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1 Executive Summary 
The Ontario Power Authority (OPA), the Independent Electricity System Operator 
(IESO), and the Canadian Wind Energy Association (CanWEA) (jointly called the 
“Requesting Parties”) commissioned this wind integration study to aid in the 
development of the 20-year strategic Integrated Power System Plan (IPSP) for the 
province of Ontario. The strategic plan is intended to set the direction Ontario will 
take with regard to the mix of generation resources, demand response resources, 
and future transmission infrastructure needs. Renewable resources, such as wind 
generation, are likely to represent a more significant portion of the installed 
generation capacity in the future. This study examines the impact of moderate to 
significant penetration levels of wind generation on the operation of the Ontario bulk 
power system. 

The results from this study are based upon the scenarios developed in concert with 
the Requesting Parties. The scenarios, shown in Table 1.1, represent the potential 
future development of wind projects within Ontario. 

Table 1.1 Study Scenarios 

Scenario 
Number Description 

Nameplate as 
a % of Peak 
Hourly Load 

% of Total 
Yearly Energy 

1 
2009 Load plus 1,310MW of 
planned/existing nameplate wind 
capacity 

4% 2% 

2 2020 Load plus 5,000MW of 
nameplate wind capacity 17% 7% 

3 2020 Load plus 6,000MW of 
nameplate wind capacity 20% 8% 

4 2020 Load plus 8,000MW of 
nameplate wind capacity 27% 11% 

5 2020 Load plus 10,000MW of 
nameplate wind capacity 33% 13% 

 
A wide range of wind levels have been selected to help identify the incremental 
impact of wind on the Ontario power system. For each scenario, the incremental 
impact on generation scheduling and ramping, load following, regulation, and 
operating reserve requirements are assessed to maintain existing performance 
levels. In addition, the capacity value is determined for all scenarios. The results are 
summarized within this executive summary and described in detail in the following 
chapters. 
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1.1 Key Study Findings 
Below is a list of the key findings from the study results. The details of how these 
findings were derived can be found in subsequent chapters of this report.  

• The average capacity value of the wind resource in Ontario during the 
summer (peak load) months is approximately 17%. The capacity value ranges 
from 38% to 42% during the winter months (November to February) and from 
16% to 19% during the summer months (June to August). Since 87% of the 
hits (periods within 10% of the load peak) occur during the summer months, 
the overall yearly capacity value is expected to be heavily weighted toward 
the summer. The overall yearly capacity value is approximately 20% for all 
wind penetration scenarios. In other words, 10,000 MW of installed nameplate 
wind capacity is equivalent to approximately 2,000 MW of firm generation 
capacity. The capacity value is generally insensitive to the wind penetration 
level, mainly due to good wind geographic diversity and the fact that the 
various wind output levels are derived by scaling the same wind groups. 
Further explanation of capacity value results can be found in Chapter 4. 

• The results of the regulation analysis show that, in all scenarios, the 
incremental regulation needed to maintain current operational performance 
is small. With incremental regulation requirement defined as the increase in 
3σ of the net-load with and without wind, the increase in regulation is only 
11% with 10,000 MW of wind and 4% with 5,000 MW. This additional 
regulation could be handled within the current system operation framework.  
More detailed analysis and results can be found in Section 5.5.3.3. 

• Incremental load following requirements are more substantial due to 
increased variability in the 5-minute timeframe. The year 2009 load with 1,310 
MW of wind scenario could be easily accommodated with the existing 
generators. The year 2020 load with 5,000 MW of wind scenario shows a 17% 
increase in load following requirements. It is likely that online generators could 
provide this incremental requirement. Beyond 5,000 MW of wind, the 
additional load following requirement may exceed the capability of existing 
generators. It is important that any future supply mix strategy recognize that 
wind generators will likely displace more flexible generation resources and the 
remaining balance-of-portfolio resources must be able to accommodate this 
additional variability.  See Section 5.5.2.3 for more details. 

• The 10-minute operating reserve requirement is specifically tied to a single 
contingency, meaning that the reserve is meant to accommodate loss of a 
single unit, but not a simultaneous drop in generation and increase in load. 
Therefore, the 10-minute wind-alone variability was analyzed as a proxy for 
operating reserve requirements. The results show that with 5,000 MW of wind, 
the incremental operating reserve requirement is considered negligible but at 
higher wind penetrations, the incremental operating reserve requirement 
becomes more significant. The current largest contingency exposure on the 
Ontario bulk power system is 900 MW. For the 6,000 MW and 8,000 MW wind 
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penetration cases, the wind output dropped by more than 900 MW in ten 
minutes 4 times. With 10,000 MW of wind, the wind output dropped by more 
than 900 MW 10 times. The results indicate that an increase operating reserve 
requirement can be expected in order to accommodate extreme drops in 
wind generation for the high wind penetration scenarios.  See Section 5.4.4 for 
more detailed results. 

• For several of the scenarios, the minimum net-load point (with wind) is 
significantly reduced as compared to the minimum load-alone point. This has 
serious implications for the online generation resources during the low load 
periods and may require curtailment of wind power output or other mitigation 
measures. For the 10,000 MW scenario, wind energy output below the 
minimum load point represents 25% of the yearly energy. This is a significant 
proportion of the yearly energy output. If the minimum load-wind point drops 
far enough down into the generation stack, then only less maneuverable 
generation units may be left to serve the load. A complicating factor is that, 
during these low load-wind periods, the variability of the load-wind deltas is 
greater than the load-alone deltas. In other words, the maneuverability 
burden on the units serving the load during these periods is greater. These 
issues are further discussed in Sections 1.2.4 and 1.2.5. 

• For all wind scenarios, the increase in hourly and multi-hourly variability, as 
measured by σ, due to wind is relatively small (not more than 10% for any 
scenario). From an hourly scheduling point of view, even 10,000 MW of wind 
would not push the envelope much further beyond the current operating 
point. However, the amount and magnitudes of extreme one-hour and multi-
hour net-load changes are significantly greater with high wind penetration. 
With the addition of 10,000 MW of wind, the maximum one-hour net-load rise 
increases by 34%, and the maximum one-hour net-load drop increases by 
30%. This data indicates that with large amounts of wind, much more one-
hour ramping capability is needed for secure operation. Clearly the longest 
sustained ramping (up and down) occurs during the summer morning load 
rise and evening load decline periods. During these periods, (and others) the 
units may need to ramp continually over three or more hours.  For the year 
2020 load with 10,000 MW of wind scenario, the maximum positive three-hour 
load-wind delta increases by 17% and the maximum negative three-hour 
delta increases by 33%. The detailed results in Section 5.3.8 clearly illustrate 
the fact that units will have to undergo sustained three-hour ramping more 
often, and ramp further with the addition of large amounts of wind. 

• The analysis shows that sudden (less than 10-minute) province-wide 
interruptions of wind generation power output are extremely unlikely and do 
not represent a credible planning contingency.  When sudden changes in wind 
output do occur, the study shows that the spatial diversity of wind sites and 
wind groups would tend to limit the impact of individual site or group changes 
on the aggregate wind output. This includes the impact of extreme weather 
incidents such as windstorms and ice storms, which are two of the major 
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concerns for wind tower structural integrity. However, windstorms in the form 
of hurricanes or tornadoes, and ice storms that are capable of severely 
damaging or toppling a wind structure move at finite speeds and are not 
capable of “sudden” wholesale damage to structures across Ontario within 
“ten minutes or less”. Detailed analysis of extreme weather impacts can be 
found in Section 5.6 of this study. 

1.2 General Observations and Recommendations 
Clearly there is a potentially significant role for wind power in the future supply mix 
for the province of Ontario. The transmission and generation planning taking place 
today will largely determine the extent of this role. This study highlights areas of 
concern based upon the statistical behavior of load and wind. Effectively dealing with 
the highlighted issues will be challenging and involve a province-wide effort with key 
stakeholders. Below is a list of general observations and recommendations that are 
based upon our industry experience and the results of this and other wind integration 
studies we have completed. It is hoped that these recommendations will help the 
province of Ontario achieve its planning goals for wind generation. 

1.2.1 Data collection at wind plants 

One of most frustrating problems with evaluating the impact of wind generation on 
interconnected power grids is lack of adequate historical data from existing facilities. 
The problem is the same all across North America – wind generation facilities have 
been operating for several years, but historical records of wind generation output are 
either non-existent or are considered proprietary competitive information. Based on 
experience and data issues with this project and others, it is therefore recommended 
that: 

a. The Ontario IESO continue, and where necessary improve, its process to 
record and store power output data from all operating wind plants on a 
continuing basis.  The acquisition of site related meteorological data would be 
a valuable addition to the power output data. 

b. New wind plants continue to be required to provide power output signals to 
the IESO as part of their interconnection agreements, and that the signals and 
communication channels shall be adequately maintained to achieve high 
availability  (i.e., avoid gaps in data due to data acquisition or communication 
failures). 

Access to such historical data will enable the IESO to continually improve its 
understanding of the impact of wind plants on grid operation, and to better predict 
the impacts of higher penetrations of wind generation in the future.  This data will 
also serve as a basis to improve wind forecasting capability. 

1.2.2 Wind Plant Control Features 

As the results of this study demonstrate, increasing penetration of wind generation in 
a control area creates additional operational challenges. Consequently, advanced 
control features on wind plants (voltage regulation, low voltage ride through, 
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curtailment, frequency regulation, etc.) become increasingly important to maintaining 
balanced, stable and secure operation of the power grid. Even though some of these 
control features may not be necessary to achieve adequate grid performance in the 
near term, they will be critical in the future. Therefore, it is very important that all new 
wind facilities be required to include these features now, so that they will be equipped 
to perform the required functions when the grid needs them. Installing wind plants 
with “plain vanilla” control features now with the expectation of retrofitting advanced 
controls later is impractical. Some types of wind generation equipment may not be 
upgradeable in the future, and grid performance will ultimately suffer as a 
consequence. It is necessary to start installing wind generation equipment now with 
the control features that will be needed to maintain adequate grid performance in 
the future. 

1.2.3 Load Following Market 

Increased penetration of wind generation will inherently require more balance of 
generation maneuverability to handle the potential increase in net variability from 
wind plant output. Based on results from this study and other similar studies of other 
control areas, large penetration levels of wind power is expected to significantly 
increase the requirement for load following in the Ontario control area. There is 
concern that as wind penetration increases, the presently available load-following 
capability will be depleted and operating flexibility will be degraded. 

The IESO and OPA, each in their respective processes, have authority to require 
certain operational characteristics from generation, both existing and new.  However, 
to achieve the amounts of load following required in the future may require economic 
incentives which do not exist today.  In other markets this has been achieved through 
development of appropriate ancillary service markets.  The IESO should pursue 
technical studies to define the load following requirements of the Ontario system; 
from these studies OPA and IESO could consider all available alternatives to preserve 
and expand the load following capability of generation in Ontario. 

1.2.4 Low Load Period Considerations and Mitigation Measures 

The majority of this study focuses on the impact of increased variability on the overall 
system performance. Although the variability is extremely important in assessing the 
incremental operational requirements, an equally important issue is low load period 
considerations.  

There are often times throughout the year where the load is near its minimum and 
the wind production is quite high (such as early morning during a shoulder month). 
During such periods, the net load-wind level during the period could be up to 50% 
lower than the load-alone minimum point. In other words, the wind pushes the 
minimum load point lower than it ordinarily would be. This is illustrated in Figure 1.1 
below which shows the load duration curves for year 2020 load-alone, and for the 
net-load (load-wind) in each year 2020 wind penetration scenario. The minimum load 
point (13,953 MW) is represented by the heavy horizontal line. The figure shows that 
there are a number of hours during the year when load-wind drops below 13,953 
MW. Figure 1.2 is an enlargement of the area around the minimum load point which 



Ontario Wind Integration Study 

GE Energy  
10/24/06 OPA-Report-Final.doc 

1.6

shows the number of hours that net-load (for each scenario) dips below 13,953 MW, 
as well as the percent of wind energy below the minimum load line. For 10,000 MW of 
wind the net-load drops to less than 7000 MW, which is 50% less than the minimum 
load point for load-alone (13,953 MW).  
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Figure 1.1 Duration Curves for year 2020 Load and Various wind Penetration Scenarios 
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Figure 1.2 Magnification of Yearly Low Load Period for Load-Wind Duration  

If the supply mix during these low load periods does not have adequate ramping 
capability to adjust for the wind variability, the secure, stable operation of the power 
system could be compromised. 

Three points (low-load hour, median-load hour, and peak-load hour) were extracted 
from the duration curves for the load-alone and load with 10,000 MW of wind, and 
plotted in Figure 1.3. The impact of the wind seems insignificant at the peak-load 
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hour (1), marginal at the median-load hour (4380) and quite significant at the low-
load hour (8760). As shown in Figure 1.2, the load-wind is less than half the load-alone 
level at the low-load hour. 
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Figure 1.3 Impact of Wind on Remaining Load to Serve for Low, Median, and Peak Load Hours 

Figure 1.4 illustrates the impact of 10,000 MW of wind on the balance of generation 
mix, in particular the amount of non-dispatchable generation such as nuclear or 
minimum operating points on hydro and large coal plants. For the peak-load hour, 
median-load hour and low-load hour, the solid lines show the amount of available 
maneuverable capacity with no wind generation, and the dotted lines show the show 
the amount of available maneuverable capacity with 10,000 MW of wind. 
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Figure 1.4 Remaining Maneuverable Capacity with 10,000 MW of Installed Wind 
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The plots show that with load-alone, as the non-dispatchable capacity approaches 
14,000 MW for the low-load hour (8760), the maneuverable capacity approaches 
zero. At the median-hour (4380) and peak-hour (1), there is still “sufficient” 
maneuverable capacity available (6000 and 15,000 MW respectively) to meet system 
needs. 

With 10,000 MW of wind, at the low load hour (8760), the system runs out of 
dispatchable generation when the non-dispatchable generation is only at 6,000 MW 
– quite a bit sooner than the load-alone case. The wind generation has minimal 
impact at the peak-hour (1), but the median-hour (4380) is now more interesting. At 
14,000 MW of non-dispatchable generation, the amount of maneuverable generation 
at the median-hour has decreased by over 40%. This would indicate that at high 
penetrations of wind it might not be just a handful of low load hours that are cause 
for concern, but possibly up half the hours in the year. 

Figure 1.5 below expands the picture for hour 4380 to include the various levels of 
year 2020 wind penetration discussed in the study. Even with 5,000 MW of wind, at 
14,000 MW of non-dispatchable generation the amount of maneuverable generation 
at the median-hour is decreased by over 20%. 
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 Figure 1.5 Maneuverable Capacity at the Median Hour (4380) for Load-Wind Scenarios 

Figure 1.6 below plots the reduction in maneuverable capacity in the median hour as 
the amount of non-dispatchable generation is increased, for each load-wind 
scenario. Basically, the curves show the  percent differences between the no-wind 
curve (“Load”) and the load-wind curves (“Load - #K Wind”) in Figure 1.5 for various 
levels of non-dispatchable generation. For example, based on the previous 
discussion, when non-dispatchable generation is 14,000 MW, we expect Figure 1.6 to 
show a 40% reduction in maneuverable capacity for 10,000 MW of wind and about a 
20% reduction in maneuverable capacity for 5,000 MW of wind – which is the case. 
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Figure 1.6 Percent Reduction in Maneuverable Capacity at the Median Hour for Load-Wind Scenarios 

One way of using Figure 1.6 would be to set a limit on the amount of reduction 
allowed at the median-load hour to some specified value, for example 25%. Given a 
target wind penetration, this would define the maximum amount of non-dispatchable 
capacity that you would want on the system. For example, with wind penetration of 
10,000 MW, and maximum reduction in maneuverable capacity set at 25%, the 
maximum amount of non-dispatchable generation is less than 10,000 MW. 
Conversely, given the amount of non-dispatchable capacity planned in the future, 
this curve would define the maximum allowable wind penetration. 

This analysis has assumed that, for example, in an hour with 3,000 MW of wind 
generation the operator would back off a corresponding 3,000 MW of other 
generation, (which would decrease the maneuverability of the balance of generation). 
This would be necessary to maximize the economic value of the wind energy. 
Additional generation could be left on-line but this would not only reduce the value of 
the wind energy but could also lead to additional problems in low load hours because 
the system may not be able to back the generation down sufficiently to 
accommodate the wind energy. Higher penetration of wind resources would 
encourage the addition of fast-start, fast-ramping generation. 

1.2.5 Low Load Period Mitigation Measures 

The low load periods, illustrated in Figure 1.2, present a supply mix challenge that can 
be addressed in a number of ways: 

• Shed wind or use wind farm controls to provide flexibility – Shedding the 
wind is a generally undesirable solution to the low load issue. For the 10,000 
MW wind scenario, roughly 24% of the yearly wind energy output occurs 
below the load-alone minimum of 13,953 MW (see Figure 1.2). Rejecting or 
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“throwing away” 24% of the wind energy produced in Ontario is inefficient and 
lessens the overall economic value of the wind farms for developers, the IESO, 
and the OPA. Advanced controls that control wind farm ramping rates and 
wind farm power output may afford system operators the flexibility needed to 
reasonably curtail power output and retain nearly the full value of the wind 
farm. This control, along with other mitigation measures, will significantly 
improve performance during those critical low load periods discussed earlier. 

• Export wind output to other control areas – Neighboring utilities may be in a 
position to take the excess wind production during low load periods. However, 
many of Ontario’s neighbors also have an interest in increasing the amount of 
wind generation on their systems. If Ontario’s neighbors have similar 
penetrations to those explored in this study, then they, too, will be faced with 
the same low load issues and be looking for ways to deal with excess wind 
production. 

• Modify the load by adding loads during the low load periods – There has 
been significant industry discussion regarding the complementary nature of 
wind and pumped storage hydro. While this is true, the market mechanism to 
exploit this natural fit is generally non-existent and the potential applications 
for pumped storage are limited. Instead of, or in combination with wind 
curtailment, adding load during the low load hours may help to lessen the 
impact on the online dispatchable generation resources. Pumped storage 
represents a potentially significant load that may help offset the need to 
curtail wind power output. The hydro stored energy could then be dispatched 
during periods where the load is near peak or the wind power output is low. 
Other future potential load modifications include, but are not limited to 
hydrogen production, large battery recharging, and ice production for daytime 
cooling. 

• Develop a more accommodating supply mix – No mitigation measure is a 
replacement for a good supply mix strategy that addresses the low load issue. 
As the load moves down in the dispatch stack, the remaining generation will 
be subjected to increased ramping (both up and down) requirements due to 
the wind. A comprehensive plan to handle this additional ramping capability 
will reduce the number of other mitigation measures necessary, and maximize 
the value of all generation resources. 

1.2.6 The Importance of Wind Farm Diversity 

The importance of wind farm geographical diversity cannot be understated. These 
study results have assumed a wind group diversity that is aligned with previous wind 
study work performed by others. The results have demonstrated that good spatial 
diversity would virtually ensure that sudden disruptions in the aggregate wind output 
in the control area would not occur. The OPA and the IESO should encourage spatial 
and temporal diversity in the development of wind projects. 
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1.2.7 Area Congestion and Balancing 

The study results show substantial benefits from spatial diversity within Ontario.  As 
noted in the previous discussion, incentives to distribute wind projects throughout the 
system will reduce the risk and potential impacts of sudden common-mode 
disruptions.  In practice, variations in power output from single wind plants or local 
groups of wind plants have the potential to create local or area operations problems.    
For example, the western portions of the province presently have limited 
transmission tying that area to the more tightly interconnected portions of the 
Ontario grid to the east.   Wind variations within a subsystem can create incremental 
variation on tie lines (beyond that associated with load variation).  If these variations 
drive tie lines against constraints (thermal or stability), then balancing requirements 
within the region may expand.  Under some conditions, these area balancing 
requirements may exceed the capability of available resources.   

