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Abstract: This paper evaluates the potential of diverse wind power patterns to balance the global
power output of wind farms using the concept of operating reserve assessment. To achieve this,
operating reserve assessment models are utilized to evaluate bulk generation systems under several
conditions of wind power geographic distribution. Different wind behavior patterns and wind
power penetration levels are tested using a modified configuration of the Institute of Electrical and
Electronics Engineers Reliability Test System 96 (IEEE RTS-96). The results highlight that on a large
country scale system with different wind characteristics, the diversification of wind behavior might
be conducive to a compensation of wind power fluctuations, which may significantly decrease the
need for system operating reserves. This effect is verified using probability distribution functions of
reserve needs estimated by sequential Monte Carlo simulations (SMCS), such that useful information
regarding generation capacity flexibility is drawn from the evaluations.

Keywords: operating reserve capacity; sequential Monte Carlo simulation; wind power

1. Introduction

Wind farm reliability is a subject of interest to industry and academia [1–4]. The availability of
wind as a resource alongside the reliability of wind turbine generators may significantly affect power
system reliability [5–12]. As a general concept, wind power diversification means that different wind
farms can complement each other, leading to a smoother global power output [13–16]. There is clearly
an understanding that the geographic dispersion of wind power outputs, through the combination of
negative and positive correlations, might reduce the variability of the total power produced by wind
turbines [17].

Due to the growing diffusion of wind energy into the energy matrix of current power systems,
the design of future generating systems using only static reserve assessments does not seem to be
enough to ensure the security of the power system operation. Usually, operating reserve is a concern
of short-term operating planning [18,19], and few works in the technical literature have explored the
concept of operating reserve for medium- and long-term analysis [20,21]. Hence, it is of interest to
measure the impact of geographic dispersion on future operating reserve needs, bearing the system
performance in mind. Clearly, one of the disadvantages of this approach is the number of uncertainties
to be addressed into the medium- and long-term operating planning. For instance, for planners, it is
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impossible to assure that a specific generating unit will be available to be dispatched in a given time
instant of the future. However, it is plausible to assume that part of the current generating units
will be available to be dispatched, considering current and new generating units and a considerable
number of wind turbines. On the other hand, one of the main advantages of the approach is providing
system planners with reliable information about the use of high levels of wind power, and assuring
that investment options will result in more robust and flexible generating configurations in accordance
to the wind potential of different areas.

The combination of various wind power patterns introduced by a significant penetration of
geographically dispersed wind farms naturally introduce some patterns of interest to the system
operation. Conversely, for system adequacy evaluations, inside the same site it can be assumed that
turbine outputs present similar patterns, mainly due to the same wind characteristic. In order to make
a prognosis of the generation performance at multiple wind farms, a wind measurement campaign
is typically conducted for 1–3 years at several locations across the site [22]. Ideally, such a campaign
should be able to estimate geographical variability in the wind power generation to investigate to what
extent such variability may be smoothed through national interconnections. A combination of results
from such campaigns with risk-based methodologies to evaluate system operational responses for the
long-term can be performed, mainly using long-term operational reserve methodologies [10,20,21].
Such evaluation is essentially dependent on the quality of the campaign results. Usually, in the
medium- and long-term, it is not possible to know precisely the availability of generating units
and their conversion technologies at each operation moment as in traditional short-term operating
reserve evaluation [18,19]. Therefore, the risk analysis must be focused towards system performance
evaluations [7,10,20,21], aiming at decisions that will result in a more reliable generation system.
From a technological perspective, the design characteristics of conventional hydro and thermal
generators already enable the generating units to contribute to system support services, such as
voltage and frequency regulation [23]. Conversely, wind generators are not capable of fully providing
the same system support services as large hydro or thermal generating units. Moreover, from an
integration perspective, wind generation imposes additional requirements, mainly due to the inherent
unpredictable and volatile characteristics of the wind. Also, more flexible conventional generators
(hydro and thermal-gas) might be required to provide adequate system support services.

Within this context, this paper evaluates the benefits of wind power geographic dispersion on
reserve needs using operating reserve assessment models. Different wind behavior patterns and wind
power penetration levels are tested using a modified configuration of the IEEE RTS-96. The effect of
wind power geographic dispersion is verified using probability distribution functions of reserve needs
estimated using a sequential Monte Carlo approach, such that useful information regarding generation
capacity flexibility is drawn from the evaluations.

The paper is organized as follows. Section 2 introduces the approach utilized to evaluate the
impact of geographic dispersion of wind power. Section 3 discusses the benefits of wind power
geographic dispersion on reserve needs. Section 4 shows the results of the applied evaluation for a test
system, and Section 5 presents conclusions and final remarks.

2. Evaluation Approach

Diversification can be used to reduce the overall variation of the power output of various wind
farms. Degeilh and Singh [13] proposed an optimization technique to distribute a given number
of wind turbines over a given number of sites so as to minimize the variance while keeping the
mean power output essentially unchanged. This process can be used as an aid in site selection.
These references also show that reducing the variance tends to reduce the loss of load expectation.

