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Laboratory Snapshot 

• Two major campuses in Colorado  

 

• Physical assets owned by the U.S. Department of 

Energy (DOE), Office of Energy Efficiency and 

Renewable Energy 

  

• Operated by the Alliance for Sustainable Energy 

under a performance-based contract to DOE  

 

• More than 650 active partnerships, including with 

internationally-focused organizations 

 

• Activities span basic research, strategic analysis, 

commercialization, and deployment 
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Mission: to advance energy 
efficiency, renewable energy and 
energy systems integration 



Clean Energy Solutions Center Background 

 

The Solutions Center: 

 Is one of several CEM Initiatives, which include: 

− Global Superior Energy Performance Partnership 

− Super-Efficient Equipment and Appliance 

Deployment initiative  

− Global Lighting and Energy Access Partnership 

 Helps governments design and adopt policies and 

programs that support the deployment of clean 

energy technologies  

 Has more than 35 partners, including IRENA, IEA, 

IPEEC, Sustainable Energy for All, Bloomberg New 

Energy Finance and Leonardo Energy 

 Is co-chaired by the U.S. Department of Energy and 

the Australian Department of Industry. 
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CleanEnergySolutions.org 

The Clean Energy Ministerial (CEM) 

launched the Clean Energy Solutions 

Center in April 2011.  

India Indonesia Italy Japan

Mexico South Africa United Arab 
Emirates

United States

Australia Denmark FranceCanada
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Topics covered by this presentation 

• The role of flexibility in integrating variable renewable energy (RE) 

to the grid 

– Flexibility is a prized characteristic in power systems that have or are working toward 

significant penetrations of variable renewable energy.  

 

• Sources of flexibility 

– Sources of flexibility exist across the physical and institutional elements of the power 

system.  

 

• Flexibility case studies 

– This presentation provides several snapshots of how a variety of systems are 

accessing different sources of flexibility. 

– These examples are illustrative, not comprehensive. The most successful power 

systems are implementing multiple strategies for enhancing flexibility.  
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Can grids support high levels (>5-10% annually) of 

variable RE? 

Many grids are operating with 20%–30% variable renewables. 

 

Their experiences demonstrate that actions taken to integrate wind and solar 

are unique to each system, but do follow broad principles. 

 

WIND AND SOLAR ON THE POWER GRID:  MYTHS AND MISPERCEPTIONS

capacity value of wind and solar is t ypically 

less than that of an equivalent generator.2  

As a result, a mix of generator types, 

including conventional generators, may be 

needed to meet load growth.

WIND AND SOLAR BENEFITS 

OUTWEIGH PLANT CYCLING 

COSTS AND EMISSIONS
At signif cant 

penetrations of 

VRE generation, 

increased variability 

and uncertainty in 

the power system 

can inf uence the 

operation of conventional power plants, 

which may need to more frequently and 

signif cantly vary their output (i.e., cycle) to 

balance demand. This cycling increases plant 

wear and tear and operation of these plants 

at partial output, lowering fuel ef ciency of 

these thermal generators. 

Even with this increased cycling, recent 

studies have indicated that VRE can be 

integrated into power systems without 

adverse impacts on system costs or 

emissions. For example, a study of high 

penetration scenarios in the Western 

United States found that lower fuel costs 

(utilizing less fuel overall) more than of set 

modest increases in cycling costs. In this 

study, scenarios where wind and solar 

provide 35% of the system’s annual demand 

showed a reduction in projected fuel costs 

by approximately $7 billion per year, while 

cycling costs increased by $35 million to 

$157 million per year. Thus, the cycling costs 

negated only about 1–2% of the overall 

operational benef t provided by renewables, 

resulting in overall large cost savings, 

primarily due to fuel savings. The study 

also found that the high RE scenarios led 

to a net reduction of carbon dioxide (CO2) 

emissions of 29%–34% across the Western 

Interconnection, with a negligible impact 

from the additional emissions associated 

with increased cycling [3].

RELIABILITY AND TECHNICAL LIMITS 

TO WIND AND SOLAR PENETRATION
Grid operators have 

become increasingly 

able to integrate 

large amounts 

of VRE without 

compromising 

reliability. In recent 

years, annual penetrations in certain regions 

have exceeded 25%, while instantaneous 

penetrations of wind and solar routinely 

exceed 50%, belying concerns about 

technical limits to renewable integration.

