the complements of the c.d.f.
of the equivalent load r.v.s . The independence

assumption allows the use of convolution for this purpose. The
evaluation of the system variable effects makes extensive use of
the inverted l.d.c.s.

The principal challenge of extending production simulation
to systems with integrated wind resources is to mesh the proba-
bilistic framework of production simulation with that for rep-
resenting the time-dependent variability and intermittency of
wind resources. The regime-based wind power output model
provides a probabilistic characterization of wind power output
over a day. Specifically, the model provides the wind power pro-
duction r.v. for each regime and for each subperiod of the
subperiods representing the daily period. The incorporation of
the diurnal regime-based wind output models into the produc-
tion simulation framework requires several “synchronization”
steps. We describe the “synchronization” using the hourly reso-
lution adopted, but the scheme is sufficiently general to allow the
adoption of any desired granularity. Each wind power regime is
characterized by a collection of 24 wind power r.v.s, one for
each hour of the day. To incorporate these models in the pro-
duction simulation framework, we need the same granularity in
the production simulation models.

We consider the load representation in the production simula-
tion and use the hourly resolution for a simulation period . The
hourly random wind output needs to be directly related to the
hourly random load that must be met. However, the load r.v.

for the simulation period provides no temporal information. To
“synchronize” the two models, we start with the sample space
of the load r.v. consisting of the hourly values of load in the
simulation period . We may collect the daily sample values for
each day to obtain a subset of 24 hourly load values. In this way,
we decompose the sample space into as many subsets as there
are days in the simulation period, with each subset consisting of
that day’s 24 hourly load values. Conceptually, we may view
the sample space as a matrix with rows and 24 columns. We
define for each hour the subsets of , with
each being the collection of the indices of the hour of
the days in the simulation period :

(4)

We make use of the load samples , to estimate the
c.d.f. � of the r.v. conditioned on the hour . The use

of the conditional probability allows us to restate the probability
of the event that :

�

� (5)
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Fig. 3. Process for the load model refinement.

where we make use of the non-overlapping subsets that consti-
tute the sample space and the fact that each such subset has the
uniform probability of occurrence of 1/24. In Fig. 3, we depict
the classification and its representation for obtaining compati-
bility with the wind modeling.

The derivation of (5) is easily extended to the conditioning
characterization for the equivalent loads , since

the unit characteristics are uniform for the entire simulation pe-
riod, i.e., for every hour. We have

� � (6)

where � denotes the conditional probability of the equiv-

alent load for hour . In this way, we can restate all the prob-

abilistic simulation results using the conditional distributions
with the conditioning on the hour of the simulation period.

Thus far, we have discussed the probabilistic simulation with
the controllable resources. We next describe the representation
of the wind resource impacts by making use of load sample
space partitioning in combination with the wind regime depen-
dent output of (2). The uncertain output of each wind turbine is
used to supply some of the demand with the remainder being
supplied by the controllable units. We construct the uncertain
wind output modified load which needs to be served by the
controllable units, to which we refer as the “controllable” load

. We directly make use of the hourly decomposition of the

load sample space and assume that the load and wind power
r.v.s are independent for hour . Consequently, we use the
convolution formula to compute the c.d.f. of the “controllable”
load r.v. for each hour which we denote by � . If we consider

multiple wind speed regimes, we compute in a similar way
the c.d.f. � of the controllable load for hour and wind

speed regime . In this case, we estimate � from the 24

� that we compute using an analogous reasoning to the

derivation of (5):

� �

For each � , the production simulation for the control-

lable resources proceeds exactly as in the conventional case but
the computation is conditioned on the wind speed regime . In
this way, we evaluate the figures of merit of the various control-
lable units by conditioning on the wind speed regime. The value
of each metric for a simulation period is obtained as the prob-
ability weighted average of the expected values conditioned on
the wind speed regimes.

In our simulation work, we explicitly represent the required
reserve levels increase for the accommodation of the fluctua-
tions in the wind resource output by modifying the priority list.
Such modifications may entail the loading of additional control-
lable units and so of the loading order so as to ensure that the
required reserves level is met. The paper is focused on the sim-
ulation approach for longer-term periods and the unit commit-
ment issues are treated as an exogenously specified input into
the simulation. The proposed approach is, indeed, very helpful
in answering a broad range of what if cases related to the unit
commitment issues. Techniques to evaluate the operating re-
serve requirements of generating systems with renewable en-
ergy resources have been proposed in the literature [14]. The
required increases in reserves levels, typically, result in an in-
crease in the system production costs and may be viewed as the
additional operational costs in the integration of wind resources.
We ran multiple sensitivity studies to assess the impacts over a
range of increases in the reserves levels.

IV. SIMULATION RESULTS

We have carried out an extensive set of simulations to demon-
strate the capabilities of the proposed tool to capture and quan-
tify the effects that are observed with the integration of wind re-
sources over a wide range of conditions. We devote this section
to discuss the testing work and to provide representative results.

