
 

 
  



 

 



 

 

NREL is a national laboratory of the U.S. Department of Energy, Office of Energy 

Efficiency & Renewable Energy, operated by the Alliance for Sustainable Energy, LLC. 

  

 

 
 

Results of IEA Wind Task 24 
on the Integration of Wind and 
Hydropower Systems 

Volume 2: Participant Case 
Studies 

 
Authors: Tom Acker, Northern Arizona 
University on behalf of 
National Renewable Energy Laboratory 
U.S. Department of Energy Wind and 
Hydropower Program 
 
 
 
Prepared for the International Energy Agency Implementing 
Agreement for Co-operation in the Research, Development, 
and Deployment of Wind Energy Systems 

Technical Report 
NREL/TP-5000-50182 
December 2011 

National Renewable Energy Laboratory 
1617 Cole Boulevard 
Golden, Colorado 80401 
303-275-3000 Å www.nrel.gov 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

NOTICE 
This report was prepared as an account of work sponsored by an agency of the United States 
government. Neither the United States government nor any agency thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any specific commercial 
product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily 
constitute or imply its endorsement, recommendation, or favoring by the United States government or any 
agency thereof. The views and opinions of authors expressed herein do not necessarily state or reflect 
those of the United States government or any agency thereof. 

Available electronically at www.osti.gov/bridge 

Available for a processing fee to U.S. Department of Energy 
and its contractors, in paper, from: 

U.S. Department of Energy 
Office of Scientific and Technical Information 
P.O. Box 62 
Oak Ridge, TN 37831-0062 
phone: 865.576.8401 
fax: 865.576.5728 
email: mailto:reports@adonis.osti.gov 

Available for sale to the public, in paper, from: 
U.S. Department of Commerce 
National Technical Information Service 
5285 Port Royal Road 
Springfield, VA 22161 
phone: 800.553.6847 
fax: 703.605.6900 
email: orders@ntis.fedworld.gov 
online ordering: www.ntis.gov/help/ordermethods.aspx 

 

http://www.osti.gov/bridge
mailto:reports@adonis.osti.gov
mailto:orders@ntis.fedworld.gov
http://www.ntis.gov/help/ordermethods.aspx


IEA Wind Task 24 Final Report, Vol. 2 

i 

Preface 

In November 2003, the International Energy Agency (IEA) Wind Implementing Agreement (IA) 

for Cooperation in the Research and Development of Wind Turbine Systems held its Topical 

Expert Meeting #41 on the Integration of Wind and Hydropower Systems. This meeting 

convened a group of industry, academic, and government officials with expertise in wind power, 

hydropower, and utility and transmission system planning and operation.  

Their purpose was to discuss the potential for coordinated operation of wind and hydropower in 

serving load, the benefits and detriments in doing so, and to identify the related opportunities and 

issues. As a result of this meeting and interactions with the IEA Hydropower IA, a 

recommendation was made to IEA Wind to establish a formal research task to address the 

myriad of questions and unresolved issues pertaining to the topic. Subsequent to this meeting, in 

2004, IEA Wind established a research and development (R&D) task to investigate the potential 

for integrating wind and hydropower resources on the electrical grid. The research task, also 

known as an ñAnnex,ò was the twenty-fourth such task established by IEA Wind, and was 

entitled, Task 24: Integration of Wind and Hydropower Systems. Seven member countries of 

IEA Wind joined the task: Australia, Canada, Finland, Norway, Sweden, Switzerland, and the 

United States. When established, an R&D task is assigned an Operating Agent (i.e., managing 

director). For Task 24, the National Renewable Energy Laboratory (NREL) in the United States, 

on behalf of the U.S. Department of Energy, was selected as the Operating Agent. 

The primary purposes of Task 24 were to conduct cooperative research concerning the 

generation, transmission, and economics of integrating wind and hydropower systems, and to 

provide a forum for information exchange. The former of these two purposes was addressed 

through case study projects performed at participating institutions within each member country. 

The latter purpose related to information exchange was accomplished via a series of 

collaborative R&D meetings, seven of which were held: a kickoff meeting (February 2005 in the 

United States); one web meeting (June 2006); and five R&D meetings (September 2005 in 

Switzerland, September 2006 in Australia, May 2007 in Italy, 

September 2007 in Norway, and June 2008 in Quebec, Canada). 

The IEA Wind Task 24 Final Report summarizes and presents the 

results of the work conducted by the task participants, the important 

issues and analysis methods identified, and the related conclusions. 

The report was assembled in two volumes: the first providing 

objectives, background, summary results, and conclusions; and the 

second describing the methods of study employed and details about 

the participant case studies upon which the conclusions of the task 

were drawn.  
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Executive Summary  

Worldwide, hydropower facilities possess a significant amount of installed electric generating 

capacity. IEA statistics indicate that at the end of 2001 there was in excess of 450,000 MW of 

installed capacity within IEA member countries, with about half in Europe and half in North 

America. In addition to conventional hydropower, there is more than 80,000 MW of installed 

pumped-hydro capacity in IEA countries. In contrast, utility-scale wind power is relatively new 

in the electric market, but increasing rapidly. In 2003, when the topic of Task 24 was initially 

being discussed, there were just over 31,000 MW of wind power installed, an amount that 

increased to in excess of 140,000 MW by the end of 2009. Due to its competitive costs, coupled 

with the fact that it is a clean energy resource, wind energy capacity is likely to continue to grow 

substantially over the next two decades. Because of the potential for synergistic operation of 

wind and hydropower facilities, many countries are investigating the opportunity to integrate 

wind and hydropower systems in order to optimize their output through coordinated operation. 