Grid reliability is aided by inertia and 

primary frequency response,3  which are 

typically provided by conventional thermal 

generators that help maintain a stable grid 

in times of disturbances and during normal 

conditions. Wind and solar typically do not 

provide these services in a conventional 

manner. However, modern wind and some 

solar plants now have the ability to provide 

active power control services including 

synthetic inertia, primary frequency 

response, and automatic generation control 

(also called secondary frequency response). 

Studies and recent operational experience 

have found that when providing active 

power control, wind and solar can provide 

a very large fraction of a system’s energy 

without a reduction in reliability [5]. 
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Figure 2. Wind penetration levels in select countries.  Many countries have already integrated 
high levels of VRE. [Sources: Denmark: The Local. (2015). “Danish wind energy has record year.” 
The Local Denmark, Science and Technology. January 6, 2015. Others: REN21. Renewables 
2014: Global Status Report. (2014). Paris, France: REN21]

Country % Electricity from Wind Balancing

Denmark 39% in 2014
Interconnection, f exible generation 

(including CHP), and good markets

Portugal 25% in 2013
Interconnection to Spain, gas, 

hydro, and good market

Spain 21% in 2013 Gas, hydro, and good market

Ireland 18% in 2013 Gas and good market

_________________________

1Capacity value refers to the contribution of a power plant to 
reliably meet demand.

2For more information on capacity value, see a related fact 
sheet, “Using Wind and Solar to Reliably Meet Demand.”

3Primary frequency response is the abilit y of generation 
(and responsive demand) to increase output (or reduce 
consumption) in response to a decline in system frequency, 
and to decrease output (or increase consumption) in response 
to an increase in system frequency. Primary frequency 
response takes place within the f rst few seconds following a 
change in frequency. Inertia refers to the inherent property of 
rotating synchronous generators to resist changes in speed 
(frequency) due to their stored kinetic energy.

Greening the Grid provides technical 

assistance to energy system planners, 

regulators, and grid operators to overcome 

challenges associated with integrating 

variable renewable energy into the grid.

FOR MORE INFORMATION
Jennifer Leisch 

USAID Of ce of Global Climate Change 

Tel: +1-202-712-0760 

Email: jleisch@usaid.gov

Jaquelin Cochran 

National Renewable Energy Laboratory 

Tel: +1-303-275-3766  

Email: jaquelin.cochran@nrel.gov

Greening the Grid is supported by the U.S. 

Government’s Enhancing Capacity for Low Emission 

Development Strategies (EC-LEDS) program, which 

is managed by the U.S. Agency for International 

Development (USAID) and Department of State with 

support form the U.S. Department of Energy, U.S. 

Environmental Protection Agency, U.S. Department 

of Agriculture and U.S. Forest Service.

greeningthegrid.org | ec-leds.org 

NREL/FS-6A20-63045  May 2015

Wind and solar 

can provide a very 

large fraction of 

a system’s energy 

without a reduction 

in reliability.

VRE can be 

integrated into 

power systems 

without adverse 

impacts on system 

costs or emissions.

5 



Integrating wind and solar energy resources 

requires an evolution in power system planning 

RE is variable, uncertain, and geographically dispersed 

…raising new considerations for grid 

planning and operations 

1. Balancing requires more 

flexibility 

2. Existing thermal assets 

used less frequently, 

affecting cost recovery 

3. More reserves 

4. More transmission, better 

planning needed 

5. Voltage control, inertia 

response come at added 

cost 
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Flexibility: The ability of a power system to respond to change in demand and supply 

• Increases in variable generation on a system increase the variability of the ‘net load’ 

– ‘Net load’ is the demand that must be supplied by conventional generation unless RE is deployed to 

provide flexibility 

• High flexibility implies the system can respond quickly to changes in net load. 

“Flexibility” can help address the grid integration 

challenges 
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Frequently used options to increase flexibility 
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Frequently used options to increase flexibility 

 

Low capital cost options, 

but may require 

significant changes to 

the institutional context 
• Numerous options for increasing 

flexibility are available in any power 

system. 

