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! Aggregated wind power in the ISO regions in the US has been studied.

! Aggregation mitigates intermittency partially.

! The intermittency in power generation is synchronized spatially in each region.

! The benefits of aggregation saturates asymptotically with the number of generating units.
! The benefits of aggregation falls with the correlation between the generating units.
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a b s t r a c t
The collective behavior of wind farms in seven Independent System Operator (ISO) areas has been studied. The generation duration curves for each ISO show that there is no aggregated power for some fraction
of time. Aggregation of wind turbines mitigates intermittency to some extent, but in each ISO there is
considerable fraction of time when there is less than 5% capacity. The hourly wind power time series
show benefit of aggregation but the high and low wind events are lumped in time, thus indicating that
intermittency is synchronized in each region. The timeseries show that there are instances when there is
no wind power in most ISOs because of large-scale high pressure systems. An analytical consideration of
the collective behavior of aggregated wind turbines shows that the benefit of aggregation saturates
beyond a certain number of generating units asymptotically. Also, the benefit of aggregation falls rapidly
with temporal correlation between the generating units.
! 2015 Published by Elsevier Ltd.

1. Introduction
As the United States considers increasing the proportion of
wind power to 20–30% of its total generation capacity by 2030
[1], the primary hurdle is the intermittency of wind power and
its integration into the electric grid to improve wind reliability,
cost effectiveness and performance [2]. The two main consequences of intermittency are rapid loss or gain of power (high
ramp rates) and durations without power or with very low power
(also called loss of load) [3]. Geographical diversification of wind
farms, with the inherent assumption that the fluctuations would
be smoothed by such aggregation, has been recommended as an
effective strategy to obtain steady wind power [4,5].
⇑ Corresponding author at: Division of Physical Sciences and Engineering, King
Abdullah University of Science and Technolgy (KAUST), P.O. Box 4700, Thuwal,
23955-6900, Saudi Arabia.
E-mail address: bhaskar@mit.edu (U.B. Gunturu).
http://dx.doi.org/10.1016/j.apenergy.2015.02.013
0306-2619/! 2015 Published by Elsevier Ltd.

An inherent assumption in this strategy is the instantaneous
spatial inhomogeneity of wind resource. Geographic diversification
steadies wind power in the time scales of millisecond to minute and
hence renders the electric grid more stable [6,3]. The fluctuations in
wind at these scales are predominantly random. However, as the
time scale of the forces that generate the fluctuations increases,
so does the spatial scale of these fluctuations – due in large part
by the associated synoptic-scale (i.e. 500–1000 km scale) meteorological systems. Thus, the fluctuations in wind speed are presumably coherent over large spatial and temporal scales.
Mitigation of wind variability is essential for its efficient integration into the power grid [3,7]. Geographically and electrically,
the balancing areas need to be large for accommodating the variability characteristics of wind power like ramping behavior and
intermittency. Proximity and access to flexible conventional generation, as well as maneuverability are essential for managing
the variability in wind generation. Since most of these requirements are efficiently fulfilled by the Independent System Operator
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Table 1
The ISO regions.
Abbreviation

ISO region

CalISO
ERCOT
MISO
NEISO
NYISO
PJM
SWPP

California ISO
Electric Regulatory Commission Of Texas
Midwest ISO
New England ISO
New York ISO
Pennsylvania, New Jersey and Maryland ISO
SouthWest Power Pool

(ISO) areas, wind integration would essentially occur across a
whole ISO region [8].
Although aggregation of power from wind turbines can be conceived at any spatial scale, constraints like cost of laying transmission lines and grid operations practically limit aggregation to the
ISO regions [4,8]. Table 1 shows the abbreviations and the areas
covered by the different ISO regions shown in map 1. Thus, this
essay attempts to describe the statistical and intermittency characteristics of the aggregated power in each of seven ISO regions
shown in Fig. 1.
Several researchers and all turbine manufacturers use wind
speed as a measure of wind power resource [10]. But the energy
density of wind is a function of air density, and the energy density
over a plain is greater than that on a mountain (at a presumably
higher altitude) for the same wind speed.
Thus, wind power density (WPD) is a more robust representative of wind power resource. Further, a constant air density has
been assumed in other works [11]. Non-consideration of the variability in air density results in a minimum potential RMS error of
16% [12].