When examining these area control issues, there is a critically important distinction to 
be drawn between those which impact system security and those which only impact 
current operating practice.  When practice aimed at satisfying intra-area schedules 
are driven by jurisdictional or historical considerations, it is possible to reach the 
erroneous conclusion that the increases in variability and decrease in balancing 
resources within a particular area due to increased wind penetration make the 
system inoperable.   Relaxed or otherwise modified scheduling constraints may be 
adopted without sacrificing security.  On the other hand, stability and thermal 
constraints must be respected, and including spatial diversity in planning for 
maneuverability in the balance of portfolio will be required 
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1.3 Overall Summary of Operational Variability 

Table 1.2 Summary of Overall Results 

Time Scale Technical Issue

Without 
Wind 

Generation
With Wind 
Generation

Without 
Wind 

Generation
With Wind 
Generation

Without 
Wind 

Generation
With Wind 
Generation

Without Wind 
Generation

With Wind 
Generation

Without Wind 
Generation

With Wind 
Generation

Years Capacity Value

Hours Scheduling (3-hour delta variability) -- -- σ = 2131 σ = 2179 (2.2%) σ = 2131 σ = 2214 (3.9%) σ = 2131 σ = 2254 (5.7%) σ = 2131 σ = 2310 (8.4%)
Largest 3-Hour Rise (MW) -- -- 6484 6838 6484 6919 6484 7023 6484 7586
Largest 3-Hour Drop (MW) -- -- -5526 -6012 -5526 -6539 -5526 -6904 -5526 -7339

Scheduling (1-hour delta variability) σ = 689 σ = 690 (0.2%) σ = 781 σ = 804 (3%) σ = 781 σ = 818 (5%) σ = 781 σ = 837 (7%) σ = 781 σ = 865 (10%)
Largest Hourly Rise (MW) 2484 2511 2813 2857 2813 2853 2813 3414 2813 3780
Largest Hourly Drop (MW) -2029 -2101 -2338 -2398 -2338 -2666 -2338 -2730 -2338 -2990

Minutes
Operating Reserve (10-minute delta 
variability) σ = 133 σ = 137 (3%) σ = 150 σ = 178 (19%) σ = 150 σ = 189 (26%) σ = 150 σ = 203 (35%) σ = 150 σ = 229 (53%)
Largest 10-minute Rise (MW) 836 810 947 1009 947 997 947 1265 947 1468
Largest 10-minute Drop (MW) -992 -934 -1124 -1114 -1124 -1341 -1124 -1369 -1124 -1460

Load Following (5-minute delta 
variability) σ = 96.8 σ = 100.1(3.4%) σ = 109.7 σ = 128.2 (17%) σ = 109.7 σ = 136.1 (24%) σ = 109.7 σ = 145.2 (32%) σ = 109.7 σ = 161.3 (47%)
Incremental Requirement (MW/5-
minute)

Regulation (1-minute delta variability) σ = 44.7 σ = 45.1(0.9%) σ = 50.7 σ = 52.6 (4%) σ = 50.7 σ = 53.4 (5%) σ = 50.7 σ = 54.5 (6%) σ = 50.7 σ = 56.5 (11%)
Incremental Requirement (MW/1-
minute)

155

Cap. Value = 20% Overall, 
38% in Winter and 18% in 

Summer

Cap. Value = 20% Overall, 
42% in Winter and 17% in 

Summer

10 56 80 107

2020 Load w/5000MW of Wind

Cap. Value = 20% Overall, 41% 
in Winter and 17% in Summer

2020 Load w/8000MW of Wind

Cap. Value = 20% Overall, 41% 
in Winter and 17% in Summer

2020 Load w/6000MW of Wind

Cap. Value = 19% Overall, 
42% in Winter and 16% in 

Summer

2020 Load w/10000MW of Wind

1 6 9 12 18

2009 Load w/1310MW of Wind
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2 Introduction and Background 
In recent years, wind generation has become a very attractive alternative to 
traditional power generation technologies. Several regions of the world, such as 
Germany, Spain, and Denmark, have successfully accommodated large penetrations 
of wind resources and the global trend is toward more wind in the future. A February 
2006 press release from the Global Wind Energy Council (GWEC), proclaimed that 
2005 was another record year for the wind industry with installations totaling 11,769 
MW, and the amount of wind capacity added to the Canadian bulk power system 
increased by 53% in 2005.1 In the release, Robert Hornung, President of the Canadian 
Wind Energy Association (CanWEA), stated, “Canada’s wind energy industry is growing 
by leaps and bounds – and that’s great news for Canadians who research shows are 
strongly in favor of wind energy.” Although wind generation offers significant 
environmental advantages and zero-cost fuel, there are unique technical and 
operating considerations when integrating large amounts of wind generation into 
conventional bulk power systems.   

In order to accurately assess the operational challenges presented by large amounts 
of wind, it is important to characterize the output of the wind farm sites identified by 
the Requesting Parties. AWS Truewind, which provides services for wind resource 
modeling and assessment, site identification, turbine layouts, and wind energy 
production forecasts, among others, was contracted to generate the wind power 
production profiles based upon data provided by wind developers in Ontario. 

The overall objective of this study is to analyze the impact of wind generation on 
Ontario’s bulk power system operation, without transmission constraints, for various 
wind penetration scenarios: 1310 MW by year 2009 and 5,000 MW, 6,000 MW, 8,000 
MW, and 10,000 MW by year 2020.  To accomplish this goal, the study focuses on the 
following key areas: 

• Assessment of wind resource 

• Determination of impact of wind resource variability on bulk power system 
operation for identified scenarios 

• Determination of the capacity value of the wind 

• Assessment of sudden weather changes on wind power production 

The balance of this report consists of four main chapters that address the focus 
areas above. Chapter 3 details the development of the wind production data, Chapter 
4 analyzes of the wind capacity value, Chapter 5 assesses of the statistical variability 
of wind, load and combined load and wind, and discusses the impact of load and 
wind variability on the Ontario bulk power system operations (without considering 
transmission constraints). In addition, there are several Appendices with supporting 
material. 

                                                 
1 GWEC, Record year for wind energy: Global wind power market increased by 40.5% in 2005, February 2006, 
http://www.gwec.net/index.php?id=30&no_cache=1&tx_ttnews%5Btt_news%5D=21&tx_ttnews%5BbackPid%5D
=4&cHash=d0118b8972   
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2.1 Terminology and Nomenclature 
The study of large penetrations of wind generation on the bulk power system is a 
relatively new and evolving field. As such, the nomenclature and terminology used in 
studies varies widely. The following is a set of terms used throughout this report with 
their associated definition: 

• Capacity Value (%) = Average hourly wind power output during the periods 
when load is within 10% of its peak. This is per unit of wind nameplate rating. 

• Load-Wind = Simply the load minus the wind power output. This is sometimes 
called the net load. 

• Deltas (∆) = Difference between successive data points in a series (load, wind 
or load-wind) 

• σLoad (x min or hour) = The standard deviation of the load deltas (∆) for a time 
period of x minutes or hours 

• σLoad-Wind (x min or hour) = The standard deviation of the load minus wind 
deltas (∆) for a time period of x minutes or hours 

• 3σx = Three times the standard deviation of the deltas (∆) for the period x or 
99.73% of all values in a normally distributed population. This is used to define 
incremental requirements to maintain existing performance 

• Regulation = Adjustment of generation units to accommodate minute-to-
minute system variations. Incremental regulation requirements to maintain 
existing performance is defined as the difference between the 3σ (1min) for 
load-alone and load-wind. 

• Load Following = Adjustment of generation units to accommodate 5-minute 
system variations. Incremental load following requirements to maintain 
existing performance is defined as the difference between the 3σ (5min) for 
load-alone and load-wind. 

• Operating Reserves = The amount of generation necessary to compensate 
for the loss of the largest single generation unit connected to the bulk power 
system. Additional operating reserve requirements are a function of the 
largest (positive) load-wind delta and the maximum wind-alone drop over a 
10-minute period. 

• Max. Positive Delta (∆) = The maximum positive (increase) difference between 
two successive points in a series of data (load, wind or load-wind). 

• Max. Negative Delta (∆) = The maximum negative (decrease) difference 
between two successive points in a series of data (load, wind or load-wind). 
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2.2 Operational Impact Review 
The power system is an interconnected dynamic system, subject to continuously 
changing conditions, some of which can be anticipated and some of which cannot. 
From a control perspective, the load is the primary independent variable – the driver 
to which all the short-term controllable elements in the power system must be 
positioned and respond. There are annual, seasonal, daily, minute-to-minute and 
second-to-second changes in the amount (and nature) of load served by the system. 
The performance of the power system is highly dependent on the ability of the 
system to accommodate expected and unexpected changes and disturbances while 
maintaining quality and continuity of service to the customers. 

As illustrated in Figure 1.2, there are several time frames of variability, and each time 
frame has corresponding planning requirements, operating practices, information 
requirements, economic implications and technical challenges. Much of the analysis 
presented in this report is aimed at quantitatively evaluating the impact of significant 
wind variability in each of the time frames on the performance of the Ontario bulk 
power system. 

Figure 2.1 shows four timeframes covering progressively shorter periods of time. In 
the longest timeframe, planners must look several years into the future to determine 
the infrastructure requirements of the system. This timeframe includes the time 
required to permit and build new physical infrastructure. In the next smaller 
timeframe, day-to-day planning and operations must prepare the system for the 
upcoming diurnal load cycles. In this time frame, decisions on unit commitment and 
dispatch of resources must be made. Operating practices must ensure reliable 
operation with the available resources. During the actual day of operation, the 
generation must change on an hour-to-hour and minute-to-minute basis. This is the 
shortest timeframe in which economics and human decision-making play a 
substantial role. Unit commitment and scheduling decisions made the day ahead are 
implemented and refined to meet the changing load. In Ontario, the economic 
dispatch process issues load following commands to individual generators at 5-
minute intervals. In the shortest time frame (at the bottom of the figure), cycle-to-
cycle and second-to-second variations in the system are handled primarily by 
automated controls. The system automatic controls are hierarchical, with all 
individual generating facilities exhibiting specific behaviors in response to changes in 
the system that are locally observable (i.e. are detected at the generating plant or 
substation). In addition, a subset of generators provide regulation by following 
commands from the centralized automatic generation control (AGC), to meet overall 
system control objectives including scheduled interchange and system frequency. 

In this study the operational impact of load and wind variability on the Ontario bulk 
power system is determined in each of the following timeframes: three-hour – 
sustained ramping; one-hour – generation scheduling; ten-minute – operating 
reserves requirement; five-minute – load-following requirement; one-minute – 
regulation requirement. 
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Figure 2.1 System Planning and Operations Overview 
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3 Wind Production Profiles 

3.1 Introduction 

This section describes the methods AWS Truewind has used to produce the 10-
minute and 1-minute wind energy production data used in this study. The goal of 
wind production profile creation was to model the time-varying behavior of wind 
generation in a realistic manner, taking into account existing and planned wind 
projects in Ontario, and likely areas for future wind development. This was 
accomplished using wind data collected by project developers at numerous sites in 
the province.  

3.2 Input Data 
The NDA template, which was provided by the OPA, restricts the use of the data to 
this study, and bars AWS Truewind from releasing the data to others (including GE 
Energy and the Requesting Parties) except if aggregated with data from other masts 
so that no single mast can be identified. This and other restrictions in the NDAs 
prevent AWS Truewind from revealing specific information about wind monitoring 
stations, but they can be described a general way. 

The developers provided usable data from 34 tall towers in Ontario. The sites 
represent most of the areas under active development today. However the density of 
coverage varies greatly. Some areas, such as the shores of Lake Ontario and Lake 
Erie (six stations), the eastern shore of Lake Huron (10 stations), points between Lake 
Erie and Georgian Bay (seven stations), and the eastern and northern shores of Lake 
Superior (eight stations), are relatively well represented, whereas others that are of 
interest for project developers (or may be so in the future) are represented by few or 
no masts. The lack of coverage in some development areas and the overall excess of 
projects over masts reduce the geographic diversity observed in the wind data, as 
further discussed in Section 5.6. 

The temporal coverage of the data varies as well. A specific goal of this task was to 
produce a data set spanning at least one continuous year to enable GE Energy to 
assess the impacts of wind on the power system operation in every season. To this 
end, AWS Truewind requested as much data as possible from the developers for 
periods between September 2003 and the present. After aligning the time stamps of 
the data files and flagging gaps, it was determined that 2005 had the best data 
recovery overall and would therefore be the most suitable period for the study. 
Nevertheless, three of the stations had poor data recovery in 2005 and had to be 
dropped, leaving 31. 

Although all of the data used had been validated (quality-controlled) in advance, it 
was still reviewed to check for unrealistic values. All missing or presumably invalid 
data were then replaced (reconstructed) in two steps. Firstly, gaps of less than six 
hours were filled in by interpolating between the nearest valid data records before 
and after the gaps. Secondly, for gaps greater than 6 hours, linear regression relating 
valid wind speeds at each mast (the target mast), concurrent speeds at the other 
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masts (the replacement masts) were performed to reconstruct the missing data. For 
each target mast, the replacement mast with the highest correlation to the target 
was used. If that replacement mast had gaps in some of the same periods, the mast 
with the next highest correlation was used and the process was repeated until all the 
gaps were filled.  

Missing temperature records were reconstructed in a similar manner. (The 
temperature, along with the elevation, determines the air density.) Direction data 
were reconstructed as well, although since direction has only a secondary influence 
on the predicted plant output, direct substitution was used in that case. 

The end result was a set of data files containing a complete year of 10-minute wind 
speed, direction, and temperature data for each of the 31 wind monitoring stations. 
These data files formed the basis for the estimation of the 10-minute wind plant 
output, and subsequently the 1-minute output. 

3.3 Assignment of Stations to Planned and Future Project Sites 

The next step in the analysis was to assign the stations to existing, planned (“signed”), 
and future projects. AWS Truewind obtained the locations and MW rated capacities 
of the existing, signed, and future projects from “Analysis of Future Wind Farm 
Development in Ontario,” a report prepared by Helimax Energy, Inc., for the Ontario 
Power Authority in March 2006. The future project sites were chosen by Helimax 
through a GIS-based site-screening process using the Ontario Wind Atlas to estimate 
plant energy production. Helimax provided GIS files showing the locations of both the 
signed and future projects. The Helimax report identified 12 signed projects totaling 
1,310 MW and 60 sites representing an additional potential of 8,191 MW. 

The Helimax report also listed projects that are proposed or under development, but 
are not signed. There are 61 such projects2, with a total rated capacity of 5,168 MW. 
These projects were not modeled in this study. In addition, we ignored six currently 
operating projects listed in the Helimax report were not included since they have a 
combined rated capacity of only 14.6 MW. 

Following this, wind-monitoring stations were assigned to the Helimax sites. The main 
criterion was geographic proximity, although other factors (such as whether a 
particular site and station were both near a lake shore) were also considered. 
However, it was not possible to have a one-to-one correspondence between the 
stations and sites. One reason is that some sites are not near any stations. Four of the 
future sites were dropped for this reason. This reduced the number of future sites 
from 60 to 56 and the total rated capacity of future projects from 8191 MW to 7417 
MW (the signed projects were unaffected). Another complication was that there are 
fewer wind monitoring stations than project sites. Thus, one station must often be 
assigned to more than one site. Finally, in some areas there were more stations than 
there were nearby project sites. Four stations could not be used for this reason, 
leaving a total of 27. 

                                                 
2 The data obtained by Helimax was from public records 
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3.4 Conversion to Plant Output 

Once the stations were assigned to the Helimax sites, the 10-minute wind speeds 
from the stations were scaled (adjusted by a constant ratio) in such a way that, for 
each site, the mean speed for the corresponding station matched Helimax’s 
estimated speed. For the signed projects, Helimax did not provide an estimate of the 
mean speed, so AWS Truewind relied on their own estimates extracted from the 
Ontario Wind Atlas. The average adjustment ratio was 1.10, and the minimum and 
maximum adjustments were 0.85 and 1.36, respectively. The fact that the average 
ratio was greater than 1.0 is to be expected, since most of the wind data were 
collected at heights below the assumed 80 m turbine hub height. 

The wind speeds were then reduced by a directional loss factor ranging from 6% to 
10%. This factor is intended to represent, in part, the impact of upwind turbines on 
the wind speed experienced by downwind turbines; this impact, or wake loss, 
typically varies by direction because of unequal spacing of turbines parallel and 
perpendicular to the prevailing wind direction. The loss factor also incorporates the 
effects of blade soiling and icing, which reduce turbine efficiency. 

The air density for each 10-minute record at each site was also estimated using the 
temperature data from each station and the site evaluations. The amount of energy 
produced by a wind turbine for a given wind speed varies with the air density. 

Next, the wind speed for each 10-minute record for each site was applied to the 
generic 3 MW wind turbine power curve assumed in the Helimax study. To account 
for the air density, the wind speed was scaled by the cube root of the ratio of the site 
air density to the nominal (sea-level) air density at which the power curve was 
specified. The output was then scaled up according to each project’s assumed rated 
capacity.  

Finally, the plant output was reduced by 4% to account for normal plant electrical 
and availability losses. The combined loss, including wakes, blade soiling and icing, 
and electrical and availability losses, ranged from about 12% to 16%, a typical range 
for large wind projects in this region.  

3.5 Aggregation of Output Data 

In order to disguise the data from individual stations (in conformance with the NDAs), 
it was necessary to aggregate the output of individual sites. In addition to the signed 
projects, which were combined into one group, AWS Truewind constructed 10 groups 
of new project sites with combined rated capacities ranging from 143 MW to 1792 
MW. The groups correspond to broad geographic areas, and are numbered starting 
from extreme western Ontario, moving across the northern shore of Lake Superior, 
and then moving south towards Lake Erie. The groups are listed in Table 3.2, along 
with their rated capacities and estimated net annual generation, and the 
approximate locations are shown in Figure 3.1. 

Helimax’s estimates of the net annual generation for each group are provided for 
comparison. On average, the estimates are about 5% lower than Helimax’s; the 
difference ranges from 2% to 7%. Since the mean wind speeds in this process were 
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scaled to match Helimax’s, the power curve is the same, and Helimax’s assumed loss 
– 15.6% - is comparable to that obtained here. The differences must be attributed to 
the use of observed wind speed distributions rather than the modeled Weibull speed 
distributions assumed by Helimax.  

Table 3.2 Wind Groups Constructed to Aggregate Site Data 

Group Region 
No. of 
Sites 

MW 
Capacity 

Annual 
Energy 
(GWh) 

Helimax 
Energy 
(GWh) 

1 Western Ontario 7 827 2044 2101 

2 Northern shore of Lake Superior 5 783 1817 1931 

3 Eastern shore of Lake Superior 10 1752 4303 4542 

4 North of Georgian Bay 9 1267 2985 3189 

5 Eastern shore of Georgian Bay 6 773 2004 2051 

6 Bruce Peninsula to Goderich 4 617 1498 1577 

7 Goderich to London 5 514 1163 1253 

8 Northern shore of Lake Erie 3 143 364 392 

9 Northern shore of Lake Ontario 2 292 698 742 

10 Lake Simcoe to Lake Nipissing 5 449 1094 1165 

Signed  12 1310 3388 NA 

Total  68 8727 21358  
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3 Eastern shore of Lake Superior 10 

4 North of Georgian Bay 9 

5 Eastern shore of Georgian Bay 6 

6 Bruce Peninsula to Goderich 4 

7 Goderich to London 5 

8 Northern shore of Lake Erie 3 

9 Northern shore of Lake Ontario 2 
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Figure 3.1 Location of Wind Groups 1 through 10 

3.6 Limitations of the 10-Minute Data 

As noted earlier, the lack of stations in some development areas and the overall 
excess of projects over stations reduce the geographic diversity represented in the 
data. This suggests that the wind generation profiles produced probably overstate 
the variability of the combined output of the wind projects. The degree to which the 
variability is overestimated is difficult to determine. However, it is likely that it is 
greatest for 10-minute fluctuations and that it decreases for longer time scales. Ten-
minute fluctuations are virtually uncorrelated between different wind project sites, 
even if they are just a few kilometers apart. Therefore, combining the output of 
several projects should greatly reduce the 10-minute fluctuations as a fraction of the 
total output. Having fewer stations than project sites implies that much of this 
“diversity benefit” may be lost in our simulated data at this time scale. 

On the other hand, over periods of several hours or more, wind fluctuations tend to 
be more correlated between projects spaced as many as hundreds of kilometers 
apart. On such time scales, the lack of geographic diversity in the data probably 
makes little difference to the overall variability of the combined plant output. 
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With some research, it might be possible to simulate the geographic diversity lacking 
in the present database using a time-filtering approach. This method recognizes that 
geographic diversity smoothes fluctuations in the wind, as fronts, storms, and other 
systems pass different project sites at different times. Simple geographic arguments 
may be used to construct a plausible method. Wind correlation and the impact of 
diversity on wind output over small time frames is further discussed in Section 5.6. 

3.7 One-Minute Data 

From an examination of the 10-minute wind data, twenty-four periods lasting from 3 
to 24 hours (totaling of 180 hours) were identified for one-minute data samples. To 
produce the required data, AWS Truewind used one-minute-resolution plant data 
from a 105 MW wind project in northwestern Iowa, which had been obtained for a 
previous project from the National Renewable Energy Laboratory (NREL). A computer 
program was then written to carry out the following tasks: 

• Extract one-minute deviations from the 10-minute trends in the data, 
excluding data flagged as invalid.  

• Identify several thousand three-hour consecutive blocks of one-minute 
deviations. 

• Scale the deviations up or down according to the size of the project to imitate 
the smoothing that occurs when the output of individual turbines is 
aggregated. (Since individual turbines experience uncorrelated one-minute 
fluctuations, the combined output of many turbines has a much lower overall 
variability, as a fraction of rated capacity, than a single turbine; furthermore, 
the greater the number of turbines in a project, the smaller the variability of 
their combined output. A logarithmic relationship, which was derived in the 
previous project, was employed between plant size and output variability.)  

• Apply the scaled fluctuations to the 10-minute data to produce simulated one-
minute wind plant data for each site for each of the desired periods. For each 
site and period, a different three-hour block of one-minute deviations was 
used to ensure zero correlation between sites. Furthermore, the blocks of 
deviations were chosen at random from the thousands previously identified, 
the only restriction being that the average capacity factor for the block 
chosen be similar to that of the site in the period chosen. (This last restriction is 
to ensure that the program faithfully captures the different patterns of 
fluctuation that occur at different points on a turbine’s power curve. In the 
middle of a turbine’s power curve, fluctuations in wind speed tend to produce 
relatively large changes in output; whereas at either end of the curve, the 
output becomes insensitive to speed and the fluctuations tend to disappear.) 