 

• Flexibility reflects not just physical 

systems, but also institutional 

frameworks. 

 

• The cost of flexibility options varies, but 

institutional changes may be among 

the least expensive.    
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Flexibility from system operations 
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Forecasting reduces uncertainty and 

improves scheduling 

System 

Operation 

Wind and solar forecasting improves scheduling of other resources to reduce 

reserves, fuel consumption, and operation and maintenance costs 

Source: Electricity Reliability Council of Texas short-term wind power forecast 
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Improved variable RE forecasting reduces 

uncertainty and costs: Xcel Energy case study 

• Partnered with two national 

laboratories to develop a state-of-

the art forecasting model, which is 

maintained by a third party 

• Uses real-time, turbine-level 

operating data to generate wind 

energy forecasts every 15 minutes 

out to 3 hours and on an hourly 

basis out to 168 hours 

• Outcomes:  

– Reduced forecast error from 16.8% 

in 2009 to 10.10% in 2014 

– Saved ratepayers US $49.0 million 

over the 2010-2014 period 

Grid Integration Achievements 

• #1 utility wind provider in the United States, 

and top 10 for solar. 

• Wind generated 15% of energy supply in 

2014 (a five-fold increase over 2006 levels); 

5,794 MW wind capacity installed. 

• Public Service Company of Colorado 

experienced instantaneous wind penetration 

of 61% in 2014.  
Sources: Staton 2015; NCAR 2015; Xcel Energy 2015  

System 

Operation 
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https://ral.ucar.edu/solutions/bringing-the-wind-to-the-grid
http://www.xcelenergy.com/Energy_Portfolio/Renewable_Energy


Hourly dispatch and interchanges 

Source: NREL 

Sub-hourly dispatch 

Faster dispatch reduces expensive 

reserves 

Dispatch decisions closer to real-time (e.g., intraday scheduling 

adjustments; short gate closure) reduce uncertainty.  

System 

Operation 
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Sub-hourly markets enable more efficient 

utilization of the generation fleet: India case 

study  

• Modified the bidding time block 

from one hour to 15-minutes in 

2012 

• Outcomes: 

– Better portfolio management by 

utilities 

– More gradual ramping and 

smoother morning and evening 

peaks 

– Better utilization of 

maneuvering capabilities of 

conventional generation to 

manage variability in 

renewable-rich states 

Grid Integration Achievements 

• More than 22.4 GW of wind and 3.0 GW of 

solar installed (2014).  

• Government of India has set some of the 

world’s most ambitious installation targets: 

160 GW of wind and solar by 2022.  

Source: Barpanda et al. 2015 

Sources: Barpanda et al. 2015; MNRE 2015  

System 

Operation 
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http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=7235075&url=http://ieeexplore.ieee.org/iel7/7194239/7235053/07235075.pdf?arnumber=7235075
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=7235075&url=http://ieeexplore.ieee.org/iel7/7194239/7235053/07235075.pdf?arnumber=7235075
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=7235075&url=http://ieeexplore.ieee.org/iel7/7194239/7235053/07235075.pdf?arnumber=7235075
http://ieeexplore.ieee.org/xpl/login.jsp?tp=&arnumber=7235075&url=http://ieeexplore.ieee.org/iel7/7194239/7235053/07235075.pdf?arnumber=7235075
http://mnre.gov.in/file-manager/annual-report/2014-2015/EN/Chapter 1/chapter_1.htm


Broader balancing areas and geographic diversity can reduce 

variability and need for reserves. 

Source: NREL/FS-6A20-63037 

System 

Operations 
Larger balancing footprint reduces 

variability 

System 

Operation 
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Balancing area cooperation decreases the need 

for reserves: Germany case study 

• Germany’s four TSOs began 

cooperating to jointly allocating and 

activating reserves in 2009 

• The TSOs also use a common 

procurement platform  

• Outcomes 
– More than doubled variable RE capacity 

between 2008 and 2013 but decreased 

balancing reserves by 20%. 

Grid Integration Achievements 

• More than 35.6 GW wind and 38.1 GW solar 

installed (2014).  

• Wind and solar supplied more than 15.8% of 

demand in the first 11 months of 2014. 

• Maximum instantaneous penetration levels 

reached over 56% (including 40-50% from 

distributed generation.   

