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1 Introduction 

Growth in the potential development of Wind Power Facilities (WPFs) in Montana has resulted in a need for 
understanding their impact on the reliability of the NorthWestern Energy (NWE) interconnected electrical system.  
NWE is interested in an assessment of fluctuations over periods of 10-minutes and less from geographically 
separated WPFs.  NWE is further interested in assessing the impact of those fluctuations on the performance 
standards of the interconnected system using a simulation model developed in co-operation with the Alberta 
Electrical System Operator.  

The objectives of this study were to simulate the power time series of geographically separated WPFs and to 
determine the wind power variability for different development scenarios.  Secondly, simulated wind power 
generation scenarios were used to assess impact on electric system operation reliability.  The reader is cautioned that 
wind and electrical system loads are non-stationary variables that preclude certainty in future assessments based on 
historical records.  To model and assess wind power fluctuations and electrical system impact, the analysis 
procedures were organized as follows: 

A preliminary analysis of wind power variation was performed for the existing WPF in Montana. The results of 
this analysis are provided in Section 3. 

In Section 4, a model was developed to simulate 10-minute and 1-minute wind power generation time series. 
The model was validated by comparing simulated and measured wind power data for the existing WPF.   

Simulated wind power time series for development scenarios were generated and analyzed. These results and 
conclusion are provided in Section 5 and Section 6 respectively. 

In Section 7, a model was developed to simulate NWE’s system generation dispatch.  The dispatch simulation 
model was originally developed by and for the AESO.  GENIVAR modified certain control parameters and 
algorithms within the simulation to reflect NWE’s system operation.  The model was validated by comparing 
simulated and historical system performance.   

System dispatch time simulation for the wind development scenarios were generated and analyzed. These 
results and conclusions are provided in Section 8 and Section 9 respectively. 

2 Data Sources and Data Period 

Historical data was gathered from several sources.  Independent wind power developers provided wind speed 
data for use in modeling wind power development scenarios.  NWE provided wind power data from the existing 
WPFs for use in validating wind power modeling.  Finally, NWE provided system load, system generation, 
interchange values, and operational limits for use in the system dispatch simulation model.  

 
The goal in obtaining data was to have a synchronized period of 12 consecutive complete months from each of 

the data sources.  The historical data sets provide a benchmark for model validations. The same historical period was 
then used to simulate development scenarios.  Based on data availability and quality, the period selected for the 
study was June 1, 2006 to May 31, 2007. 
    

3 Short-Term Wind Power Fluctuations in Montana 

The characteristics of short-term (10-minute and 1-minute) wind power fluctuations were examined for existing 
WPFs in Montana. This analysis was performed to provide reference information in the development and validation 
of models of WPF operation. The models were used to simulate wind power generation and fluctuations for 
proposed and hypothetical WPF development.  
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3.1 Wind Power Data 
 

NWE provided wind power generation data for two existing WPFs located in the Montana. The total installed 
capacity of the WPFs was 144 MW.  The raw data consisted of power time series with 1-minute resolution. A 
summary of the wind power data is displayed in Table 1.  

Table 1: Summary of Existing Wind Power Data 
 Time Interval Start End Valid Percentage (%) 

WPF1 1 minute 1-Jan-06 31-Dec-07 100 

WPF2 1 minute 1-Jan-06 31-Dec-07 100 

� �

3.2 Wind Power Fluctuations 
 

The first step in the analysis was to determine the variability of the power output for the existing WPFs. A set of 
summary statistics of fluctuations was calculated. Fluctuations are defined as the difference in average power 
outputs between consecutive time intervals.   The values of summary statistics were presented as a percentage of the 
nameplate capacities for different levels of power output.  For example, in ������B  the average 10-minute increase 
was 2.41% of the installed capacity when the WPFs were generating between 0% and 10% of their capacity; 3.87% 
when generating between 10% and 20%; and 5.42% when generating between 20% and 30%.  

Table 2 summarizes the combined wind power fluctuations for the existing WPFs on a 10-minute time 
resolution.  It was observed that the 40-50% capacity range of the WPF had the greatest annual average power 
increase with a value of C$:B% of the capacity; while the 60-70% capacity range had the greatest annual average 
decrease equal to -:$;9% of capacity.  The maximum standard deviation of increase was C$;9% and occurred at 40-
50% of the rated capacity; the maximum standard deviation of decrease was :$C:% and occurred at 70-80% of rated 
capacity.  

������ 9  summarizes the combined wind power fluctuations for the existing WPFs on a 1-minute time 
resolution.  It was observed that the 50-60% capacity range of the WPF had the greatest annual average power 
increase with a value of >$B@% of the capacity; while the 50-60% capacity range also had the greatest annual 
average decrease equal to ->$B=% of capacity.  The maximum standard deviation of increase was 1.93% and 
occurred at 50-60% of the rated capacity; the maximum standard deviation of decrease was 1.73% and occurred at 
50-60% of rated capacity. 

Readers are cautioned that the maximum fluctuations in the tables might be caused not only by wind speed 
variation but also by forced or controlled outages and startups of the WPF that are unidentified in the measured wind 
power data.�
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Table 2: 10-Minute Normalized Fluctuations of 2 Existing WPFs as a Percentage of Capacity 
Power Sd. Max Min Avg. Inc. Sd. Inc. Max. Inc. Avg. Dec. Sd. Dec Max. Dec. 