As a final step, the one-minute data for each site were aggregated to the same 
eleven groups, and the aggregated data was used for the operational analysis 
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4 Capacity Value Analysis 
The true capacity value of wind generators is often a source of great debate and 
concern among system operators. Wind generators are non-dispatchable resources 
because their power output varies according to the wind conditions at any given 
instant in time, and is difficult to predict or forecast with any degree of accuracy. The 
unpredictability of the wind is a reasonable concern that certainly has an impact on 
the overall value of the resource. Calculating the value of the wind during the highest 
risk periods throughout the year provides an assessment the value of the wind 
resource. The classical definition of capacity factor is the average power output 
during all the hours over a defined period of time divided by the nameplate rating of 
the generation resource. Capacity value is a measure of the generation resource 
output during critical periods throughout the year, such as when the load is within 
10% of its peak. PJM and NYISO define capacity value as the capacity factor during 
those hours of the day when the peak load is likely to occur in the peak months of 
June, July, and August. In this study, the capacity value is defined as the average 
hourly wind power output during the periods when load is within 10% of its peak. This 
is per unit of the wind power output nameplate rating. 

Unlike firm, dispatchable generation resources, wind generator output varies on a 
continuous basis.  Due to this variation, the value of the wind generator is a smaller 
percentage of the installed nameplate value when compared to fully dispatchable 
generators. In this study, the capacity value of wind is calculated as the average 
hourly wind power output during the periods when the load is within 10% of its peak.  
This value is presented as a percentage of the total installed nameplate value of the 
wind resources.  Based upon previous study3 results, this method of calculating 
capacity value has been found to provide results comparable to traditional loss of 
load expectation (LOLE) methods.   

As shown in Figure 4.1, the average overall capacity value is generally insensitive to 
the wind penetration level and ranges between 38% to 42% during the winter 
months (November to February) and 16% to 19% (June to August) during the summer 
months.  Good wind geographic diversity and the scaling of wind data from the same 
groups to derive overall wind power output tend to cause the insensitivity to 
penetration level. The overall yearly capacity value is approximately 20% for all 
scenarios.  In other words, 10,000 MW of installed nameplate wind capacity is 
equivalent to approximately 2,000 MW of firm generation capacity.  The average 
capacity value of 20% was arrived at both by looking at the contribution of wind 
when the loads were within 10% of the peak load as well as looking at the 
contribution during pre-selected hours in June, July and August.  Both of these 
methodologies look at the timing of the wind and are not sensitive to penetration 
levels.  We then determined the modified load after the addition of the first 5,000 MW 
of wind and used these values as the starting point to determine that the capacity of 
the second 5,000 MW of wind was reduced to only 16%, indicating that some slight 

                                                 
3 GE Energy, The Effects of Integrating Wind Power on Transmission System Planning, Reliability, And Operations, 
March 2004, http://www.nyserda.org/publications/wind_integration_report.pdf 
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saturation has taken place.  The overall capacity value is heavily weighted towards 
the summer value because nearly 87% of the hits (periods within 10% of the load 
peak) occur during the summer months.  The calculated capacity value is based upon 
a single year of wind and load data.  Given only one year of data, we are unable to 
provide a statistically based confidence level in the reported results.  As suggested in 
Section 1.2.1, it is recommended that wind capacity value be monitored to validate 
these results. 
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Figure 4.1 Wind Capacity Value vs. Wind Nameplate Capacity 

This section serves to provide background information on the methods used to arrive 
at these results and some additional analysis of the data. Although a detailed 
analysis was performed for all of the scenarios, the 10,000 MW wind scenario is 
presented in this section to exemplify the type of analysis completed for each 
scenario. 
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Table 4.1 Study Scenarios 

Scenario 
Number Description 

Nameplate as 
a % of Peak 
Hourly Load 

% of Total 
Yearly Energy 

1 
2009 Load plus 1,310MW of 
planned/existing nameplate wind 
capacity 

4% 2% 

2 2020 Load plus 5,000MW of 
nameplate wind capacity 17% 7% 

3 2020 Load plus 6,000MW of 
nameplate wind capacity 20% 8% 

4 2020 Load plus 8,000MW of 
nameplate wind capacity 27% 11% 

5 2020 Load plus 10,000MW of 
nameplate wind capacity 33% 13% 

 

4.1 Capacity Value Sensitivity to Wind 
With only a single year of synchronized wind and load data, it is possible that the 
sample year (2005) was not truly representative of a typical year, and the wind during 
the year was coincidently well matched (or unmatched) to the system peaks. In other 
words, by pure luck the wind power output just happened to be “good” (high capacity 
factor) during the top 10% of the load periods and, therefore, the calculated capacity 
value is not representative of future expectations. On the other hand, the sample 
could demonstrate an uncharacteristically low capacity value because the wind 
happens not to be present during the peak periods. The best scenario would be to 
perform the analysis with several years of historical wind and load data. Since this 
volume of historical data was not available, the next best method of evaluating the 
sensitivity of capacity value to wind and load coincidence is to temporally shift the 
wind power output. Shifting (see Appendix A, section 6.3) refers to the process of 
moving wind power data forward by 1, 2, or 3 days while leaving the load data intact. 
Wind power output at any given instant, time t, is linked (auto-correlated) to the 
power output at times t-1 and t+1. The coupling between time periods or 
“persistence” is quantified in terms of state transition probabilities. See Chapter 5 for 
more information on state transition probabilities. Shifting the wind data retains the 
temporal coupling of wind from one time period to the next while “simulating” a 
different wind pattern relative to the load. Figure 4.2 shows the results of shifting the 
wind by 1, 2, and 3 days on the overall capacity value of the wind, for the 2020 load 
with 10,000 MW of wind scenario. It also shows how the capacity value changes as 
the threshold for which the wind value is counted (per unit of peak) is modified. 
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Figure 4.2 Sensitivity of Capacity Value to Shifting of Wind - 2020 Load with 10,000 MW of Wind 

The results reported in the executive summary are the averaged capacity values 
calculated for each of the shifts (0, 1, 2, and 3 days) for a threshold of 0.9 per unit of 
peak (within 10% of the peak). In this case, the average overall capacity value is 20%. 
In other words, 10,000MW of wind has a value equivalent to 2,000 MW of firm 
generation. As can be seen in the figure, the capacity value is relatively insensitive to 
the per unit peak threshold until around 0.8 per unit. After 0.8 per unit, the curves 
begin to diverge and above 0.9 per unit, the curves become widely varied and 
separated. As the per unit of peak threshold is increased, the number of hours out of 
the year that are used to calculate the capacity value decreases until, at 1.0 per unit, 
only a single hour out of the year is being used for the calculation. This helps to 
explain why the capacity value varies significantly beyond 0.9 per unit (small number 
of data points). As the per-unit of peak threshold gets smaller (moving to the left 
along the x-axis), more and more of the hours are used in the calculations and, 
therefore, the capacity value approaches the overall yearly capacity factor. 

4.2 Monthly Capacity Value 
Seasonal changes in weather patterns can significantly impact the wind power 
output. It also has a significant impact on the characteristic load patterns. The 
variation of the capacity value on a monthly basis is evaluated in this section. As 
shown in Figure 4.3, with the threshold set at 0.9 per unit, the majority (over 80%) of 
the “hits” or number of periods during which the load exceeds 0.9 per unit of the peak 
occur during the summer months from June to August. This particular figure also 
shows the average capacity value for the no shift case. Figure 4.4 shows the capacity 
value on a monthly basis with shifting for 2020 load with 10,000 MW of wind. 
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Figure 4.3 Monthly “Hits” and Average Capacity Value for No Shift - 2020 Load with 10,000 MW of 

Wind, Threshold = 0.9 pu of Peak Load 
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Figure 4.4 Monthly Capacity Value with Shifting- 2020 Load with 10,000 MW of Wind, 

Threshold = 0.9 pu of Peak Load 

Although the number of hits is far fewer during the winter months, the power output 
during those periods is roughly twice the output during the summer month hits. Since 
Ontario is now a summer peaking province, these results are consistent with 
expectations. Even though the winter capacity value is 41% and the summer 
capacity value is 17%, the overall capacity value is only 20%. This is because the 
overall capacity value is heavily weighted towards the summer months since the 
majority of “hits” occur during those months. 
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4.3 Daily Capacity Value 
Another way to look at the capacity value is on a daily basis. What is the wind power 
output during the peak hours of the day? Figure 4.5 and Figure 4.6 show the number 
of hits and average capacity value for each hour of the day during the winter and 
summer months, for the 2020 load with 10,000 of wind, and threshold = .9 pu of peak. 

-

500

1,000

1,500

2,000

2,500

3,000

3,500

4,000

4,500

5,000

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Hours of Day

C
ap

ac
ity

 V
al

ue
 (M

W
)

0

2

4

6

8

10

12

14

N
um

be
r o

f H
its

Capacity Value (MW)
Number of Hits

 
Figure 4.5 Capacity Value and Hits During Winter Hours of the Day (No Shift) 
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Figure 4.6 Capacity Value and Hits During Summer Hours of the Day (No Shift) 

During winter from 5pm to 8pm, the load reached 90% of the yearly system peak 
roughly 29 times over the course of the year. At 5pm, the system load reached 90% 
of peak 9 times and the average wind power output was approximately 3,500 MW 
during that hour. Similarly, at 8pm there were 2 hits and the average wind power 
output was approximately 4,500 MW. During the summer, the number of hits are far 
greater and the capacity value is roughly half that of the winter months. However, in 
both seasons, the value of the wind during the peak hours of the day is generally 
consistent with the overall average winter and summer capacity values of 40% and 
20% respectively. 
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5 Statistical Variability and Operational Impact Analysis 
One of the key questions that this study addresses is, what is the impact of wind 
variation on the intrinsic load variability already experienced by the Ontario Bulk 
Power System? Power systems are dynamic, existing in a continuously changing 
environment, and are impacted by factors that change from second-to-second, 
minute-to-minute, hourly, seasonally and year-to-year. In the various time frames of 
operation, balance must be maintained between the load on the system and the 
available generation. The fact that the load is constantly changing means that its 
variability must first be understood in order to assess the impact of another variable 
element, (such as wind), on system operation. Statistics is an extremely useful tool for 
understanding and describing variation in data. 

5.1 Introduction to Descriptive Statistics 
Statistics (in particular, descriptive statistics) is the branch of mathematics that deals 
with characterizing the nature of random variables. A random variable is a quantity 
whose value is determined by the outcome of a random experiment. In this case, a 
random experiment can be as simple as sampling the system load at a particular 
time. In this example, the system load is the random variable, and the value of the 
load (MW) is the observation. Each time the load is observed (or sampled), the value 
will be different because -- load varies. This variation in load, driven largely by 
consumer behavior, has a distinct daily, weekly and seasonal trend that can be easily 
observed. For example, Figure 5.1 shows a typical winter daily load profile for the 
Ontario Power System. While each winter day exhibits a similar trend over the 24-
hour cycle, within smaller timeframes there is significant “random” variation around 
the daily trend, as shown in the one-hour window in Figure 5.1.  
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Figure 5.1 Typical Winter Daily Load Profile and Expansion of a One-Hour Window 

If a smaller time window were observed, the variations around the trend would be 
even more random in nature. If the data were de-trended, the residuals, i.e. the short-
term variations, could be more easily observed and studied without the influence of 
the long-term trend. 

One popular method of de-trending non-stationary time series data (data that have a 
trend in the mean) is to look at the differences or “deltas” between successive data 
points i.e. the difference in the value of the series at times t and t-1 This statistical 
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technique called “differencing” removes the long term trend in the mean of the data 
set, and exposes variation from one time period to the other. Figure 5.2 shows the 
result of “first differencing” for the typical winter daily load profile shown in Figure 5.1. 
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Figure 5.2 First Differences for a Typical Winter Daily load Profile and Expansion of a One-Hour Window 

The resulting stationary series created by taking first differences of the non-
stationary time series now has a mean of zero (or near zero) with the residuals or 
deltas varying in a “random” fashion about the mean (as shown in the one-hour 
window in Figure 5.2). Understanding the probability distribution of the load deltas is 
a very important part of describing the variation. A rational assumption (based on 
experience) is that the deltas are normally distributed about the mean. However, this 
assumption can be quickly checked by performing a normality test. 

A normality test generates a normal probability plot and performs a hypothesis test 
to examine whether or not the observations follow a normal distribution. Figure 5.3 
shows the results of a normality test for the load deltas in Figure 5.2. 
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Figure 5.3 Results of Normality Test on Load Deltas for a Typical Winter Daily Load Profile 
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On the probability plot in Figure 5.3, the cumulative distribution function (cdf) for a 
normal population (red line) appears to be a good fit for the cdf of the observed load 
deltas. The hypothesis test gives more confirmation. 

The null and alternative hypotheses are 

H0: load deltas follow a normal distribution  

H1: load deltas do not follow a normal distribution 

At significance level α = .05 (i.e. 5% chance of rejecting a true null hypothesis) 

 If P-value < .05, reject H0 (deltas not normal) 

 If P-value ≥ .05, do not reject H0 (deltas are normal) 

From the results of the Anderson-Darling normality test in Figure 5.3, P-value = .756, 
one can conclude that the distribution of load deltas for these 24 hours of 1-minute 
data are consistent with a normal distribution. A similar exercise with the wind deltas 
over a one-day time frame shows that they are not necessarily normally distributed, 
but the load-wind deltas are approximately normal. With a longer series of data that 
has lower resolution, there are factors, such as diurnal and seasonal periodicity, and 
data integration that could cause the normality test to fail. 

This chapter will examine and present the results of a statistical variability analysis of 
load, wind and combined load-wind with particular emphasis on the first differences 
(deltas) of the time series. The basic tools of descriptive statistics, mean and standard 
deviation will be used to assess and characterize the variability. 

5.2 Long Term Variability 
Over the course of a year, the load and wind vary significantly in magnitude and 
relative persistence. Figure 5.4 to Figure 5.7 show time series plots for 2020 load and 
10,000 MW of wind4 for the four representative seasonal months, January, April, July 
and October. (Plots of the other months are given in Appendix A). Each plot shows the 
time series for monthly load and wind on separate axes. The left axis gives the load 
magnitude and the right axis gives the wind magnitude. On each plot, the higher 
series (pink) is the load and the lower series (blue) is the wind. Because they are on 
different axes, the relative height of load and wind on each plot is meaningless, but it 
is revealing to compare the coincident phase relationship of the two series. It is also 
interesting to compare the load and wind magnitude across the four plots. 

These plots (along with the plots of the other 8 months) show a clear seasonal 
variation in load and wind over the year. Load is consistently higher in the summer 
and winter months than the fall and spring months, as expected, and has a clear 
diurnal cycle. In general, wind seems to be consistently lower in the summer and 
higher in the winter, with periods of high and low output in the fall and spring. Over 

                                                 
4 As explained in Appendix B, 10,000 MW of includes all the wind project groups plus the existing/signed wind. The 
wind variation across the year is expected to be similar for 5000, 6000 and 8000 MW of wind. As agreed upon with the 
Requesting Parties, 2020 load is a scaled up version of 2005 load so it has exactly the same shape and similar variation 
characteristics. 
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the course of a month, the wind has no obvious periodicity, but exhibits a fair amount 
of persistence, i.e. when it is high, it tends to stay high for a while.  

While there is no observable, consistent diurnal correlation between load and wind, 
the time series plots do suggest some seasonal correlation. During the winter months 
when load is high, wind output is also high (positive correlation), which will tend to 
boost the capacity value of wind, as was discussed in Chapter 4, Capacity Value 
Analysis. However, during the summer months when load is also high, wind output is 
low, which reduces the capacity value of wind (negative correlation). 

Within each month there is also a weekly pattern where load is lower on the 
weekend, and higher on weekdays. 
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Figure 5.4 January (Winter) Time Series Plots for 2020 load and 10,000 MW of Wind 

2020 Load - 10000 MW Wind - April Time Series Plot
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Figure 5.5 April (Spring) Time Series Plots for 2020 load and 10,000 MW of Wind 
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2020 Load - 10000 MW Wind - July Time Series Plot
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Figure 5.6 July (Summer) Time Series Plots for 2020 load and 10,000 MW of Wind 

2020 Load - 10000 MW Wind - October Time Series Plot
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Figure 5.7 October (Fall) Time Series Plots for 2020 load and 10,000 MW of wind 

The very long-term (daily, weekly, seasonal) variation in load and wind, while 
important for planning purposes, does not directly drive operation decisions 
concerning scheduling, dispatch/load-following, and regulation. These decisions are 
impacted by the behavior of load and wind in the multi-hourly, hourly and inter-
hourly (minute-minute) time frames. The next section will examine the details of 
three-hour, hourly, ten-minute and minute-to-minute load variation, wind variation 
and combined load-wind variation. Insights gleaned from this analysis will help 
determine the operational impact of various wind scenarios on the Ontario bulk 
power system. 
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5.3 Hourly and Multi-Hourly Variability 
In the hourly and multi-hourly time frames, variations in load and wind directly 
impact operations relating to unit commitment, generation scheduling and ramping 
requirements. In the Ontario electricity market, generation dispatch is performed 
every five minutes in response to the changing load and generation mix at the time. 
Wind generation, being low in the generation stack, is not dispatchable and would 
tend to either increase or decrease the load variation. In order to understand the 
additional operational burden imposed by wind, it is necessary to study the variation 
in the combined “Load-Wind” series and compare this to the variation in the “Load” 
series that the system is currently configured to operate under. For completeness and 
insight, the variation in the “Wind” series alone is also studied in some time frames. 
The implications of the results for operation are discussed in the Operational Impact – 
Scheduling and Ramping subsection. 

5.3.1 Daily Load Profiles 

Figure 5.8 shows the daily load profiles for the peak summer and winter days in 2005 
(i.e. before scaling to projected future levels). 
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Figure 5.8 Daily Load Profiles for Peak Summer and Winter Days, 2005 

The plots are based on the 1-minute resolution data provided by the IESO. These peak 
days are typical of the load shapes observed during the summer and winter on the 
Ontario system. The summer and winter load shapes show three distinct windows of 
variability that merit increased scrutiny because of how the load (and the wind) are 
behaving during that time. 

• Morning Load Rise – During the summer mornings from about 6 – 10 AM the 
summer load profile shows a rapid increase in load. The winter profile shows a 
less pronounced increase from about 6 – 8 AM. The morning load rise period is 
interesting from an operations point of view because (as discussed later in 
Section 5.3.4) the wind tends to drop in the mornings when the load is rising. 

• Winter Afternoon Load Rise – During the winter afternoons from about 4 – 6 
PM, the winter load profile shows a rapid load increase toward the early 
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evening peak. As with the morning rise, this window may be interesting if the 
wind is also changing and potentially aggravating the net load-wind 
variability. 

• Evening Load Decline – During the evenings from about 9 PM – 12 AM both 
summer and winter profiles show a characteristic decrease in load toward a 
minimum value in the early morning period. This evening decline period may 
be operationally challenging when wind variability is high, system load is low, 
and balance-of-generation has limited ramping capability. 

The next section examines the statistical variability of the load from hour to hour over 
an entire year and also within the three challenging daily load periods identified 
above. In a later section, the multi-hour variability will be examined. 

5.3.2 Hourly Load Variability 

The basis for examining the hourly load variability is the 2005 one-minute resolution 
data provided by the IESO (monthly time series plots of the data are included in 
Appendix A). The load was scaled up to the projected 2009 and 2020 levels by 
applying appropriate scaling factors (as discussed in Appendix B), then one-hour data 
was produced by averaging the load over 60 minutes. The 2009 and 2020 load series 
were de-trended by taking “first differences” to produce load deltas -- which are the 
differences between the load in successive hours. 

To produce a probability distribution of hourly load deltas for 2009 and 2020, the 
8,759 data points were sorted into 200 MW bins and plotted on a histogram. Figure 
5.9 shows the probability distribution of the 2020 one-hour load deltas.  
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Figure 5.9 Distribution of Hourly Changes for Year 2020 Load 

The distribution of the 2009 one-hour load deltas (not shown) is similar to the 2020 
load deltas, as expected, since they are both derived from the 2005 load data. In both 
distributions, the load deltas show significant spread around the mean and a slight 
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right skew. For the 2020 load delta distribution, there are 12 hours (.14%) where the 
load drops by at least 2,000 MW/hr compared to 126 hours (1.4%) where the load 
rises by at least 2,000 MW/hr. However the majority of load changes (95%) are less 
then ± 1600 MW/hr. Table 5.1 summarizes the descriptive statistics for one-hour 
changes in the two load series. 

Table 5.1 Descriptive Statistics for Year 2009 and 2020 One-Hour Load Changes 

 2009 Load 2020 Load 
Mean 0 0 
Std Dev (σ) 689 780 
Min Delta -2029 -2298 
Max Delta 2484 2813 
Points ≥ 3σ (-/+) 0 / 12 0 / 12 
Points ≥ 4σ (-/+) 0 / 0 0 / 0 

 

If the load deltas are normally distributed, it is expected that 99.7% of the 2020 load 
deltas will be within 3 standard deviations (σ) of the mean. Given that the observed 
standard deviation is 780, this would translate to .3% or about 26 hours when the 
2020 hourly load change is expected to be more than ± 2,340 MW. In the observed 
data, there were only 12 instances (.14%) when the 2020 load change was greater 
than ± 2,340. These 12 hours (all when the load is rising) would tend to present the 
greatest hour-to-hour operational challenge during the year. 