Sources: Hirth and Ziegenhagen 2013; Miller et al. 2015 

System 

Operation 
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http://papers.ssrn.com/sol3/papers.cfm?abstract_id=2371752
http://www.nrel.gov/docs/fy15osti/63366.pdf


Flexibility from services provided by variable RE 
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Utilizing flexible generation from wind: 

Xcel Energy case study 

• Wind can provide synthetic inertial control and primary and secondary frequency 

response 

• Wind can follow economic dispatch signals, and can be incorporated into 

economic dispatch or market operations 

• This example shows how Public Service Company of Colorado improved its 

Area Control Error using controllable wind energy during a period of very high 

wind and low demand 

Figure: Impact of wind power 

controls regulation, dispatch, 

and area control error 

Source: Public Service Company of Colorado  

Services from 

Variable RE 
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Enabling renewables to contribute grid 

services: Spain case study 

• Strict grid codes specify: 

– Frequency control (required) 

– Reactive power supply; fault ride 

through capabilities; plant 

operation in line with forecast 

(incentivized/penalized) 

• Complemented by the capabilities 

of the Control Centre for 

Renewable Energy, which 

observes generators larger than 

1MW in real time and can control 

generators over 5MW within 15 

minutes 

• Outcomes: 

– Reduced the number wind power 

losses of more than 100 MW from 

87 in 2007 to 30 in 2009  

Grid Integration Achievements 

• First country to rely on wind as top energy 

source (in 2013). Wind energy met 20.4% of 

demand in 2014. 

• Over 2,000 MW solar PV installed, meeting 

3.1% of demand in 2014. 

• Instantaneous wind penetrations can reach 

more than 60% of power demand.  

• Curtails less than 1.5% of variable RE 

generation (2013).  

 

Sources: Amenedo 2010; Red Eléctrica de España 2014; Milligan et al. 2015; 

Fichtner 2010 ; Ackermann et al. 2015 (Figure: Red Eléctrica de España 2015 ) 

March 29, 2013: TSO 

ramps controllable wind 

down to zero to avoid 

excess generation 

Services from 

Variable RE 
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http://www.renewableenergyworld.com/articles/2010/10/how-spain-dealt-with-lvrt-problems.html
http://www.ree.es/sites/default/files/downloadable/preliminary_report_2014.pdf
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=7299793&filter=AND(p_IS_Number:7299767)
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=7299793&filter=AND(p_IS_Number:7299767)
http://www.efchina.org/Attachments/Report/reports-efchina-20100811-en/Grid Codes for Wind Power Integration in Spain and Germany.pdf
http://www.efchina.org/Attachments/Report/reports-efchina-20100811-en/Grid Codes for Wind Power Integration in Spain and Germany.pdf
http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=7299808&filter=AND(p_IS_Number:7299767)
https://demanda.ree.es/eolicaEng.html


Flexibility from load 
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Implementing demand side management to 

improve system flexibility: Republic of Korea 

case study 

• Offers financial incentives to 

customers who reduce peak 

consumption 

• Runs a demand resource 

market when operation 

reserves are predicted to be 

<5GW  

• Enables load shifting through 

time-of-use tariffs and 

incentives for customers to 

install thermal storage 

equipment 

• Facilitates emergency voluntary 

and direct load interruption 

Outcomes 

• Improved Korea’s load factor (the highest in 

the world) by 4.5% in 2010. 

• Reduced peak demand by 3.9GW in 2011 

(~5.4% of peak load).  

 

Load 

2011 Statistics 

Peak load 73,137 

MW 

Reserve margin 5.5% 

Peak reduction by DSM 3,939 MW 

Peak reduction as a 

percent of peak load 

5.4% 

Sources: IRENA 2015; Rhee and Park 20 15  
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Flexibility from conventional generation 
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Extracting flexibility from coal and 

natural gas plants: Denmark case study 

• Coal plants have been designed 

explicitly for flexibility over the past 

10-15 years 

• Combined cycle natural gas can 

ramp faster than equivalent plants 

in other countries 

• Significant use of combined heat 

and power (CHP) plants provide 

dispatchable generation and 

thermal storage 

• Outcomes: 

– Many coal plants able to ramp 

down to 10% of rated output 

– Coal plants can ramp at up to 3-4% 

of rated output per minute 

 

Convention
al thermal 

40% 

CHP 
11% 

Wind 
39% 

Solar PV 
2% 

Hydro 
0% 

Imports 
8% 

Electricity Generation 2014 

Grid Integration Achievements 

• Highest penetration of RE in the world, with 

wind power supplying 39.1% of annual 

demand. 