Earlier studies used wind resource data that was coarse in spatial resolution [13], sparse and uneven in coverage, short in length
of the record [14,15], or low temporal resolution [16,17,14]. While
the coarse spatial resolution and sparse spatial coverage prevent a
realistic description of the resource and its variability, the short
lengths of the record do not allow inter-annual variability and
the variability due to El-Nino like interannual climate modes of
the atmosphere to be taken into account. Moreover, the low temporal resolution does not allow investigation of the impact of the
variability on the grid stability (seconds to minutes) or capacity
adequacy (1–24 h).
Further, almost all of the earlier wind resource constructions
scaled the wind speed from a lower altitude (usually 10 m) to that
of the turbine hub height using a constant scaling exponent irrespective of surface roughness. Even in the reanalysis datasets, the
wind speeds are computed using pressure gradients and the surface roughness is not taken into account [18].
2. Data and methodology
In view of these considerations, we construct the wind resource
in the United States for the present study using a novel approach in
which boundary layer parameters, like surface roughness, displacement height and friction velocity are used to compute the
wind speed at the hub height (80 m) using similarity theory of
the atmospheric boundary layer [19]. The boundary layer parameters are from the Modern Era Retrospective-analysis for
Research and Applications (MERRA) reanalysis dataset [20]. An
elaboration of the method is given in the Appendix A and a further
detailed account in [19]. The domain over which the wind resource
was constructed is bounded by 20–50" N and 130–60" W. The

Fig. 1. The map of the different ISOs in the U.S. [9]. It has been shown that wind integration will optimally occur over these ISO regions.
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ratios, the fraction of area of deployment is rendered extraneous
for the sake of arguments in this study.

CalISO

3. Generation duration curves
0

20

40

60

80

100

ERCOT

0

20

40

60

80

100

MISO

0

20

40

60

80

100

NEISO

0

20

40

60

80

100

NYISO

0

20

40

60

80

100

PJM

0

20

40

60

80

100

SWPP

0

20

40

60

80

100

Percentage of time
Fig. 2. Power generating profiles of the ISO regions. The panels show the generation
duration curves of the individual grid points (thin lines) and the aggregated power
in the whole ISO region (thick red). The labels on the panels show the ISO region.
The abscissa is the percentage of time during the 31 years of data considered and
the y-axis is the capacity factor. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

spatial resolution of the wind speed dataset is 1/2" latitude " 2/3"
longitude.
WPD is computed using the instantaneous air density and the
wind speed at an 80 m hub height. Assuming deployment of GE
1.5xle turbine whose power conversion curve is given in the
Appendix A, and an optimum spacing of the turbines to minimize
wake effects [21], the power generated at each hour is computed at
each grid point. The capacity factor of each grid point is computed
as the ratio of the total power generated during the 31 years.
Although it is assumed that 1% of the grid cell area is used for wind
turbine deployment, since this study considers variables that are