5.3.3 Hourly Wind Variability 

The aggregate wind variability is a result of the variability of the individual wind 
groups. As discussed in Chapter 3, Wind Production profiles, AWS Truewind provided 
one year of ten-minute sampled wind data for ten prospective wind groups and a 
group of existing/signed wind projects. The wind groups varied in size from 143 MW 
to 1752 MW and exhibited different variability characteristics based on the location 
and size of the wind projects/sites comprising the group.  

Monthly time series for four aggregate wind scenarios (5,000 MW, 6,000 MW, 8,000 
MW and 10,000 MW) were produced by combining and scaling the wind group data 
and the existing/signed wind projects as explained in Appendix B. The monthly time 
series for the 10,000 MW wind penetration scenario are included in Appendix A. When 
the individual wind groups were combined to create aggregate wind penetration 
scenarios, it was observed that the variability of the aggregate wind was somewhat 
reduced due to group diversity. This effect will be further explored in Section 5.6, 
Sudden Weather Change Analysis. 

Unlike the load, the wind output has no clear, consistent periodicity (although on 
average some diurnal cycling is observable), but instead tends to vary almost 
“randomly” over the course of a day. Figure 5.10 shows the daily wind generation for 
the 10,000 MW scenario during the peak summer and winter days in 2005, (the same 
days for which the load profiles were shown in Figure 5.8). 
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Figure 5.10 Daily Wind Generation (10,000 MW) for Peak Summer and Winter Days in Year 2005 

The plots show that the wind generation on the peak summer day in 2005 is 
consistently low whereas output increases steadily on the peak winter day. While 
other summer and winter days do not necessarily have the same pattern, there is a 
general tendency for wind to persist more in winter than summer (see Section 5.3.4, 
Load and wind Coincidence). 

Hourly wind data for the four wind penetration levels as well as the 1310 MW group 
were derived from the ten-minute wind data by averaging the wind output over a 60-
minute period. The monthly wind series for each wind scenario were de-trended by 
taking “first differences” to produce a series of wind hourly changes. 

Sorting the 8,759 data points for each scenario into 200 MW bins and plotting them 
on a histogram produced a probability distribution of hourly wind deltas. Figure 5.11 
shows the one-hour delta distribution for the 10,000 MW Wind scenario.  
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Figure 5.11 Distribution of Hourly Changes for 10,000 MW of Wind 
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The probability distribution for the other 2020 wind levels (5,000 MW, 6,000 MW, and 
8,000 MW) are similar to the 10,000 MW scenario since they are composed of 
basically the same groups with different scaling factors. The wind delta distribution 
for the 2009 wind level (1,310 MW) is likely to be different from the other scenarios for 
obvious reasons. The descriptive statistics for one-hour changes for the five wind 
penetration scenarios are summarized in Table 5.2. 

Table 5.2 Summary of Hourly Wind Variability for the Five Wind Generation Scenarios 

 1310 MW  
Wind 

5000 MW 
Wind 

6000 MW 
Wind 

8000 MW 
Wind 

10000 MW 
Wind 

Mean 0 0 0 -1 -1 
Std Dev (σ) 59 186 223 272 342 
Min Delta -397 -1028 -1291 -1404 -1769 
Max Delta 570 1290 1428 1634 2035 
Points ≥ 3σ (-/+) 62 / 51 57 / 58 47 / 56 43 / 50 46 / 54 
Points ≥ 4σ (-/+) 15 / 14 15 / 9 8 / 14 4 / 9 4 / 9 
Points ≥ 5σ (-/+) 3 / 2 1 / 1 1 / 2 2 / 1 2 / 1 
Points ≥ 6σ (-/+) 1 / 2 0 / 1 0 / 1 0 / 1 0 / 0 
 
As the level of wind output increases, the variability (as measured by the standard 
deviation) also increases, from 59 with the existing/signed wind, to 186 with 5,000 
MW of wind, and eventually 342 with 10,000 MW of wind. If the wind deltas are 
normally distributed, it is expected that 99.7% of the wind deltas will be within 3 
standard deviations (σ) of the mean. For 10,000 MW, this would translate to 26 hours 
when the hourly wind change is expected to be greater than ± 1026 MW. In the 
observed data for the 10,000 MW scenario, there were actually 100 hourly periods 
(1.1%) when the wind change was greater than ±3σ. Recall that for the load alone, 
there were only 12 hourly periods when the one-hour load change was greater than 
± 3σ. However, note that the load σ of 780 is more than twice the 10,000 MW wind σ.  

For all the penetration scenarios, on a relative basis, the wind exhibits more central 
tendency (less spread) than the load. Even for the highest wind penetration level 
(10,000 MW), the maximum one-hour change in wind output, 2,035 MW, is less than 
the maximum one-hour change in load alone, 2,813 MW (from Table 5.1).  

5.3.4 Load and Wind Coincidence 

The key to determining the impact of wind penetration on power system operation is 
the variability of the combined load and wind. Figure 5.12 and Figure 5.13 show the 
average daily load profiles for 2020 load and 10,000 MW of wind during 
representative months in the four seasons.  

The load and wind profiles are plotted together so that the average phase 
relationship between load and wind in the various seasons can be observed. Note, 
however, that the two curves are plotted on different y-axes (load on the left and 
wind on the right) so that the variation in wind can be more clearly shown. As such, 
the relative magnitudes of load and wind curves on a plot should not be compared. 
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Figure 5.12 January and July Average Daily Profiles for 2020 Load and 10,000 MW of Wind 
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Figure 5.13 April and October Average Daily Profiles for 2020 Load and 10,000 MW of Wind  

During the winter months (typified by January), the wind on average tends to peak 
around midnight, steadily decrease during the morning hours to a daily low around 
midday and then ramp up in the evening. When compared to the average daily load 
cycle, it is evident that the winter phase relationship can lead to operational 
challenges, especially during the late evening and early morning periods when the 
load is low or decreasing and the wind is changing rapidly. During the winter 
afternoon load rise period, net variability may be an issue, but the wind seems to be 
generally helping during these hours. The winter morning load rise period also may 
present operational difficulties, but less so than the summer morning load rise period, 
which is almost twice as long. 

During the summer months (typified by July), the wind on average is generally flat 
(and low), but tends to decrease slowly during the morning hours to a mid-morning 
low, and rise slowly in the early afternoon. When compared to the average daily load 
cycle, it can be seen that the greatest summer operational challenge is during the 
summer morning load rise period, when the load is increasing steeply while the wind 
is decreasing. 

During the spring and fall months (typified by April and October), the wind is generally 
flat, (except for a pronounced rise and fall in the early spring morning), with an output 
level between the summer and winter magnitudes. The most significant operational 
challenge may be in the early spring morning when the load is low and the wind is 
varying. Late evening periods where the load is declining rapidly and wind is slowly 
rising or constant may also be interesting.  
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Some of the seasonal characteristics of load and wind described above were used to 
select “interesting periods” for minute-to-minute analysis in Section 5.5. 

In order to determine the operational requirements in the hour-to-hour timeframe 
and the impact on generation scheduling and unit commitment, the variability of the 
combined load and wind time series, called “load-wind” is examined in the next 
section. 

5.3.5 Hourly Load-Wind Variability 

Load-wind monthly time series data were produced for each load and wind scenario 
by subtracting the wind time series from the appropriate load time series. The 
resulting combined load-wind series were de-trended by taking “first differences” to 
produce load-wind deltas for each scenario. 

Sorting the 8,759 data points for each scenario into 300 MW bins and plotting them 
on a histogram produced the probability distribution of hourly load-wind deltas. 
Figure 5.14 shows the probability distribution of hourly changes for the year 2020 
load with 10,000 MW of wind. The hourly changes in year 2020 load alone are 
included on the same plot for comparison. The distribution of hourly changes for 
2020 load with 5,000, 6,000, and 8,000 MW of wind, and 2009 load with 1,310 MW of 
wind are plotted in Appendix A. 
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Figure 5.14 Distribution of Hourly Changes for Year 2020 Load and 10,000 MW of Wind 

The distribution plots show that with the addition of wind variability to the load, the 
combined load-wind distribution has less central tendency than load alone. The load-
wind bars around the mean are lower than the load alone, and the bars on the tails 
of the distribution are higher. This is consistent with the expectation that the standard 
deviation of load-wind changes would be higher than load alone, and there would be 
more “extreme values,” i.e. hourly changes greater than ±3σ. 
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Table 5.3 summarizes descriptive statistics for hourly load-wind changes for the five 
load and wind scenarios. The statistics for load alone are included for comparison. 

Table 5.3 Summary of Hourly Variability for the Five Load and Wind Penetration Scenarios  

 
2009 
Load 

w/ 1310 
MW Wind

2020 
Load 

w/ 5000 
MW Wind

w/ 6000 
MW Wind 

w/ 8000 
MW Wind 

w/ 10000 
MW Wind

Mean 0 0 0 1 1 1 1 
Std Dev (σ) 689 690 780 803 817 836 864 
Min Delta -2029 -2101 -2298 -2398 -2666 -2730 -2990 
Max Delta 2484 2511 2813 2857 2853 3414 3780 
Points ≥ 3σ (-/+) 0 / 12 1 / 14 0 / 12 0 / 17 3 / 21 3 / 24 3 / 28 
Points ≥ 4σ (-/+) 0 / 0 0 / 0 0 / 0 0 / 0 0 / 0 0 / 1 0 / 1 
 
Across the board, there is a modest increase in variability (as measured by σ) as the 
amount of wind generation increases. For year 2020, the standard deviation of the 
load variability alone (no wind) is 780. This σ is increased by 23 (or 2.9%) with 5,000 
MW of wind and by 84 (or 10.8%) with 10,000 MW of wind. For year 2009, 1310 MW of 
wind increases the σ by only .15%. If the load-wind deltas are normally distributed, it 
is expected that 99.7% of the load-wind deltas would be less than ± 2,592. This would 
translate to an expectation of .3% or 26 hours of ‘extreme hourly load-wind changes. 
For the “2020 load with 10,000 MW of wind” scenario in Table 5.3, there are 31 hourly 
periods (.35%) of extreme load changes (deltas greater than ±3 load-wind σ), which is 
a 19 hour increase over the 2020 load-alone case. The single largest hourly rise for 
2020 load with 10,000 MW of wind is 3,780 MW (a 967 MW increase over load-alone) 
and the single largest hourly decline is –2,990 MW (a 692 MW increase).  

In year 2009 with 1,310 MW of wind, there are three additional hours where the load 
changes by at least 3σ. The maximum load rise increases by 1% and the maximum 
load drop increases by 3.5%.  

5.3.6 Hourly Variability During Challenging Daily Periods 

Based on the typical daily load shape, several periods of rapid load change were 
identified as especially challenging for daily operation. These periods were described 
previously in Section 5.3.1 as summer morning load rise, winter afternoon load rise, 
and evening load decline. During these periods generation may be required to 
undergo sustained ramping over several hours to supply the net load. Examination of 
the hour-to-hour and multi-hour changes during these periods will help determine 
requirements for day-ahead hourly scheduling, and the ramping capability needed. 

5.3.6.1 Summer Morning Load Rise Period 

The summer morning load rise is especially challenging because the load rise is quite 
steep and the wind tends to be at its lowest level during the high rise period (as 
shown in Figure 5.12). This would serve to increase the hourly variability of combined 
load and wind. Figure 5.15 shows the hour-to-hour variability during the summer 
morning load rise period for combined 2020 load and 10,000 MW of wind. The data 
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for the four-hour period from 6-10 AM for June to September were separated into 
200 MW bins and plotted. The summer morning load rise hourly variability for the 
5000 MW wind and year 2009 scenarios are shown in Appendix A. 
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Figure 5.15 Summer Morning Load Rise Hourly Variability for Year 2020 Load and 10,000 MW of Wind 

As expected, the distribution of load alone hourly changes is positive, (because load is 
rising), and is somewhat skewed to the right. During this operating period, large rates 
of load rise are not unexpected. In Figure 5.15, there are 35 hourly periods (7% of the 
morning rise hours) when the load rise rate is ≥ 2,000 MW/hr. With the addition of 
10,000 MW of wind, the distribution of hourly load-wind deltas is spread over a much 
wider range, with 70 periods (14%) of net load-wind changes ≥ 2,000 MW/hr. In fact, 
the plot shows that for all load changes ≥ 1800 MW/hr, the addition of wind serves to 
increase the net load-wind variability, possibility adding to operational challenges. 

Similarly, in the probability distribution for the year 2009 scenario (Appendix A) there 
are 12 periods (2% of the morning rise hours) when the load rise rate is ≥ 2,000 
MW/hr. With the addition of 1,310 MW of wind, there are an additional 5 periods (3%) 
when combined load-wind rise rate exceeds 2000 MW/hr. 

Table 5.4 summarizes descriptive statistics for hourly load-wind deltas (with load 
alone for comparison) during the summer morning load rise period, for the five 
combined load-wind scenarios. 

Table 5.4 Summary of Summer Morning Load Rise Hourly Variability for Wind Penetration Scenarios 

 
2009 
Load 

w/ 1310 
MW Wind

2020 
Load 

w/ 5000 
MW Wind

w/ 6000 
MW Wind

w/ 8000 
MW Wind 

w/ 10000 
MW Wind

Mean 1110 1111 1257 1273 1308 1340 1365 
Std Dev (σ) 438 450 496 546 563 584 622 
Min Delta 194 84 220 -454 -454 -486 -664 
Max Delta 2484 2511 2813 2857 2853 2777 2920 
Points ≥ ±3σ 1 1 0 1 1 1 2 
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As the wind penetration increases there is an expected increase in summer morning 
rise hourly net variability, as evidenced by a 25% increase in the standard deviation 
from the year 2020 no wind case to the 10,000 MW wind scenario. The maximum 
hourly change in 2020 with no wind is 2813 MW, increasing (by less than 2%) to 2,857 
MW with 5,000 MW of wind, and (by less than 4%) to 2,920 MW with 10,000 MW of 
wind. At the highest wind penetration level, there are only 2 hours where the hourly 
change is greater than 3 times the net load-wind σ. 

In year 2009, there is a modest increase in σ (2.7%) with 1,310 MW of wind and only a 
1% increase in the maximum one-hour load rise. 

5.3.6.2 Winter Afternoon Load Rise Period 

As shown previously in Figure 5.12, the winter afternoon load rise tends to be less 
than the summer morning load rise and the wind is generally helping to reduce the 
net hour-to-hour variability during this period. Figure 5.16 shows the hour-to-hour 
variability during the winter afternoon load rise period for combined 2020 load and 
10,000 MW of wind. The data for the two-hour period from 4-6 PM for November to 
February were separated into 200 MW bins and plotted. Appendix A shows the winter 
afternoon load rise hourly variability for the 500 MW wind and year 2009 scenarios. 

0

5

10

15

20

25

30

35

40

45

-600 – -400

-400 – -200

-200 – 0

0 – 200

200 – 400

400 – 600

600 – 800

800 – 1000

1000 – 1200

1200 – 1400

1400 – 1600

1600 – 1800

1800 – 2000

2000 – 2200

2200 – 2400

2400 – 2600

2600 – 2800

MW

Fr
eq

ue
nc

y 
(H

rs
)

Load - Wind
Load

 
Figure 5.16 Winter Afternoon Load Rise Hourly Variability for Year 2020 Load and 10,000 MW Wind 

During the winter afternoon load rise period, the hourly load changes are positive, (as 
expected), and slightly skewed to the right. In this case, there are 2 hours (or 1% of 
the winter afternoon load rise periods) when the load rise rate is greater than 2,000 
MW/hr. With the addition of 10,000 MW of wind, there are only 8 hours (3%) when 
load changes ≥ 2,000 MW/hr -- compared with 70 hours for the summer morning 
load rise period. 

Table 5.5 summarizes statistics for hourly load-wind deltas during the winter 
afternoon load rise period, for all five load and wind scenarios. 
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Table 5.5 Summary of Winter Afternoon Load Rise Hourly Variability for Wind Penetration Scenarios 

 
2009 
Load 

w/ 1310 
MW Wind

2020 
Load 

w/ 5000 
MW Wind

w/ 6000 
MW Wind

w/ 8000 
MW Wind 

w/ 10000 
MW Wind

Mean 882 878 999 982 958 943 926 
Std Dev (σ) 359 355 407 436 442 470 517 
Min Delta 113 40 128 6 -38 -356 -570 
Max Delta 1812 1785 2052 2096 2202 2358 2632 
Points ≥ ±3σ 0 0 0 0 0 1 1 
 
As Table 5.5 shows, for year 2020 there is a 27% increase in standard deviation from 
the no wind case to the 10,000 MW wind case. The maximum hourly change with no 
wind is 2,052 MW, increasing (by 2%) to 2,096 MW with 5,000 MW of wind and (by 
28%) to 2,632 MW with 10,000 MW of wind. At the highest wind penetration level, 
there is one hour where the hourly change is greater than 3 (load-wind) σ. 

For year 2009, as it happens, the addition of 1,310 MW of wind actually serves to 
reduce the net variability in this period. The standard deviation decreases by 1.1% 
and the maximum one-hour load change goes from 1,812 MW to 1,785 with wind. 

5.3.6.3 Evening Load Decline Period 

During the evenings, load tends to decline on average from about 9 PM to Midnight 
across the four seasons, as shown previously in Figure 5.13. During low load hours, 
systems are primarily run on base-load, non-dispatchable generation with limited 
maneuverability to counteract sudden changes in wind output. This can create 
operating challenges, especially when the load is low and wind is dropping. Figure 
5.17 shows the hourly variability during the evening load decline period from June to 
September for 2020 load with 10,000 MW of wind. The evening load decline hourly 
variability for the 5,000 MW wind and year 2009 scenarios is shown in Appendix A. 
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Figure 5.17 Evening Load Decline Hourly Variability for Year 2020 Load and 10,000 MW Wind 
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As expected, the hour-to-hour load changes in the evening load decline period are all 
negative and skewed to the left. For this 2020 scenario, there are 12 periods (3% of 
the evening decline hours) when the load drops by more than 2,000 MW/hr. With the 
addition of 10,000 MW of wind, there are 48 hours (or 13%) when net load-wind drops 
≥ 2,000 MW/hr.  

In year 2009 (see Appendix A) there are only 2 hours (less than 1%) when load drops 
exceed 2,000 MW/hr. With the addition of 1,310 MW of wind, there is only one 
additional hour when load drops ≥ 2,000 MW/hr. 

Table 5.6 summarizes descriptive statistics for hourly load-wind deltas (with load 
alone for comparison) during the evening load decline period for all five load and 
wind scenarios. 

Table 5.6 Summary of Evening Load Decline Hourly Variability for Wind Penetration Scenarios 

 
2009 
Load 

w/ 1310 
MW Wind

2020 
Load 

w/ 5000 
MW Wind

w/ 6000 
MW Wind

w/ 8000 
MW Wind 

w/ 10000 
MW Wind

Mean -1195 -1201 -1353 -1366 -1382 -1395 -1406 
Std Dev (σ) 318 322 360 401 423 450 496 
Min Delta -2029 -2101 -2298 -2398 -2666 -2730 -2990 
Max Delta -266 -271 -301 -226 -203 -230 -70 
Points ≥ ±3σ 0 0 0 0 1 0 1 
 
The data in Table 5.6 shows that for year 2020, there is a 38% increase in the 
standard deviation of net load-wind with 10,000 MW of wind, over the load alone 
scenario. The minimum delta (or maximum load change in the negative direction) is 
2,298 MW and the smallest one-hour drop is 301 MW. With increasing levels of wind 
penetration, the maximum one-hour load drop increases accordingly. For 5,000 MW 
of wind, the maximum one-hour drop is 2,398 MW (a 4% increase over load-alone) 
and for 10,000 MW of wind, the maximum one-hour drop is 2,990 MW (a 30% 
increase over load-alone). 

For year 2009 with 1,310 MW of wind, the standard deviation of net load-wind is 
increased by only 1.3% over 2009 load-alone and the maximum load drop increases 
by 3.5%. 

In all three daily load periods, summer morning rise, winter afternoon rise, and 
evening decline, the addition of various levels of wind generation tends to aggravate 
the net load-wind variability (except for odd the 2009 winter afternoon load rise 
period, with 1310 MW of wind). In general, with increasing wind penetration:  

1. there is a uniform increase in standard deviation of net load-wind  

2. the magnitude of the maximum one-hour change in net load-wind increases 

3. the number of hours of load-wind changes ≥ ±3σ increases 

The impact of these hour-to-hour changes on operations requirements during these 
daily periods is examined further in the Operational Impact subsection. 
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5.3.7 Multi-Hour Variability 

During a diurnal cycle, load, wind or combined load and wind may undergo sustained 
periods of ramping (up or down), which may last several hours. The previous three 
sections have described and characterized some periods during the day when 
sustained multi-hour ramping may occur. These are the morning load rise period (4 
hours), the winter afternoon load rise period (2 hours) and evening load decline period 
(3hours). In addition to these recognized challenging periods, there are other periods 
of interest during the year that require generators to either ramp up or ramp down 
over several hours. The three-hour ramping capability of generators is a key 
requirement for reliable operation during these periods. Consequently, this section 
examines the three-hour variability of combined load and wind over a year of 
operation to provide an indication of the multi-hour ramping requirement with 
various amounts of wind generation. 