B$<@� B$@C� @$@9� 2?$C;� B$=>� 9$C:� :=$>:� 2>$B;� ?$@;� 2<$::�
>=$:9� B$@?� >@$@9� >?$??� 9$;<� =$;@� :?$??� 2B$:=� B$?@� 2>:$9>�
B=$<<� B$;C� B@$@9� B?$??� :$=B� C$C@� <?$??� 29$@?� 9$>=� 2B:$9<�
9=$<@� B$;C� 9@$@9� 9?$??� :$;=� C$::� ::$9<� 2=$<C� =$><� 29>$<<�
==$;?� B$;@� =@$@9� =?$??� C$:B� C$;9� =:$><� 2:$B@� =$<;� 29=$@<�
:=$@?� B$@>� :@$@9� :?$??� C$>>� :$<@� =?$=;� 2:$<@� :$C?� 2=C$9@�
C=$@?� B$;;� <?$??� C?$??� :$;<� :$>=� B@$:B� 2:$;9� :$C=� 2=9$:=�
<:$BC� B$@?� <@$@9� <?$??� =$=@� 9$@<� B9$<=� 2:$B>� :$C:� 2::$@B�
;:$<C� B$;>� @?$??� ;?$??� B$=:� B$BB� >=$<C� 29$B<� =$><� 2=?$;;�
@9$BC� B$>B� @@$;C� @?$??� >$>C� >$??� C$<9� 2>$;>� B$B@� 2=9$B<�

 

Table 3: 1-Minute Normalized Fluctuations of 2 Existing WPFs as a Percentage of Capacity1 
Power Sd2. Max Min Avg.3 Inc.4 Sd. Inc. Max. Inc. Avg. Dec.5 Sd. Dec Max. Dec. 

B$;@� B$;<� >?$??� ?$??� ?$9@� ?$<:� B=$;B� 2?$9>� ?$=?� 2;$>:�
>=$:=� B$@?� B?$??� >?$??� ?$<?� >$B?� 9>$C=� 2?$C>� ?$;=� 2>;$@<�
B=$;?� B$;@� 9?$??� B?$??� ?$@;� >$:=� B@$B:� 2?$@?� >$B=� 2B9$>>�
9=$;:� B$;;� =?$??� 9?$??� >$>=� >$<9� BC$=<� 2>$?:� >$==� 2B?$9?�
==$@B� B$;;� :?$??� =?$??� >$BC� >$@>� 9:$@>� 2>$B?� >$C<� 2B9$@<�
::$?B� B$@B� C?$??� :?$??� >$B@� >$@9� 9?$>B� 2>$B=� >$<9� 2B9$:;�
C=$@@� B$;C� <?$??� C?$??� >$B9� >$<9� B=$>@� 2>$B>� >$<?� 29?$=:�
<:$9B� B$;@� ;?$??� <?$??� ?$@@� >$=?� B:$@@� 2>$?=� >$::� 2B9$B@�
;:$<<� B$;9� @?$??� ;?$??� ?$:<� ?$;=� >=$;@� 2?$CB� >$?B� 2BB$9;�
@9$B=� B$>?� >??$??� @?$??� ?$B;� ?$9@� C$=@� 2?$9=� ?$C?� 2B?$:=�

 
 

4 Wind Power Modeling Methodologies and Analysis St eps 
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1 All units in the table are % of capacity 
2 Sd. :  abbreviation of standard deviation 
3 Avg. : abbreviation of average 
4 Inc. : abbreviation of increase 
5 Dec. : abbreviation of decrease 
6 Turbulence intensity: Quotient of instantaneous wind speed divided by the mean wind speed for a given period. 
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Figure 1: Relationship between the Spatial Dimension and the Propagation Time for 

Various Wind Speeds  
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Figure 2:  The Frequency Distribution of the Wind Speeds Measured at Individual Wind 

Turbines in a WPF 
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Figure 3: Normalized Single-Turbine and Multi-Turbine Power Curves for a WPF 
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7 Nameplate capacity density is defined as the ratio of a WPF’s nameplate capacity to the area of the WPF and is in the unit of 
MW/km2.   
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Figure 4: Scatter Plot of the Nameplate Capacity Density vs.  Nameplate Capacity  

for Sampled Existing WPFs 
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Figure 5: Comparison of Normalized Magnitudes of Measured and Simulated Power 

Fluctuations for a WPF (10-Minute) 
�

 
Figure 6: Comparison of Normalized Percentiles of Measured and Simulated Power 

Fluctuations for a WPF (10-Minute) 
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Figure 7: Comparison of Measured and Simulated Time Series for a WPF (10-Minute) 

 

 
Figure 8: Comparison of Normalized Magnitudes of Measured and Simulated Power 

Fluctuations for a WPF  (1-Minute) 
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Figure 9: Comparison of Normalized Percentiles of Measured and Simulated Power 

Fluctuations for a WPF (1-Minute) 
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Figure 10:  Comparison of Normalized Magnitudes of Measured and Simulated Power 

Fluctuations for the Benchmark Scenario (10-Minute) 

 
Figure 11:  Comparison of Normalized Percentiles of Measured and Simulated Power 

Fluctuations for the Benchmark Scenario (10-Minute) 
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Figure 12: Comparison of Measured and Simulated Time Series for the Benchmark 

Scenario (10-Minute) 

 
Figure 13: Comparison of Normalized Magnitudes of Measured and Simulated Power 

Fluctuations for the Benchmark Scenario (1-Minute) 
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Figure 14:  Comparison of Normalized Percentiles of Measured and Simulated Power 

Fluctuations for the Benchmark Scenario (1-Minute) 
�
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Figure 15: Sensitivity Analysis on the Effect of Wind Turbine Power Curves 

4.4.2 The Effect of WPF Size 
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Figure 16: Sensitivity Analysis on the Effect of Area Dimension with a 200 MW 
Nameplate Capacity 
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Figure 17: Sensitivity Analysis on the Effect of Area Dimension with a 100 MW 
Nameplate Capacity 
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Figure 18: Sensitivity Analysis on the Effect of Area Dimension with a 70 MW 

Nameplate Capacity 
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Figure 19:  Sensitivity Analysis on the Effect of Area Dimension with a 30 MW 

Nameplate Capacity 

 

4.4.3 The Effect of Turbulence Intensity 
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Figure 20: Sensitivity Analysis on the Effect of Turbulence Intensity 

4.4.4 The Effect of Air Density 
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Figure 21: Sensitivity Analysis on the Effect of Air Density 
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4.4.5 The Effect of Wake/Array Loss 
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Figure 22: Power Curves With and Without Wake/Array Loss 

 

 
Figure 23: Sensitivity Analysis on the Effect of Wake/Array Loss 
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5 Simulation of Existing and Future Wind Power Scen arios 
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8 The degree of geographical dispersion is quantified by the standard deviation of the percentage capacity by region assuming 
four regions within Montana 
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Table 4: Regional Power Distribution of 3Hypothetical Scenarios (MW) 
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Table 5: Percentiles of Simulated 10-Minute Fluctuations for Scenarios A, B, C, and D 
(MW) 
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Table 6: Percentiles of Simulated 1-Minute Fluctuations for Scenarios A, B, C, and D 
(MW) 
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Figure 24: Comparison of the Magnitudes of Simulated Fluctuations for Scenarios A, 