Generation duration curves are an important tool in power
engineering to understand the generating profile of power plants
[14,15]. In a generation duration curve, the inverse cumulative
probability distribution of the generated power is plotted as a
function of the percentage of time in a year that the generation
is greater than or equal to the ordinate generation. In Fig. 2, the
generation as a fraction of the rated power (capacity factor) is plotted for each ISO. The aggregated capacity factor (ACF) of the whole
ISO region (computed as the ratio of the total power generated and
the total installed power in the ISO region) is also plotted as the red
curve.
Although aggregation of wind power in each ISO increases the
duration for which the ACF is above 0.05 (5% of the maximum),
there remains a sizeable percentage of time (from 15% to as much
as 60%) in each ISO for which the ACF is below 0.05. Nevertheless,
the improvement via aggregation is very noticeable in the case of
MISO and SWPP (Table 1). The regions that have less wind
resources (California, New England, New York and PJM (Table 1)
have longer durations without any power, whereas such durations
for the regions that have modest resources (MISO, ERCOT and
SWPP (Table 1) are shorter. In a study of the advantages of aggregating wind farms in northeast Texas, Oklahoma and New Mexico
(corresponding to the SWPP region), it was reported [14] that an
aggregation of 19 sites produced at least 21% of the rated power
79% of the time leading to the conclusion that wind power in that
region can be used to supply about 33% of the baseload generation.
From the duration curve for SWPP (Fig. 2), the aggregation of all
the grid points produces at least 21% of the rated power only
45% of the time. Two important reasons for this difference are that
Archer and Jacobson [14] consider wind data only for the year 2000
and extrapolate the wind speed data to 50 m height. The present
study considers a longer wind record of 31 years and derives the
wind speed at 80 m directly from boundary layer flux parameters.
Incidentally, the year 2000 was a La Nina year and the wind speeds
were faster than normal. Moreover, we find that our wind resource
assessment[19] for the year 2000 had anomalously higher number
(13% more than the long term annual mean) of grid points of
usable (>200 W=m2 ) wind power density.
These duration curves are also useful in assessing the integration. In some of the ISOs (ERCOT, MISO, PJM and SWPP), there
are some grid points which have a sharply falling duration curve.
So, if these grid points are omitted, it is possible to optimize the
performance of aggregation.
Table 2 shows the statistics of the intermittent behavior of the
aggregated power in these seven ISOs. The table shows the
Table 2
Statistics of intermittency in different ISOs in the U.S.
ISO

CalISO
ERCOT
MISO
NEISO
NYISO
PJM
SWPP
a
b

Critical hours (%)

Level crossing rate (/
yr)

< 0%

< 5%

< 10%

5% level

10% level

0.25
0.1
#0
1.8
2.21
0.24
#0

53
28
15
56
56
45
17

70
45
30
71
70
63
31

298
239
150
198
198
213
180

263
262
212
161
160
189
238

Aggregated power.
Aggregated capacity factor.

CoV of
APa

Median
ACFb

1.26
1.02
0.82
1.51
1.52
1.22
0.85

0.04
0.12
0.18
0.03
0.04
0.06
0.18
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percentage of critical hours as a fraction of the total number of
hours in each ISO. Here the critical hours are defined as the times
when the aggregated power in the ISO is less than or equal to 5% or
10% of the total installed capacity. The level crossing rate shows
the number of times the aggregated power crosses a threshold
(5% or 10% of the installed capacity). The coefficient of variation
of the aggregated power shows its variability. From the statistics
in this table, it can be inferred that MISO and SWPP stand out in
terms of having the most favorable statistics of aggregate intermittency and capacity factor.

tional wind farms within a wind-energy collection pool. Earlier
work(considering data from 19 wind farms) has suggested that
the benefit of aggregation does not saturate with the number of
sites [14]. However, in our analysis we find that an important parameter in this assessment is the mean correlation among the aggregated grid points.
Fig. 5 shows the factor by which the coefficient of variation (CoV)
is reduced on the ordinate as a function of the number of grid points
on the abscissa. The analytical construction of this statistical behavior is presented in the Appendix B. The different curves correspond to