The difficulty is that the number of random variables involved in this problem is so large that
it is necessary to make some assumptions and often the sites may be selected depending on the
geographical and ecological considerations. Following a different approach, we examine diversification
from the operating reserve perspective, aiming to evaluate the benefit of geographically dispersed
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wind farms through uncertainty models. The uncertainty related to the operating reserve is caused
by the intermittency of the primary energy resources (∆WS), the forced outages of the generating
units (∆G) and the randomness of the system load (∆L). Therefore, it is possible to model operational
procedures to assess the adequacy of the operating reserve using a planning perspective, which in fact
can be named as operating reserve capacity (ORC) evaluation.

The ORC consists of the secondary reserve plus the fast tertiary reserve available at the moment of
the evaluation. The fast tertiary means generating capacity that is not committed. However, these are
special units capable of taking load in a short period of time, such as 1 h. Applying a simple scheduling
procedure, the identification of the events of insufficient operating reserve capacity is made according
to Equation (1) as

RS + RT − (∆L − ∆WS − ∆G) ≤ 0. (1)

in which RS is the secondary reserve requirement, RT is the fast tertiary reserve, and ∆L and ∆WS are
the system load and system wind power forecast errors at the moment of the evaluation, respectively.
The variable ∆G(t) is given by the generation units that have been committed but are out of service
at instant t, i.e., it consists of non-committed generation capacity which would meet the following:
The system load forecasted L f (t) at instant t, the primary reserve RP and secondary reserve RS
requirements. Equation (2) presents this condition,

∆G(t) = GSYNC(t)−
(

L f (t) + RP + RS

)
. (2)

where GSYNC(t) is the total generation capacity synchronized at instant t.
This novel perspective may be summarized in Figure 1, and can be viewed as a way to assess,

in terms of flexible capacity, the future generation system to accommodate a large percentage of wind
power. As shown in Figure 1, the success and failure states are properly verified if the operating
reserve capacity is sufficient or not to compensate for the difference between load and generation
deviations at each hour t, during an established observation time.
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Figure 1. Framework of the operating reserve capacity evaluation.

The SMCS makes it possible to keep track of several features related to the operating history of
system states. Its flexibility also makes it possible to model details about uncertainties, which are
not addressed in traditional (deterministic) methods. In the simulation, the time duration of each
generating unit in given state (failure or operating) is sampled according to a probability distribution,
such as the exponential distribution.

Tup = − 1
λ

ln U (3)
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Tdw = − 1
µ

ln U (4)

where Tup/Tdw is the time duration in the operating/failure state, λ is the failure rate of the unit, µ is
the repair rate of the unit and U is a uniformly distributed random number sampled in [0, 1].

The loading and wind at a given time instant is simulated using sampled curves. Whereas a state
transition is assigned, the set of states is evaluated using Equation (1). After evaluating each system
state, performance indices are estimated using the expected value equation [24]:

E[H] =
1
N

N

∑
u=1

H(yu) (5)

where yu is the sequence of system states in year u, H(yu) is the reliability test function evaluated
at yu, N represents the number of simulated years (samples), and H is the random variable which
maps H(yu) values. The uncertainty surrounding the estimated indices is given by the variance of the
estimative [24]

V[E[H]] =
V[H]

N
(6)

and the stochastic process convergence is tested using the coefficient of variation β [24].

β =

√
V[E[H]]

E[H]
(7)

Following these definitions, the conventional system reliability indices may be estimated.
This traditional view can provide important information on loss of load events and, in this case,
it will monitor the successes and failures of the static and operating reserves, where the following
reliability indices will be used [21]: Loss of Load Probability (LOLP), Loss of Load Expectation
(LOLE, in h/y, Expected Energy Not Supplied (EENS, in MWh/y), Loss of Load Frequency (LOLF,
in occ./y), and Loss of Load Duration (LOLD, in h/occ.). In this paper, another set of random variables
will be monitored. By using the same concepts presented in Equations (5)–(7), the uncertainties
surrounding the operating reserve concept will be monitored to investigate, in detail, the probability
distribution functions linked to the performance of the operating reserve from a long-term perspective.
The following sections will introduce all of these deviations as random variables.

In this planning context, it is essential to enforce not only system capacity, but also system
flexibility, in order to prepare the future generation system to handle the entire set of uncertainties.

