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Advancing safe, reliable, affordable and 
environmentally responsible electricity for society 
through global collaboration, thought leadership 

and science & technology innovation

Electric Power Research Institute’s Mission

http://www.epri.com/
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Agenda

▪ Implications of non-dispatchable 
power and need for flexibility

– Duck Curves & Generation Supply Curves

– The value propositions from flexibility

▪ The challenge of achieving flexible 
generation

– Balancing the scales

– Achieving safe, reliable, affordable, 
environmentally responsible electricity

– EPRI Collaborative R&D

3002015097

>200 

Reports

2019 Description of Past EPRI 

Flexible Operation R&D Reports 

3002007374

2016 Flexibility White Paper

3002005859

Power Engineering

2016 Changing 

Mission Study*

2017 Changing Mission Summary

3002006517

2014 DOE 

Sponsored 

Flexibility 

Study

http://genstrategy.epri.com/enabling-flexible-operations-of-the-generation-fleet/

Publically Available Reports 

*Available only to EPRI 

Members but summarized in 

2017 Power Engineering 

Article

Publically available website

http://www.epri.com/
https://www.epri.com/#/pages/product/000000003002015097/?lang=en-US
https://www.epri.com/#/pages/product/000000003002007374/
https://www.epri.com/#/pages/product/000000003002005859/
http://www.power-eng.com/articles/print/volume-121/issue-5/features/changing-mission-profiles.html
https://www.epri.com/#/pages/product/000000003002006517/
http://genstrategy.epri.com/enabling-flexible-operations-of-the-generation-fleet/
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Generating 

Technologies

Dispatchable:
• Coal
• Gas
• Biomass

Semi-Dispatchable:
• Solar Thermal
• Nuclear
• Hydroelectric

Non-Dispatchable:
• Wind
• Solar PV

Daily Electricity Demand

Demand and Supply must balance … every second

http://www.epri.com/
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Duck Curves

California Solar Photovoltaic

http://www.epri.com/
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Flexibility – An Example from CAISO impact of Increasing Solar PV

CAISO – 2012 Actual Net Load Demand CAISO – 2020 Modeled Net Load Demand

Net Load: Actual Power Demand on the Grid, less the power provided by non-dispatchable generation (e.g. solar and wind)

Baseload Demand

Baseload Demand

April 23/17

9,187 MW

2012 Actual 2020 Prediction Implication

Baseload Demand 18,000 MW 12,000 MW Lower minimum loads, more on/off operation

Peak Ramping Rate ~1000 MW per hour >5000 MW per hour Faster loading/unloading, brownout/blackout risk

Peak Demand 24,000 MW 26,000 MW More installed dispatchable capacity required

Daily Total Energy 498,000 MWh 459,000 MWh Fewer units of production across more capacity

Peak to Base 6,000 MW 14,0000 MW More flexible capacity required

http://www.caiso.com

/TodaysOutlook/Pag

es/default.aspx

http://www.epri.com/
http://www.caiso.com/TodaysOutlook/Pages/default.aspx
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Solar: Hourly Average Load – CAISO – April 23, 2017

Daily Ramping / Minimum Load / Daily On-Off Cycling

Peak value $550/MWh
Spike duration ~ 15 minutes

Peak value $1000/MWh
Spike duration ~ 15 minutes

Flexibility due to Solar PV

▪ Daily Ramp

– Minimum Loads, On/Off Cycling

– Driven by low or even negative prices

– Short duration extreme high prices

▪ Economic Viability Challenged

– Increases Wear & Tear (Slopes / Min)

– Still need dispatchable units (Max) 

– Reduced MWh by dispatchable units (Area)

– Reduced price per MWh produce 

– Short duration high value periods of 
production

http://www.caiso.com

/TodaysOutlook/Pag

es/default.aspx

$1000/MWh

15 minutes

$550/MWh

15 minutes

<$0/MWh

~10 hours

May 5, 2019 

had a net 

load hour 

of 5,470 

MW 

http://www.epri.com/
http://www.caiso.com/TodaysOutlook/Pages/default.aspx


© 2019 Electric Power Research Institute, Inc. All rights reserved.w w w . e p r i . c o m8

May 5, 2019

▪ Energy Imbalance Market
– Significant Import to Satisfy Ramp

– Significant Export to Manage Excess

▪ Dispatchability Adjacent to Non-dispatchable 
Market has significant arbitrage value

▪ Value of incremental non-dispatchable 
power?
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https://communityimpact.com/austin/georgetown/city-county/2018/12/10/georgetown-will-

renegotiate-renewable-contracts-after-energy-price-drop-costs-city-6-84-million/

http://www.epri.com/
https://communityimpact.com/austin/georgetown/city-county/2018/12/10/georgetown-will-renegotiate-renewable-contracts-after-energy-price-drop-costs-city-6-84-million/
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California Capacity Contracts