4. Power time series
1.6

The power timeseries (Figs. 3) show that there is a general
lumping of generation in time such that there are times when
almost no power is produced in the whole ISO region. This temporal clustering is predominant in the ISOs in the central USA (MISO,
ERCOT and SWPP). The benefit of aggregation is manifested to a
greater extent in California ISO. These timeseries also show that
the random small scale fluctuations are mostly damped but the
longer timescale fluctuations persist even in the aggregate power.
These timeseries show that there are times when the whole ISO
has insignificant wind generation.
Aggregation of power from different turbines makes the ramp
rates large with higher penetration of wind installation. The aggregate curve in the timeseries plots shown is a mean of the power
timeseries at the individual grid points. Thus, if that curve is multiplied by the number of grid points in each of the ISO region, the
ramp rates may be very steep.
A common question considered in wind integration is if wind
stops blowing over a large region at the same time [4]. These illustrative timeseries correspond to the time between 2000 Hrs UTC on
11th January, 1979 and 1600 h UTC on 12th January, 1979. Between
60 and 80 h, there is almost no wind in New England, New York,
PJM, MISO and very little wind blew in ERCOT and SWPP. If a high
pressure system and a low pressure system are in proximity, the
configuration results in high winds from the high to the low pressure. But if a high pressure system is in isolation or if the high
and low pressures are far removed from each other, in most cases,
it results in low winds. Fig. 4, which shows the mean sea level pressure across the U.S. for this period, indicates that there was a high
pressure system over New England and New York and it extended
westward and southward such that many ISOs did not have wind
resource simultaneously. During these hours, California ISO has
some inhomogeneity in wind resource across the grid points. But
considering the fact that the wind resource in California is low compared to MISO, ERCOT and SWPP, the wind power in California is
unlikely to make up for the lull in the other ISOs.
Phenomena called atmospheric blockings result in high or low
pressure systems that persist for several days. Usually, blocking
highs that cause persistent and widespread high pressure systems
are associated with little or no wind at the surface. The northern
Atlantic is a region with high frequency of blockings a mean frequency of 25% of the time [22]. Although the mechanism of formation and maintenance of atmospheric blocking is not understood
well, the impacts and the synoptic features are clear. Thus, the frequency of these blockings is not insignificant. These blockings are
responsible for multi-ISO wide low wind phenomena. More significantly, the frequency of blockings in the North Atlantic is on
the rise with changing climate [23].
5. Analytical treatment of collective behavior
Central to the issue of aggregation is whether there is any
asymptotic behavior (i.e. saturation) to the benefits of adding addi-
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Fig. 3. Illustrative generating profiles. The panels show illustrative time series of
the generating profile of the individual grid points in each ISO region (thin lines)
and the normalized aggregated power (thick red) for 100 illustrative hours. The xaxis shows the hours and the y-axis shows the power generated in MW. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 4. A high pressure system over a wide area in the eastern and northeastern U.S. The plot shows the mean sea level pressure on 11th and 12th January, 1979. The hours
correspond to the hours from 60th to 84th in the plot of the illustrative power time series in the Fig. 3. MERRA [20] dataset has been used for this plot.
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wind speed and the curve shows the corresponding power generated in kW.
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Fig. 5. Variation of CoV with number of aggregated generating units. R is the mean
coefficient of correlation between the generating units.

different mean correlations (R) as shown in the legend. This plot
shows that with no mean correlation, the CoV has a stronger reduction with additional grid points. However, as the mean R among the
generating units increases, the impact of increased units on the
decay of CoV is reduced. The ratio of the CoV with correlation R
pﬃﬃﬃ
and without correlation (R = 0) asymptotically varies as R as the
number of turbines increases to 1. Further, this plot also shows that
in all cases of R considered, the initial 10 units result in the majority
of reduction in CoV. For subsequent additional units, the benefit of
aggregation is marginal. More importantly, as the correlation
between the units increases, the benefit of aggregation saturates faster, that is with fewer number of turbines. Even with a correlation of
0.3, the reduction in the coefficient of variation becomes almost half