5.3.7.1 Three-Hour Load-Wind Variability 

The one-hour load-wind series (from the earlier hourly variability analysis) were used 
to produce the three-hour deltas for each of the load and wind scenarios (2009 Load 
with 1,310 MW of wind, 2020 load with 5,000 MW, 6,000 MW, 8,000 MW and 10,000 
MW of wind). Because of the length of the time period (3 hours) it is possible that a 
large delta could be missed if all three-hour differences are not considered. Therefore 
a moving window (or shifting) approach was used to calculate the three-hour 
differences. In this approach, three series of 3-hour deltas were computed from the 
one-hour data. The first series starts with the delta t3 - t0 (no-shift), the second starts 
with t4 - t3 (one-shift) and the third starts with t5 - t2 (two-shift). The variability of the 
three series of deltas is compared and the most variable is reported. 

Figure 5.18 shows the probability distribution of three-hour changes for year 2020 
load with 10,000 MW of wind, based on the “two-shift” delta series. 
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Figure 5.18 Distribution of Three-Hour Changes for Year 2020 Load and 10,000 MW of Wind 
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Much like the hourly distribution, the three-hour distribution has less central tendency 
(more spread) with the addition of 10,000 MW of wind. With load-alone, there are 
three 3-hour periods where the load changes by 6000 MW or more, but with 10,000 
MW of wind, there are 24 such periods. 

Table 5.10 summarizes descriptive statistics for three-hour load-wind changes for the 
five load and wind scenarios. The data is based on the “two-shift” delta series, which 
has the highest variability. Statistics for load alone are included for comparison. 

Table 5.7 Summary of Three-hour Variability for the Five Load and Wind Penetration Scenarios  

 
2009 
Load 

w/ 1310 
MW Wind

2020 
Load 

w/ 5000 
MW Wind

w/ 6000 
MW Wind 

w/ 8000 
MW Wind 

w/ 10000 
MW Wind

Mean 1 2 2 2 2 2 3 
Std Dev (σ) 1882 1882 2131 2179 2214 2252 2310 
Min Delta -4879 -4997 -5526 -6012 -6539 -6904 -7339 
Max Delta 5725 5857 6484 6838 6919 7023 7586 
Points ≥ 3σ (-/+) 0 / 1 0 / 1 0 / 1 0 / 2 0 / 2 2 / 3 2 / 3 
 
For the year 2020 scenarios, there is modest increase in variability (as measured by σ) 
as the amount of wind generation increases. The standard deviation (σ) of the net 
load variability, (2131 with no wind), is increased by 48 (or 2.3%) with 5,000 MW of 
wind and by 179 (or 8.4%) with 10,000 MW of wind. With 10,000 MW of wind, there 
are 5 three-hour periods (.17%) where the load changes by at least 3σ, compared to 
one 3-hour period for the load-alone case. The single largest three-hour rise with 
10,000 MW of wind is 7586 MW (an 1,102 MW increase over load-alone) and the 
single largest three-hour decline is –7,339 MW (an 1,813 MW increase over load-
alone).  

For the year 2009 scenario, 1,310 MW of wind has no appreciable impact on σ, and 
there are no additional extreme load changes (≥ 3σ). The maximum load rise 
increases by 2.3% and the maximum load drop increases by 2.4%. 

The operational impacts of one-hour changes and multi-hour changes on generation 
scheduling and ramping requirements are further discussed in the next section. 

5.3.8 Operational Impact – Scheduling and Ramping 

The statistical variability of net load in the hour-to-hour and multi-hour time frames 
impacts day-ahead generation scheduling and unit commitment decisions. Based on 
the diurnal load cycle, units are scheduled one-day ahead to supply the anticipated 
load and meet the ramping requirements. As the load cycles through its daily profile, 
there are certain periods where generation may have to ramp over multiple hours, so 
the generation mix is critical to secure and stable operation of the power system. The 
daily profiles in Figure 5.12 and Figure 5.13, and operating experience suggests that if 
units are capable of three-hour sustained ramping, this may be enough capability to 
handle the worse periods during the year. However, the introduction of various 
amounts of wind may change the net load profile enough to impact hourly 



Statistical Variability and Operational Impact Analysis 

GE Energy 
Wind Integration Study 8/21/06 OPA-Report-Draft-rev2-laf.doc, 

5.20

scheduling and increase the ramping requirement for generators in the multi-hourly 
time frame.   

Table 5.8 characterizes the operational impact of various amounts of wind using 3σ 
as the metric. Under normal operating conditions, assuming that the load deltas are 
normally distributed, 99.73% of the hourly load variation will be within 3σ of the 
mean, i.e. within ±2,067 MW for the year 2009 scenario and within ±2,343 MW for the 
year 2020 scenarios. With 5,000 MW of wind in year 2020, the 3σ metric increases by 
3% to ±2,409 MW, and with 10,000 MW of wind, the 3σ metric increases by 10% to 
±2,592 MW. For year 2009, the increase in σ is only .2%. From an hourly scheduling 
point of view, even 10,000 MW of wind would not push the envelope much further 
beyond the current operating point. However, the amount and magnitudes of 
extreme one-hour net load changes are significantly greater with the wind.  

Table 5.8 Summary of One-Hour Operational Impacts  
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As shown earlier in Table 5.3, the maximum one-hour rise increases from 2,813 MW 
for load-alone to 3,780 MW or 34% with 10,000 MW of wind; and the maximum one 
hour drop increases from 2,298 MW for load-alone to 2,990 MW or 30% with 10,000 
MW of wind. For 5,000 MW of wind in year 2020, the changes are only 1.5% and 4% 
respectively and for the year 2009 scenario, the changes are 1% and 3.5%. This data 
indicates that with large amounts of wind, much more one-hour ramping capability is 
needed for secure operation. In fact, with 10,000 MW of wind, there are 177 hours 
during the year when the net load rises ≥ 2,000 MW/hr, which is 51 hours more than 
load-alone (a 40% increase). Of these 177 hours, 70 occur during the summer 
morning load rise period. At the same level of wind penetration, there are 79 hours 
when the net load drops ≥ 2,000 MW/hr, which is 67 hours more than load-alone (a 
558% increase). Of these 79 hours, 48 occur during the evening load decline periods. 
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Clearly the longest sustained ramping (up and down) occurs during the summer 
morning load rise and evening load decline periods. During these periods, (and 
others) the units may need to ramp continually over three or more hours. Table 5.9 
characterizes the operational impact of various amounts of wind in the three-hour 
time frame.  

Table 5.9 Summary of Three-Hour Operational Impacts  
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The data shows that the increase in σ for all scenarios is relatively small, which 
means that the overall spread of three-hour changes is similar with and without 
wind. However, as in the case of hourly variation, the magnitude and number of the 
extreme changes are greater with wind, which means that more three-hour ramping 
capability is needed with wind. For the year 2020 with 10,000 MW of wind scenario, 
the maximum positive delta increases from 6,484 MW to 7,586 MW or 17% and the 
maximum negative deltas increases from 5,526 MW to 7,339 MW or 33%.  

For the load-wind scenarios, Figure 5.19 shows the number of times (or 3-hour 
periods) that positive three-hour load changes (positive deltas) exceed or equal a MW 
threshold. Figure 5.20 shows the same data for negative three-hour load changes 
(negative deltas).  

The plots clearly illustrate the fact that units will have to undergo sustained three-
hour ramping more often, and ramp further with the addition of various amounts of 
wind. For example, for year 2020 load with 5,000 MW of wind, the number of times 
the 3-hour net load increases by 5,200 MW or more is about 30, compared with 
about 20 times for the no-wind (load-alone) scenario. With 10,000 MW of wind, the 
net load positive changes exceed 5,200 MW approximately 50 times. On the other 
hand, net load drops (or negative deltas) exceed 5,200 MW about 15 times with 5,000 
MW of wind, approximately 30 times with 10,000 MW of wind, and about 5 times with 
no wind. 
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Figure 5.19 Number of Times 3-hour Load Rises Exceed a MW Threshold for Load-Wind Scenarios 
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Figure 5.20 Number of Times 3-hour Load Drops Exceed a MW Threshold for Load-Wind Scenarios 

The remainder of this chapter examines the load and wind variability in sub-hour 
time frames to provide a basis for assessing requirements for operating reserve (10-
minute), load following (5-minute) and regulation (1-minute). 
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5.4 Ten-Minute Variability 
In the ten-minute time frame, variations in load and wind are a good proxy for 
contingency events. The current largest contingency exposure on the Ontario bulk 
power system is 900 MW. To protect against these events, the system carries enough 
reserve capacity to recover from a 900 MW drop in generation (or increase in load) in 
10 minutes. The 10-minute operating reserve requirement is specifically tied to a 
single contingency, meaning that the reserve is meant to accommodate loss of a 
single unit, but not a simultaneous drop in generation and increase in load. Therefore, 
in the ten-minute time frame, individual load and wind ten-minute variability are 
more revealing from an operating reserve point of view than their combined 
variability. However, since the combined load-wind variability is still the key driver of 
overall system integrity in any time frame, it will also be characterized here. 

5.4.1 Ten-Minute Load Variability 

To produce ten-minute load data for analysis, the one-minute resolution data 
provided by the IESO for 2005 was integrated into 10-minute blocks. The resulting 
52,560 load points were then scaled up to the projected 2009 and 2020 levels by 
applying appropriate scaling factors, and de-trended by taking “first differences” to 
produce ten-minute load deltas. 

To produce a probability distribution of the ten-minute load deltas, the 52,559 data 
points were sorted into 50 MW bins and plotted on a histogram. Figure 5.21 shows 
the probability distribution of the ten-minute load deltas for year 2020 load. 
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Figure 5.21 Distribution of Ten-Minute Changes for Year 2020 Load 

The distribution of the year 2009 hourly load deltas is expected to be similar to the 
year 2020 load deltas, because they are both derived from the same year 2005 load 
data. The distribution of ten-minute load deltas shows less spread around the mean 
than the corresponding distribution of one-hour load deltas. There are 149 ten-
minute periods (.28%) where the load drops by at least 500 MW and 27 ten-minute 
periods (.05%) where the load rises by at least 500 MW. However the majority of ten-
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minute load changes (97.6%) are less then ± 400 MW. Table 5.11 summarizes the 
descriptive statistics for the two load series. 

Table 5.10 Descriptive Statistics for Year 2009 and 2020 Ten-Minute Load Changes 

 2009 Load 2020 Load 
Mean 0 0 
Std Dev (σ) 133 150 
Min Delta -992 -1124 
Max Delta 836 947 
Points ≥ 3σ (-/+) 52 / 334 52 / 334 
Points ≥ 4σ (-/+) 7 / 26 7 / 26 
Points ≥ 5σ (-/+) 1 / 2 1 / 2 
Points ≥ 6σ (-/+) 1 / 1 1 / 1 

 
If the year 2020 load deltas are normally distributed, it is expected that 99.7% will be 
within 3 standard deviations (σ) of the mean (i.e. less than ± 450 MW). In the observed 
data, there are 334 periods where the load increases more than 450 MW, and 52 
periods where the load decreases more than 450 MW, for a total of 386 ten-minute 
periods (64 hours or .73 %) of “extreme” load changes. By comparison, in the one-
hour time frame previously discussed, this number was 12 hours (.14%), which is 
consistent with the expectation that ten-minute changes are more variable than the 
one-hour changes. The maximum ten-minute load drop is -1124 MW in 2020 and –
992 MW in 2009. The maximum ten-minute load rise is 947 MW in 2020 and 836 MW 
in 2009. The maximum load rise numbers are consistent with Ontario’s 900 MW 
largest single contingency. 

5.4.2 Ten-Minute Wind Variability 

AWS Truewind provided one year of ten-minute sampled wind data for ten 
prospective wind groups and a group of existing/signed wind projects. The ten wind 
groups and the existing/signed projects were combined into aggregate wind 
penetration scenarios of 1,310 MW, 5,000 MW, 6,000 MW, 8,000 MW and 10,000 MW, 
by summing and scaling appropriate series as described in Appendix B. The ten-
minute wind changes (or deltas) were then produced for each wind scenario by 
taking the difference between successive data points over the entire year. 

A probability distribution of ten-minute wind deltas was constructed for each 
scenario by sorting the 52,559 data points for each scenario into 100 MW bins and 
plotting them on a histogram. Figure 5.22 shows the probability distribution of the 
ten-minute wind deltas for the 10,000 MW scenario.   

The probability distribution for the other aggregate wind scenarios, (except for the 
1,310 MW scenario), are similar in shape, as expected, and so are not shown here. For 
the 10,000 MW wind distribution, most of the ten-minute wind changes are within 
500 MW of the mean (approximately 99% in fact). However, there are 29 instances 
(.06%) where the wind output drops by 900 MW or more in ten minutes and 10 
instances (.02%) when wind output rises by 900 MW or more in ten minutes. 
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Figure 5.22 Distribution of ten-Minute Changes for 10,000 MW of Wind 

Table 5.11 summarizes the descriptive statistics for the five wind penetration 
scenarios. 

Table 5.11 Summary of Ten-Minute Wind Variability for the Five Wind Generation Scenarios 

 
1310 MW 

Wind 
5000 MW 

Wind 
6000 MW 

Wind 
8000 MW 

Wind 
10000 MW 

Wind 
Mean 0 0 0 0 0 
Std Dev (σ) 34 96 113 135 171 
Min Delta -363 -704 -1080 -1130 -1359 
Max Delta 478 998 934 1040 1333 
Points ≥ 3σ (-/+) 373 / 415 340 / 363 327 / 371 323 / 316 323 / 310 
Points ≥ 4σ (-/+) 96 / 114 76 / 81 68 / 92 72 / 82 74 / 82 
Points ≥ 5σ (-/+) 33 / 41 17 / 21 22 / 27 19 / 23 18 / 24 
Points ≥ 6σ (-/+) 9 / 17 5 / 4 5 / 10 5 / 10 6 / 8 
 
As in the 1-hour time frame, the variability (as measured by the standard deviation) 
also increases as the wind output increases, from 34 with 1,310 MW of wind, to 96 
with 5,000 MW of wind, and 171 with 10,000 MW of wind. If the wind deltas are 
normally distributed, it is expected that 99.7% of the ten-minute changes (or 158 
deltas) will be within ± 3-sigma. In the table, for the 10,000 MW wind scenario there 
are a total of 633 deltas (323 drops and 310 rises) greater than ± 3σ (513 MW), and 14 
ten-minute changes (6 drops and 8 rises) greater than ± 6σ (1,026 MW). The single 
greatest ten-minute drop is 1,359 MW and the single largest ten-minute increase is 
1333 MW. In fact, all the wind scenarios except 1,310 MW and 5,000 MW have at 
least one ten-minute wind drop ≥ 900 MW. 

In the ten-minute time frame, the extreme drops in wind output are important for 
determining the incremental for operating reserve requirements. 
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5.4.3 Ten-Minute Load-Wind Variability 

The load-wind variability in the ten-minute time frame is examined for completeness 
and to provide insight into operating flexibility during this period. As discussed 
previously, the incremental requirements for operating reserves, as defined by the 
NPCC5, can be best derived from the ten-minute wind-alone variability. 

Combined load-wind time series were produced for each wind penetration scenario 
by subtracting the wind series for each penetration level from the appropriate load 
series. Ten-minute changes (or deltas) were then created by taking the difference 
between successive data points. The 52,559 load-wind deltas for each scenario were 
sorted into 50 MW bins and plotted on a histogram. Figure 5.23 shows the probability 
distribution of ten-minute changes for 2020 load and 10,000 MW of wind combined, 
along with the ten-minute changes in 2020 load alone on the same plot for 
comparison. For display purposes, the plot aggregates all ten-minute changes 
greater than ± 750 MW into single bins at the tails of the distribution. The distributions 
of ten-minute changes for the other load-wind scenarios are shown in Appendix A. 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

< -750
-750 – -700
-700 – -650
-650 – -600
-600 – -550
-550 – -500
-500 – -450
-450 – -400
-400 – -350
-350 – -300
-300 – -250
-250 – -200
-200 – -150
-150 – -100
-100 – -50
-50 – 0
0 – 50
50 – 100
100 – 150
150 – 200
200 – 250
250 – 300
300 – 350
350 – 400
400 – 450
450 – 500
500 – 550
550 – 600
600 – 650
650 – 700
700 – 750
> 750

MW

Fr
eq

ue
nc

y 
(1

0 
m

in
 p

er
io

ds
) Load - Wind

Load

 
Figure 5.23 Distribution of Ten-Minute Changes for Year 2020 Load and 10,000 MW of Wind 

With the addition of 10,000 MW of wind to the year 2020 load, the distribution of 
load-wind deltas has more spread and is slightly skewed to the left. This is consistent 
with the observation that often in the late evening and early morning periods when 
the load is dropping, the wind is picking up, which increases the combined load-wind 
variability. In Figure 5.23 there are 99 ten-minute periods (.19%) when combined 
load-wind drops by 750 MW or more and 113 instances (.21%) when combined load-

                                                 
5 The Northeast Power Coordinating Council’s mission is to promote the reliable and efficient operation of the 
interconnected bulk power systems in Northeastern North America through the establishment of criteria, coordination 
of system planning, design and operations, and assessment of compliance with such criteria. 
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wind rises by at least 750 MW in ten-minutes. For year 2009 load with 1310 MW of 
wind (see Appendix A), there are only two instances when combined load-wind 
changes by at least 750 MW in ten minutes, (one less than load alone).  

Table 5.12 summarizes the descriptive statistics for ten-minute load-wind deltas. 

Table 5.12 Summary of Ten-Minute Variability for the Various Wind Penetration Scenarios 

 
2009 
Load 

w/ 1310 
MW Wind

2020 
Load 

w/ 5000 
MW Wind

w/ 6000 
MW Wind 

w/ 8000 
MW Wind 

w/ 10000 
MW Wind

Mean 0 0 0 0 0 0 0 
Std Dev (σ) 133 137 150 178 188 203 229 
Min Delta -992 -934 -1124 -1114 -1341 -1369 -1460 
Max Delta 836 810 947 1009 997 1265 1468 
Pts ≥ 3σ (-/+) 52 / 334 65 / 308 52 / 334 89 / 213 123 / 195 133 / 200 158 / 189
Points ≥ 4σ (-/+) 7 / 26 5 / 25 7 / 26 11 / 20 19 / 24 18 / 22 35 / 32 
Points ≥ 5σ (-/+) 1 / 2 1 / 3 1 / 2 2 / 4 4 / 2 4 / 3 6 / 3 
Points ≥ 6σ (-/+) 1 / 1 1 / 0 1 / 1 2 / 0 1 / 0 1 / 1 1 / 1 
  
As  expected, with higher penetration of wind, the variability of combined load-wind 
increases accordingly. At the 5000 MW wind level, the standard deviation of 
combined load-wind is 178 MW (a 19% increase over load-alone) and at the 10,000 
MW wind level the load-wind standard deviation is increased to 250 MW (a 53% 
increase over load alone). Along the same line, there is a uniform increase in the 
number of observed “extreme” ten-minute changes (drops or rises of at least 3σ), 
from a total of 302 instances with 5000 MW of wind to 346 instances with 10,000 MW 
of wind (despite a 29% increase in σ from the 5000 MW level to 10,000 MW level).  

In the year 2009 scenario, there is a modest 3% increase in the standard deviation of 
the load-wind ten-minute changes. Interestingly, the maximum ten-minute change is 
less with 1310 MW of wind than with wind alone. This is due to the fact that the wind 
happens to be in phase with the load, reducing the net variability during that period. 

In Table 5.12, the single greatest ten-minute rise in load-wind with 10,000 MW of wind 
is 1468 MW. Clearly this ten-minute change exceeds Ontario’s 900 MW of 10 minute 
operating reserve capacity. In fact, only the 2009 scenario lacks a ten-minute load-
wind rise ≥ 900 MW. As discussed earlier, the reserve margin is based on a single 
contingency event and is not meant to account for simultaneous load-wind changes, 
but under real operating scenarios, this larger magnitude contingency event is a 
distinct possibility. In fact, with 10,000 MW of wind on the system, there are 32 
instances when the combined load-wind change exceeds 916 MW (4σ). These issues 
will be further explored in the following section. 

5.4.4 Operational Impact – Operating Reserves 

As mentioned, the Ontario 10-minute operating reserve requirement of 900 MW is 
based upon the loss of the single largest generation unit. Analysis of the wind data 
indicates that abrupt loss of all or even large portions of wind generation within 
Ontario cannot be considered a viable contingency. The persistence of the wind in 
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Ontario is very high and wind generation diversity limits sudden changes of wind 
power output (see section 5.6). Notwithstanding, the 10-minute overall variability, 
maximum 10-minute deltas, and largest 10-minute wind-alone deltas are 
characterized to provide a basis for determining future operating reserve 
requirements. Table 5.13 summarizes the ten-minute variability of combined load 
and wind for all penetration scenarios. 

Table 5.13 Summary of Ten-Minute Load-Wind Variability 
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Increase

3σLoad-Wind
(MW)
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The data shows that the overall per unit (or percentage) variability is much greater 
than the one-hour timeframe, (and on the order of the five-minute timeframe 
discussed later), ranging from 3% to 53% with increasing wind penetration. Operating 
reserve requirements, however, are defined more by the extreme events or 
contingencies on the system. Table 5.14 shows the maximum positive deltas 
recorded for each of the load-wind scenarios. The increases in maximum positive 
load-wind deltas for the 1,310 MW, 5,000 MW and 6,000 MW wind scenarios are 
small relative to load-alone (less than 7%).   