The hope is to realize such benefits as lowering the cost of ancillary services required by wind 

energy, taking advantage of the built-in energy storage available at hydro facilities; the 

opportunity to more effectively utilize existing hydro and transmission facilities; the potential for 

improving hydrologic operations; and an overall energy supply portfolio that is more diverse, 

robust, and cleaner. With wind power penetrations increasing worldwide, the topics of Task 24 

are more relevant than ever. 

For the reasons described above, in 2004, IEA Wind formed R&D Task 24,
1
 entitled, 

ñIntegration of Wind and Hydropower Systems.ò The primary purposes of this task are to 

conduct cooperative research concerning the generation, transmission, and economics of 

integrating wind and hydropower systems, and to provide a forum for information exchange. The 

following are specific goals of Task 24: 

Goal 1) Establish an international forum for exchange of knowledge, ideas, and experiences 

related to the integration of wind and hydropower technologies within electricity 

supply systems. 

Goal 2) As it pertains to wind and hydropower integration, share information among 

participating members concerning grid integration, transmission issues, hydrological 

and hydropower impacts, markets and economics, and simplified modeling 

techniques. 

Goal 3) Through information sharing and exchange of ideas, identify technically and 

economically feasible system configurations for integrating wind and hydropower, 

including the effects of market structure on wind-hydro system economics with the 

intention of identifying the most effective market structures. 

Goal 4) Document case studies pertaining to wind and hydropower integration, and create an 

on-line library of reports. 

 

                                                 
1
 It is worth noting here that the topics of the task were discussed and the objectives formed through conversations 

with the IEA Hydropower IA, and formation of a joint task (i.e., sponsored by both IAs) was seriously considered. 

Though a joint task did not materialize, the collaboration strengthened the work plan of the task and the robustness 

of the analysis and conclusions. 
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Case studies that analyze the feasibility, benefits, detriments, and costs of specific wind-hydro 

integration projects were the mechanism through which the goals of the task were addressed and 

the feasibility of wind-hydro integration was investigated. Although specific wind-hydro 

integration projects may differ substantially, there are many characteristics common to each. 

Consequently, there was ample opportunity for each participant of the task to leverage one 

anotherôs case study projects to enhance their own findings, discuss difficulties faced in analysis 

and interpretation of results, and debate methods and conclusions.  

Volume 2 of the Task 24 final report is devoted to the case studies performed by the participants. 

Chapter 1 presents a uniform framework for describing the methodologies employed in the case 

studies and from which they will be compared. Furthermore, this chapter presents a few methods 

for defining wind penetration because it is an important metric when considering wind 

integration into a power system. Because of the significant differences in constraints, flexibility, 

and operating environment/market that frequently exist between different hydropower plants and 

systems, the thought process related to simplified modeling of the potential for wind/hydro 

integration evolved to characterizing the ñflexibilityò inherent in a given system; therefore, a 

portion of Chapter 1will be dedicated toward the topic of ñsystem flexibility.ò After this 

introductory chapter, there are six chapters devoted to the case studies performed on behalf of the 

member countries. As described in Volume 1 of the Task 24 final report, the case studies are 

each intended to address at least one of the following: (1) grid integration impacts; (2) 

hydropower impacts; and (3) economic impacts. The case studies, which are described below, 

each fall within one or more of these broad categories (as indicated by the text in brackets and 

italics at the end of each description below).  

Australia: 

 Case Study 1: Large-Scale Wind Integration to the Tasmanian System (hydropower impacts 

study) 

 Case Study 2: The Costs of Wind-Firming Service Provided by a Hydro Plant (hydropower 

impacts study) 

 Case Study 3: Inertia Support in a Hydro, Wind, and High-Voltage Direct Current (HVDC) 

Hybrid Power System (grid integration impacts study) 

Canada: 

 RETScreen2 analysis for a case study involving the financial feasibility of wind integration 

by the Okanogan Public Utility District (PUD) in Washington State, United States 

(economics study)  

 Hydro Quebec case study providing a summary of the impacts of a wind- and hydro-

dominated power system on the electricity markets and the characteristics of Nordic 

hydropower (grid integration impacts and economics study) 

                                                 
2
 See www.retscreen.net/ang/home.php; RETScreen stands for Renewable-energy and Energy efficient 

Technologies Screening tool, and was developed for Natural Resources Canada. 

http://http/www.retscreen.net/ang/home.php
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Finland: 

 A case study focusing on the handling of wind power prediction errors for a single 

hydrothermal power producer in Finland (grid integration impacts study) 

 A summary of the impacts of a wind- and hydro-dominated power system on the electricity 

markets and the characteristics of Nordic hydropower (grid integration impacts and 

economics study) 

Norway: 

 The first study looked at wind power in areas with limited power transfer capacity and 

subject to grid congestion. The question to be addressed here was to see how much wind 

power could be integrated without deleteriously affecting the hydropower production. (grid 

integration impacts study) 

 The second case study considers the impact of wind power on system adequacy. Considering 

that the region has favorable wind resources, the study was conducted to determine whether 

or not adding wind power to the hydro-based system will be sufficient or if additional 

measures must be taken to secure system adequacy (grid integration impacts study) 

Sweden: 

 Case study for balancing of wind power integrated into the Swedish system using balancing 

resources located along just one river (hydropower impacts study) 