B, C, and D (10-Minute) 
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Figure 25: Comparison of the Percentiles of Simulated Fluctuations for Scenarios A, B, 

C, and D (10-Minute) 
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Figure 26: Comparison of the Normalized Magnitudes of Simulated Fluctuations for 

Scenarios A, B, C, and D (10-Minute) 
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Figure 27: Comparison of the Normalized Percentiles of Simulated Fluctuations for 

Scenarios A, B, C, and D (10-Minute) 
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Figure 28: Comparison of the Magnitudes of Simulated Fluctuations for Scenarios A, 

B, C, and D (1-Minute) 
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Figure 29: Comparisons of the Percentiles of Simulated Fluctuations for Scenarios A, 

B, C, and D (1-Minute) 
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Figure 30: Comparison of the Normalized Magnitudes of Simulated Fluctuations for 

Scenarios A, B, C, and D (1-Minute) 
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Figure 31: Comparison of the Normalized Percentiles of Simulated Fluctuations for 

Scenarios A, B, C, and D (1-Minute) 
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5.2.2 Hypothetical Geospatial Diversity Development Scenarios 
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Table 7: Percentiles of Simulated 10-Minute Fluctuations for Scenarios E, F, and G 
(MW) 
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Table 8: Percentiles of Simulated 1-Minute Fluctuations for Scenarios E, F, and G 
(MW) 
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Figure 32: Comparison of the Magnitudes of Simulated Fluctuations for Scenarios E, 

F, and G (10-Minute) 
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Figure 33: Comparison of the Percentiles of Simulated Fluctuations for Scenarios E, F, 

and G (10-Minute) 
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Figure 34: Comparison of the Magnitudes of Simulated Fluctuations for Scenarios E, 

F, and G (1-Minute) 
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Figure 35: Comparisons of the Percentiles of Simulated Fluctuations for Scenarios R, 

F, and G (1-Minute) 
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6 Wind Power Variability Conclusions 
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7 Electric System Impact Modeling Methodologies and  Analysis Steps 
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Table 9: Description of Statistical Methods for Assessing Combined System Variability 
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7.2.1 Methodologies 
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Figure 36: Logic for System Dispatch Time Simulation 
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9 During actual operation, the system operator is not able to make changes for the next hour, but can for the make changes for the 
hour after.   

Calculate operation reliability index: CPS2

Control decision every 60 minutes 

Decision for next 60 minutes

Existing control deviation
•Current ACE
•Current RR usage

Expected Load change 
•Day-ahead forecast

Interchange Schedule change

Expected wind generation
•Persistent wind forecast (no 
change in next 60 minute)
•Persistent ramping forecast
•Perfect point forecast

Control instruction threshold 
If dispatch change within +/-
20MW, no instruction is made

Energy market response for each minute
• Ramping starts 10-min before the hour and ends 10-
min after the hour and is subject to ramping limit
•Energy market then holds level for 40-min

Calculate the mismatch after dispatch
between the energy market dispatch and net demand 
(Load + ScheduledInterchange – WindGeneration)

Calculate required regulating reserve level
To balance the mismatch, subject to available 
regulating reserves (up &  down) and ramping limit

Calculate the remaining mismatch 
[energy market dispatch + regulating reserve 
dispatch] and [Load + Scheduled Interchange – Wind 
Generation] as ACE and the simulated interchange

1-minute simulation 
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7.2.2 Model Assumptions 
��!������	
�
����	�������
���
�
����
	��
����
����� ���
�����
����
����
�
�������)�������
���#�����
��� �


��
� ���
�����
�� ��� 
��� ����#�� ���� ���������� 
��!�
 �$� � ���� ���	
�
����� 	���� 
�� ������
���+�� 
��� ����)� ��� ���

�����#�����
���� ����
�������
������
������
����
	 �������)���$��������
�������
�������	
�
����������) �����
���
�������� ��#����
���7�8�#	���9<���� ������
���� ���������
	��
���������������
���#�����
����)���	�� ��
	���
����)�������
���#�����
���$�

���	
�
��������
���
�
����
	��
����
���������	��%�

·  ��������#��
��!�
���
����
�� �����
�
���
��9:0"G
�� ��������2���!���	���&B9%??�
��?;%??'�����
:0"G
���������2���!���	���&?;%??�
��B9%??'7�

·  ���� ��#	��
��#� �����)�� ��
�� ��
��  ��� ��
�
��� �
�>?A � ��� 
��� ��#	��
��#� ���#�� ���� 
��	
�$� � ����

���������
����
���
������#���
���
����
����)��	��� �	
��
� ���	��������
����	�����������
	��
���7�

·  ����#��
��!�
���
�����#���>?�
��	
����������
�����	 ����������>?�
��	
�����
���
�����	������
��
���������������������7�



36 
 

·  ������#	��
���������)����
�����
� ���
��#�
���
���� ����
���
����������
�����#� >?7�����

·  ���� �������� �	���#�  ����� ���
�
� ���G���  ���� �� ��� � �
�� D	���
��  ��� D	��
��������  ����
�(��	�������
�
�����������$�

����
�
����
	��
�����������
%�

·  ���������
����
���������������
�������)����
��
7�

·  ������������
�
�)��������
����������	�
�������
��#� ��������
����������(
������
��
����"������
������
���
�
7�

·  �(�
����)��������
����������
�������#�����
���7����

·  �(�
����)��������
���������)��	��� ����������
���$�
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10 This is a goal for operation, but not always achievable.  This may result in a CPS2 performance lower than modeled. 
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Figure 37: Validation of Ramp-Rate Limited Energy and Ancillary Market Generators 
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Figure 38: Comparison of Simulated and Actual Area Control Error 
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Figure 39: Comparison of Simulated and Actual Historical CPS2 Performance Ratings 
��

8 Electric System Impact Results  

8.1 Magnitude of Variability Analysis 
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Table 10: Summary of Magnitude of Variability for Scenarios A, B, C, and D 
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Table 11: Summary of Magnitude of Variability for Scenarios E, F, and G  
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8.2 Time Simulation Analysis 
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Figure 40: Comparison of Actual Historical, Simulated Historical, and Benchmark 
CPS2 Performance Ratings 
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8.2.1 Effect of Wind Forecasting on System Performance 
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Figure 41: Comparison of Simulated Monthly CPS2 Ratings for the Benchmark 
Scenario and Scenarios B, C, and D with Persistent Ramping 

�

�

Figure 42: Comparison of Simulated Monthly CPS2 Ratings for the Benchmark 
Scenario and Scenarios E, F, and G with Persistent Ramping 
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Figure 43: Comparison of Simulated Monthly CPS2 Rating for the Benchmark 
Scenario and Scenario G with Different Forecasting Methods 

�
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Figure 44: Comparison of Simulated Monthly CPS2 Ratings for the Benchmark 
Scenario and Scenarios B, C, and D with Perfect Forecasting 
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8.2.2 Effect of Regulating Reserve on System Performance 
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Table 12: Summary of Increase from Current Value of Regulating Reserve Range 
(RRR) Required for 90%, 91%, and 94% CPS2 Ratings shown as factor of current 

levels 

Wind 
Scenario* 

Factor of Current 
Wind Capacity 

Factor of current RRR 
for CPS2 of at least 
90% for all months 

Factor of current RRR 
for CPS2 of at least 
91% for all months 

Factor of current RRR 
for CPS2 of at least 
94% for all months 

A 1.00 1.00 1.00 1.44 
B 2.49 1.00 1.00 1.68 
C 5.15 1.36 1.56 2.15 
D 10.07 2.74 3.02 4.32 
E 10.07 2.54 2.73 4.05 
F 10.07 3.37 3.68 4.67 
G 10.07 3.84 4.12 5.44 

               * For this analysis, wind scenarios were modeled with persistent forecasting method 

Table 13: Summary of Increase from Current Value of Regulating Reserve Range 
(RRR) Required for 90%, 91%, and 94% CPS2 Ratings shown as absolute values 

Wind 
Scenario* 

Wind Capacity 
(MW) 

Required RRR for 
CPS2 of at least 90% 
for all months (MW) 

Required RRR for 
CPS2 of at least 91% 
for all months (MW) 

Required RRR for 
CPS2 of at least 94% 
for all months (MW) 

A ���  ��  ��  ���  
B �����  ��  ��  ���  
C 	��  ��
  ���  ���  
D ����  ���  ��	  �
	  
E ����  ��
  ���  ���  
F ����  ��
  ���  ��	  
G ����  ��
  ���  �
�  

               * For this analysis, wind scenarios were modeled with persistent forecasting method 
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Table 14: System Dispatch Time Simulation CPS2 Ratings for all Benchmark Scenario 
and Scenario B with 105MW Regulating Reserve Range 

Scenario 
RRR+ 
(MW) 

Wind 
Forecast 
Method 
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*Scenario A with Persistent Forecasting is referred to as the benchmark scenario 
+RRR: abbreviation for Regulating Reserve Range 
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Figure 45: Comparison of Simulated Monthly CPS2 Rating for the Benchmark 

Scenario and Scenario B with 105MW Regulating Reserve Range 
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9 Electrical System Impact Conclusions 
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11 Appendix A: Wind Data Quality and Additional Var iability Statistics 

Table 15: Distribution of Qualified Wind Data in Terms of the Number of WPFs 
(Scenario B) 

Number Of WPFs 
Providing Valid 
Measurement  

Number Of Valid 
Records 

Percentage of Time 
(%) 

<= 1 0 0 
2 65 0.1 
3 995 1.9 
4 2208 4.2 
5 49288 93.8 

 
Table 16: Distribution of Qualified Wind Data in Terms of the Nameplate Capacity 

(Scenario B) 

Capacity (MW) Number Of Valid 
Records 

Percentage of Time 
(%) 

[0 - 100) 0 0 
[100 - 200) 65 0.1 
[200 - 300) 2197 4.2 
[300 - 400) 50294 95.7 

 
Table 17: Distribution of Qualified Wind Data in Terms of the Number of WPFs 

(Scenario C) 
Number Of WPFs 
Providing Valid 
Measurement  

Number Of Valid 
Records 

Percentage of Time 
(%) 

<= 3 0 0 
4 4 0.0 
5 162 0.3 
6 668 1.3 
7 1178 2.2 
8 3585 6.8 
9 46959 89.4 

 
Table 18: Distribution of Qualified Wind Data in Terms of the Nameplate Capacity 

(Scenario C) 

Capacity (MW) Number Of Valid 
Records 

Percentage of Time 
(%) 

[0 - 300) 0 0 
[300 - 400) 86 0.2 
[400 - 500) 858 1.6 
[500 - 600) 1880 3.6 
[600 - 700) 1449 2.8 
[700 - 800) 48283 91.9 
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Table 19: Distribution of Qualified Wind Data in Terms of the Number of WPFs 
(Scenario D) 

Number Of WPFs Providing 
Valid Measurement  

Number Of Valid 
Records 

Percentage of Time 
(%) 

<= 4 0 0 
5 100 0.2 
6 522 1.0 
7 117 0.2 
8 172 0.3 
9 127 0.2 
10 359 0.7 
11 916 1.7 
12 1141 2.2 
13 3103 5.9 
14 45999 87.5 

 
Table 20: Distribution of Qualified Wind Data in Terms of the Nameplate Capacity 

(Scenario D) 

Capacity (MW) Number Of Valid 
Records 

Percentage of Time 
(%) 

[0 - 300) 0 0 
[300 - 400) 11 0.0 
[400 - 500) 491 0.9 
[500 - 600) 134 0.3 
[600 - 700) 107 0.2 
[700 - 800) 59 0.1 
[800 - 900) 151 0.3 
[900 - 1000) 236 0.4 
[1000 - 1100) 455 0.9 
[1100 - 1200) 927 1.8 
[1200 - 1300) 1526 2.9 
[1300 - 1400) 2166 4.1 
[1400 - 1500) 46293 88.1 