• Instantaneous penetrations reached 140% 

in 2015. 

• Exports clean energy to Germany, Norway, 

and other neighbors. 
Sources: Miller 2015; Energinet.dk 2015; Martinot 2015; The Guardian 2015  

Source: Energinet.dk 2015 

Flexible 

Generation 

23 

http://www.nrel.gov/docs/fy15osti/63366.pdf
http://www.energinet.dk/EN/KLIMA-OG-MILJOE/Miljoerapportering/Elproduktion-i-Danmark/Sider/Elproduktion-i-Danmark.aspx
http://www.martinot.info/renewables2050/how-is-denmark-integrating-and-balancing-renewable-energy-today
http://www.theguardian.com/environment/2015/jul/10/denmark-wind-windfarm-power-exceed-electricity-demand
http://www.energinet.dk/EN/KLIMA-OG-MILJOE/Miljoerapportering/Elproduktion-i-Danmark/Sider/Elproduktion-i-Danmark.aspx


Flexibility from transmission 
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Transmission planning and locational-pricing 

reduce transmission congestion: ERCOT case 

study 

• Transitioned to a Nodal Market 

based on locational marginal prices 

(LMPs), which better reflects 

congestion 

• Implemented a Competitive 

Renewable Energy Zone process 

to plan new transmission in areas 

with high wind potential 

• Outcomes: 

– Reduced curtailment from 17% in 

2009 to 1.6% in 2013 

– Constructed of enough 

transmission to accommodate 

18.5GW wind capacity 

– Nearly eliminated negative LMPs 

Transmission 

Grid Integration Achievements 

• Texas is the state with the largest amount of 

installed wind in the United States. 

• 12.5 GW wind capacity; contributes over 

10% to meeting total demand. 

• Instantaneous penetration reached 39.4% of 

load in March 2014.  

• Isolated system; weakly connected to other 

grids. 

Sources: Weiss and Tsuchida 2015 
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Flexibility from storage 
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Does variable renewable energy 

generation require storage? 

 

• Detailed simulations of power 

system operation find no need 

for electric storage up to 30% 

wind penetration (WWSIS, 

CAISO, PJM, EWITS). 

 

 

• 50% wind/solar penetration 

study in Minnesota found no 

need for storage (MRITS, 

2014) 

 

• At higher penetration levels, storage could be of value. 
– Recent E3 integration study for 40% penetration in California:  storage is one of many options. 

• Storage is always useful, but may not be economic. 

Source: Adrian Pingstone (Wikimedia Commons) 

Storage 
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Utility-scale batteries support grid 

balancing: Hawaii case study 

• Proof of concept for a fully-

dispatchable utility-scale solar-

plus-storage system on Kaua’i (13 

MW PV array + 13 MW battery 

array) 

 

• System is designed specifically to 

store excess PV generated during 

mid-day in order to reduce 

curtailment and use stored energy 

during the evening peak 

 

• Provides a least-cost means of 

using more solar to further displace 

fossil fuel generation 

Grid Integration Achievements 

• Kaua’i Island Utility Cooperative transitioned 

from 91% oil generation in 2009 to 37% RE 

generation in 2015. 

• Solar PV generates 15% of demand (2014), 

and as much as 95% of the electricity co-

op’s instantaneous load can be met by solar 

on a sunny day. 
Sources: Miller et al. 2015; Maloney 2015 

Source: DOE 2014  

Storage 
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http://www.nrel.gov/docs/fy15osti/63366.pdf
http://www.utilitydive.com/news/inside-the-first-fully-dispatchable-utility-solar-storage-project-in-hawaii/408208/
http://www.energy.gov/sites/prod/files/2014/12/f19/1-Champley-DEPresentation-Sep2014.pdf


Key Takeaways 

• Wind and solar generation increase variability 

and uncertainty.  