We present the simulation results using the so-called Eastern
Test System (ETS) which is based in the PJM region. The
ETS load is a scaled-down version of the load shape of the
PJM system with a 2850 MW peak. We use the 2006 PJM
load data with a 144 640 MW peak and the scaling factor of
2850/144 640 to construct the test system load data. In addition,
we construct a second synthetic system—the Midwestern Test
System (MTS)—in a similar way based in the MISO region and
whose load data is a scaled-down version of the 2006 MISO
load data. On the supply side, the ETS and MTS have sets
of controllable units—each consists of 29 units of 8 different
technologies. Each supply system represents a slightly modified
version of the IEEE Reliability Test System (RTS) [15]. We
use the RTS data for the forced outage rates, the number of
blocks of the units, and the block capacities. However, each
peaking unit is modeled as single block unit and the capacities
of some blocks are slightly modified. The unit economics are
specified in terms of the heat rate at minimum capacity and the
incremental heat rate for each additional block of the unit. For
the numerical results discussed here, we use 6 $/MMbtu for
the fuel costs. The emission rates are identical as those
in the RTS and are expressed in tons/MWh. In the simulations,
we also explicitly represent the scheduled maintenance of
the controllable units, which is set up to conform with the
requirements specified for the RTS. For the wind resources, we
consider wind farms located at sites within the PJM and MISO
footprints and we make use of the 2006 historical hourly wind
speed data at the sites where the wind resources are located
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TABLE I
ETS PRODUCTION SIMULATION REFERENCE CASE RESULTS

TABLE II
ETS PRODUCTION SIMULATION RESULTS WITH THE INTEGRATION

OF A 300 MW WIND FARM AT ALLEGHENY RIDGE, PA

[16]. We run production simulations on the ETS and the MTS
systems with the integrated wind farms. We next discuss a set
of representative results taken from the extensive production
simulation studies we performed.

We start out by the specification of the reference case for the
test system simulation consisting of simply the controllable re-
source mix. We evaluate the variable effects without any wind
generation. For discussion purposes, we arbitrarily select the
one-week simulation period corresponding to the week of Jan-
uary 2–8, 2006. The values of the Loss of Load Probability
(LOLP), expected unserved energy (EUE), expected production
costs, and emissions computed for this week and for the
entire 52-week period are presented in Table I.

We examine the impacts of the wind resource integration on
the system variable effects. For the study, we consider a 200-tur-
bine wind farm using GE 1.5 xle turbines and sited at Allegheny
Ridge, PA. Each unit has a 1.5 MW rated power output with the
following wind speed parameters: , ,

. This 300 MW nameplate capacity wind farm rep-
resents a 5.6% wind penetration for the ETS. Note that the wind
penetration is defined as the fraction of the total energy demand
served by wind resource generation. We use a single-regime
wind speed representation to determine the “controllable” load.
The production simulation results are summarized in Table II.
Clearly, the integration of the wind farm increases markedly the
system reliability since both the LOLP and the EUE indices are
reduced by more than a factor of 2. In addition, the displacement
by the wind generators of the polluting fossil units reduces the
system production costs and lowers emissions by a few percent.

We next investigate the impacts of the wind resource instal-
lation magnitude on the variable effects of the ETS system with
integrated wind resources by considering a wind farm located in

TABLE III
VALUES OF METRICS FOR THE WIND FARM INTEGRATION INTO THE

MIDWESTERN TEST SYSTEM AT DIFFERENT PENETRATIONS

Allegheny Ridge, PA, with nameplate capacity of 300 MW, 600
MW, and 900 MW. We compare the variable effects computed
using a single regime wind representation for the three different
wind farm sizes and report in Table III the changes in the met-
rics with respect to those for the base case. We remark that the
expected production costs and emissions decrease linearly
with the size of the wind farm. Indeed, for the considered wind
penetrations, every additional MW of wind generation displaces
the more expensive units whose economic characteristics have
the same order of magnitude.

We observe the diminishing returns in reliability improve-
ments with the deeper penetration of wind resources. Such
nonlinear behavior is rather pronounced. We study further
this behavior by evaluating the effective load carrying capa-
bility—ELCC [17]—of the wind farm. This metric provides a
meaningful measure of the effective load served by the capacity
addition of a new resource, i.e., the ELCC determines the load
increment that a system can support with the modified resource
mix, at the same reliability level. The application of ELCC
to the determination of capacity credits is presented in [18].
We use the ELCC as an effective capacity value for a wind
resource since it captures the reliability benefits resulting from
its integration into the system. We evaluate the ELCC of the 300
MW wind farm by comparing the LOLP of the ETS with and
without the wind farm for different peak loads and conclude
that the 300 MW wind farm has a 103 MW ELCC.