of that with no correlation. Finally, this saturation depends neither
on the nature of the turbine nor the wind resource at the individual
locations.
The mean and standard deviation of power generated with and
without aggregation presented in an earlier report [14] have been
used to compute the mean correlation coefficient in the aggregation considered in that work. The use of the analysis of the collective behavior of the wind power sites results in a mean correlation
coefficient of 0.48. The main point here is that the variability of the
aggregated wind power, which impacts the power systems detrimentally, is dependent on the magnitude of the correlation of
the generating units.
6. Conclusions
The GDC show that in regions with greater WPD (MISO and
SWPP), aggregation of the wind power from all grid points noticeably improves the duration for which the aggregated power is
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greater than 5% of the maximum whereas in the other ISOs, the
improvement is less significant. The power timeseries show that
no power is produced during some times in the whole ISO regions.
Further, when there are large-scale high pressure systems, several
ISO regions do not have any power.
The analytical treatment of the ratio of coefficient variation of
wind power with and without aggregation as a function of the number of aggregated grid points shows that the ratio decreases with
mean correlation between the aggregated points and approaches
pﬃﬃﬃ
R as the number of aggregated points increases to 1. A significant
result of this analysis is that the benefit of aggregation saturates
beyond 10 grid points. It is to be noted that this study looks at
the nature of the geophysical resource irrespective of the technologies adopted for harvesting and integrating the generated power
into the grid.
The variations in the electrical load are largely assumed to be
statistically independent. Thus, it is argued that similar variations
in wind generation are also statistically independent and hence
these variations in wind generation are assumed to have no net
impact on electrical generation [4]. But, although the small scale
variations (second to minute scale) in the electrical load are random and hence statistically independent, the variations that occur
at larger scale are not random but deterministic. For instance, the
large increase in electric demand in the morning and evening and
those occurring due to wide-spread low or high atmospheric temperatures are not statistically independent and are deterministic
and load variations in a region are correlated. Similarly, the small
scale variations in wind generation may be statistically independent, but the variations at the time scales of hour and greater are
meteorologically forced.
This analysis has several significant implications for harvesting
and aggregation of wind power in the United States. Reliability of
wind power systems requires steady aggregated wind power.
While planning interconnects of power like those in the Eastern
Wind Integration and Transmission Study (EWITS) [5], it is important to exclude the grid points that have strongly falling generation
duration curves. Back up power from gas power plants needs to be
planned for the times when the ISO regions lose wind power. But, if
several ISO regions lose wind power at the same time, as shown
above, the amount of back up power required may be very high.
Lastly, the magic number of 10 grid points as the limit of the number of grid points that can be optimally aggregated implies that the
ten grid points with the least mean correlation among them in
each ISO region need to be aggregated, since any further aggregation from other points does not improve the variability of the wind
resource. For mitigation of the residual intermittency, other strategies, like high efficiency and high capacity storage, need to be
devised. Since the correlation of collocated solar and wind power
is also low, such hybrid harvesting may also be a viable strategy
for reliable power [24].
Wind power harvested in large scale, usually, is not utilized in
isolation but only forms a component in the energy mix of a region
or country. Since the abundance of the newly discovered gas
reserves in the US and the ability of gas powered plants to switch
fast in response to demand are seen as one of the viable tools to
mitigate wind power variability and intermittency. This study, in
this context, attempts to understand the aggregated wind power
so that the levelized costs of wind power can be further reduced
and the contribution of the cycling of the gas power plants to
greenhouse gas emissions can further be reduced.
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Appendix A. Detailed description of the data and the
methodology
A.1. Dataset
Wind power density as a variable that describes the wind
resource has been constructed using the Modern Era Retrospective-analysis for Research and Applications dataset. The geographic
region considered is bounded by 20–50" N and 130–60" W. The
spatial resolution of the grid is 1/2" latitude " 2/3" longitude.
Boundary layer flux data (friction velocity, roughness length and
displacement height) have been used to derive the wind speed at
80 m by applying the similarity theory for the boundary layer.
Thus, instead of assuming a scaling or adjustment procedure to
estimate the wind speed at 80 m from the wind speed at a lower
altitude, our procedure computes the wind speed at 80 m. One of
the problems with the former procedure, which is widely used, is
that it does not take the roughness length and displacement height
of the boundary layer into account and leads to large errors in the
estimate of wind speeds at a higher altitude [18]. Using the air density and the wind speed computed as above, the wind power density is computed. Since it takes into account the changes in air
density, it is a more robust measure of wind resource. The constructed resource has been validated by comparing with the US
wind atlas at 80 m developed by the National Renewable Energy
Laboratory. Further, the method has been used to construct wind
resource for Europe [25], Australia [26] and South Africa [27].
The constructed estimates have been compared with the wind
atlases of the respective regions or the countries.
A.2. Turbine size
From the wind power density time series at each grid point, the
hourly wind power generated at each grid point is computed. To
estimate the power generated, a number of GE 1.5SLE wind turbines are assumed to be installed at each grid point. The power
curve of this turbine (shown in Fig. A.6) has been converted from
a function of wind speed into a function of wind power density.
This transformed power curve has been used to compute the power produced by this turbine each hour.
A.3. Number of turbines
Wake effects reduce the wind speed for the subsequent rows of
turbines. Thus, these wake effects have to be considered to compute the power generated by an array of wind turbines. Based on
turbulence studies of the boundary layer and the wind turbines,
it was found that placing wind turbines 15 rotor diameters is most
cost-effective for power generation. Using this assumption, the
density of wind turbines for optimum power generation is about
3 turbines per square kilometer. Considering the constraints on
land uses, it is assumed that 1% of each grid cell area, on average,
could be reasonably be used for power generation. We bring to
the notice of the reader that we use non-dimensionalized quantities in our experiments and so, this proportion of land for deployment of wind turbines is extraneous for the present study.
Using these assumptions, the hourly wind power generated in
each grid cell is computed. The power generated in each grid cell
falling into each ISO is aggregated. The ratio of the aggregated
power at each hour to the rated power gives the aggregated capacity factor (ACF) for each ISO.
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at each hour and the mean squared deviation is:

"
#
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1 þ p2 þ p3 þ & & & þ p4
"
#
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Now, to simplify the treatment, let us assume that:
1. each unit has the same mean power pm and
2. each unit has the same fluctuation pf .
Therefore,

"
#
2
P0 ¼ np2f þ 2 p01 p02 þ p02 p03 þ & & & þ p0n p0n)1
¼ np2f þ nðn ) 1ÞRp2f

ðB:3Þ

where R is the mean correlation coefficient between every pair of
generating units.
qﬃﬃﬃﬃﬃﬃ
2

Letting p0 ¼ P 0 , the coefficient of variation of the aggregate
power is given by:

p0
CoV ¼ ¼
P

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
np2f þ nðn ) 1ÞRp2f
npm

ðB:4Þ

B.1. Case 1: no correlation
Let us assume there is no correlation between the units. Then,
the second term in the square root above is zero. Therefore,

CoV1 ¼

pﬃﬃﬃ
npf
1 pf
¼ pﬃﬃﬃ
npm
n pm

ðB:5Þ

B.2. Case 2: positive correlation
Now let us assume a common correlation coefficient of R
between every pair of units. Thus, the coefficient of variation
becomes:

pf
CoV2 ¼
pm
where

pf
pm

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n þ nðn ) 1ÞR
n

ðB:6Þ

is the coefficient of variation of the individual units.

Fig. 5 in the main paper shows the variation of the ratio of CoV2
and CoV1 with the number of wind generating units that are aggregated and the coefficient of correlation R is a parameter. This plot
shows that for the initial 10 units, the reduction in CoV is drastic
and for subsequent addition of each unit, the benefit of aggregation
is marginal. More importantly, as the correlation between the units
increases, the benefit of aggregation saturates faster, that is with
fewer number of turbines. This plot also shows that with even a
correlation of 0.3, the reduction in the coefficient of variation
becomes almost half of that with no correlation. It can be shown
that the limit of the ratio of CoV2 and CoV1 as the number of the
pﬃﬃﬃ
generating units increases asymptotically approaches R.
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