 Case study for balancing large amounts of wind power integration by coordinating operation 

with hydropower in North Sweden (grid integration impacts study) 

Unites States: 

 Case studies are from three different river systems and electrical balancing areas, as listed 

below: 

o Missouri River and the Western Area Power Administration (grid integration impacts 

study) 

o Upper American River and the Sacramento PUD (grid integration impacts study) 

o Columbia River and the Grant County Public Utility District (hydropower impacts study) 

 The first and third of these studies focus on statistically estimating the impacts of wind 

integration on balancing area requirements for regulation (minute-to-minute) and load 

following. The Grant County study further estimates the impacts on system flow and 

reliability constraints caused by wind integration. The study performed for Sacramento PUD 

aimed at simulating the system and arrived at estimates of the wind integration impacts and 

costs. 

The aforementioned case studies are presented in a uniform manner to aid in comparison and in 

discerning the most relevant characteristics and results of the studies. In this sense, the case study 

chapters are summaries of more complete and detailed reports (references provided), and focus 

on highlighting the results that pertain most directly to the objectives of Task 24. For further 

details about the case studies than are presented here, see the appropriate reference reports. 
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1 Introduction 

Volume 1 of IEA Wind Task 24: Integration of Wind and Hydropower Systems presented 

foundational information recounting the operational issues electric utilities, or Transmission 

System Operators (TSOs), face when balancing load with generation, and it described what is 

meant by ñwind and hydropower integrationò (Chapter 1). Volume 1 also discussed the 

characteristics of wind energy (Chapter 2) and hydropower (Chapter 3) relevant to wind and 

hydropower generation. Volume 1, Chapter 4, addressed the questions posed in the formation of 

Task 24 regarding wind-hydro integration and referenced Task 24 participant case studies. The 

purpose of Task 24, Volume 2, is to describe in more detail the case study reports performed by 

participants.  

Each member country of Task 24 agreed to perform and submit at least one case study 

addressing some or all of the study themes defined in the Task 24 proposal and work plan, which 

are as follows: grid integration, hydropower impacts, market and economics, and simplified 

modeling of wind-hydro integration potential. As is the case with many IEA tasks, not every 

member country was either interested in or able to address all study themes. However, one of the 

great strengths of the IEA implementing agreements is their ability to bring together the research 

capabilities and interests of many countries in a collaborative environment, more thoroughly 

address an important and broad topic, and take advantage of the unique and diverse expertise 

possessed by the member countries. Table 1 summarizes the Task 24 case study themes that were 

to be addressed by each member countryôs case studies.  

Table 1. Study themes originally identified to be addressed by Task 24 member countries 
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  Comments

Australia 6 x x x x Three to five studies

Canada 4.5 x x x Two studies plus RETScreen

Finland 4-6 x x x Three studies

Norway 6 x x x x Two studies  

Sweden 2-4 x x Four studies

Switzerland 3-4 x x Two to four studies

USA 6-12 x x x x Three or more studies

 
 

Early on in the formation of Task 24, the participants recognized that even though the electricity 

grids operated by the member countries were all tasked with the same objective of balancing 

load and generation while maintaining system reliability, they differed in many waysðsome 

trivial and some significant. Additionally, the vernacular used to describe electrical system 

operation and balancing differ in subtle yet important ways, and the case studies themselves 

differ in many important areas, including the base assumptions upon which the studies were 

built, the types of study tools employed, and the study outcomes desired. Therefore, prior to 

delving into the case study reports, readers must understand these differences so that the results 
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presented in each case study can be understood in the correct context and in comparison to the 

body of case studies.  

The remaining portions of this introductory chapter are devoted to presenting a uniform 

framework for describing the study methodologies employed in the case studies and from which 

they will be compared. Furthermore, this chapter presents a few methods for defining wind 

penetration since it is an important metric when considering wind integration into a power 

system. As listed in Table 1, four of the member countries originally intended to perform 

simplified modeling of potential for wind-hydro integration within their given electrical 

systemsðhowever, as the work of the case studies progressed, it was decided that trying to 

model the potential for wind-hydro integration of a given system (i.e., predicting how much wind 

power could be reasonably integrated/balanced using the hydro resources available in a given 

system) was not necessarily a practical problem to solve. Due to the significant differences 

among constraints, flexibility, and operating environment/market that may exist between 

different hydropower plants and hydro systems engaged in different grid systems and electrical 

markets, it did not appear fruitful to try to construct a general, simplified model. Rather, the 

thought process related to this question evolved to characterizing the ñflexibilityò inherent in a 

given system; therefore, some chapters will be dedicated toward this topic. 

1.1 Study Methodologies 
As mentioned, power system studies considering the impacts from and influences of wind power 

may differ in many ways, some trivial and some significant, beginning with the complexity and 

detail of the study method and its assumptions to the questions the study intends to answer. This 

issue led to much useful discussion and debate among the Task 24 participants concerning how 

to frame the study objectives, contrast the methodologies employed, and compare the results 

obtained. The result of these discussions is presented below. 