3. Impact of Wind Power Geographic Dispersion on Reserve Needs

3.1. Upscaling Model of Dispersed Wind Power

In order to verify the impact of wind power geographic dispersion on operation reserve capacity,
the upscaling behavioral model of dispersed wind power must be obtained through real data.
The generation systems with predominant coal-fired power plants have reduced system operational
flexibility to accommodate large-scale wind power integration [25]. The hydro units using reservoirs
offer a capability to start in a short time and thus provide more flexibility. Notwithstanding, one of the
most popular hydro generation systems in the world is the run-of-river that also offers reduced system
operational flexibility [26]. This simplest form of generation includes not only simple construction
aspects, but also the aggregation of other functions linked to environmental concerns, such as flood
control and agricultural irrigation. When combining both thermal and wind power sources, the result
is an energy portfolio with reduced generation flexibility characteristics. After analyzing several
different types of wind behavior, wind farms located in the Rocky Mountains region (USA) were
chosen to perform this evaluation [27]. The choice was based on the wind diversity in this geographic
area, where each wind farm has a different behavior, although they are in the same region. However,
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the area is large enough to justify this situation and the six wind farms can properly characterize good
wind diversity. For instance, from the ordinary statistical measurements, it is possible to identify that
the Rocky Mountains time-series for the year 2004 presents very regular measurements. As a matter of
fact, wind farms 6673, 21777 and 23353 have an average production (p.u.) and standard deviation (p.u.)
of (0.31; 0.34), (0.32; 0.34) and (0.35; 0.34), respectively. On the other hand, the wind farms 20144, 29617
and 29863 have an average production (p.u.) and standard deviation (p.u.) of (0.26; 0.31), (0.20; 0.28)
and (0.20; 0.28), respectively.

From the variability point of view, the number of upward and downward wind ramp occurrences
is of major relevance. Using a simple ramp concept where a ramp event is considered to occur at the
start of an interval if the magnitude of the increase or decrease in generation at a time period ahead of
the interval is greater than the pre-defined threshold [28].

Tables 1 and 2 provide the number of ramp occurrences between 0.10 and 1.00 p.u. of generation
within 1 h for the wind farms quoted previously. The observations are in both upward and downward
directions. This measurement of variability in these time-series may represent a simple view on
flexibility requirements [29] within 1 hour of the generation systems due to wind power integration.
Data analysis can show that the time-series with 0.31 p.u. of average generation presents a considerable
number of ramp occurrences when compared to the time-series with 0.20 p.u. of average generation.
The number of ramp occurrences above or equal to 0.40 p.u. is significant in both cases when the
time-series is annual. In this case, the number of ramp occurrences above or equal to 0.70 p.u. is lower
in the upward direction than in the downward direction. However, the total number of occurrences
is higher in the upward direction than in the downward direction. Also, the compensation effect
can be verified in the last column, corresponding to a synthetic series composed of the sum of the
Rocky Mountains series. Several other analyses may be possible when comparing these wind farms.
Nevertheless, a major characteristic shown in Tables 1 and 2 is that the variability presented in all wind
farms may require operational system flexibility. However, it is extremely important to investigate
aspects related to the correlation of wind generation, where such amounts of wind power variations
may be moderated by a smoothing effect caused by geographic dispersion [17]. The next subsection
will outline the impact of system uncertainties on ORC.

Table 1. Number of upward ramps in 1 h: Rocky Mountains series.

PU 6673 20144 21777 23353 29617 29863 Sum

0.1 1326 923 1081 996 643 604 284
0.2 625 385 431 336 240 187 29
0.3 314 185 200 117 86 67 3
0.4 162 78 83 47 36 23 1
0.5 59 35 36 19 15 13 0
0.6 22 15 16 6 9 5 0
0.7 4 3 5 2 3 2 0
0.8 2 1 0 0 0 0 0
0.9 2 1 0 0 0 0 0
1.0 0 0 0 0 0 0 0

Table 2. Number of downward ramps in 1 h: Rocky Mountains series.

PU 6673 20144 21777 23353 29617 29863 Sum

0.1 1276 949 1081 962 654 611 274
0.2 631 336 418 296 185 167 16
0.3 322 130 158 117 66 55 2
0.4 170 52 71 46 24 27 0
0.5 86 21 29 10 13 12 0
0.6 44 11 13 5 5 4 0
0.7 11 3 2 3 3 2 0
0.8 3 2 1 0 0 0 0
0.9 0 2 0 0 0 0 0
1.0 0 0 0 0 0 0 0
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3.2. System Uncertainties Impact on Operating Reserve

The aforementioned system uncertainties may be viewed as exerting a positive or negative impact
on the system balance, depending on how suddenly they occur and the magnitude and direction of
their variations. The SMCS method is the one that better represents the chronological and uncertainty
aspects, such as the wind power annual series, related to the wind behavior. Hence, the SMCS algorithm
introduced in References [20,21] was enhanced to include the wind dispersion behaviors sampled
according to their region. By modeling ∆L, ∆WS and ∆G as independent random variables [30],
the aim is to evaluate the required and unrequired reserve, as well as their probability distribution
functions, due to the geographic dispersion of wind power generators. Behind these models there
is the complex relationship between these variables, which results in high levels of uncertainties for
the unit commitment procedure. Table 3 shows a summary of consequences (upward or downward
reserve) that should be monitored during the adequacy evaluation of the generating system.

Table 3. System uncertainties impact on operating reserve.