▪ 10-20+ year 
agreements for 
replacement units

▪ Storage and Gas Plants
2017 Resource Adequacy https://www.cpuc.ca.gov/General.aspx?id=6307

https://www.cpuc.ca.gov/WorkArea/DownloadAsset.aspx?id=6442457193

▪ At $2.20-$3.50/kW-month

▪ 500 MW – 12-20+Million / year

90%

110%

130%

2010 2012 2014 2016 2018

US California Texas
http://www.neo.ne.gov/statshtml/204.htm

http://www.epri.com/
https://www.cpuc.ca.gov/General.aspx?id=6307
https://www.cpuc.ca.gov/WorkArea/DownloadAsset.aspx?id=6442457193
http://www.neo.ne.gov/statshtml/204.htm
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Generation Supply Curve

Texas Wind

http://www.epri.com/
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Wind Energy Growth Texas Example:

Texas Generation Supply Curve 2009 / 2016

www.snl.com

2018 Wind Capacity 
>22,000 MW

http://www.epri.com/
http://www.snl.com/
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Texas Coal Fired Unit

2002 MCR 594 MW, 71.9% CF, 83% Op. CF
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2016 MCR 563 MW, 41.6% CF, 70% Op. CF
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http://www.epri.com/
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Implications of Over Supply

▪ dd https://www.rtoinsider.com/ercot-emergency-

conditions-summer-111456/

http://www.epri.com/
https://www.rtoinsider.com/ercot-emergency-conditions-summer-111456/
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Flexibility Required to Balance Non-Dispatchable Power

Flexible Assets Within Market with high penetration 
of non-dispatchable generation

▪ Ramp down / ramp up driven by negative operating 
margins 
– Daily cycle for solar

– More variation for wind

▪ Potential for long periods of zero output
– Generally more prevalent with wind in shoulder 

months for demand

▪ Potential for short periods of high wholesale prices
– Daily very short periods for solar

– Seasonal longer periods for wind

▪ Reduction in production units and in average price 
per unit - more challenging to cover fixed costs

▪ Pressure on both top line revenue and bottom line 
net income (wear & tear / complexity cost)
– Capacity Contracts covering fixed costs have been 

used for replacement of long term dispatchable 
assets

Flexible Asset in Neighboring Market without high 
penetration of non-dispatchable generation

▪ Opportunity to import low cost, import free, or be 
paid to import and then resell in own market

▪ Opportunity to export at high price to satisfy high 
ramping needs of neighboring market
– Top line growth can balance cost pressure of 

flexible operation

For Grid Stability – Need for 

Flexibility is increasing 

Actual Value of Flexibility for Generating 
Company depends heavily on markets

http://www.epri.com/
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What about Europe?

http://www.epri.com/


© 2019 Electric Power Research Institute, Inc. All rights reserved.w w w . e p r i . c o m16

Energiewende
(German for energy transition) 

German Electricity Market
▪ 59,000+ MW Capacity of Wind
▪ 45,000+ MW Capacity of Solar
▪ Periods where output essentially zero

– Snapshot is from June 3, 2019, essentially no significant output 
from solar or wind

– Grid is nearly entirely dependent on coal and nuclear at this time
– Fundamental Challenge of Variable / Non-dispatchable Generation

▪ 37.57 cents / kWh residential rate in 2017
– https://www.statista.com/statistics/418078/electricity-prices-for-households-

in-germany/
– US Average price in 2016 was ~10.27
▪ https://www.eia.gov/electricity/state/
▪ 4,076,827,488 MWh in 2016 of generation
▪ 3,762,461,630 MWh of retail sales $385 Billion USD (~2.1% of GDP)

– At German cost US electricity sales would total 
$1.4 Trillion USD (~5.4% of GDP)

https://www.electricitymap.org

http://www.epri.com/
https://www.statista.com/statistics/418078/electricity-prices-for-households-in-germany/
https://www.eia.gov/electricity/state/
https://www.electricitymap.org/
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What about Storage?

http://www.epri.com/
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Energiewende
(German for energy transition) 

Solar and Wind Production
24 hour period <5GW
4 hour period <1GW
>100 GW capacity

>60GW demand during period

https://www.energy-charts.de/power.htm?source=all-

sources&year=2019&month=1

>1000 GWh of Storage needed – 10,000 100 MWh batteries

http://www.epri.com/
https://www.energy-charts.de/power.htm?source=all-sources&year=2019&month=1
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Coal Generation as a Tool for 

Grid Flexibility and Stability

“You can’t wipe out society and make a whole new society. You have to 

deal with the society that exists. But you have to figure out how you’re 

going to change it to something that’s better.” 