In regard to overall scope, wind integration studies can vary from simple to detailed to 

evolutionary, as illustrated in Figure 1. A simple study typically looks only at the effect of wind 

power on system net load, and in particular the variability of that net load (net load will be 

defined shortly). A detailed study involves simulation of the system operation in order to deduce 

the impacts and costs of wind integration. And an evolutionary study simulates the system like a 

detailed study does, but goes further to consider the overall value of the wind energy (i.e., goes 

beyond addressing the impact of wind energyôs variability and uncertainty), and possibly 

considers changes in how the system is constituted, constrained, and operated, in search of better 

ways to incorporate wind into the power system. It is worth noting that studies are also 

conducted to determine dynamical effects on the electrical grid, for network stability, etc.; these 

types of studies are not included as part of Task 24 and were addressed in Task 21 (Dynamic 

Models of Wind Farms for Power System Studies). 
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Simple Statistical evaluation of wind power impact on load variability and 
forecast uncertainty. Provides a basic indicator of how much 
additional flexibility may be needed to accommodate the additional 
variability, and uncertainty wind power adds to the system load 
variability and uncertainty. This type of study is conducted most 
often to determine impacts on time scales for the operational 
reserves: seconds, minutes, hourly data. 

  

Detailed System planning and commitment operations are simulated in a 
detailed production cost-type model, including interaction with 
neighboring systems via the electricity market. The results of this 
type of study provide estimates of wind ñintegration costsò due to 
increased need for ancillary services. These studies are performed 
for operational impacts at time scales of 15-minute, hourly, daily, 
weekly, or monthly, and typically cover a year or more of system 
operation. 

  

Evolutionary A detailed study as described above, but including comparisons of 
the power system simulated with wind power versus with some 
other set of generation resources, in order to deduce the overall 
value (positive or negative) of wind energy in the power system. 
This value incorporates the wind integration costs due to increased 
ancillary services as done in a detailed study, but also considers 
wind energyôs overall value in the electric power system. It is 
considered ñevolutionaryò since it compares different approaches to 
evolving the future electrical power system, market structures, 
operating rules, etc.  

Figure 1. Illustration of the range of complexity that can be employed in wind integration studies 

 

Wind power is typically absorbed into the power system when it is generated, just as the load is 

served at the time it is required; therefore, it is convenient to look at the systemôs load net wind 

(i.e., the system load with the wind power subtracted), also referred to as net load. The remaining 

power system must balance load net wind via unit commitment, load following, and regulation. 

In essence, wind power is treated similar to negative load. 

An example of how a load signal may differ from a load net wind signal is shown in Figure 2, 

which presents the wind power input at a hydropower utility in the United States (the Grant 

County PUD, No. 2, in Washington State, U.S.) and the generation request for a single day 

(Acker 2007). The uppermost of the two dark blue lines represents the actual generation requests 

made on this day (1-minute data), corresponding to 12 MW of wind power absorbed into the 

balancing area. The lower dark blue line represents the actual wind power input to the system on 

this day (and refers to the scale on the right-hand side of the plot). If wind power were not 

coming into the system, then the red line would have represented the generation request by Grant 

PUD. In this case, the request would have been increased in the morning by the amount of wind 

power no longer coming into the system, but the evening request would be the same, since there 

was no wind production during the evening. Furthermore, the minute-to-minute variations do not 
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differ much between these lines (i.e., the minute-to-minute regulation), nor do the hourly 

variations. Projecting the impact of wind generation beyond the 12-MW wind input to the 

system, the uppermost yellow line shows what the generation request would have been if the full 

63.7-MW output of the Nine Canyon wind power plant were coming into the balancing area, and 

the lower yellow line shows the wind input in this scenario. Comparing the generation requests 

of 0 MW and 63.7 MW of wind input, one can see that on this particular day, the wind input 

would create a noticeable effect in the minute-to-minute variations and in the hourly variations, 

but the magnitude of the ramps during the ramping periods is unchanged. Additionally, the peak 

generation request for the day is essentially unchanged, but the minimum request during the 

early morning hours is reduced somewhat. During this day, the maximum instantaneous 

penetration of wind power (= wind power capacity / maximum generation request) is 4.3% when 

incorporating 12 MW of wind, and 28.3% when incorporating 63.7 MW of wind. An important 

point to take away from this plot is how the load is influenced by the wind to create the load net 

wind, and how the load net wind is inherently more variable than the load alone. Furthermore, 

the load variability by itself is significant and must be considered when analyzing the influence 

of wind power. One last point of importance related to this figure: the wind power is coming 

from one plant, and the system load is relatively small; in larger systems with wind power 

coming from multiple wind power plants, the relative impact of the wind power on the net load is 

smaller.  

GCPD Limited Request (1-min data)
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Figure 2. Generation request and wind power input to Grant PUD for January 2, 2004 
(Source: Acker 2007) 
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Useful information can be deduced about the general effect of wind powerôs variability on the 

overall variability that a system operator must manage by comparing statistics resulting from the 

load net wind time series versus the variability of the load time series alone. Such a statistical 

study that does not include a chronological simulation of the system would be classified as a 

simple study in Figure 1. Following the example presented in Figure 2, if one tabulates the 

ñregulationò burden for Grant County PUD, computed here as the difference in the actual 

1 minute load (or load net wind) data from a suitable rolling average, in this case a 10-minute 

rolling average, a histogram as shown in Figure 3 results (using 11 months of data from 2006). In 

Figure 3, the dark blue, light blue, yellow, and red bars correspond to 0, 12, 63.7, and 150 MW 

of wind power input into the system, respectively. The distribution shape is close to normal and 

effectively centered around zero, and the effect on regulation of including wind energy at these 

levels is very small. The standard deviation in 1-minute regulation generation changes ranges 

from 3.47 MW for 0 MW of wind, to 3.51 MW for 63.7 MW of wind, and up to 3.72 MW for 