Classification Variables Conditional Dev. Reserve Consequence

ID. ∆Lf ∆G ∆Ws If D Up or Down

A + − − − UPWARD

B
− − − (∆G + ∆Ws) ≥ ∆Lf + DOWNWARD
− − − (∆G + ∆Ws) < ∆Lf − UPWARD

C + 0 − − UPWARD

D
− − + ∆G ≥ (∆Lf −∆Ws) + DOWNWARD
− − + ∆G < (∆Lf −∆Ws) − UPWARD

E
+ − + (∆G − ∆Lf) ≥ −∆Ws + DOWNWARD
+ − + (∆G − ∆Lf) < −∆Ws − UPWARD

F
+ 0 + ∆Ws ≥ ∆Lf + DOWNWARD
+ 0 + ∆Ws < ∆Lf − UPWARD

G
− 0 − ∆Ws ≥ ∆Lf + DOWNWARD
− 0 − ∆Ws < ∆Lf − UPWARD

H − 0 + + DOWNWARD

The power balances captured during the simulation may have negative or positive system effects
with upwards or downwards reserve as a consequence. Table 3 highlights a collective perception
between these variables concerning the operating perspective, where it will be possible to identify the
negative correlation impact of different wind power outputs on the reliability indices. Another point
of view will explore an individual perception of these variables through the investigation of the
distributional aspects associated with each uncertainty representation. Table 3 decouples two categories
of events: The deviation events A, B, D and E, which involve load deviations, wind power deviations,
and generating outage deviations; and the deviation events C, F, G, and H, which only involve load
and wind power deviations.

4. Results and Discussion

One of the main concerns of a system planner is to size generation equipment, mainly for meeting
the load growth and to achieve certain spinning reserve requirements. In general, generation systems
must be sized with sufficient capacity, flexibility and robustness to respond to several operational
challenges. However, the volatility and variability that comes from renewable generation is a relatively
recent concern for the system planners [26]. Hence, the evaluation of operating reserve capacity
presented in this section will focus on conventional reliability evaluation, highlighting traditional
reliability indices from two different aspects, i.e., static and operating reserve capacities. The evaluation
exploits the probability distribution functions of reserve needs and unneeded reserve to verify the
impact of geographic dispersion on reserve requirements.
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Firstly, the proposed evaluation will follow the modified configuration of IEEE RTS-96 HW [21].
To cope with the power fluctuations of the hydro units, a set of five historical hydro series, referring to
the average monthly power capacity used in Reference [21] and will stay without changes in this paper.
Nevertheless, to cope with the power fluctuations of the wind power, some changes in Reference [21]
are proposed. Initially, the same amount of wind power will be used, where a 350 MW of coal-fired
unit is replaced by 1526 MW of wind power. Therefore, the original installed capacity of 10,215 MW
will increase to 11,391 MW and the percentage of renewable power goes to 21.3%, considering hydro
and wind production. The thermal generation subsystem consists of 77 units varying from 12 up to
400 MW and the hydro subsystem remains with 18 units of 50 MW each.

The proposed change is carried out on the wind subsystem, where the 763 wind turbines with
2 MW each remain the same, maintaining their distributed characteristics spread over three different
regions or areas. In Reference [21] it is assumed that the wind behavior is a characteristic that is linked
to the region or area. In this paper, it will be assumed that the wind behavior is a characteristic of the
wind farm (a group of wind turbine very near), where each wind farm has its own wind behavior.
Clearly, inside a region or area it is possible to install several wind farms. Similar to the Rocky
Mountains region previously assessed in Section 3, this paper will assign a different wind behavior
to each wind farm with a diversified wind characteristic. In this proposed evaluation, 763 wind
turbines are distributed over 20 wind farms in three different regions. This contains a historical
wind time-series, on an hourly basis, of the 3 different years equally probable and referring to the
average power produced by a wind turbine. As stated previously, these time-series are available in
Reference [30].

Another modification is proposed in two distinct phases. With the objective of increasing the
renewable share of the generation capacity in the IEEE RTS-96 HW, another 350 MW of coal-fired
unit will be replaced by 1526 MW. It corresponds to the same amount of the wind power originally
proposed in Reference [21]. However, in this paper, these changes will double the wind installed
capacity from 1526 to 3052 MW. This situation increases not only the wind integration in the IEEE
RTS-96 HW from 20 wind farms to 40 wind farms, but it also increases the total renewable generation
from 21.3% to 31.4%. The idea is to increase the variability without changing the flexibility of the
generation system. In the first phase, two wind farms have the same wind behavior. This means
that the same set of wind time-series as previously used (which corresponds to 20 different wind
time-series) will account for 40 wind farms. In the second phase, the number of wind time-series
will be doubled, where 40 different wind time-series will account for 40 wind farms. The whole
set of studies are identified with the case identification, number of series, and series geographical
identification, for example, C1-3S-US means Case 1 with three time series from the United States
of America.

4.1. The Conventional Reliability Evaluation

The conventional reliability indices, presented in Tables 4–7, have a coefficient of variation β ≤ 5%.
Despite the Validation Case, which is in accordance with Reference [21], Table 4 shows the first effects
of the changes performed on the IEEE RTS-96 HW test system.