 
Table 21: Distribution of Qualified Wind Data in Terms of the Number of WPFs 

(Scenario E) 
Number Of WPFs Providing 

Valid Measurement  
Number Of Valid 

Records 
Percentage of Time 

(%) 
<= 1 0 0 

2 100 0.2 
3 516 1.0 
4 179 0.3 
5 539 1.0 
6 1297 2.5 
7 3740 7.1 
8 46185 87.9 
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Table 22: Distribution of Qualified Wind Data in Terms of the Nameplate Capacity 
(Scenario E) 

Capacity (MW) Number Of Valid 
Records 

Percentage of Time 
(%) 

[0 - 500) 0 0 
[500 - 600) 113 0.2 
[600 - 700) 28 0.1 
[700 - 800) 531 1.0 
[800 - 900) 123 0.2 
[900 - 1000) 483 0.9 
[1000 - 1100) 1400 2.7 
[1100 - 1200) 369 0.7 
[1200 - 1300) 2190 4.2 
[1300 - 1400) 1134 2.2 
[1400 - 1500) 46185 87.9 

 
Table 23: Distribution of Qualified Wind Data in Terms of the Number of WPFs 

(Scenario F) 
Number Of WPFs Providing 

Valid Measurement  
Number Of Valid 

Records 
Percentage of Time 

(%) 
<= 1 0 0 

2 100 0.2 
3 517 1.0 
4 175 0.3 
5 536 1.0 
6 1286 2.4 
7 3694 7.0 
8 46248 88.0 

 
Table 24: Distribution of Qualified Wind Data in Terms of the Nameplate Capacity 

(Scenario F) 

Capacity (MW) Number Of Valid 
Records 

Percentage of Time 
(%) 

[0 - 100) 0 0 
[100 - 200) 56 0.1 
[200 - 300) 0 0.0 
[300 - 400) 12 0.0 
[400 - 500) 483 0.9 
[500 - 600) 21 0.0 
[600 - 700) 152 0.3 
[700 - 800) 137 0.3 
[800 - 900) 235 0.4 
[900 - 1000) 263 0.5 
[1000 - 1100) 632 1.2 
[1100 - 1200) 1454 2.8 
[1200 - 1300) 1146 2.2 
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Capacity (MW) Number Of Valid 
Records 

Percentage of Time 
(%) 

[1300 - 1400) 1406 2.7 
[1400 - 1500) 46559 88.6 

 
Table 25: Distribution of Qualified Wind Data in Terms of the Number of WPFs 

(Scenario G) 
Number Of WPFs Providing 

Valid Measurement  
Number Of Valid 

Records 
Percentage of Time 

(%) 
<= 1 0 0 

2 99 0.2 
3 515 1.0 
4 178 0.3 
5 532 1.0 
6 1280 2.4 
7 3653 7.0 
8 46299 88.1 

 
 

Table 26: Distribution of Qualified Wind Data in Terms of the Nameplate Capacity 
(Scenario G) 

Capacity (MW) Number Of Valid 
Records 

Percentage of Time 
(%) 

[0 - 100) 0 0 
[100 - 200) 585 1.1 
[200 - 300) 46 0.1 
[300 - 400) 102 0.2 
[400 - 500) 0 0.0 
[500 - 600) 150 0.3 
[600 - 700) 456 0.9 
[700 - 800) 0 0.0 
[800 - 900) 0 0.0 
[900 - 1000) 196 0.4 
[1000 - 1100) 1508 2.9 
[1100 - 1200) 0 0.0 
[1200 - 1300) 48 0.1 
[1300 - 1400) 2174 4.1 
[1400 - 1500) 47291 90.0 
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Table 27: 10-Minute Normalized Fluctuations for Scenario B as a Percentage of its 
Capacity 

�� ��� -�$� 0�(� 0��� �)#$����$ � -�$����$ � 0�($����$ ��)#$�/��$ � -�$�/�� � 0�($�/��$ �

9$;:� B$@<� >?$??� 2?$B;� ?$<:� >$>9� >C$>;� 2?$::� ?$CB� 2C$9;�
>=$C?� B$@B� B?$??� >?$??� B$?<� B$=:� B@$@B� 2>$C?� >$9;� 2>B$?<�
B=$;C� B$@9� 9?$??� B?$??� B$C:� B$@B� 9>$;>� 2B$BC� >$@@� 2><$;<�
9=$@9� B$;@� =?$??� 9?$??� B$C;� B$@=� BC$@=� 2B$=:� B$9B� 2>;$9>�
==$@>� B$@?� :?$??� =?$??� B$@C� 9$>C� B;$>:� 2B$<:� B$::� 2B?$B=�
::$?<� B$@>� C?$??� :?$??� 9$?<� B$@:� BC$:?� 2B$@;� B$CB� 2>C$@<�
C:$B>� B$@>� <?$??� C?$??� B$<;� 9$B;� 9>$<C� 2B$<?� B$CB� 2>;$?;�
<=$;@� B$@>� ;?$??� <?$??� 9$><� 9$>C� B9$>?� 2B$@?� B$:;� 2B>$:=�
;:$??� B$;C� @?$??� ;?$?>� B$;@� B$=;� >=$=B� 29$?:� B$;B� 2B=$<;�
@=$@9� B$=?� @@$@@� @?$??� >$?B� >$><� <$@?� 2>$<?� B$:?� 2B<$@B�

 
Table 28: 10-Minute Normalized Fluctuations for Scenario C as a Percentage of its 

Capacity 
�� ��� -�$� 0�(� 0��� �)#$����$ � -�$����$ � 0�($����$ ��)#$�/��$ � -�$�/�� � 0�($�/��$ �

:$B?� B$<?� >?$??� 2?$>@� ?$<B� ?$@B� >9$BC� 2?$:<� ?$:=� 2:$<:�
>:$?9� B$;C� B?$??� >?$??� >$9@� >$:<� B?$9@� 2>$>;� >$?<� 2>>$9:�
B=$;C� B$;=� 9?$??� B?$??� >$CB� >$;>� B>$99� 2>$9;� >$9C� 2>B$=;�
9:$?=� B$;@� =?$??� 9?$??� B$??� B$?<� B?$:?� 2>$@?� >$CC� 2>:$@:�
==$@:� B$@>� :?$??� =?$??� B$B?� B$BC� B=$9<� 2B$?C� >$;=� 2><$BC�
:=$@9� B$;:� C?$??� :?$??� B$9>� B$B;� B@$B=� 2B$>=� >$@9� 2>C$>@�
C=$@C� B$;;� <?$??� C?$??� B$99� B$=?� BB$<>� 2B$B?� B$?B� 2BB$>;�
<:$B?� B$@9� ;?$??� <?$??� B$?<� B$>>� B?$C?� 2B$?9� >$@@� 2>;$?B�
;=$:?� B$;C� @?$??� ;?$??� >$C;� >$C:� >:$C?� 2>$@9� B$B9� 2B9$99�
@=$9?� B$:<� @@$@C� @?$??� >$?;� >$?>� :$;@� 2>$=9� >$C?� 2>9$>=�

  
Table 29: 10-Minute Normalized Fluctuations for Scenario D as a Percentage of its 

Capacity 
�� ��� -�$� 0�(� 0��� �)#$����$ � -�$����$ � 0�($����$ ��)#$�/��$ � -�$�/�� � 0�($�/��$ �

:$B9� B$<@� >?$??� 2?$>?� ?$:;� ?$C@� @$C@� 2?$=;� ?$=@� 2=$C@�
>=$;=� B$;@� B?$??� >?$??� >$?@� >$B9� ><$=;� 2?$@=� ?$;C� 2<$?=�
B=$;=� B$@?� 9?$??� B?$??� >$:>� >$=C� >C$B<� 2>$9C� >$B>� 2>>$9<�
9=$;@� B$;C� =?$??� 9?$??� >$<@� >$C:� >C$B@� 2>$<B� >$:B� 2>B$::�
==$;9� B$@9� :?$??� =?$??� >$@?� >$<9� >B$@9� 2>$;:� >$CB� 2>9$9:�
:=$;=� B$@B� C?$??� :?$??� >$@<� B$?B� B>$@@� 2>$;?� >$:@� 2>>$@B�
C:$>?� B$@?� <?$??� C?$??� >$@>� >$@<� BB$:=� 2>$;;� >$<?� 2>=$@:�
<:$><� B$@>� ;?$??� <?$??� >$C@� >$@C� >@$B=� 2>$<>� >$<C� 2>@$=9�
;=$:<� B$;>� @?$??� ;?$??� >$99� >$=:� >:$>>� 2>$=<� >$CC� 2>;$==�
@9$C@� B$C>� @@$@@� @?$??� ?$@<� ?$@>� ;$?9� 2>$:>� >$@B� 2><$B9�
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Table 30:  1-Minute Normalized Fluctuations for Scenario B as a Percentage of its 
Capacity 

�� ��� -�$� 0�(� 0��� �)#$����$ � -�$����$ � 0�($����$ ��)#$�/��$ � -�$�/�� � 0�($�/��$ �

9$@?� B$@@� >?$??� 2?$B;� ?$>9� ?$BC� <$=<� 2?$>B� ?$B>� 2=$?B�
>=$C:� B$;;� B?$??� >?$??� ?$9<� ?$::� >>$<?� 2?$9=� ?$=:� 2@$<:�
B=$;;� B$@B� 9?$??� B?$??� ?$:>� ?$<>� >B$C;� 2?$=;� ?$C?� 2@$@B�
9=$@:� B$;C� =?$??� 9?$??� ?$:B� ?$<>� >>$@B� 2?$:>� ?$C=� 2>?$=B�
==$;<� B$;@� :?$??� =?$??� ?$C?� ?$<C� >=$C=� 2?$:;� ?$<>� 2>>$;C�
::$>9� B$@>� C?$??� :?$??� ?$C9� ?$;C� 9=$;B� 2?$CB� ?$<C� 2>?$C@�
C:$?:� B$;=� <?$??� C?$??� ?$:;� ?$<<� >=$9?� 2?$:<� ?$<9� 2>9$;<�
<=$;<� B$@?� ;?$??� <?$??� ?$C;� ?$;C� >:$>>� 2?$C:� ?$<;� 2>>$B=�
;:$B>� B$@C� @?$??� ;?$??� ?$CB� ?$<;� @$@9� 2?$C=� ?$;;� 2B;$:?�
@9$B=� >$<?� @<$C9� @?$??� ?$B;� ?$=<� :$?9� 2?$9=� ?$C9� 29<$:;�

 
Table 31:  1-Minute Normalized Fluctuations for Scenario C as a Percentage of its 

Capacity 
�� ��� -�$� 0�(� 0��� �)#$����$ � -�$����$ � 0�($����$ ��)#$�/��$ � -�$�/�� � 0�($�/��$ �
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B=$@>� B$;C� 9?$??� B?$??� ?$9?� ?$=B� <$>9� 2?$B@� ?$9;� 2<$=<�
9:$?:� B$@?� =?$??� 9?$??� ?$9@� ?$:>� >>$?>� 2?$9;� ?$=C� 2C$;>�
==$@>� B$;;� :?$??� =?$??� ?$=B� ?$:=� >>$@;� 2?$=>� ?$:?� 2>B$@>�
::$?>� B$@>� C?$??� :?$??� ?$=:� ?$:<� >?$9C� 2?$=:� ?$::� 2>9$?;�
C=$@<� B$@?� <?$??� C?$??� ?$=<� ?$C>� >9$:;� 2?$=C� ?$:;� 2>:$CB�
<:$>:� B$@?� ;?$??� <?$??� ?$=>� ?$:;� ><$C;� 2?$=B� ?$C?� 2>9$9<�
;=$:?� B$;@� @?$??� ;?$??� ?$9;� ?$=;� >?$C=� 2?$9@� ?$:9� 2>=$:9�
@=$>>� B$=@� @@$@@� @?$??� ?$B<� ?$9=� 9$@@� 2?$9?� ?$==� 2>;$@=�

 
Table 32: 1-Minute Normalized Fluctuations for Scenario D as a Percentage of its 

Capacity 
�� ��� -�$� 0�(� 0��� �)#$����$ � -�$����$ � 0�($����$ ��)#$�/��$ � -�$�/�� � 0�($�/��$ �

:$BB� B$<@� >?$??� 2?$?<� ?$>>� ?$><� =$B>� 2?$>?� ?$>:� 2B$;?�
>=$;C� B$;@� B?$??� >?$??� ?$B>� ?$9>� <$<>� 2?$B?� ?$B<� 29$=<�
B=$<@� B$@?� 9?$??� B?$??� ?$9?� ?$=?� <$C@� 2?$B@� ?$9C� 2:$C9�
9=$;9� B$;;� =?$??� 9?$??� ?$9:� ?$=:� <$:C� 2?$9:� ?$==� 2C$:@�
==$@9� B$@C� :?$??� =?$??� ?$9;� ?$=@� >?$B9� 2?$9<� ?$=<� 2;$:B�
:=$;: � B$@>� C?$??� :?$??� ?$9@� ?$:9� @$@;� 2?$9;� ?$=;� 2@$:=�
C:$?:� B$;<� <?$??� C?$??� ?$9;� ?$:>� ;$@>� 2?$9;� ?$:?� 2;$9?�
<:$><� B$;@� ;?$??� <?$??� ?$99� ?$=;� >?$=?� 2?$99� ?$=C� 2>?$=;�
;=$=?� B$<:� @?$??� ;?$??� ?$B@� ?$==� @$><� 2?$9>� ?$=C� 2;$<9�
@9$>>� B$><� @;$C;� @?$??� ?$B9� ?$9?� C$B:� 2?$BC� ?$=B� 2>>$>@�
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Table 33: 10-Minute Normalized Fluctuations for Scenario E as a Percentage of its 
Capacity 

�� ��� -�$� 0�(� 0��� �)#$����$ � -�$����$ � 0�($����$ ��)#$�/��$ � -�$�/�� � 0�($�/��$ �
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B:$>B� B$;;� 9?$??� B?$??� >$=C� >$=;� >C$:;� 2>$9=� >$9?� 2>=$>C�
9=$;=� B$@?� =?$??� 9?$??� >$:;� >$=@� >B$?@� 2>$:C� >$=C� 2>@$?<�
==$@?� B$@?� :?$??� =?$??� >$<<� >$C;� ><$=:� 2>$<=� >$=@� 2>C$=B�
:=$;: � B$@C� C?$??� :?$??� >$@;� >$<;� >9$C?� 2>$@B� >$CC� 2>:$>:�
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Table 34: 10-Minute Normalized Fluctuations for Scenario F as a Percentage of its 
Capacity 
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Table 35: 10-Minute Normalized Fluctuations for Scenario G as a Percentage of its 
Capacity 
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B=$;B� B$@:� 9?$??� B?$??� B$9@� B$=:� B=$C;� 2B$?=� >$<;� 2>9$<>�
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Table 36: 1-Minute Normalized Fluctuations for Scenario E as a Percentage of its 
Capacity 
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9=$;=� B$;@� =?$??� 9?$??� ?$9B� ?$=C� ;$<<� 2?$9B� ?$==� 2<$>:�
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Table 37: 1-Minute Normalized Fluctuations for Scenario F as a Percentage of its 

Capacity 
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Table 38: 1-Minute Normalized Fluctuations for Scenario G as a Percentage of its 
Capacity 

�� ��� -�$� 0�(� 0��� �)#$����$ � -�$����$ � 0�($����$ ��)#$�/��$ � -�$�/�� � 0�($�/��$ �

:$>C� B$;@� >?$??� ?$??� ?$>9� ?$B9� <$9@� 2?$>B� ?$>;� 2:$:C�
>=$C=� B$@?� B?$??� >?$??� ?$9>� ?$=;� ><$;=� 2?$B@� ?$=?� 2<$9;�
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Table 39: Frequency Distribution of Power for Scenario A 

Power (% Capacity)  Valid Records  Percentage of Time  
[0-10) 18390 35.0 
[10-20) 5271 10.0 
[20-30) 3498 6.7 
[30-40) 2920 5.6 
[40-50) 2524 4.8 
[50-60) 2511 4.8 
[60-70) 2627 5.0 
[70-80) 3572 6.8 
[80-90) 7698 14.6 
[90-100] 3545 6.7 

 
Table 40: Frequency Distribution of Power for Scenario B 

Power (% Capacity)  Valid Records  Percentage of Time  
[0-10) 14279 27.2 
[10-20) 6506 12.4 
[20-30) 4836 9.2 
[30-40) 4538 8.6 
[40-50) 4083 7.8 
[50-60) 3782 7.2 
[60-70) 4258 8.1 
[70-80) 3323 6.3 
[80-90) 3340 6.4 
[90-100] 3611 6.9 

 
Table 41: Frequency Distribution of Power for Scenario C 

Power (% Capacity)  Valid Records  Percentage of Time  
[0-10) 7966 15.2 
[10-20) 7110 13.5 
[20-30) 7732 14.7 
[30-40) 6204 11.8 
[40-50) 5453 10.4 
[50-60) 5026 9.6 
[60-70) 4558 8.7 
[70-80) 4563 8.7 
[80-90) 2840 5.4 
[90-100] 1104 2.1 
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Table 42: Frequency Distribution of Power for Scenario D 

Power (% Capacity)  Valid Records  Percentage of Time  
[0-10) 9032 17.2 
[10-20) 8598 16.4 
[20-30) 6542 12.4 
[30-40) 5748 10.9 
[40-50) 5012 9.5 
[50-60) 4468 8.5 
[60-70) 4355 8.3 
[70-80) 4944 9.4 
[80-90) 3292 6.3 
[90-100] 565 1.1 

�

Table 43: Frequency Distribution of Power for Scenario E 

Power (% Capacity)  Valid Records  Percentage of Time  
[0-10) 7656 14.6 
[10-20) 7246 13.8 
[20-30) 8700 16.6 
[30-40) 7751 14.7 
[40-50) 6509 12.4 
[50-60) 4884 9.3 
[60-70) 4557 8.7 
[70-80) 3066 5.8 
[80-90) 1751 3.3 
[90-100] 436 0.8 