150 MW of wind. One method to estimate the increase in need for regulation would be to 

multiply the difference in the standard deviation between these two cases by 5 (see Holttinen et 

al. 2008). For example, at 63.7 MW of wind, the additional spinning reserve required to 

compensate for the increased minute-to-minute regulation during every hour of the year would 

be 0.2 MW (e.g., 3.51 ï 3.47 = 0.04 MW; 0.04 × 5 = 0.20 MW). Thus, hydro generation 

resources at Grant County PUD can likely absorb the minute-to-minute variations introduced in 

the system by wind power from the Nine Canyon Wind Project. A similar histogram could be 

constructed for ñload followingò to demonstrate the changes in load variation within an hour or 

hour-to-hour due to the load net wind as compared to the load alone. While these calculations do 

a reasonable job of indicating the increase in regulation or load following needed, and provide a 

distribution of expected hourly changes, they are completely decoupled from the actual system 

operation and do not provide insight into any specific problems that may arise.  

Wind Reg.

Wind Penetration Std.Dev.

(MW) (%) (MW)

0 0.0% 3.47

12 1.8% 3.47
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Figure 3. Tabulation of the 1-minute ñregulationò values for the Grant County PUD for various 
levels of wind penetration (= nameplate wind capacity / peak load)  

(Source: Northern Arizona University and Grant County PUD)  
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In other words, during any given minute or hour of system operation, a large wind ramp-up or 

cut-out could cause problems in balancing load and generation, if, for example, there were not 

sufficient flexible generation resources online or rapidly available through the electric market to 

compensate for an unforeseen change the wind output causes in system net imbalance. 

Therefore, although statistical summaries of wind powerôs influence on the net load are useful 

and supply valuable insights, they provide only part of the information required to understand 

windôs impact. Furthermore, a significant fraction of the costs incurred in handling the variability 

of wind power is due to the uncertainty in forecasting the wind, resulting in increased costs due 

to sub-optimal unit commitment and the need to retain more reserves (Smith et al., 2007). The 

unit commitment impacts and costs are not captured in the statistics of load net wind.  

Typically, to complement and enhance the information provided by a simple study, wind 

integration studies often employ a chronological simulation of system operation. Many of the 

recent integration studies, including many of those in the case study chapters to follow, would be 

classified as detailed studies. In regard to detailed integration study methods, best practice 

suggests simulating system operation at some fine time resolution (1-hour time steps or less, if 

possible) using coincident wind and load data (Smith et al. 2007). In such a simulation, system 

planning and commitment operations are simulated using a production cost model that includes 

interaction with neighboring systems via the electricity market. The load data in these studies are 

typically historical, often scaled to some future load level, and the wind power data is typically 

created using a meso-scale weather model to ñbackcastò what a hypothetical set of wind power 

plants would have generated during the same year(s) as the load data. With this method, any 

innate correlation between the load and the wind is preserved. The data, along with coincident 

load and wind power forecast data (or simplifying assumptions to approximate them) is then 

used to drive a deterministic (or a stochastic) production cost simulation of the power system. 

The simulation proceeds to compute the cost to operate the system over some time frame, most 

typically 1 year, by mimicking the decision processes made day-ahead and hour-ahead and then 

deducing the impact of wind integration by comparing some base case scenario to cases that 

include increased levels of wind energy. In performing the simulation, the modeling platform 

(e.g., production cost simulation software) is constrained to honor all system reliability 

requirements and possibly include transmission limitations, while optimizing some performance 

criteria, such as minimizing the operating costs. A block diagram illustrating a variant of this 

methodology employed in detailed wind integration studies is shown in Figure 4. The results of 

this type of study provide, among other things, estimates of wind ñintegration costsò caused by 

an increased need for reserves and balancing resources due to the ancillary services of regulation, 

load following, and unit commitment. 

In the methodology used for a detailed study described in Figure 1, the wind integration cost is 

defined as the difference in cost to operate the system with increased variability and uncertainty 

due to wind power versus the cost to operate the system in some fashion without those 

influences. Often, this deduction of the integration cost is made through a system comparison in 

which the wind power is replaced by some other generation resource. In some cases, this 

replaced resource is defined as a benign generation resource possessing none of the variability 

and uncertainty of wind energy, but available at the same cost as wind energy and in the same 

quantities. (This is the comparison suggested by the ñflatò profile in the block diagram of   

Figure 4). 
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Figure 4. Methodology often employed for conducting detailed wind integration studies 
(Source: C. Smith presentation, Task 24/25 Joint R&D Meeting, Milan 2007) 

This technique provides useful information about the integration costs due to variability and 

uncertainty of wind power, and avoids the difficulty of accurately predicting wind power 

costs/prices and any complex market interactions. However, it is a somewhat limited view of 

windôs impact in a power system, and an improvement would be to consider wind powerôs 

overall influence in the power system, including the value it may bring to the system as a 

relatively low-cost form of new power generation.  

Söder and Holttinen (2008), pursuant to discussions held as part of the Task 24 dialogue, 

published an article describing different ways of setting up and performing a wind integration 

study in order to provide a consistent framework to formulate an integration study as well as 

interpret and compare results from the various studies that have been performed. Adapted from 

their paper, Figure 5 provides an illustration of two systems (that is, balancing areas) that are 

otherwise identical except that System 2 possesses some amount of wind power while System 1 

includes some set of ñother powerò generation resources that would be ñreplacedò by the wind 

power. The other power sources in the replaced system could be thermal generators, hydro 

generators, nuclear systems, etc., existing on the system or they could be new, but in either case 

would be some realistic set of resources that could be employed. 