Table 4. Static reserve-IEEE-RTS 96 HW with wind series.

IEEE-RTS 96 HW
Conv. Indices

Validation Case
(20 Wind Farms)

C1-3S-EU
(20 Wind Farms)

C1-3S-US
(20 Wind Farms)

C1-20S-US
(20 Wind Farms)

LOLE (h/y) 0.3456 0.5894 0.3934 0.2555
EENS (MWh/y) 66.49 117.60 77.89 47.95
LOLF (occ./y) 0.1360 0.3402 0.2332 0.1554
LOLD (h/occ.) 2.53 1.73 1.68 1.64

From a static reserve perspective, the effect of replacing the time-series from C1-3S-EU by
C1-3S-US (three wind series from Rock Mountains region) significantly reduces the reliability indices.
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This is explained by the fact that the time-series C1-3S-US provides additional available capacity
compared to time-series from C1-3S-EU. Also, by taking more time series in case C1-20S-US (20 wind
series), the reliability indices are improved significantly. This scenario highlights additional available
capacity provided by geographically dispersed wind farms and more importantly the impact of the
smoothing effect in the reliability indices.

Typically, system planning is performed based on static reserve calculations where the inherent
assumption is that all units are running all the time unless on planned or forced outage. However, it has
been shown for conventional generation that when actual operating considerations are considered,
the realized reliability may be different than the one calculated traditionally under the assumption of
all units available. Thus, for systems incorporating intermittent sources, it is important to examine
the reliability level achieved when operational situations are considered. From an operating reserve
capacity perspective, the wind forecasting error increased when the time-series from C1-3S-EU was
replaced by the one in C1-3S-US, resulting in more conservative estimates of reliability indices as
shown in Table 5. However, the effect of increasing the number of time-series from C1-3S-US to
C1-20S-US shows that wind diversity, at this level of penetration, can effectively improve operating
reserve capacity indices as shown in Table 5. In this case, the smoothing effect of wind farms has led
to a more reliable operation in terms of wind power penetration, reinforcing the theoretical benefits
referring to compensations between wind farms. There are two important points to be noted. The first
is that not considering the operating constraints can lead to more optimistic reliability indices and the
second is that in either case the diversification tends to improve the reliability.

Table 5. Operating reserve-IEEE-RTS 96 HW with wind series.

IEEE-RTS 96 HW
Conv. Indices

C1-3S-EU
(20 Wind Farms)

C1-3S-US
(20 Wind Farms)

C1-20S-US
(20 Wind Farms)

LOLE (h/y) 1.6401 2.4727 0.9246
EENS (MWh/y) 379.44 344.25 195.50
LOLF (occ./y) 1.1998 2.2176 0.7312
LOLD (h/occ.) 1.36 1.11 1.26

Additional scenarios considering 40 wind farms were analyzed in the IEEE RTS-96 HW. Results are
provided in Tables 6 and 7. By comparing cases C2-3S-US (Table 6) and Case C1-3S-US (Table 4),
where the wind power integration increases significantly and total thermal capacity decreases, it is
observed that the risk also increases. The ratio from 350/1526 (Thermal/Wind power) to 700/3052
remains the same, but the risk from C1-3S-US to C2-3S-US increases from 0.3934 to 0.6794 h/y This
highlights the importance of a good balance between wind and thermal generation in terms of capacity.
Similar results were obtained by comparing Tables 5 and 7. Moreover, when wind power integration
increased significantly (twice), the compensation effect caused by the relationship between wind farms
proved to be useful.

Table 6. Static reserve-IEEE-RTS 96 HW increasing diversity.

IEEE-RTS 96 HW
Conv. Indices

C2-3S-EU
(40 Wind Farms)

C2-20S-US
(40 Wind Farms)

LOLE (h/y) 0.6794 0.1291
EENS (MWh/y) 144.35 22.87
LOLF (occ./y) 0.3790 0.0823
LOLD (h/occ.) 1.79 1.56

As shown in Table 7, the comparison between the cases (C2-3S-US, C2-20S-US, and C2-40S-US)
has revealed that the beneficial effect of wind diversity on the operating reserve capacity is significant
considering a scenario with a high usage of wind power. In these cases, the relationship between wind
farms reduced the negative effect caused by the forecasting error in wind power integration.
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Table 7. Operating reserve-IEEE-RTS 96 HW increasing diversity.