• Actual operating experiences from around the 

world have shown up to 39% annual 

penetrations are possible. 

• Often most the cost effective changes to the 

power system are institutional (changes to 

system operations and market designs). 

• Sources of flexibility are available to all power 

systems, through specific options depend on 

power system size, fuel supply, market 

characteristics, etc.  

NREL/PIX 10926 

29 



Additional resources on case studies and best 

practices 

• Clean Energy Solutions Center: https://cleanenergysolutions.org*  

– Clean Energy Grid Integration Network (CEGIN): 

https://cleanenergysolutions.org/cegin  

– Clean Energy Regulators Initiative: 

https://cleanenergysolutions.org/ceri/resources  

 

• Greening the Grid: http://greeningthegrid.org*  

 

• International Smart Grid Action Network: http://www.iea-isgan.org*  

 

• 21st Century Power Partnership: http://www.iea-isgan.org 

http://www.21stcenturypower.org  

Ask an Expert services offer free, remote, on-demand technical assistance 

on grid integration (and other) issues 
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Contacts and Additional Information 

 

 

 

 

 

 

Jessica Katz 

National Renewable Energy Laboratory 

Email: Jessica.Katz@nrel.gov  

Greening the Grid 
greeningthegrid.org 

Email: greeningthegrid@nrel.gov 

Clean Energy Solutions Center 
https://cleanenergysolutions.org  
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ADDITIONAL SLIDES 
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Balancing area coordination increases 

balancing footprint 

System 

Operation 
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Characteristics of variable RE technologies are 

evolving to include grid support services 

Characteristic Old Variable RE New Variable RE 

Dispatchability Uncontrollable, “must take” Dispatchable through participation in 

economic dispatch 

Forecast/uncert

ainty 

Unpredictable Increasingly forecastable 

Variability Highly variable over 

multiple timescales 

Short-term variability largely mitigated 

through spatial diversity 

Reserve 

requirements 

Requires dramatic increase 

in operating reserves from 

thermal units 

Relatively small increase in regulation 

required. Can self-provide multiple reserves 

across multiple timescales with 

selective/economic curtailment 

Grid support Provides no grid 

support/decreases grid 

stability 

Can provide multiple grid support services 

Source: Milligan et al. 2015 

Services from 

Variable RE 
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http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=7299793&filter=AND(p_IS_Number:7299767)


Reducing reserve requirements through 

balancing area coordination: European and 

Western U.S. case studies 

Europe 

• Integrating reserve requirements at 

the European level has the 

potential to reduce reserve 

requirements by 40% relative to 

maintaining national reserves 

individually (under a 40% variable 

RE penetration scenario). 
 

• Spain and neighboring TSOs are 

already participating in a cross-

border platform for activating 

replacement reserves. 

Western U.S.  

• Holding spinning reserves as five 

large regions rather than many small 

zones has the potential to save the 

Western Electricity Coordinating 

Council $2 billion. 

Sources: Ackermann et al. 2015 ; EDF R&D 2015 Source: NREL 2010 

System 

Operation 

35 

http://ieeexplore.ieee.org/xpl/articleDetails.jsp?arnumber=7299808&filter=AND(p_IS_Number:7299767)
http://chercheurs.edf.com/fichiers/fckeditor/Commun/Innovation/departements/SummarystudyRES.pdf
http://chercheurs.edf.com/fichiers/fckeditor/Commun/Innovation/departements/SummarystudyRES.pdf


0% wind and 

solar 

33% annual 

wind and 

solar energy 

penetration 

Generation dispatch for 

challenging spring week in 

the U.S. portion of WECC 
 

Source: WWSIS Phase 2 

(2013) 

Increased cycling of conventional generators 
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Increase in plant emissions from cycling to accommodate wind and solar are more 

than offset by overall reduction in CO2, NOx, and SO2 

Results from Western Wind and Solar Integration Study (WWSIS), Phase II (2013) 

Scenario: 33% 

wind and solar 

energy 

penetration as 

percentage of 

annual load 

What impact does variable renewable energy 

have on emissions (due to thermal cycling)? 
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http://www.nrel.gov/electricity/transmission/western_wind.html
http://www.nrel.gov/electricity/transmission/western_wind.html