The ñremaining systemò shown in both Systems 1 and 2 represents the remaining power system 

and is identical in both systems, as are neighboring systems A and B and the interties with them. 

Depending on how the replaced system is defined, and the assumptions employed in modeling 

both Systems 1 and 2, the study could be classified as either detailed or as evolutionary, as 
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presented in Figure 1. The essential difference between these classifications, as defined here, is 

that a detailed study will mimic system operation in a way to deduce the operating cost 

increment associated with wind energyôs variability and uncertainty, whereas an evolutionary 

study will consider the ñintegration costò as the difference in operating costs (O) for the two 

systems, assuming each is run optimally given its technical and economical specifications, 

including any investments (I) that might be made that reduce the overall operating cost. Thus, 

Integration cost = (Owind ï Oreplaced) ï (Iwind ï Ireplaced) 

 

This simple equation applies for any type of integration cost study. However, for an 

evolutionary study, modeling of the system need not be conducted given the existing 

transmission constraints, market rules, scheduling intervals, etc., of the electrical system as 

presently configured, but rather can consider changes intended to evolve the system to a more 

efficient, profitable, and/or lower cost realm of operation.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Deducing integration costs by comparing the costs of operating two variations of the 
electrical system, one with wind and one with some other set of generation resources  

(Source: L. Söder presentation, Task 24/25 Joint R&D Meeting, Milan, Italy, May 2007; also Söder 
and Holttinen (2008)] 

 

Whether a study is considered detailed, evolutionary, or something in between depends on the 

specific questions to be answered by the study and the assumptions and methods employed. 

Furthermore, the composition of the replaced system can have great bearing on the results 

obtained. As such, Söder and Holttinen go on to present several questions whose answers are 

significant in determining integration costs; these questions are summarized as follows (with the 

parenthetical capital letters and their associated category terms later referenced in Table 2 and 

Table 3):  

1. Is the aim to study the consequence of a certain amount of wind power and/or to find the 

limit of what is possible? (A = Aim)  

2. What method is used for considering wind in the system (i.e., as suggested in the detailed 

to evolutionary studies already described)? For example, is wind power seen as an extra 

source that is added to an existing system or is wind power seen as one expansion 

alternative that is compared with another one? (M = Methods)  
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3. How is the system simulated (e.g., deterministically or with stochastic optimization)? (S 

= Simulation) 

4. What is the time resolution of the model (e.g. minute, hour, day)? (R= Time Resolution) 

5. Is the integration cost calculated as the ñphysical costò (i.e., fuel and investment costs) or 

is it calculated as the ñmarket costò (i.e., what different actors can be assumed to get 

paid)? Is it assumed that the balancing power is traded on the cost level or on the value 

level? The formal problem is that wind power owners need balancing (i.e., are ready to 

pay a lot), while sellers of regulating power want to maximize their profit. What is then 

assumed about the pricing of this service? (P = Pricing) 

6. When wind power is expanded, is it assumed that the rest of the system, including the 

grid, is optimized from the economical point of view? Is the system designed for optimal 

operation with wind or other power sources, or does it operate under existing conditions? 

Is it assumed that the trading rules between neighboring systems are optimal from the 

total system economic point of view or are existing rules used? (D = Design) 

7. How is the imbalance in the power system calculated? Are wind speed forecasts included 

in the studies? Is it assumed that the accuracy of these is on the best available level? Are 

imbalances in the load and other production units taken into account when determining 

the reserve requirements? (I = Imbalance) 

8. How detailed is the description of the power system especially in its flexibility? For 

example, what balancing resources are considered (B = Balancing), and how are grid 

transmission and interconnection limits handled (G = Grid)? 

9. How are uncertainties in the system modeled (e.g., uncertainties in hydropower, 

transmission limits, wind power, load, thermal generation, and forecasting)? (U = 

Uncertainties) 

10. How are the hydropower plants modeled (e.g., are head height and coupling of facilities 

on a river system considered)? (H = Hydropower Plant) 

11. In addition to modeling of hydropower plants, does the hydropower provide any type of 

special capacity service for the wind energy (e.g., store excess wind in off-peak times for 

redelivery during peak hours)? (HC = Hydropower Capacity Service) 

12. How are the thermal power plants modeled (e.g., are ramp rates and stop/start time 

considered)? (T = Thermal Power Plant) 

13. And finally, how is the wind power output modeled? (W = Wind Power Plant)  

For the purpose of comparing and contrasting the various wind/hydro integration studies 

developed by Task 24 participants, as well as other wind integration studies that have been 

conducted, all of these issues were summarized along with other relevant system information 

onto a form called the matrix. The matrix is split into two parts and displayed in Table 2 and 

Table 3 because it is too long to fit on a single page. Table 2 shows power system and market 

characteristics, and parameters describing the system setup and simulation detail. (The capital 

letters in the left-hand column under Setup and Simulation Detail in Table 2 and Uncertainty and 

Balancing and Power System Detail in Table 3 correspond to the categories defined by these 

letters in the previous bulleted list.) For each issue listed on the left, the corresponding rows on 

the right-hand side of the table present options describing the possible approaches or 
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assumptions that may be employed. More than one of these options, or none of these options, 

may apply in any given study. For more options descriptions, please see the related paper by 

Söder and Holttinen (2008). 