Table 5.14 Summary of Ten-Minute Extreme Load-Wind Positive Changes 
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For the 8,000 MW and 10,000 MW wind scenarios, the increase in the load-wind 
maximum delta is more significant and worthy of special consideration. As 
mentioned previously, 10 minute operating reserves are set based upon the sudden 
loss of the single largest generation unit irrespective of the load variation at the time 
of the generator loss. The results in Table 5.14 represent the worst-case change in 
load and wind simultaneously. This is certainly a more conservative assessment than 
the traditional measure of operating reserve. A more conventional approach is to 
consider the single largest wind-alone drops for each of the scenarios. Extreme drops 
in wind output over the 10-minute time horizon are analogous to a loss of a 
generation unit. Figure 5.24 shows the number of times that the wind dropped 900 
MW or more over a 10-minute period during a year, for the 5,000 MW to 10,000 MW 
wind output levels.   
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Figure 5.24 Number of Times 10-Minute Wind Drops Exceed a MW Threshold for Various Levels 

In all scenarios, with the exception of the 5,000 MW wind case, the wind dropped by 
over 900 MW at some point during the year. For the 6,000 MW and 8,000 MW cases, 
the number of periods where the wind dropped more than 900 MW was around four. 
For the 10,000 MW case, the wind dropped by 900 MW approximately ten times. 
These results indicate that additional operating reserves will be required to 
accommodate extreme drops in wind generation. 
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5.5 Short Term Variability 
The analyses presented in the previous sections show that various amounts of wind 
generation have a slight impact hour-to-hour net variability and a more pronounced 
impact on ten-minute net variability. The data from these analyses helps frame the 
discussion on incremental requirements for generation scheduling, ramping and 
operating reserve. This section will extend the examination of load-wind variability to 
the short-term (less than ten-minute) periods where load following and regulation 
operations balance the system under normal conditions. 

Within each hour, IESO performs an economic dispatch every five minutes to adjust 
generation to match the load as it follows its diurnal cycle. Load following is a 
function provided by generators that adjust their output to match the intra-hour 
changes in customer load, usually on a five to ten-minute basis. In between load-
following adjustments, minute-to-minute changes in customer loads and unintended 
fluctuations in generation are tracked by regulation units equipped with automatic 
generation control (AGC). The short-term changes in load and wind are important for 
determining the additional load-following and regulation services needed for system 
operation. This section will examine load and wind variability on a five-minute basis 
for load following and a one-minute basis for regulation. 

5.5.1 High Interest Data Periods 

In the earlier examination of the ten-minute, one-hour and multi-hour variability, an 
entire year of data was used to assess the changes in load and wind. As the analysis 
period becomes smaller, the volume of data increases tremendously. One year of 
one-minute data is over one half-million data points, which is beyond the capability 
of most commercial statistical software packages. Furthermore, since seasonal and 
even diurnal cycles are less important in this time frame, a subset of the data may be 
sufficient to assess the short-term variability. 

For practical reasons, the five-minute and one-minute analyses are focused on a 
subset of data defined as “high interest periods.” These periods for which high-
resolution (one-minute) data were obtained are defined as: 

• Periods of high load variability and high load-wind variability (where the load is 
changing and wind is not helping) 

• Periods of high load-wind variability and high wind variability (where wind 
makes it worse) 

• Periods with low load and high load-wind variability (large wind or load 
variation when generation maneuverability may be low) 

• Periods containing the most variable load hours (as measured by load σ) 

• Periods during the summer morning load rise, winter afternoon load rise and 
evening load decline where wind creates operational challenges 

• Periods of high wind and low wind variability (good wind resource periods) 
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Based on these criteria, 24 periods of “high interest” were selected for analysis. The 
periods, ranging in length from 3 to 24 hours and totaling 180 hours, are listed in 
Table 5.15 below. 

Table 5.15 Listing of the Twenty-Four High Interest Periods for High Resolution Data 

Start Date/Time End Date/Time Length (Hrs) Comments
Large Delta Load Periods

6/9/05 3:00 AM 6/9/05 9:00 AM 6
6/14/05 3:00 PM 6/14/05 9:00 PM 6
7/18/05 3:00 AM 7/18/05 9:00 AM 6
5/26/05 4:00 AM 5/26/05 7:00 AM 3 Also contains variable hour 
5/27/05 2:00 PM 5/27/05 5:00 PM 3 Also contains variable hour 
6/29/05 7:00 PM 6/29/05 10:00 PM 3
11/29/05 5:00 AM 11/29/05 8:00 AM 3

Large Delta Wind Periods
1/1/05 12:00 AM 1/2/05 12:00 AM 24 Also contains low load period
1/6/05 3:00 PM 1/6/05 9:00 PM 6
3/7/05 9:00 PM 3/8/05 3:00 AM 6
11/14/05 3:00 AM 11/14/05 9:00 AM 6
7/26/05 11:00 AM 7/26/05 2:00 PM 3 Also contains 2 variable hours 
12/2/05 7:00 PM 12/2/05 10:00 PM 3

Large Delta Load-Wind Periods 
4/20/05 3:00 AM 4/20/05 9:00 AM 6
7/25/05 3:00 AM 7/25/05 9:00 AM 6
7/18/05 8:00 PM 7/18/05 11:00 PM 3
12/5/05 4:00 AM 12/5/05 7:00 AM 3

Low Load Periods with High Delta Load-Wind
4/12/05 9:00 PM 4/13/05 3:00 AM 6
5/9/05 4:00 PM 5/9/05 10:00 PM 6
5/22/05 1:00 AM 5/22/05 7:00 AM 6
11/6/05 3:00 AM 11/6/05 3:00 PM 12 Also contains good wind resource period

High Wind Periods with Low Delta Wind
3/30/05 4:00 PM 3/30/05 10:00 PM 6
11/12/05 9:00 PM 11/13/05 9:00 PM 24
11/15/05 9:00 AM 11/16/05 9:00 AM 24 Also contains low load periods

Total Hours : 180  
One-minute wind data were obtained from AWS Truewind for the 24 periods on a 
group basis. Aggregate wind data for the various penetration scenarios (1,310 MW, 
5,000 MW, 6,000 MW, 8,000 MW and 10,000 MW) were created as described in 
Appendix B, Load and Wind Data. The load points corresponding to the one-minute 
wind data were extracted from the available Ontario load data and scaled up to 
projected 2009 and 2020 levels. The result produced matched pairs of time-stamped, 
high-resolution load and wind series for each load and wind scenario (2009 load and 
1,310 MW of wind, 2020 load and 5,000, 6,000, 8,000, 10,000 MW of wind) in each of 
the 24 periods. 

The next section describes the five-minute variability for combined load and wind. For 
brevity, the variability of load-alone and wind-alone on a five-minute basis are not 
detailed as in previous time frames, but descriptive statistics for load are included in 
the summary tables for comparison purposes. 
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5.5.2 Five-Minute Load-Wind Variability 

For each of the 24 high-interest periods, five-minute wind data were produced from 
the one-minute wind data by sampling every five data points. Twenty-four load-wind 
series for each wind scenario were then created by subtracting the five-minute wind 
data for each penetration level from the appropriate load series. Within each high-
interest period, the five-minute changes in combined load and wind were then 
produced by taking the difference between successive five-minute data points. 

There are two ways to analyze the resulting high-resolution data: individual analysis 
of the 24 time periods and a joint analysis of the 180 hours. Both approaches are 
valid, but the results must be interpreted differently. This section describes both 
approaches and summarizes the results. 

5.5.2.1 Individual Analysis of the 24 Periods - Five-Minute 

Individual analyses of the 24 periods produces 24 separate load-wind distributions 
and 24 separate sets of statistics for each period. Table 8.2 to Table 8.6 in Appendix C 
give the variability statistics for each of the five load-wind scenarios during each of 
the 24 high-resolution periods. From the data in these tables, Table 5.16 summarizes 
the results for the three most variable periods (as measured by load-wind σ). 

Table 5.16 Summary of 5-Minute Variability During the 3 Most Variable Periods for Five Wind Scenarios 

 
2009  
Load 

w/ 1310 
MW Wind

2020   
Load 

w/ 5000 
MW Wind

w/ 6000 
MW Wind 

w/ 8000 
MW Wind 

w/ 10000 
MW Wind

May 27th 2–5 PM 
Std Dev (σ) 349 354 395 419 436 441 457 
Min Delta -1962 -1988 -2221 -2294 -2371 -2391 -2435 
Max Delta 445 422 504 545 549 554 577 

December 2nd  7–10 PM 
Std Dev (σ) 49 68 56 117 158 169 208 
Min Delta -255 -266 -289 -289 -255 -254 -295 
Max Delta 19 146 21 318 511 549 672 

November 29th 5–8 AM 
Std Dev (σ) 97 106 110 123 156 173 199 
Min Delta -103 -86 -117 -62 -120 -133 -175 
Max Delta 346 366 391 432 609 632 698 
 
The period with the highest variability in Table 5.16 is clearly May 27th 2-5PM (this is 
an aberration as will be illustrated later). For year 2020 load with 10,000 MW of wind, 
the standard deviation of five-minute load-wind deltas is 457 MW, (a 62 MW or 16% 
increase over load-alone), and the maximum 5-minute drop in net load-wind is 2435 
MW (a 214 MW or 10% increase over load-alone). This appears to indicate that the 
introduction of 10,000 MW of wind may push the operating envelope even further 
than the greatest variation in load-alone would. Figure 5.25 further illustrates this 
point by plotting the standard deviation (σ) of five-minute deltas for load and load-
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wind for each of the 24 periods, versus the average net load for the period. The 
scenario is 2020 load with 10,000 MW of wind. 
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Figure 5.25 Five-Minute σ for Each Period vs. Average Net Load - 2020 Load w/ 10,000 MW Wind 

For all periods, there is a general tendency for the standard deviation of the net load 
deltas to shift up and to the left with the addition of wind. However, the variability of 
net load during May 27th 2–5 PM, is far above that of the next two most variable 
periods listed in Table 5.16. The fact that every other period has significantly less 
variability than May 27th 2–5 PM, suggests that there is an aberration during this 
period (confirmed to be tripping of two 230 kV circuits which dropped 2000 MW of 
load). For illustration, Figure 5.26 shows the time series plot for May 27th 2-5 PM.  
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Figure 5.26 Time Series Plots for 2020 Load and 10,000 MW of Wind During May 27th, 2–5 PM 

At the precise moment when the load drops precipitously around 3:15 PM, wind 
happens to be ramping up, which accounts for the significant five-minute change in 
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combined load-wind during the period. By contrast, the largest five-minute change 
during the next most variable period, December 2nd 7-10 PM, is mostly caused by a 
large drop in wind output, (about 7% of rated). For the third most variable period, 
November 29th 5-8 AM, the largest five-minute change is caused by a combination of 
a load rise and a simultaneous drop in wind output. These two time periods are more 
illustrative of the “extreme” operating case than the May 27th 2-5 PM period. 

5.5.2.2 Joint Analysis of the 180 Hours - Five-Minute 

An overall analysis of the 180 hours of high-resolution data simply means that the 24 
separate series of load-wind deltas from each period are concatenated into one 
(joint) series and analyzed together. The analysis approach is identical to the one-
hour and ten-minute analysis, except that instead of one full year of data, 180 hours 
during the most variable and extreme periods are used. 

The key difference between the result from this approach and results from the 
previous approach (“Individual Analysis of the 24 Periods”) is the standard deviation 
(σ) of the load-wind deltas. In the previous approach, an estimate of σ was obtained 
for each of the 24 periods separately, and was only appropriate for characterizing 
variability within the specific period. In this case, one estimate of σ is obtained for all 
180 hours jointly and is appropriate for characterizing variability over the 180 hours. 
By proxy, this estimate could be extended to characterize the five-minute variability 
over the entire year. Since the 180 hours represent the most extreme and variable 
2% of the year, they are likely to give a conservative estimate of additional 
operational requirements for load following. This will be further discussed in the 
following Operational Impacts section. 

Figure 5.27 shows the probability distribution of five-minute changes for the 180 
hours of high-resolution data from the 2020 load with 10,000 MW of wind scenario. 
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Figure 5.27 Distribution of 5-Min Changes for 2020 Load-10,000 MW Wind (180 Hours High Res Data) 
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The plot shows that when 10,000 MW of wind is added to the 2020 load, the 
distribution of net load-wind changes becomes broader, with approximately 97.4% of 
the deltas within ±350 MW, compared with 99.4% for load alone. There are 14 five-
minute periods (.65%) where combined load-wind drops by at least 350 MW 
(compared with 1 period for load-alone), and 41 instances (1.9%) when combined 
load-wind rises by at least 350 MW in five minutes (compared with 11 for load-alone). 

Table 5.17 summarizes the five-minute variability for load and combined load-wind 
for the various wind penetration scenarios, using the full 180 hours of data. 

Table 5.17 Summary of 5-Min Variability for the Five Wind Scenarios (180 Hours High-Resolution Data) 

 
2009  
Load 

w/ 1310 
MW Wind

2020   
Load 

w/ 5000 
MW Wind

w/ 6000 
MW Wind 

w/ 8000 
MW Wind 

w/ 10000 
MW Wind

Mean 16 16 19 20 19 19 19 
Std Dev (σ) 97 100 110 128 136 145 161 
Min Delta -1961 -1987 -2221 -2294 -2371 -2391 -2435 
Max Delta 508 496 575 549 609 634 732 
Points ≥ 3σ (-/+) 2 / 11 1 / 12 2 / 11 1 / 11 3 / 11 3 / 9 7 / 9 
Points ≥ 4σ (-/+) 1 / 3 1 / 3 1 / 3 1 / 2 1 / 1 1 / 3 1 / 4 
Points ≥ 5σ (-/+) 1 / 1 1 / 0 1 / 1 1 / 0 1 / 0 1 / 0 1 / 0 
Points ≥ 6σ (-/+) 1 / 0 1 / 0 1 / 0 1 / 0 1 / 0 1 / 0 1 / 0 
 
As the amount of wind on the system increases, the variability of combined load-wind 
(as measured by σ) also increases, as expected. With 5,000 MW of wind, the standard 
deviation of combined load-wind deltas is 128 MW (an 18 MW or 16% increase over 
load-alone), and with 10,000 MW of wind, the σ of the deltas increases to 161 MW (a 
51 MW or 46% increase over load-alone). In the year 2009 scenario, the addition of 
1,310 MW of wind increases σ of the load-wind deltas by about 3 MW or 3% over 
load-alone. 

In all scenarios, the addition of various amounts of wind also serves to increase the 
largest 5-minute change in net load-wind. In year 2020, with load-alone, the largest 
change is a drop of 2,221 MW. With 10,000 MW of wind added, the largest 5-minute 
change is a drop of 2,435 MW (a 214 MW or 10% increase over load-alone). In year 
2009, the addition of 1,310 MW of wind increases the largest 5-minute change by 26 
MW or 1.3%. 

The implications of these observations for operational requirements are further 
discussed in the next section. 

Moving Window Analysis - The joint analysis of the 180 hours of data can be 
extended to a moving window analysis to capture all possible five-minute deltas. This 
approach produces all possible five-minute load-wind deltas by shifting the starting 
point for the first sample by 1, 2, 3 or 4 one-minute periods. The five-minute moving 
window analysis is further described and summarized in Appendix C. 



Statistical Variability and Operational Impact Analysis 

GE Energy 
Wind Integration Study 8/21/06 OPA-Report-Draft-rev2-laf.doc, 

5.36

5.5.2.3 Operational Impacts – Load Following 

In Ontario, generators are re-dispatched every 5 minutes to accommodate overall 
system changes and to “follow” changes in load. Load changes in the 5-minute are 
more variable than the 10-minute time frame, but more predictable than the one-
minute changes, and generally follow a similar day-to-day pattern.  

The data used for this analysis is based upon 180 hours of the most extreme and 
variable periods during the year. Since this subset of time series data is not “typical” 
or necessarily representative of normal operation, the 5-minute analysis results for 
load following are likely to be conservative. In this study, the incremental load 
following requirement is defined as the increase in three standard deviations (3σ) of 
the 5-minute deltas between load-wind (load minus wind) and the load alone. For a 
normal distribution, the area under the curve within 3σ of the mean covers 99.73% of 
all outcomes. This definition of incremental load following is consistent with previous 
study work and generally consistent with the current operating practice. Table 5.18 
summarizes the five-minute variability of load and load-wind to characterize the 
incremental load following requirements. 

Table 5.18 Summary of Load Following Operating Requirements in the Five-Minute Timeframe 

103.4%300.3290.4100.196.82009 Load w/ 
1,310 MW

3σLoad-Wind -
3σLoad(5min)

(MW)

3σ
% 

Increase

3σLoad-Wind 
(MW)

3σLoad
(MW)

σLoad-Wind
(MW)

σLoad
(MW)

Case

47%

32%

24%

17%

483.9

435.6

408.3

384.6

161.3

145.2

136.1

128.2

329.1

329.1

329.1

329.1

155109.72020 Load w/ 
10,000 MW

107109.72020 Load w/ 
8,000 MW

80109.72020 Load w/ 
6,000 MW

2020 Load w/ 
5,000 MW

56109.7
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3σLoad(5min)

(MW)

3σ
% 
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3σLoad-Wind 
(MW)

3σLoad
(MW)

σLoad-Wind
(MW)

σLoad
(MW)
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47%

32%

24%

17%

483.9

435.6

408.3

384.6

161.3

145.2

136.1

128.2

329.1

329.1

329.1

329.1

155109.72020 Load w/ 
10,000 MW

107109.72020 Load w/ 
8,000 MW

80109.72020 Load w/ 
6,000 MW

2020 Load w/ 
5,000 MW

56109.7

 

The incremental variability in the five-minute timeframe is slightly less than the 10-
minute time frame, but more significant than with the one-minute timeframe, which 
is discussed later. The year 2009 Load with 1,310 MW of planned or existing wind 
generation needs an additional 3.4% of load following capability. This additional load 
following duty should be accommodated with the existing generators. The year 2020 
Load with 10,000 MW of wind generation scenario needs an additional 47% of load 
following maneuverability. In other words, in the year 2020 the non-wind supply mix 
must be able to provide an additional 47% of load following to maintain 
performance. It is important that any future supply mix strategy recognize that wind 
generators will likely displace more flexible generation resources and the remaining 
balance-of-portfolio resources must be able to accommodate this additional 
variability. 
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5.5.3 One-Minute Load-Wind Variability 

In the same manner that the five-minute data is analyzed, the one minute data can 
also be analyzed to provide insight into additional requirements for regulation. This 
section presents the results of an individual analysis of the 24 extreme and variable 
time periods, and a joint analysis of the 180 hours. 

5.5.3.1 Individual Analysis of the 24 Periods - One-Minute 

For each of the 24 separate periods, the one-minute variability of combined load and 
wind is analyzed for each of the five wind scenarios. Table 8.2 to Table 8.6 in 
Appendix C lists the full results of the analyses. Table 5.19 below summarizes the 
results for the three most variable periods in the one-minute timeframe (as measured 
by load-wind σ). The statistics for load-alone are also included for comparison. 

Table 5.19 Summary of 1-Minute Variability During the 3 Most Variable Periods for Five Wind Scenarios 

 
2009  
Load 

w/ 1310 
MW Wind

2020   
Load 

w/ 5000 
MW Wind

w/ 6000 
MW Wind 

w/ 8000 
MW Wind 

w/ 10000 
MW Wind

May 27th 2–5 PM 
Std Dev (σ) 133 134 151 153 156 157 159 
Min Delta -1469 -1473 -1663 -1675 -1698 -1702 -1713 
Max Delta 134 126 152 134 134 136 141 

July 26th 11 AM–2 PM 
Std Dev (σ) 93 93 105 107 107 109 111 
Min Delta -695 -708 -787 -814 -844 -838 -849 
Max Delta 686 675 776 748 716 716 702 

May 26th 4–7 AM 
Std Dev (σ) 63 63 72 72 72 73 73 
Min Delta -87 -83 -99 -98 -98 -100 -101 
Max Delta 504 501 571 567 570 571 571 
 
As in the five-minute time frame, the period with the highest variability in the one-
minute time frame is also May 27th 2-5 PM, which was shown to be an aberration. 
During this 3-hour period, the standard deviation of one-minute load-wind deltas 
only increases marginally from 151 MW to 159 MW (a 5% increase) with the addition 
of 10,000 MW of wind. At the same time, the maximum one-minute drop goes from 
1663 MW with no wind, to 1713 MW with 10,000 MW of wind (a modest 3% increase).  

The next two most variable periods happen to be different from those in the five-
minute time frame. During the period July 26th 11 AM–2 PM, there is a 6 MW increase 
in σ and a 62 MW increase in the maximum delta with the addition of 10,000 MW of 
wind. This time period also happens to be an aberration, as explained later. During 
the third period, May 26th 4–7 AM, there is a 1 MW increase in σ and a 4 MW increase 
in the maximum delta with 10,000 MW of wind.  

These three periods may represent the outer edge of the operating spectrum, where 
the load variation is driving the contingency. Figure 5.28 further illustrates this point 
by plotting the standard deviation (σ) of one-minute deltas for load and load-wind for 
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each of the 24 periods, versus the average net load for the period. The scenario is 
year 2020 load with 10,000 MW of wind. 
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Figure 5.28 One-Minute σ for each Period vs. Average Net Load - 2020 Load w/ 10,000 MW Wind 

As expected, there is a general tendency for the standard deviation of the net load 
deltas to shift up and left with the addition of wind. Net variability during the three 
periods listed in Table 5.19 is clearly higher than any other period, which might 
suggest that they are not representative of the “typical” extreme operating condition. 