IEEE-RTS 96 HW
Conv. Indices

C2-3S-US
(40 Wind Farms)

C2-20S-US
40 Wind Farms)

C2-40S-US
(40 Wind Farms)

LOLE (h/y) 2.7354 0.9822 0.7351
EENS (MWh/y) 556.39 123.26 130.35
LOLF (occ./y) 2.3057 0.9243 0.6362
LOLD (h/occ.) 1.18 1.06 1.15

4.2. Distributional Aspects of the Reserve Requirements

Before starting the discussion of this section, it is important to define reserve needs and unneeded
reserve in this context. Reserve needs consist of, within the simulation procedure, hourly observations
of the power required to cover load and wind power forecasting errors. Unneeded reserve means
hourly observations of the available power scheduled to cover the secondary reserve requirement,
but that are not effectively used. Figure 2 shows an example of the probability distribution functions
produced to analyze the reserve needs and unneeded reserve for the C1-3S-EU case of Table 5.
In general, one can interpret this case as follows: In Figure 2a, the range of the events of reserve
needs varies from 0 MW to 763 MW, where the most probable events of reserve needs are between
0 MW and 272 MW. From this latter value to 763 MW, the events of reserve needs have a small
probability of occurrence. In the same sense, in Figure 2b, the events of the reserve unneeded vary
from −861 MW to 0 MW, where the most probable events of unneeded reserve are between −246 MW
and 0 MW. From −246 MW to −861 MW, the events of unneeded reserve have a small probability of
occurrence. Replacing time-series does not affect the shape of the probability distribution functions
evaluated. In fact, only the range of the wind power forecasting error changes with this replacement.
From Figure 2a–f, it is possible to verify the impact that this level of wind power penetration has on
the total reserve needs.

The degradation of the operating reserve capacity indices shown in Table 5 (from C1-3S-EU
to C1-3S-US) can also be explained by the behavior of the wind power forecasting error. Figure 3
shows the probability distribution functions of the wind power forecasting error for the same cases
in Table 5. In cases C1-3S-EU and C1-3S-US, where the level of wind power integration remains
the same and the wind behavior changes, the main consequence was increasing the range of over
and under estimation events during the simulation procedure. In Figure 3a–c, the over estimation
events on the tail of the distribution functions have very low probabilities, increasing from 332 MW to
642 MW. In Figure 3b–d, the under-estimation events on the tail of the distribution function decrease
from −514 MW to −549 MW in the same comparison. Another effect is observed through the most
probable events; whereas in C1-3S-EU, the most probable events are in the interval between {0, 24} MW
and {−37, 0} MW, in case C1-3S-US are in the interval between {0, 148} MW and {−127, 0} MW.
The increments on reserve need to cope with the poor representation of the wind series (considering
only three series) to justify the degradation of the reliability indices from the perspective of the
operating reserve capacity (see Table 5). Nevertheless, Figure 3e–f highlights the importance of
representing wind diversity on wind power penetration studies. The compensation effect caused by the
relationship between wind farms, observed after increasing time-series from C1-3S-US to C1-20S-US,
can be confirmed through the probability distribution functions of wind power forecasting errors.
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The range of the most probable events in both cases decreases significantly; whereas in C1-3S-US
(Figure 3c), the most probable events are inside the interval between {0, 148} MW, in case C1-20S-US
(Figure 3e) are inside the interval between {0, 66} MW. This is also reflected in Table 5 through the
decrease of the risk indices. Undoubtedly, the relationship between wind farms can effectively bring
benefits to wind power integration.
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5. Conclusions

The strong dependence of wind power on meteorological conditions creates a volatile and variable
characteristic for this type of resource. Such dependence impacts on planning the integration of
additional generation plants and establishing reserve requirements. This paper presents the application
of operating reserve to assess geographically dispersed outputs from different wind farms considering
the high uncertainty level introduced by a significant penetration of this resource.

From result analysis, simulations have shown that the increase of the number of time-series used
in the wind modeling caused the increase of operating reserve capacity. The smoothing effect due
to dispersed wind farms have led to a safer operation, reinforcing the expected theoretical benefit
referred to as compensation of wind production. One can verify that not considering the operating
constraints can lead to more optimistic reliability indices and the diversification tends to improve the
reliability. By comparing cases where wind power integration increases significantly and total thermal
capacity decreases, it is observed that the operating risk also increases. This highlights the importance
of an adequate balance between wind and thermal generation in terms of capacity. The compensation
effect caused by the geographic dispersion of wind farms has been confirmed through the estimated
probability distribution functions of wind power forecasting errors. The estimated probability
distribution of reserve needs also provided ranges for the most probable events of interest.
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Although the idea of smoothing the variation by independent or negatively correlated outputs
has been discussed in the literature earlier, this paper proposes a quantitative approach based on an
operating reserve perspective. This provides two insights: First, it shows that whether we use static
reserve or operating reserve calculations, the geographical dispersion is conducive to a smoother
output and an improvement in reliability. The second is that the reliability may be affected by shortages
due to forecast errors and forced outages. The application of wind time series in the SMCS is devised
to improve adherence to reality within the simulation procedure. Also, the production of the units
depends also upon the nominal capacity of the generation machines and their availability at each time
instant. The impact of geographic dispersion in the reliability indices is computed in the sense that
several different patterns, not necessarily directly correlated, may provide a smoothing effect in the
total wind production. If a composite reliability evaluation, with transmission line representation,
would be the subject of study, the simulation of time correlations for close wind farms would be strictly
necessary. This will be a subject of future works alongside the representation of electrical vehicles and
risk analysis.