Table 2. First half of the Task 24 matrix that defines important power system characteristics and 
some basic parameters of the setup for an integration study 

Geographic area of study: 

Power system characteristics:  

Load 
Conventional 
Generation 

Interconnection Wind Power 

Peak (MW) Min (MW) TWh/a Capacity (MW) Capacity (MW) MW TWh/a 

       

Other relevant characteristics of power system:  

Characteristics of system planning: 

Description of market: 

Integration time frames of importance:  

Yes/No Time Frame 

 Frequency, system dynamics, grid stability, LVRT, PSS, V-Reg 

 Regulation, AGC 

 Load following; intrahour ramping; economic dispatch 

 Unit commitment and day-ahead scheduling; economic utilization of resources 

 Resource and capacity planning; reliability 
 

Table 3. Second half of the Task 24 matrix that lists variations of underlying assumptions and 
modeling approaches used in wind integration studies 

Setup 
A Aim of Study 1 what happens with x GWh wind 

2 how much wind is possible 

M Method to Perform Study  1 add wind energy 
2 wind also replaces capacity 
3 optimal system design 

S Simulation Model of 
Operation  

1 deterministic simulation, one case 
2 deterministic simulation several cases 
3 Stochastic simulation several cases 

Simulation Detail 
R Resolution of Time  1 day/week 

2 hour 
3 minute/second 

P Pricing Method  1 costs of fuels, etc. 
2 prices for trading with neighbors 
3 market actor simulation 
4 market dynamics included 

D Design of Remaining 
System  

1 constant remaining system 
2 optimized remaining production 
3 optimized remaining transmission 
4 perfect trading rules 

  

Uncertainty and Balancing 
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I Imbalance Calculation  1 only wind 
2 wind+load 
3 wind+load+ production 

B Balancing Location  1 dedicated source 
2 from the same region 
3 also outside region 

U Uncertainty Treatment  1 transmission margins 
2 hydro inflow uncertainty 
3 no wind forecasts (assume persistence) 
4 best possible wind forecasts 
5 load forecasts considered 
6 thermal power outages considered 

Power System Details 
G Grid Limit on Transmission  1 no limits 

2 constant MW limits 
3 consider voltage 
4 N-1 criteria 
5 dynamic simulation 

H Hydropower Modeling  1 head height considered 
2 hydrological coupling included (including reservoir capacity) 
3 hydrological restrictions included 
4 hydro optimization considered 
5 consider most relevant aspects of affected hydro resources 

HC Hydro Capacity Service 1 interaction with hydro resources not significant 
2 real-time integration with impact of wind variability on system 
managed with hydro 
3 capacity service: addition of capacity value through redelivery 
of wind energy at a later time 

T Thermal Power Modeling  1 ramp rates considered 
2 start/stop costs considered 
3 efficiency variation considered 
4 heat production considered 

W Wind Power Modeling  1 few wind speed time series  
2 many wind power time series 
3 time series smoothing considered 

 

This matrix, as presented in Table 2 and Table 3, was used as an organizational tool in describing 

the case studies performed as part of Task 24 and for aiding in comparing the various studies. It 

is used prominently in the case study chapters that follow in this volume. 

1.2 Wind Penetration and System Flexibility 
Before proceeding to the case study chapters, it is useful to discuss what is meant by ñthe 

penetration level of wind energy.ò When wind integration costs or impacts are presented, ñwind 

penetrationò is almost universally cited to provide an indication of how much wind power is 

being assimilated into the balancing area or system for which the integration impacts and costs 

are incurred. There is usually some implication that systems of a similar wind penetration should 

experience similar wind integration impacts, but this is not necessarily the case. Perhaps the two 

most frequently cited definitions of wind penetration are given by the following simple 

expressions, based upon either capacity and load or energy: 

Wind Penetration (WP) = (installed wind power capacity) / (system peak load) 

Wind penetration (WP) = (annual wind power production) / (annual system demand, energy) 
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These expressions correspond to WPC and WPA shown in Table 4, respectively. The system peak 

load in the denominator of the former equation can correspond to the peak indigenous load of the 

system, or the peak of the indigenous load plus synchronous exchanges with neighboring 

systems (in other words, it includes load obligations exchanged between neighboring systems 

based upon purchases or sales into or out of the system). For the case in which the calculation is 

carried out using the peak of the indigenous system load, it is easy to deduce the wind capacity 

knowing the system peak load, a useful number for wind power political targets. It is generally 

more useful to the utility system operator and planner when WP is calculated with the peak of the 

indigenous load plus synchronous exchanges. 

Similarly, the wind penetration calculation represented by WPD in Table 4, which uses the 

system minimum load including synchronous exchanges in the denominator, is also useful for 

system planners/operators. The reason for this is that these latter two methods of computing the 

wind penetration hint at the flexibility required to balance the system. It may be more difficult to 

balance wind power in the system when the load obligation of the system operator is lowest. For 

example, there are times in Denmark when the wind generation exceeds the load, and the excess 

is transferred out of the system along synchronous ties (Holttinen 2008a). A chart showing the 

wind penetration calculated as defined by WPA, WPC (without synchronous interconnections), 

and WPD (with synchronous interconnections) in Table 4 for several recent wind integration 

studies is presented in Figure 6. As the wind penetration based on gross demand increases, the 

penetration based on peak load generally increases. The wind penetration based on the lowest 

system load plus interconnection demonstrates system dependency and indicates that even with 

lower penetration levels some systems will have more challenges in low load times as other 

systems with better interconnections. In general, impacts of wind power integration increase with 

the quantity of wind generation in a system. However, it may be more difficult to accommodate 

the variability and uncertainty of wind power in systems with a higher WPD (which results in 

higher integration costs). That said, although a system may have a large WPD, its ability to 

handle the impacts of wind are directly related to the flexibility of the system generation 

resources, frequency of scheduling intervals, and setup of the market to trade power. 