For May 27th 2-5PM, Figure 5.26, (shown earlier) illustrated that the variability is due to 
a large drop in load (when two 230 kV circuits tripped), and a simultaneous increase 
in wind output. Figure 5.29 shows the time series plots for load, wind, and combined 
load-wind during the next most variable period, July 26th 11AM–2PM, for 2020 load 
with 10,000 MW of wind. 
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Figure 5.29 Time Series Plots for 2020 Load and 10,000 MW Wind During July 26th 11AM–2PM 
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From the plots, it is clear that the large one-minute drop of 849 MW in net load-wind, 
followed by a rise of 702 MW are strictly due to apparent rapid load excursions 
occurring around 1:00 PM. Data from the IESO confirms that there was faulty 
telemetry from the Nanticoke plant, which drove these oscillations. Disregarding 
these anomalous (possibly erroneous) changes, the next largest one-minute change 
in net load-wind is 213 MW occurring around 12:00 PM. 

The third most variable time period, May 26th 4–7 AM, may be closer to “typical” 
extreme one-minute variability, at the outer edge of the operating envelope. During 
this summer morning load rise period, the load is rising rapidly while the wind is 
relatively flat or decreasing slightly. In this case, the operational challenge, from a 
regulation point-of-view, would be mostly due to the large one-minute load changes, 
where the wind output is not helping. These issues are further examined in the 
Operational Impacts section. 

5.5.3.2 Joint Analysis of the 180 Hours - One-Minute 

The 180 hours of high resolution data are analyzed together to provide an overall 
picture of load-wind variability during the top 2% most variable hours of the year. The 
results of the analysis can be extended to provide a conservative estimate of 
additional requirements for regulation. 

Figure 5.30 gives the probability distribution of one-minute changes for the 180 hours 
of high-resolution data. The deltas represent the year 2020 load with 10,000 MW of 
wind scenario. For display purposes, the plot aggregates all one-minute changes 
greater than ±200 MW into single bins at the tails of the distribution. 
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Figure 5.30 Distribution of 1-Min Changes for 2020 Load-10,000 MW Wind (180 Hours High Res Data) 

When 10,000 MW of wind is added to the year 2020 load, it tends to somewhat 
broaden and flatten the distribution of the combined load-wind deltas. In the 
distribution plot, approximately 99.2% of the deltas are within ±160 MW, which is 
slightly less than the 99.6% for load alone. In addition, there are 12 instances (.1%) 
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when combined load-wind drops by at least 160 MW in one minute (compared with 9 
for load-alone), and 65 instances (.6%) when the rate of load-wind rise is ≥ 160 
MW/min, compared with 25 for load-alone.  

Table 5.20 summarizes the one-minute variability for load and combined load-wind 
for the various wind penetration scenarios, based on the full 180 hours of data. 

Table 5.20 Summary of 1-Min Variability for the Five Wind Scenarios (180 Hours High-Resolution Data) 

 
2009   
Load 

w/ 1310 
MW Wind

2020   
Load 

w/ 5000 
MW Wind

w/ 6000 
MW Wind 

w/ 8000 
MW Wind 

w/ 10000 
MW Wind

Mean 3 3 4 4 4 4 4 
Std Dev (σ) 45 45 51 53 53 54 56 
Min Delta -1468 -1472 -1663 -1675 -1698 -1702 -1713 
Max Delta 685 675 776 748 716 716 702 
Points ≥ 3σ (-/+) 25 / 19 23 / 19 25 / 19 25 / 21 24 / 21 22 / 21 21 / 27 
Points ≥ 4σ (-/+) 6 / 11 7 / 11 6 / 11 7 / 11 5 / 11 5 / 11 4 / 11 
Points ≥ 5σ (-/+) 4 / 8 4 / 8 4 / 8 4 / 8 4 / 8 4 / 7 4 / 7 
Points ≥ 6σ (-/+) 4 / 7 4 / 7 4 / 7 4 / 7 4 / 7 4 / 7 4 / 6 
 
Similar to the five-minute time frame, these results confirm that as the amount of 
wind on the system increases, the variability of combined load-wind (as measured by 
σ) increases, but only marginally so. In this time frame, overall load-wind variability is 
dominated much more by the load than the wind. This is evidenced by an 
approximate 10% increase in σ with 10,000 MW of wind. In the year 2009 scenario, 
the addition of 1310 MW of wind has little observable impact on the overall variability. 

However, in all scenarios, the addition of various amounts of wind tends to increase 
the largest one-minute change in net load-wind. In year 2020, with 10,000 MW of 
wind, the largest five-minute change in combined load-wind is –1713 MW, a 50 MW 
increase over the load-alone case. In year 2009, the addition of 1310 MW of wind 
increases the largest 5-minute change by 4 MW. 

The implications of these observations for operational requirements with regard to 
regulation are further discussed below. 

5.5.3.3 Operational Impacts – Regulation 

Regulation is defined as the use of online generating units via Automatic Generator 
Control (AGC) to adjust for short time frame (seconds to minutes) changes in system 
conditions.6  System changes may be characterized by unpredictable small variations 
in system load or unexpected changes in online generation resources. By 
continuously adjusting, regulating generation units act to maintain system frequency 
and adjust for mismatches between scheduled control area interchanges and actual 
interchanges. Wind generators add to the overall system variability and, inherently, to 
the regulation requirements. The degree to which the regulation requirement is 

                                                 
6 Hirst, E. and Kirby, B. “Separating and Measuring the Regulation and Load Following Ancillary Services” 
November, 1998 (available at www.EHirst.com) 
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impacted is based upon the increase of the standard deviation (σ) of the 1-minute 
deltas (change from one minute to the next) from the load-alone cases to the load 
with wind cases.   

As mentioned previously, the one-minute data used in this analysis is based on 180 
hours of the most extreme and variable periods during the year. Since this subset of 
time series data is not necessarily representative of typical operations, the results of 
the one-minute analysis for regulation are likely to be conservative. In this study, the 
incremental regulation requirement is defined as the increase in three standard 
deviations (3σ) of the one-minute deltas between load-wind (load minus wind) and 
the load alone. For a normal distribution, 99.73% of all data are within 3σ of the 
mean. This definition of regulation is consistent with previous study work and 
generally consistent with the current operating practice in Ontario. In 2005, the 
contracted AGC was +/- 150MW, and the 3σ of one-minute deltas for 2005 load-
alone is 130 MW. Table 5.21 summarizes the one-minute variability of load and load-
wind to characterize the incremental regulation requirements. 

Table 5.21 Summary of Regulation Operating Requirements in the One-Minute Timeframe 

3σLoad-Wind -
3σLoad(5min)

(MW)

3σ
% 

Increase

3σLoad-Wind 
(MW)

3σLoad
(MW)

σLoad-Wind
(MW)

σLoad
(MW)

Case
10.9%135.3134.145.144.72009 Load w/ 

1,310 MW

11%

6%

5%

4%

169.5

163.5

160.2

157.8

56.5

54.5

53.4

52.6

152.1

152.1

152.1

152.1

1850.72020 Load w/ 
10,000 MW

1250.72020 Load w/ 
8,000 MW

950.72020 Load w/ 
6,000 MW

2020 Load w/ 
5,000 MW

650.7

3σLoad-Wind -
3σLoad(5min)

(MW)

3σ
% 

Increase

3σLoad-Wind 
(MW)

3σLoad
(MW)

σLoad-Wind
(MW)

σLoad
(MW)

Case
10.9%135.3134.145.144.72009 Load w/ 

1,310 MW

11%

6%

5%

4%

169.5

163.5

160.2

157.8

56.5

54.5

53.4

52.6

152.1

152.1

152.1

152.1

1850.72020 Load w/ 
10,000 MW

1250.72020 Load w/ 
8,000 MW

950.72020 Load w/ 
6,000 MW

2020 Load w/ 
5,000 MW

650.7

 
The results of the regulation analysis show that the incremental regulation required 
to maintain the current performance is small. Although it is very important for all 
stakeholders to evaluate these results as part of their planning process, we believe 
that the impact on regulation of 10,000MW of wind generation by the year 2020 is 
modest and can be accommodated with little or no changes to existing operating 
practices. 
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5.6 Sudden Weather Change Analysis 
Wind generation is a valuable commodity that can enable the reliable and economic 
operation of power systems. However, because of the intrinsic variability of wind, and 
the unpredictability (to some extent) of weather systems in general, there is a real 
possibility that wind output will not be available when it is needed. 

For the purposes of this study, there are three scenarios of interest that would disrupt 
or curtail wind generation on the Ontario bulk power system: 

• Sudden reductions in wind speed (across 10 minutes or less) 

• Sudden increases in wind speed which cause wind generators to be stopped 
quickly for physical protection 

• Extremes of weather incidents such as extreme operating temperatures or 
icing events associated with the Great Lakes which may force facility outages 

This section will discuss and quantify (where possible) the likelihood of such events 
occurring by examining the historical wind data and weather patterns. 

5.6.1 Wind Persistence 

Wind persistence, for the purposes of this study, is defined as the tendency for wind 
to maintain its strength level over short time periods (less than ten minutes). In other 
words, it characterizes the reluctance of wind to change amplitude suddenly. High 
wind persistence can be confirmed or observed by looking at the autocorrelation 
function of the wind time series, and the state transition probabilities of wind output. 

5.6.1.1 Wind Autocorrelation 

An autocorrelation (self-correlation) function computes and plots the autocorrelation 
coefficients of a time series; which is the correlation between observations separated 
by n time units. With regard to a wind series, autocorrelation characterizes the nature 
of the relationship between wind at time t and wind at some later time t+n (where n is 
the number of time periods elapsed since time t). The expectation is that as n grows 
larger, the strength of the relationship between wind at time t and t+n will weaken. 
The rate at which the relationship weakens is directly tied to the wind persistence. 
The slower the rate of decrease, the higher the degree of wind persistence. 

In any relationship between two variables, the correlation coefficient of regression, r, 
can be used to indicate the strength and nature of the relationship. If r is high (close 
to 1), then the two variables are highly correlated. If r is low (close to 0), then they are 
not. The sign of r indicates positive or negative correlation. 

Figure 5.31 shows the autocorrelation plot for one year of 10-minute sampled wind 
data. Each bar on the plot represents one 10-minute time lag, and the height of the 
bar gives the strength of the correlation between an observation at time t and an 
observation at time t+n. For example, the plot shows that the correlation coefficient 
between wind separated by ten-minutes is r = .99. This means that there is a very 
strong relationship between wind separated by ten-minutes in time. The 
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autocorrelation function slowly decreases, to where, at n = 50, r = .7, and at n = 250, r 
is close to zero. 
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Figure 5.31Autocorrelation Function for ten-minute Wind Data 

This data must be interpreted with care. The autocorrelation coefficient, r, does not 
equate to the probability that wind will remain at the same level. It simply indicates 
that the current level of wind output is a key factor in determining the future output 
level, i.e. there are not likely to be random sudden variations from one output level to 
another over a short time period. The next subsection expands on this observation by 
quantifying the probability of wind transition between discrete output levels. 

5.6.1.2 Wind Transition Probabilities 

The state transition probability of wind is the probability that wind output will change 
from one state to another over a given time period. To quantitatively address the 
issue of wind persistence, state transition probabilities are empirically derived from 
the ten-minute and one-minute wind data provided by AWS Truewind 

For each wind data point, a delta (or difference between the point and the next point) 
was computed. The wind output was then expressed as a percentage of the rated 
capacity, and the %output and associated deltas were sorted into ten bins. Within 
each of these ten bins, the probability that the wind output will transition to another 
bin in the next time period was computed based on the deltas. The results of the 
analysis were collected into a state transition matrix.  

Figure 5.32 shows the state transition matrix for 10-minute wind, which is based on 
one year of sampled wind data. The first column represents the current state or the 
present wind output as a percentage of rated capacity. The first row gives the next 
state or the wind output level in ten-minutes, as a percentage of rated capacity. For 
example, when wind output is at 41-50% of rated, there is a probability of .8250 that 
it will remain in that range, a .1018 probability that it will drop to 31-40% of rated, and 
a .0732 probability that wind will rise to 51-60% of rated, all in the next ten minutes. 
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0-10% 11-20% 21-30% 31-40% 41-50% 51-60% 61-70% 71-80% 81-90% 91-100%

0-10% 0.8256 0.1744 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

11-20% 0.0448 0.8990 0.0562 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

21-30% 0.0000 0.0758 0.8619 0.0621 0.0002 0.0000 0.0000 0.0000 0.0000 0.0000

31-40% 0.0000 0.0000 0.0929 0.8367 0.0704 0.0000 0.0000 0.0000 0.0000 0.0000
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61-70% 0.0000 0.0000 0.0000 0.0000 0.0000 0.0930 0.8249 0.0822 0.0000 0.0000

71-80% 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.1424 0.8230 0.0345 0.0000

81-90% 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.1154 0.8438 0.0409

91-100% 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.1156 0.8844
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Figure 5.32 State Transition Matrix for Ten-Minute Wind 

The diagonal probabilities (shaded yellow) characterize the wind persistence. They 
show that on average there is an 84% chance that wind output will persist, i.e. that it 
will change by no more than 10% of rated capacity in ten minutes. The immediate 
off-diagonal probabilities (shaded blue and green) represent the probability for 
significant change. They indicate that there is an average probability of .16 that wind 
output will transition to an adjacent bin-level in ten minutes. Beyond the immediate 
off-diagonal probabilities, everything else is virtually zero. This means that from the 
observed data, there is virtually no chance that wind will change by more than 20% 
of rated in ten minutes. 

Figure 5.33 shows the state transition matrix for one-minute wind. Unlike the ten-
minute matrix, this is based on only 180 hours of one-minute wind data sampled 
during the most extreme and variable periods of the year. 

0-10% 11-20% 21-30% 31-40% 41-50% 51-60% 61-70% 71-80% 81-90% 91-100%

0-10% 0.9007 0.0993 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

11-20% 0.0029 0.9873 0.0098 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

21-30% 0.0000 0.0069 0.9841 0.0090 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

31-40% 0.0000 0.0000 0.0136 0.9779 0.0085 0.0000 0.0000 0.0000 0.0000 0.0000

41-50% 0.0000 0.0000 0.0000 0.0076 0.9764 0.0160 0.0000 0.0000 0.0000 0.0000

51-60% 0.0000 0.0000 0.0000 0.0000 0.0183 0.9756 0.0061 0.0000 0.0000 0.0000

61-70% 0.0000 0.0000 0.0000 0.0000 0.0000 0.0081 0.9776 0.0142 0.0000 0.0000
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Figure 5.33 State Transition Matrix for One-Minute Wind 

The structure of this matrix is the same as the ten-minute matrix shown previously, 
but the transition probabilities out of the current state are much lower. This is 
expected because wind is more likely to be the same (higher correlation) in a smaller 
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time frame and more likely to change over a longer period. In this case, when wind 
output is at 41-50% of rated, there is a probability of .9764 that it will remain in that 
range, a .0076 probability that it will drop to 31-40% of rated, and a .0160 probability 
that wind will rise to 51-60% of rated, all in the next minute.  

The diagonal probabilities (shaded yellow) show that on average there is a 97% 
chance that wind output will not change by more than 10% of rated capacity in one 
minute. The off-diagonal probabilities (shaded blue and green) indicate that there is 
an average probability of .03 that wind output will transition to an adjacent bin-level 
in ten minutes. Beyond that, the observed data shows that there is virtually no 
chance wind will change by more than 20% of rated over a minute. 

The preceding discussion makes a good case for the assertion that “sudden” changes 
in wind output are not likely to occur over short time periods. However, this is only 
part of the story. When sudden changes do occur (regardless of how infrequently), 
the spatial diversity in wind site/group locations will tend to reduce the impact of 
individual changes on the aggregate output. The next subsection examines the 
correlation between wind at different locations in Ontario and impact of diversity. 

5.6.2 Wind Group Diversity 

In a province the size of Ontario, wind is never the same everywhere and in fact, 
varies considerable from time period to time period in different locations. This is a 
well-known fact and for this very reason individual turbines within a wind farm and 
individual wind farms within a territory are sited to take advantage of diversity. An 
examination of the wind groups that make up the various wind scenarios in Ontario 
reveals that there is significant spatial diversity, and consequently wind diversity from 
group to group. This subsection will examine wind diversity from two aspects: group 
correlation and group coincidence. Conclusions from the group analysis can be 
extended to wind sites because individual wind sites are likely to exhibit even more 
diversity than the groups into which they are aggregated. 

5.6.2.1 Group Wind Correlation 

As explained in Chapter 3, Wind Production Profiles, the 68 Helimax wind sites were 
divided into ten wind groups based on geography, plus a group of existing/signed 
projects. A summary of the grouping for the 56 prospective sites is given in Table 
5.22. 

Table 5.22 Summary of Grouping for Prospective Wind Sites 

Group Region # Sites Group Region # Sites 

1 Western Ontario 7 6 Bruce Peninsula to Goderich 4 

2 North shore of Lake Superior 5 7 Goderich to London 5 

3 East shore of Lake Superior 10 8 Northern shore of Lake Erie 3 

4 North of Georgian Bay 9 9 North shore of Lake Ontario 2 

5 East shore of Georgian Bay 6 10 Lake Simcoe to Lake Nipissing 5 

 



Statistical Variability and Operational Impact Analysis 

GE Energy 
Wind Integration Study 8/21/06 OPA-Report-Draft-rev2-laf.doc, 

5.46

Ten-minute data for an entire year was available for each of the ten wind groups. 
Based on this data, the correlation coefficients between various group pairs (mostly 
adjacent wind groups) were computed. As explained previously, the correlation 
coefficient, r, can be used to characterize the strength of the relationship between 
two variables. If r is high (close to 1), then the two variables are highly correlated. If r 
is low (close to 0), then they are not. The sign of r indicates positive or negative 
correlation. 

Figure 5.34 shows the location of the ten wind groups and the correlation coefficient 
between selected pairs of wind groups. 

1

2

3
4 5

6

7

8

9

10

Group Correlation
1& 2 0.6773
4 & 5 0.3144
6 & 7 0.7554
7 & 8 0.4413

9 & 10 0.2493
3 & 4 0.143
2 & 8 0.0957

 
Figure 5.34 Group Locations and Correlation Coefficient of Various Parings for 10-Minute Wind Data 

The data shows that the strongest correlation (.6773) exists between groups 1 and 2, 
both in Western Ontario on the northern shore of Lake Superior. Despite the close 
proximity and common-mode lake effects, the correlation coefficient is not very high. 
The weakest correlation in the list is between groups 3 and 4 and groups 2 and 8 
which happen to be the furthest apart (approximately 1000 km). 

The story here is that over a ten-minute period, different wind groups, even if they are 
in close proximity, are not likely to exhibit synchronous changes in output. The longer 
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the geographic distance between groups, the less correlated they are likely to be, and 
the ten-minute changes are likely to be more independent of each other. 

A similar examination of the 180 hours of one-minute data (from the 24 most 
extreme and variable periods) supports the same general conclusion for shorter 
periods -- although the correlation coefficients are noticeable higher over one minute 
than over ten minutes. 

The lack of inter-group correlation is important because it is a key determinant of 
group coincident behavior. Low group coincidence means than extreme events that 
occur within a particular group will be curtailed in the aggregate wind output due to 
group diversity.  

5.6.2.2 Group Wind Coincidence 

Because wind output in the various groups are not particularly closely correlated, it 
stands to reason that large changes in wind output are not like to be coincident 
across groups, i.e. group wind will not experience simultaneous rise and fall in output. 
The degree to which group wind coincidence (or lack thereof) reduces the impact of 
individual group events on the aggregate wind can be quantified by coincidence 
factors. The concept is similar to coincidence factors used in load diversity studies. 
Table 5.23 illustrates the calculation and results of a wind group coincidence analysis 
for ten-minute and one-minute data, under the four aggregate wind penetration 
scenarios (the 1310 MW level is not considered “aggregate” because it is a single 
group of existing/signed projects). 

Table 5.23 One-Minute and Ten-Minute Wind Group Coincident Analyses for Various Output Levels 

Aggregate 
Wind 

Max -ve 
Delta

Aggregate 
Wind 

Max +ve 
Delta

Group Wind 
Coincident 

Max -ve 
Delta

Group Wind 
Coincident 
Max +ve 

Delta

Coincidence 
Factor 

Max -ve 
Delta

Coincidence 
Factor

Max +ve 
Delta

5000 MW -79 112 -215 241 0.37 0.46
6000 MW -118 101 -274 309 0.43 0.33
8000 MW -128 116 -338 372 0.38 0.31
10000 MW -155 139 -338 372 0.46 0.37

AVG: 0.41 0.37

Aggregate 
Wind 

Max -ve 
Delta

Aggregate 
Wind 

Max +ve 
Delta

Group Wind 
Coincident 

Max -ve 
Delta

Group Wind 
Coincident 
Max +ve 

Delta

Coincidence 
Factor 

Max -ve 
Delta

Coincidence 
Factor

Max +ve 
Delta

5000 MW -704 998 -2394 2795 0.29 0.36
6000 MW -1080 934 -3232 3793 0.33 0.25
8000 MW -1130 1040 -3948 4484 0.29 0.23
10000 MW -1359 1333 -3948 4484 0.34 0.30

AVG: 0.31 0.28

1-Min 
Data 

(180 hrs)

10-Min 
Data 

(1 year)

 
 
The calculation procedure is quite straightforward. From the aggregate wind series 
for each scenario (5000 MW, 6000 MW, 8000 MW, 10,000 MW), the maximum 
negative and positive changes in wind output were computed (based on natural 
diversity). This is the data recorded in column 2 (Aggregate Wind Max –ve Delta) and 



Statistical Variability and Operational Impact Analysis 

GE Energy 
Wind Integration Study 8/21/06 OPA-Report-Draft-rev2-laf.doc, 

5.48

column 3 (Aggregate Wind Max +ve Delta) of Table 5.23. These are analogous to non-
coincident peaks. 