Author Contributions: M.A.d.R. conceived of the present idea. F.M.C.d.S.S. and L.E.B. developed the
methodology and performed the computations. F.M.C.d.S.S. wrote the manuscript with support from D.I.
and L.E.B., T.d.M.M.B. and M.A.d.R. supervised the finding of this work. All authors discussed the results and
contributed to the final manuscript.

Funding: This research was funded by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior
(CAPES) and the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq). The APC was funded
by the authors.

Acknowledgments: The authors would like to acknowledge CAPES, CNPq, and INESC P&D Brazil,
for supporting this research activity. A special thanks also to Jean Sumaili, Leonel Carvalho, Carmen Borges and
Channan Singh by discussions and ideas.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tazi, N.; Châtelet, E.; Bouzidi, Y. Using a Hybrid Cost-FMEA Analysis for Wind Turbine Reliability Analysis.
Energies 2017, 10, 276. [CrossRef]

2. Hossain, M.L.; Abu-Siada, A.; Muyeen, S.M. Methods for Advanced Wind Turbine Condition Monitoring
and Early Diagnosis: A Literature Review. Energies 2018, 11, 1309. [CrossRef]

3. Zhao, Y.; Li, D.; Dong, A.; Kang, D.; Lv, Q.; Shang, L. Fault Prediction and Diagnosis of Wind Turbine
Generators Using SCADA Data. Energies 2017, 10, 1210. [CrossRef]

4. Yang, H.; Wang, L.; Zhang, Y.; Qi, X.; Wang, L.; Wu, H. Reliability Assessment of Wind Farm Electrical
System Based on a Probability Transfer Technique. Energies 2018, 11, 744. [CrossRef]

5. Teh, J. Adequacy Assessment of Wind Integrated Generating Systems Incorporating Demand Response and
Battery Energy Storage System. Energies 2018, 11, 2649. [CrossRef]

6. Tomczewski, A.; Kasprzyk, L. Optimisation of the Structure of a Wind Farm—Kinetic Energy Storage for
Improving the Reliability of Electricity Supplies. Appl. Sci. 2018, 8, 1439. [CrossRef]

7. Tómasson, E.; Söder, L. Generation adequacy analysis of multi-area power systems with a high share of
wind power. IEEE Trans. Power Syst. 2018, 33, 3854–3862. [CrossRef]

8. Li, L.; Zhou, M.; Wang, D.; Huang, Y.; Han, Z. Universal Generating Function Based Probabilistic Production
Simulation Approach Considering Wind Speed Correlation. Energies 2017, 10, 1786. [CrossRef]

9. Chang, C.A.; Wu, Y.K.; Chen, B.K. Determination of Maximum Wind Power Penetration in an Isolated Island
System by Considering Spinning Reserve. Energies 2016, 9, 688. [CrossRef]

10. Leite da Silva, A.M.; Costa Castro, J.F.; Billinton, R. Probabilistic assessment of spinning reserve via
cross-entropy method considering renewable sources and transmission restrictions. IEEE Trans. Power Syst.
2018, 33, 4574–4582. [CrossRef]

11. Sulaeman, S.; Tian, Y.; Benidris, M.; Mitra, J. Quantification of storage necessary to firm up wind generation.
IEEE Trans. Ind. Appl. 2017, 53, 3228–3236. [CrossRef]

http://dx.doi.org/10.3390/en10030276
http://dx.doi.org/10.3390/en11051309
http://dx.doi.org/10.3390/en10081210
http://dx.doi.org/10.3390/en11040744
http://dx.doi.org/10.3390/en11102649
http://dx.doi.org/10.3390/app8091439
http://dx.doi.org/10.1109/TPWRS.2017.2769840
http://dx.doi.org/10.3390/en10111786
http://dx.doi.org/10.3390/en9090688
http://dx.doi.org/10.1109/TPWRS.2017.2773561
http://dx.doi.org/10.1109/TIA.2017.2685362


Energies 2018, 11, 2863 13 of 13

12. Chen, F.; Li, F.; Feng, W.; Wei, Z.; Cui, H.; Liu, H. Reliability assessment method of composite power system
with wind farms and its application in capacity credit evaluation of wind farms. Electr. Power Syst. Res. 2019,
166, 73–82. [CrossRef]

13. Degeilh, Y.; Singh, C. A quantitative approach to wind farm diversification and reliability. Inter. J. Electr.
Power Energy Syst. 2011, 33, 303–314. [CrossRef]

14. Moghaddam, S.Z. Generation and transmission expansion planning with high penetration of wind farms
considering spatial distribution of wind speed. Int. J. Electr. Power Energy Syst. 2019, 106, 232–241. [CrossRef]

15. Caralis, G.; Perivolaris, Y.; Rados, K.; Zervos, A. On the effect of spatial dispersion of wind power plants on
the wind energy capacity credit in Greece. Environ. Res. Lett. 2008, 3, 1–13. [CrossRef]