�

Table 44: Frequency Distribution of Power for Scenario F 

Power (% Capacity)  Valid Records  Percentage of Time  
[0-10) 9855 18.8 
[10-20) 7817 14.9 
[20-30) 6337 12.1 
[30-40) 5773 11.0 
[40-50) 4703 8.9 
[50-60) 4089 7.8 
[60-70) 4070 7.7 
[70-80) 3893 7.4 
[80-90) 4605 8.8 
[90-100] 1414 2.7 

�
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Table 45: Frequency Distribution of Power for Scenario G 

Power (% Capacity)  Valid Records  Percentage of Time  
[0-10) 11665 22.2 
[10-20) 7068 13.4 
[20-30) 4933 9.4 
[30-40) 4411 8.4 
[40-50) 4061 7.7 
[50-60) 3887 7.4 
[60-70) 3922 7.5 
[70-80) 4132 7.9 
[80-90) 6653 12.7 
[90-100] 1824 3.5 

�
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12 Appendix B: Additional Results for Electric Syst em Impact 

Table 46: Magnitude of Short Term Wind and Net Demand Variability of Scenarios A, 
B, C, and D for Three Time Frames 

Item Index Scenario 1-minute Intra 60-
minute 

Inter 60-
minute 

Net Demand 

Positive 
Change 

A 11 201 189 
B 12 201 194 
C 16 199 210 
D 25 202 273 

Negative 
Change 

A -10 -240 -214 
B -11 -228 -214 
C -15 -223 -220 
D -24 -222 -281 

Wind 

Positive 
Change 

A 6 14 65 
B 8 23 88 
C 11 34 132 
D 20 61 224 

Negative 
Change 

A -6 -13 -54 
B -7 -20 -79 
C -11 -30 -118 
D -19 -58 -211 

 
Table 47:  Magnitude of Short Term Wind and Net Demand Variability of Scenarios E, 

F, and G for Three Time Frames 

Item Index Scenario 1-minute 
Intra 60-
minute 

Inter 60-
minute 

Net Demand 

Positive 
Change 

E 27 208 277 
F 31 200 308 
G 34 210 322 

Negative 
Change 

E -26 -221 -269 
F -30 -220 -308 
G -33 -227 -344 

Wind 

Positive 
Change 

E 22 65 216 
F 25 82 268 
G 29 96 289 

Negative 
Change 

E -22 -60 -216 
F -25 -73 -254 
G -28 -88 -296 
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Table 48: System Dispatch Time Simulation CPS2 Ratings for all Wind Development 
Scenarios and Varying Forecasting Methods 

Scenario 
Wind 

Forecast 
Method 

����
���

����
���

	�
�
���

��
�
���

����
���

����
���

����
���

����
���

����
���

����
���

	
��
���

����
���

Historical 
Actual 

 ���
�� ������ ������ ������ ������ ������ ������ ������ ������ ������ ����
� ������

Historical 
Simulated 

Persistent ���
�� ���
�� ���

� ����
� ���
	� ������ ������ ������ ������ ������ ������ ������

A**  
Persistent* ���
�� ������ ������ ������ ����	� ������ ���
�� ���
�� ��� ��� ������ ������ ������

Pers. Ramp ������ ������ ������ ������ ������ ���	
� ���
�� ������ ��� ��� ������ ����	� ������

Perfect ���
�� ������ ����
� ������ ����	� ������ ���	�� ���	
� ��� ��� ������ ������ ������

B**  
Persistent ������ ������ ����� ����
� ���	�� ���
�� ������ ������ ������ ������ ������ ����	�

Pers. Ramp ������ ������ ������ ���	
� ������ ������ ������ ������ ����	� ���	
� ������ ���	��

Perfect ����	� ������ ������ ������ ������ ������ ���	� ���	�� ������ ����
� ���
�� ������

C**  
Persistent ������ ������ ������ ���
�� ����	� ����	� ������ ������ ��� ��� ���	�� ������ ����
�

Pers. Ramp ������ ������ ������ ������ ������ ������ ���
�� ���
�� ��� 
�� ������ ������ ����
�

Perfect ������ ������ ���		� ������ ���
�� ���	�� ���
�� ���
� ���� �� ����
� ������ ������

D**  
Persistent ������ ��	
�� ������ ���	�� ���
�� ��	��� ��	��� ��	��� ������ ��	��� ���
�� ������

Pers. Ramp ��		�� ��
��� ��	
�� ������ ��	�
� ��	��� ��
�
� ��	��� ��	��� ��
�
� ��	��� ��	���

Perfect ������ ����	� ������ ������ ������ ����	� ������ ����
� ������ ������ ������ ������

E**  
Persistent ������ ��	
�� ������ ������ ������ ������ ��	
�� ����	� ��� ��� ��	
�� ������ ������

Pers. Ramp ��		�� ��
�
� ��	
�� ��	��� ��	��� ��
��� ��
��� ��
��� ��	 ��� ��
��� ��	
�� ��
�
�

Perfect ����
� ���
�� ������ ����
� ������ ������ ����
� ����
� ��� ��� ������ ������ ������

F**  
Persistent ������ ��	��� ������ ������ ��	��� ��	�	� ��	�	� ��	��� ��	�
� ��	��� ��	��� ��		��

Pers. Ramp ��	��� ��
��� ��	�	� ��	
�� ��

�� ��
��� ��
��� ��
��� ��	��� ��
��� ��
�	� ��
�
�

Perfect ���	�� ����
� ������ ����	� ������ ������ ������ ���
�� ���	�� ������ ������ ����
�

G**  
Persistent ������ ��
��� ��	��� ��	�	� ��	��� ��	��� ��	�	� ��	��� ��	 ��� ��
	�� ��	
�� ��	���

Pers. Ramp ��	��� ��
�	� ��	��� ��	��� ��
��� ��
��� ��
��� ��
��� ��
 ��� ���
�� ��	��� ��
���

Perfect ���
�� ������ ���	�� ������ ���	�� ������ ������ ���
�� ��� ��� ��	��� ������ ������

*Scenario A with Persistent Forecasting is referred to as the benchmark scenario 
**Time simulations for Scenarios A through G were performed with current regulating reserve range 