The impacts and costs of wind integration are directly related to the operational flexibility a 

system possesses to absorb wind power variations and inaccuracies in forecasting, and these 

costs should be calculated for the different time scales of interest (minute-to-minute regulation, 

minute-to-hourly load following, hour ahead and day ahead commitment, etc.). For example, in a 

balancing area possessing ample capacity of simple cycle gas turbines or relatively non-

constrained hydropower (e.g., not run-of-the-river hydro), there may be sufficient flexibility in 

the system to easily absorb the wind power variations. Alternatively, if a system is heavy on base 

load resources (e.g., nuclear, coal, constrained hydro), it may not have the flexibility to deal with 

variations introduced by wind in the load net wind signal. In addition to the physical generator 

capabilities, operational flexibility can be influenced substantially by the flexibility of the 

institutions that manage the generation resources. This is particularly true with some hydropower 

resources, where there may be numerous organizations or non-power factors that constrain use of 

the resource. Hydropower resources such as these may be able to increase their generation 

flexibility through altering institutional practices.  
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Utility systems will differ in how much flexibility needs there are (load variability), in how much 

flexibility exists in their generation and interconnections, and also in how easy it is to increase 

flexibility with growing needs. Perhaps one useful gauge of existing system flexibility can be 

inferred from the range of variations currently managed in a given system. One method of 

gauging the existing flexibility is to consider the overall load variation currently managed, 

computed as (peak load ï minimum load) / (average system load). The blue, monotonically 

increasing line in Figure 8 illustrates a plot showing this value for several recent integration 

studies. Plotted along with this are the peak system load and the wind penetration computed 

using the minimum load plus interconnections (WPD), demonstrating the variety of 

characteristics/differences across the many studies. 

The various definitions of wind penetration and this method of estimating system flexibility 

provided are straight-forward to compute, and can be used as indirect ways to gauge the relative 

flexibility of a system and the flexibility required of a system to handle the additional variability 

and uncertainty of wind energy. Beyond these fairly simple, indirect measures, one would need 

to drill into the more complex, detailed system data describing the actual generation sources 

available, the load and wind characteristics, and the interconnections to get a more direct 

indicator of the potential impact of wind integration and the ease or difficulty of incorporating it. 

A summary of issues regarding system flexibility, including market aspects, is provided in Table 

4. Flexibility that is practicably available during operational situations will depend on the 

scheduling of the units, as flexibility will result from units that are on-line at a given moment, 

which can adjust their production level. It is also possible to change operational routines so that 

some power plants will be operated more flexibly to some extent in future. Wind power can also 

bring about flexibility if it is used in an ñactive power regulationò mode restricting the possible 

generation and using pitch regulation of the rotor blades to provide more or less power when 

needed. Building new flexible capacity (or storage) is the most expensive measure to increase 

flexibility.  
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Table 4. Relevant methods of defining ñwind penetrationò (Source: Adapted from A. Robitaille presentation, ñWind Power Integration 
Into Hydropower System: Discussion,ò Task 24 R&D Meeting #5, Quebec City, Canada, June 2008) 

 Wind Penetration Type 

 Gross demand (energy) In term of installed 
capacity 

Peak Penetration 
(during peak load) 

Maximum penetration 
(during lowest load) 

Calculation WPA = 
Annual wind production 
Annual system demand 

(energy) 

WPB = 
Wind capacity 

System generating 
capacity 

WPC = 
Wind capacity 

System peak load 

WPD = 
Wind capacity 

System lowest load 

Entity (country, 
state or 
company) 

Renewable Energy 
Standard 
(question of energy 
independence and 
ecological target) 

 Renewable Energy 
Standard (an easily 
defined target; relates to 
peak generation capacity) 

 Renewable Energy Standard 
(an easily defined target; relates 
directly to peak power demand in 
the system) 

Possible to compute, but 
typically not employed. 

Synchronous 
Network 

 Renewable Standard 
Target(a large region within 
or beyond country borders) 

Renewable Energy 
Standard (a large region 
within or beyond country 
borders) 

Questions of system stability, regulation  
(horizon less than a few minutes) 

Balancing Area  Renewable Energy 
Standard (question of 
energy independence and 
ecological target) 

System generation 
capacity (including 
synchronous import 
capacities) 

Questions of load following reserve, efficiency, unit commitment, 
system adequacy 
(cases not taking into account synchronous exchanges to be 
avoided) 

In the calculation, use the 
system most probable peak 
load (including synchronous 
exchanges) 

In the calculation, use the  
system most probable lowest 
load (including synchronous 
exchanges) 
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Figure 6. Values for various measures of the wind penetration and peak load for several recent wind integration studies 
(Source: Adapted from A. Robitaille presentation, ñWind Power Integration Into Hydropower System: Discussion,ò Task 24 R&D Meeting 

#5, Quebec City, Canada, June 2008, using data from Table 18 of Holttinen et al., 2008a) 