16. Drake, B.; Hubacek, K. What to expect from a greater geographic dispersion of wind farms?—A risk portfolio
approach. Elsevier Energy Policy 2007, 35, 3999–4008. [CrossRef]

17. Hasche, B. General statistics of geographically dispersed wind power. Wiley Wind Energy 2010, 13, 773–784.
[CrossRef]

18. Ortega-Vazquez, M.A.; Kirschen, D.S. Estimating the spinning reserve requirements in system with
significant wind power generation penetration. IEEE Trans. Power Syst. 2009, 24, 114–124. [CrossRef]

19. Anstine, L.T.; Burke, R.E.; Casey, J.E.; Holgate, R.; John, R.S.; Stewart, H.G. Application of probability
methods to the determination of spinning reserve requirements for the Pennsylvania-New Jersey–Maryland
interconnection. IEEE Trans. Power Appl. Syst. 1963, 82, 726–735. [CrossRef]

20. Matos, M.A.; Peças Lopes, J.A.; Rosa, M.A.; Ferreira, R.; Leite da Silva, A.M.; Sales, W.; Resende, L.; Manso, L.;
Cabral, P.; Ferreira, M.; et al. Probabilistic evaluation of reserve requirements of generating systems with
renewable power sources: The Portuguese and Spanish cases. Int. J. Electr. Power Energy Syst. 2009, 31,
562–569. [CrossRef]

21. Leite da Silva, A.M.; Sales, W.S.; Manso, L.A.F.; Billinton, R. Long-term probabilistic evaluation of operating
reserve requirements with renewable sources. IEEE Trans. Power Syst. 2010, 25, 106–116. [CrossRef]

22. AWS Scientific Inc. Wind Resource Assessment Handbook-Fundamentals for Conducting a Successful Monitoring
Program, 1st ed.; AWS Scientific, Inc.: Albany NY, USA, 1997.

23. Strbac, G.; Shakoor, A.; Black, M.; Pudjianto, D.; Bopp, T. Impact of Wind Generation on the Operation and
Development of the UK Electricity Systems. Int. J. Electr. Power Syst. Res. 2007, 77, 1214–1227. [CrossRef]

24. Rubinstein, R.Y.; Kroese, D.P. Simulation and the Monte Carlo Method. Wiley’s Series in Probability and Statistics,
1st ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 1981.

25. North American Electric Reliability Corporation. Special Report: Flexibility Requirements and Potential
Metrics for Variable Generation: Implications for System Planning Studies. Available online: https://www.
esig.energy/resources/ (accessed on 28 August 2018).

26. Lopes, V.S.; Borges, C.L.T. Impact of the Combined Integration of Wind Generation and Small Hydropower
Plants on the System Reliability. IEEE Trans. Sustain. Energy 2015, 6, 1169–1177. [CrossRef]

27. National Renewable Energy Laboratory, Wind Power Data. Available online: http://www.nrel.gov/
(accessed on 2 October 2017).

28. Kamath, C. Understanding Wind Ramp Events through Analysis of Historical Data. In Proceedings of the
IEEE PES T&D 2010, New Orleans, LA, USA, 19–22 April 2010.

29. Doherty, R.; OMalley, M. A new Approach to Quantify Reserve Demand in Systems with Significant Installed
Wind Capacity. IEEE Trans. on Power Syst. 2005, 20, 587–595. [CrossRef]

30. Kirschen, D.S.; Ma, J.; Silva, V.; Belhomme, R. Optimizing the Flexibility of a Portfolio of Generating Plants
to Deal with Wind Generation. In Proceedings of the 2011 IEEE Power and Energy Society General Meeting,
Detroit, MI, USA, 24–29 July 2011.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.epsr.2018.09.023
http://dx.doi.org/10.1016/j.ijepes.2010.08.027
http://dx.doi.org/10.1016/j.ijepes.2018.10.007
http://dx.doi.org/10.1088/1748-9326/3/1/015003
http://dx.doi.org/10.1016/j.enpol.2007.01.026
http://dx.doi.org/10.1002/we.397
http://dx.doi.org/10.1109/TPWRS.2008.2004745
http://dx.doi.org/10.1109/TPAS.1963.291390
http://dx.doi.org/10.1016/j.ijepes.2009.03.031
http://dx.doi.org/10.1109/TPWRS.2009.2036706
http://dx.doi.org/10.1016/j.epsr.2006.08.014
https://www.esig.energy/resources/
https://www.esig.energy/resources/
http://dx.doi.org/10.1109/TSTE.2014.2335895
http://www.nrel.gov/
http://dx.doi.org/10.1109/TPWRS.2005.846206
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Evaluation Approach 
	Impact of Wind Power Geographic Dispersion on Reserve Needs 
	Upscaling Model of Dispersed Wind Power 
	System Uncertainties Impact on Operating Reserve 

	Results and Discussion 
	The Conventional Reliability Evaluation 
	Distributional Aspects of the Reserve Requirements 

	Conclusions 
	References