For each of the ten wind groups and the group of existing/signed projects, the 
maximum negative delta and maximum positive delta were computed. Assuming 
that each of these individual group maximum changes occurred simultaneously, the 
maximum coincident change in aggregate wind output was computed for each wind 
scenario. This is the data recorded in column 4 (Group Wind Coincident Max -ve Delta) 
and column 5 (Group Wind Coincident Max +ve Delta) of Table 5.23. These are 
analogous to coincident peaks. 

The coincidence factors for wind drops and wind rises are computed by taking the 
ratio of the non-coincident peaks to the coincident peaks. This is the data recorded in 
column 6 (Coincidence Factor Max -ve Delta) and column 7 (Coincidence Factor Max 
+ve Delta) of Table 5.23. 

The coincidence factors can be interpreted as the fraction of the maximum possible 
(coincident) change in a group wind output that shows up in the actual aggregate 
wind output. The bottom line: when sudden changes in wind output occur, wind 
group diversity significantly reduces the impact of any single change on the 
aggregate output --- by as much as 60% across 1 minute and 70% across 10 
minutes. This argument can be extrapolated to the wind sites that make up the wind 
groups (see Table 5.22). Certainly, as the analysis becomes more granular (i.e. site 
level as opposed to of group level), there is likely to be more diverse behavior and less 
coincidence among wind sites. One would expect the site-to-site correlation to be 
even less than the group-to-group correlation, and by extension, the wind site 
coincidence factors should be smaller. This means that a smaller portion of individual 
site extreme changes would tend show up in the aggregate wind output. 

The next subsection addresses the contribution of extreme weather incidents to 
sudden reductions in wind output. 

5.6.3 Extreme Weather Incidents 

Extremes of weather incidents such as high operating temperatures, windstorms or 
icing events associated with the Great Lakes may force wind plant shutdown either 
due to the high level of wind, absence of wind, or structural damage. These events 
are outside the scope of “normal operation” and may sometimes even exceed the 
design limit of the infrastructure. As a result, the key question is not whether or not 
wind generation will be available during extreme weather incidents, but rather how 
quickly or suddenly the wind generation will abate during these events. To address 
this question, the physical characteristics of Ontario must be considered, as well as 
the characteristics of extreme weather events. The latter is best revealed by a study 
of historical weather patterns and incidents in Ontario and the Northeast. 

Ontario is the second largest (and most populous) province in Canada, with an area 
of 1,076,395 square kilometers, representing 10% of the national land area. The vast 
size of Ontario and the proximity to large bodies of water has a tremendous impact 
on the climate and weather variations within the province.  
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As shown in Figure 5.35, Ontario is bounded on the north by Hudson Bay and James 
Bay, and the American border which is mostly water, passes through four of the five 
Great Lakes, Superior, Huron (which includes Georgian Bay), Erie, and Ontario.  

 
Figure 5.35 Location of the Province of Ontario within Canada 

The Great Lakes region in the south of the province has the majority of the 
population, and is also the region where the wind groups in this study are located. An 
expansion of this region was shown earlier in Figure 5.34, along with the location of 
the wind groups. In the figure, the distance between group 2 on the northern shore of 
Lake Superior and group 8 on the shore of Lake Erie is approximately 1000 km. This 
extensive distance between the groups is a primary contributor to the low wind 
correlation between the two locations. In general, due to the vast size of Ontario, 
temperatures, and weather conditions may vary tremendously from region to region 
and even within the regions themselves. The following is a succinct description of the 
climate of Ontario from Environment Canada.7 

Ontario's climate varies widely from season to season and from one part of the 
province to another. In Northern Ontario, the climate is primarily continental, with cold 
winters and mild summers. Most precipitation falls in the form of summer showers and 
thunderstorms; winter snowfall amounts can be impressive, but usually contain less 
water. Precipitation amounts increase as one moves from northwest to southeast - a 
reflection of the increasing influence of moisture transported from the Great Lakes and 
the Gulf of Mexico. In Southern Ontario, the climate is highly modified by the influence 
of the Great Lakes. The addition of moisture from the Great Lakes in autumn and 
winter increases precipitation amounts, while the heat of the Great Lakes protects the 
region from the worst of winter's cold. 

Ontario experiences a variety of extreme weather events. In winter, Northern Ontario 
can have prolonged periods of extreme cold. Farther south, very heavy snow is a 
regular feature in the snowbelts to the lee of Lakes Superior and Huron, and Georgian 
Bay; major storms lash most parts of Ontario at least once or twice per year, with high 
                                                 
7 Environment Canada, The Canada Country Study: Climate Impacts and Adaptation, http://www.on.ec.gc.ca/canada-
country-study/intro.html  
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winds and a mix of rain, freezing rain and snow. In spring, rapid snowmelt or ice 
jamming can lead to flooding of Ontario's rivers. Spring also marks the beginning of the 
tornado season in Southern Ontario, which has the highest frequency of tornadoes in 
Canada. In summer, thunderstorms can produce heavy downpours, hail, damaging 
winds and occasional tornadoes. Stagnant tropical air masses can bring poor air 
quality, heat waves and drought. In autumn, an early frost can damage crops, and 
remnants of hurricanes occasionally produce high winds and excessive rainfalls. 

As the excerpt confirms, two of the major concerns for wind tower structural integrity, 
high wind and icing, are frequent occurrences in Ontario. However, wind storms in 
the form of hurricanes or tornadoes, and ice storms that are capable of severely 
damaging or toppling a wind structure move at finite speeds and are not capable of 
“sudden” wholesale damage to structures across Ontario within “ten minutes or less”. 
To illustrate this point Figure 5.36 shows the tracks of the ice storms that ravaged the 
Northeastern U.S. and Ontario in January of 1998, taken from a study by the 
Government of Canada, Office of Critical Infrastructure Protection and Emergency 
Preparedness. 8  

 
Figure 5.36 Tracks of Storm Systems During January 98 Great Northeast Ice Storm 

                                                 
8 Estimation of Severe Ice Storm Risks for South-Central Canada, Office of Critical Infrastructure Protection and 
Emergency Preparedness, Government of Canada, 2003, http://ww3.psepc.gc.ca/research/resactivites/natHaz/EC-
MSC_2002D002_ENG_CD.pdf  
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The figure shows the position of the center of the storm systems at twelve-hour 
intervals. A quick comparison of the storm speed and the size of Ontario shows that 
the storms would have taken approximately six hours to cross Southern Ontario. The 
spatial diversity of the wind groups (some are up to 1000 km apart) would virtually 
ensure that they are not all impacted by the storm at the same time. The same 
conclusion can be drawn for other storm systems such as hurricanes and tornadoes. 
Wind group diversity, due to the vast area over which the sites are scattered will 
virtually guarantee that the aggregate wind will not disappear in ten-minutes or less 
due to inclement weather. 

Of course, this does not rule out the possibility that a system moving across Ontario 
could eventually shutdown all the wind plants in its path. However, this is outside the 
scope of this discussion, because such an event will probably also compromise the 
transmission and distribution system. Figure 5.36 shows that the 1998 ice storm was 
severe enough to topple a communication tower in Ontario. The Government of 
Canada study notes “communication towers are normally the last structures to fail in 
an ice storm, and are therefore indicative of the most severe ice storms.” It may be 
reasonable to assume that a storm capable of toppling a communication tower may 
also topple wind towers and transmission towers, in addition to widespread damage 
to lines and distribution poles. The point, however, remains that such storms are 
forecasted and tracked with enough lead time and accuracy that the would not have 
a sudden wholesale impact on aggregate wind generation across a land mass as 
large as Ontario. 
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6 Appendix A – Additional Plots  

6.1 Monthly Time Series Plots 
Time series plots for year 2020 load with 10,000 MW of wind for each month of the 
year are shown below. The left axis (0 to 32,000) is load and the right axis (-5000 to 
20,000) is wind. One axis label has been removed from each plot for display purposes. 
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6.2 Distribution of Hourly Load-Wind Deltas 
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  2020 Load w/ 8000 MW Wind - 1 Hr Delta Distribution
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6.3 Morning Rise, Afternoon Rise, Evening Decline Plots 
Summer Morning Houly Variability 2020 Load - 5000 MW Wind (Jun-Sep,6-10AM)
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 Winter Afternoon Houly Variability 2020 Load - 5000 MW Wind (Nov-Feb,4-6PM)
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  Evening Decline Houly Variability 2020 Load - 5000 MW Wind (Jun-Sep, 9PM-12AM)

0

10

20

30

40

50

60

-2400 – -2300

-2300 – -2200

-2200 – -2100

-2100 – -2000

-2000 – -1900

-1900 – -1800

-1800 – -1700

-1700 – -1600

-1600 – -1500

-1500 – -1400

-1400 – -1300

-1300 – -1200

-1200 – -1100

-1100 – -1000

-1000 – -900

-900 – -800

-800 – -700

-700 – -600

-600 – -500

-500 – -400

-400 – -300

-300 – -200

MW

Fr
eq

ue
nc

y 
(H

rs
) Load - Wind

Load

 



Appendix A – Additional Plots 

GE Energy 
Wind Integration Study 8/21/06 OPA-Report-Draft-rev2-laf.doc, 

6.6

  2009 Load-1310 MW- Morning Profile (Jun-Sep,6-10AM)
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  2009 Load-1310 MW Wind- Afternoon Profile (Nov-Feb,4-6PM)
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 2009 Load-1310 MW - Evening Profile (Jun-Sep,9-12PM)
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6.4 Distribution of Ten Minute Load-Wind Deltas 

 2009 Load-1310 MW Wind - 10 Min Delta Distribution
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 2020 Load - 5000 MW Wind - 10 Min Delta Distribution
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 2020 Load - 6000MW of Wind - 10 Min Delta Distribution
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  2020 Load - 8000 MW of Wind - 10 Min Delta Distribution

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

< -750
-750 – -700
-700 – -650
-650 – -600
-600 – -550
-550 – -500
-500 – -450
-450 – -400
-400 – -350
-350 – -300
-300 – -250
-250 – -200
-200 – -150
-150 – -100
-100 – -50
-50 – 0
0 – 50
50 – 100
100 – 150
150 – 200
200 – 250
250 – 300
300 – 350
350 – 400
400 – 450
450 – 500
500 – 550
550 – 600
600 – 650
650 – 700
700 – 750
> 750

MW

Fr
eq

ue
nc

y 
(1

0-
m

in
 p

er
io

ds
)

Load - Wind
Load

 
 

 



Appendix B – Load and Wind Scenarios 

GE Energy 
Wind Integration Study 8/21/06 OPA-Report-Draft-rev2-laf.doc, 

7.1

7 Appendix B – Load and Wind Scenarios 

7.1 Load and Wind Data 
As discussed in Chapter 3, the load and wind profiles used to develop the scenarios 
for this study are based upon temporally synchronized load and wind data from 
2005. Wind data from 2005 was used because it was the dataset with the fewest 
gaps to be filled by AWS Truewind. This section describes the data and methods used 
for deriving the set of future scenarios shown in Figure 7.1. 

The source load data provided by the requesting parties was 1-minute time series 
data for the full 2005 year. As shown in Figure 7.1, this data was the used to derive 
the 1-minute 2009 and 2020 load values by escalating the 2005 data based upon the 
latest IESO seasonal normal weather peak load forecast. In other words, the profile or 
diurnal pattern of the load is assumed to remain the same for the 2009 and 2020 
load cases (as stipulated by the requesting parties), but the peak yearly load value is 
increased according to the IESO forecast. The ratio used to project the 2009 one-
minute load data is 1.026 and for the 2020 one-minute load data the scaling factor is 
1.162. As an illustration, the 2020 load calculation is shown below: 

PeakLoad
stPeakForecaLoadValueLoadValue

2005
202020052020 ⋅=  

Where, 

162.1
2005

2020
=

PeakLoad
stPeakForeca

 

The impact of the wind variability on the overall system variability (including load) is 
coupled to the ratio: wind nameplate value/peak system load. This ratio is also known 
as the wind penetration level. Assuming that the wind is more variable than the load, 
then as this ratio increases, so does the overall system variability. In recognition of 
this fact and to yield conservative results, the ratios used to derive the 2009 and 2020 
load data were chosen to be the average ratios between the summer and winter 
peak forecasts, not the highest peak forecast. 

In order to analyze the overall system variability for timeframes other than one-
minute, the time series data was “integrated” or averaged to calculate data for longer 
time periods. For example, there are 1,440 one-minute data points in a single day. To 
obtain the ten-minute data for a single day, the first ten minutes of the load for the 
day were averaged to produce a ten-minute load value and then the next ten-
minutes were averaged and so on. The result is a set of 144 ten-minute data points 
that is used to assess the ten-minute statistical variability. The same method is used 
to calculate load data for the five-minute and one-hour time periods used throughout 
this study. This method of calculating time series data was compared to other 
methods such as moving averages and sampling of data. The differences in overall 
analysis results were negligible for these smaller time periods. Time series sampling 
of data was used for the 3-hour period because the difference between integrating 
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and sampling data was found to be more significant than for the other time periods 
under consideration.    

The ten-minute wind production data provided by AWS Truewind was used to derive 
the wind production profiles for the five wind scenarios under consideration. Each of 
the wind scenarios was built up according to Table 8.1.   

Table 8.1 Wind Scenario Construction 

Wind Nameplate Value Groups Used 

1,310 MW Signed/Planned/Existing 

5,000 MW Signed + scaled Groups 4 to 10  

6,000 MW Signed + scaled Groups 3 to 10 

8,000 MW Signed + scaled Groups 1 to 10 

10,000 MW Signed + scaled Groups 1 to 10 
 
The scenarios were constructed to represent the expected wind development across 
the province of Ontario as outlined in the Helimax report. 9  The wind data for each of 
the groups were scaled to arrive at a production profile that was representative of 
the associated nameplate value of wind. 

Wind production data for the one-hour time period were derived from the ten-minute 
data yearly data by integrating the ten-minute data. Wind production data for the 
three-hour time period was derived from the ten-minute data yearly data by 
sampling the one-hour data and shifting the start time to arrive at the worst-case 
variability. Each method of calculating production data was compared to alternative 
methods to ensure that results are worst case. 

The ten-minute wind production data were analyzed to identify the extreme periods 
for which one-minute wind data is required for further analysis. The one-minute data 
is used to assess the incremental regulation and load following requirements. 180 of 
the most variable and extreme hours of the year were selected (see Section 5.5) for 
higher resolution data. The one-minute data provided by AWS Truewind was sampled 
to derive the 5-minute wind production data.  

 

 

                                                 
9 “Analysis of Future Wind Farm Development in Ontario,” Helimax Energy, Inc., March 2006 
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8 Appendix C – Additional Analysis 

8.1 Moving Window Analysis 
Since the five-minute wind data is obtained by sampling the one-minute data at five-
minute intervals, this creates the possibility for large five-minute changes in wind to 
be overlooked if a particular data point is not selected for the sample. By extension, 
this could impact the maximum change in combined load and wind and conceivably 
the overall standard deviation.  

A moving window analysis is the most effective method to capture all possible five-
minute changes. This is completely analogous to picking another point beside the first 
as the initial sample and sampling every fifth point thereafter. This procedure will 
create four additional five-minute wind series all with a different starting point than 
the original. These are designated as 1-shift, 2-shift, 3-shift, and 4-shift, to 
differentiate them from the original series (analyzed section 5.5.2), which is 
designated as 0-shift or no-shift. To maintain synchronism, the 5-minute average 
load window is also shifted. Figure 8.1 illustrates the procedure for the 0-shift and 1-
shift series. 

Time Load (MW) Wind (MW)
0:00 18004 7560
0:01 17955 7484
0:02 17924 7421
0:03 17937 7367
0:04 17897 7306
0:05 17874 7247
0:06 17930 7161
0:07 17832 7107
0:08 17823 7047
0:09 17867 6980
0:10 17826 6892
0:11 17830 6889
0:12 17845 6903
0:13 17817 6900
0:14 17810 6887
0:15 17823 6880
0:16 17780 6875
0:17 17759 6862
0:18 17766 6872

17917
17943

17865
17856

17826
17825

0-shift (start samples 
and averages at t=0)

1-shift (start samples 
and averages at t=1)

Time Load (MW) Wind (MW)
0:00 18004 7560
0:01 17955 7484
0:02 17924 7421
0:03 17937 7367
0:04 17897 7306
0:05 17874 7247
0:06 17930 7161
0:07 17832 7107
0:08 17823 7047
0:09 17867 6980
0:10 17826 6892
0:11 17830 6889
0:12 17845 6903
0:13 17817 6900
0:14 17810 6887
0:15 17823 6880
0:16 17780 6875
0:17 17759 6862
0:18 17766 6872

17917
17943

17865
17856

17826
17825

Time Load (MW) Wind (MW)
0:00 18004 7560
0:01 17955 7484
0:02 17924 7421
0:03 17937 7367
0:04 17897 7306
0:05 17874 7247
0:06 17930 7161
0:07 17832 7107
0:08 17823 7047
0:09 17867 6980
0:10 17826 6892
0:11 17830 6889
0:12 17845 6903
0:13 17817 6900
0:14 17810 6887
0:15 17823 6880
0:16 17780 6875
0:17 17759 6862
0:18 17766 6872

17917
17943

17865
17856

17826
17825

0-shift (start samples 
and averages at t=0)

1-shift (start samples 
and averages at t=1)

 
Figure 8.1 Illustration of Sampling and Averaging with Five-Minute Moving Window 

A moving window analysis was performed on the five-minute data using the year 
2020 load with 10,000 MW of wind scenario to assess the impact of shifting the 
starting point on the 5-minute variability. Table 8.1 shows the result of this analysis.  

The standard deviation of load-wind varies from a low of 149 for the 3-shift case to a 
high of 161 for the no-shift case. The maximum five-minute rise (750 MW) was 
highest for the 1-shift case, but only 2.5% higher than the no-shift case. Similarly, the 
maximum five-minute drop (2507 MW) was also highest for the 1-shift case, but only 
2.9% higher than the no-shift case. From a variability (σ) point-of-view, the no-shift (0-
shift) case appears to be the most conservative estimate, even though the extreme 
variations are a little less than some other cases. 
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Table 8.1 Results Summary of Moving Window (Shifting) Analysis for 2020 Load with 10,000 MW Wind 

Mean: 19 Mean: -1 Mean: 19
STD: 110 STD: 112 STD: 161
Min: -2221 Min: -716 Min: -2435
Max: 575 Max: 629 Max: 732

Mean: 19 Mean: -1 Mean: 19
STD: 110 STD: 103 STD: 156
Min: -2274 Min: -635 Min: -2507
Max: 638 Max: 614 Max: 750

Mean: 19 Mean: -1 Mean: 19
STD: 106 STD: 99 STD: 150
Min: -1645 Min: -650 Min: -1873
Max: 640 Max: 618 Max: 712

Mean: 19 Mean: -1 Mean: 19
STD: 105 STD: 99 STD: 149
Min: -1246 Min: -689 Min: -1454
Max: 584 Max: 624 Max: 696

Mean: 19 Mean: -1 Mean: 20
STD: 106 STD: 103 STD: 153
Min: -1743 Min: -678 Min: -1949
Max: 562 Max: 640 Max: 701

Load-Wind

0-shift

1-shift

2shift

3-shift

4-shift

WindLoad

 
  

For this reason, the no-shift case was chosen as the basis for presentation and 
observation in this study. Alternative approaches would be to chose the most 
conservative results from all the cases and use these to assess operation impact, or 
to use the average results from all the cases. However, the authors believe that 
working the most conservative of the “shift-cases” is the most consistent approach, 
the most defensible and certainly the least confusing of the options. 

A similar exercise was carried out for the multi-hour analysis, shifting the starting 
point for the three-hour deltas by 1 and 2 hours. The results showed that the 
variability of the 1-shift and 2-shift cases were not significantly different than the no-
shift case and therefore were not used in further analysis. 
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8.2 Complete results of Individual Analysis of the 24 Periods 

Table 8.2 Individual Analysis of 24 Periods - 2009 Load with 1,310 of Wind 
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Table 8.3 Individual Analysis of 24 Periods - 2020 Load with 5,000 of Wind 
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Table 8.4 Individual Analysis of 24 Periods - 2020 Load with 6,000 of Wind 
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Table 8.5 Individual Analysis of 24 Periods - 2020 Load with 8,000 of Wind 

 



Appendix C – Additional Analysis 

GE Energy 
Wind Integration Study 8/21/06 OPA-Report-Draft-rev2-laf.doc, 

8.7

Table 8.6 Individual Analysis of 24 Periods - 2020 Load with 10,000 of Wind 
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