Clearly, the ELCC is a function of the wind penetration. In
Fig. 4, we provide a plot of the ELCC as a function of the size of
the wind farm for the ETS. The ELCC plot reinforces the notion
that the integration of a wind farm into a system with a low wind
penetration is far more beneficial in reliability terms than with
a higher penetration. Such behavior arises due to the intermit-
tency effects of wind: for any penetration level, there is a frac-
tion of time in the simulation period with no wind power gen-
eration and so with no contribution to meeting system demand
and, consequently, no contribution to improving the system re-
liability metrics from additional capacity at the same location.

The regime-based wind speed representation implicitly takes
into account the seasonality of the wind power production. We
illustrate this important feature of the simulation approach by
considering a 300 MW wind farm located in Allegheny Ridge
integrated into the ETS. For a three-regime representation of the
wind speed, we perform the simulation using weekly periods.
For each week of 2006, we determine the distribution functions
of the “controllable” load conditioned on the three wind speed
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Fig. 4. Effective load carrying capability of a wind farm with different name-
plate capacity values.

TABLE IV
QUARTERLY PROBABILITY DATA FOR THE THREE WIND SPEED REGIMES

TABLE V
ETS PRODUCTION SIMULATION RESULTS FOR �

regimes. We partition the 52 weeks of the year 2006 into four
quarters , , 2, 3, 4, each consisting of 13 weeks and dis-
play the quarterly data for the three wind-speed regimes using
the weights determined by the clustering algorithm shown in
Table IV. The variable effects for under each of the three
regimes and the weighted average are shown in Table V. The
values for and for the whole year are shown in Table VI.
We note the strong dependence of the production simulation
results on the wind regime. For instance, the LOLP computed
when considering the regime is nearly 6 times larger than
that obtained for regime . Similarly, the expected production
costs and emissions are, respectively, 11% and 5% higher,
so the results clearly illustrate the dependence of the economics
and reliability impacts on the daily wind speed patterns.

The seasonality is also important in observing the pronounced
differences between the values of the reliability metrics for the
four quarters in 2006. For instance, the LOLP is approximately

TABLE VI
ETS VARIABLE EFFECTS OF THE FOR � �� AND THE ENTIRE YEAR

TABLE VII
IMPACT OF THE DIVERSIFICATION OF THE WIND FARM

LOCATIONS ON THE MTS RELIABILITY

200 times larger during than during , so the vast ma-
jority of the loss of load events occur during that includes
the summer months with typically the highest loads of the year.
There are similar findings for the EUE. The results in Table VI
also indicate the corresponding pronounced impacts on the ex-
pected production cost cases. The portfolio effect of wind farms
at multiple sites results in a smoother wind power production
with less variability and less pronounced intermittency effect.

Indeed, the location diversity improves the system reliability.
For the case study, we start with the evaluation of the reliability
metrics for the MTS with a 300 MW wind farm integrated at
Camp Grove, IL, and compare its metrics with those. We also
run production simulations in the case where the MTS wind re-
sources are constituted of four 66 MW wind farms—composed
of 44 GE turbines each—located at the four Midwestern sites:
Camp Grove, IL, Fenton, MN, Langdon, ND, and Harvest, MI.
The number of turbines was determined so that the expected
wind energy production over the year 2006 is the same as that
of the 300 MW wind farm sited in Camp Grove. In Table VII, we
compare the LOLP and the EUE computed for these two cases.
We remark that the reliability metrics have been significantly
reduced by the dispersion of the wind farm locations.

The illustrations provided in this section demonstrate the ef-
fectiveness of the proposed approach to quantify the economic,
environmental, and reliability benefits obtained with the inte-
gration of wind resources into the grid.

V. CONCLUSION

In this paper, we present the development and testing of a
simulation approach for evaluating the variable effects of power
systems with integrated wind resources over longer-term pe-
riods. The ability to quantify the impacts of wind resources on
the economics of electricity supply, the emission outputs, and
the system reliability makes the approach very effective in plan-
ning evaluations, investment decisions, regulatory filings, and
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policy analysis. Our illustrative examples demonstrate the ca-
pability of the proposed approach to answer a broad range of
what-if questions for realistic-sized power systems. We present
results selected from the extensive simulation studies to quan-
tify the impacts of wind resources on the system variable effects
for different levels of penetration and also with location diver-
sity. Our investigations provide useful insights into the contribu-
tions of wind resources in the efficient utilization of controllable
generation resources and reliability and environmental effects.
The extension of the probabilistic simulation approach to incor-
porate the variable and intermittent outputs of wind resources
constitutes a major improvement in the capability to emulate
systems with integrated resources that have time-varying and
intermittent generation characteristics.

The proposed approach provides a good starting point for the
development of additional simulation capabilities to study sys-
tems with other renewable resources, such as solar technology
applications, utility-scale storage devices, and time-varying
demand-side activities, such as demand response resources.
Indeed, the regimes-based approach described in the paper
is an effective methodology for capturing both the seasonal
and the diurnal variability of time-dependent resources. We
are currently developing a comprehensive approach which can
effectively emulate the operation of a system with demand-side,
renewable, storage, and other time-dependent resources. Our
efforts will be described in future publications.
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