Chauncey Starr, EPRI Founder

http://www.epri.com/
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US Annual Electricity Capacity (source EIA)
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US Annual Electricity Generation (source EIA)
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Resource Reliability Contributions
EPRI whitepaper (2015):

Contributions of Supply & Demand  Resources to Required System 

Reliability Services (3002006400)

• Must Ensure Reliability when considering new Resource Mix in Planning

• Not all Resources equal in Reliability Capability

http://www.epri.com/
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Evaluating Flexibility – Typical Capabilities

On/Off Ramp Rate Minimum Load 

Coal (Subcritical)
Possible 2-5h lead time

(Not typically done)
0.6-4%/minute

(avg. 1%)
20-55%

(avg. 38%)

Coal (Supercritical) 
Constant Pressure

Not done
0.6-4%/minute

(avg. 1%)
40-70%

(avg. 52%)

Coal (Supercritical) 
Sliding Pressure

Possible 2-5h lead time
(Not typically done)

1-8%/minute 20-40%

Gas (Supercritical) 
Sliding Pressure

Possible 1-4h lead time
0.6-7%/minute

10-50%

Combined Cycle Possible 1-4h lead time
0.8-15%/minute

(avg. 3%)
40-70%

(1x1 ~65%, 2x1 ~55%, 3x1 ~45%)

Simple Cycle Possible 0.1-1h lead time
7-30%/minute

(avg. 14%)
35-60%

Hydroelectric Possible,<0.1h lead time 15-25%/minute 5-6%

Reciprocating Engines Routinely done 0.1h lead time 25%/minute Modular

U.S. Nuclear Not done Not done 60-80%

▪ Flexibility Parameters:

– On/Off, Upward/Downward Ramp, Minimum Load

http://www.epri.com/
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Example Fixed O&M Costs
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Reduced Units of Production challenge 
economics of covering fixed costs

Increased Flexibility = Reduced Units of Production

http://www.epri.com/
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Example Fixed O&M Costs
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Largely 
Capital

Largely 
CapitalLargely 

CapitalLargely 
Capital

Largely 
Capital

Significant 
Non-Capital

Significant 
Non-Capital

Some 
Non-Capital

Reduced Units of Production challenge economics 
of covering fixed costs

Capital is largely sunk cost

Technology Typical Staffing
(1000 MW)

Nuclear 1000

Coal 100

CCGT 30

CT / Hydro <10

http://www.epri.com/
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Dispatchable Asset Current State of Value and Cost
Value Cost

Asset 

Integrity

Operational 

Flexibility

Minimize Negative Margins / Minimize Starts – Minimize Damage from Starts (Cost)

http://www.epri.com/
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Reliable, Safe, Affordable, Environmentally Responsible 

Electricity

Understanding the Challenge

http://www.epri.com/


© 2019 Electric Power Research Institute, Inc. All rights reserved.w w w . e p r i . c o m28

Flexibility and Overall Plant Reliability
Conventional Coal Fired Power Plant Combined Cycle Gas Turbine (CCGT) Power Plant

Age and cycling (flexible operation) impacts plant reliability

EFOF: Life cycle 

equivalent forced 

outage factor

Coal CCGT

3002000817

US Average
~40 years

US Average
~16 years

http://www.epri.com/
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Coal Fired 
Power Plant

http://www.epri.com/
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Some General Impacts of Flexible Operation

http://www.epri.com/
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North Carolina 2017

▪ Coal and Gas dispatch at 
higher costs than solar

▪ Solar assets are correlated in a 
geographic area

▪ Periods of excess generation (low 
or negative prices)

In Duke Carolinas context maximizing solar 

generation minimizes fuel spend

Duke Coal Plants increasingly spending time 

at minimum loads / offline

www.snl.com

http://www.epri.com/
http://www.snl.com/
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Operational Flexibility – Unit Specific
▪ The minimum load in 2016 at Rox 2 was 150 net MW’s

▪ In 2017, Duke staff championed a station initiative to reduce the minimum loads on all 4 units applying EPRI R&D

▪ The tangible benefits to Roxboro and the fleet to reducing min load include

– Reduced hot/warm/cold cycling impacts on equipment (unit stay on vs cycling off)

– Eliminate the cost of oil for another start-up

– Eliminating the cost of component lay-up

– Spinning reserve with tremendous “up” side

– ECC flexibility with highly variable daytime solar generation

▪ Modeling shows approx. $2.5M/year system savings from the Roxboro units min 
load reductions

– These savings result from more efficient generation (gas CC) replacing the 
reductions achieved

Unit Minimum Load (MWGROSS) Percentage of Rated Load
1 57.3 14.0
2 103.4 15.7
3 167.1 22.4
4 270.9 36.4

3002002835

Systematic Approach 

to Reducing Minimum 

Load

http://www.epri.com/
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Asset Integrity Risk Matrix – Minimum Load / Extended Layup

Calculated

← Select

5 49 9

4
13, 51, 56, 

58
42,45

3 3,5,46

2

1

 M
inim

al

 M
oderate

 S
ignificant

 S
evere

 C
ritical

Im
pact

1 2 3 4 5

Order Risk ID

1 9

2 45

3 42

4 49

5 5

6 13

7 46

8 51

9 56

10 3

11 58 Dissimiliar Metal Welds (DMW) 4 3 12

Aero Package installed in 96 for HP/IP – Thermal Fatigue 3 4 12

Fatigue in all sections (Thermal / Mechanical) 4 3 12

Superheat/Reheat team temperature differential is high 4 3 12

Reheater offline pitting 3 4 12

Collector ring pitting of generator and exciter field 4 3 12

SCC due to low load deposition / offline pitting - Significant 3 4 12

Steam Path Temperatures - Absolute / Change 5 3 15

Condenser Back Pressure Concerns 4 4 16

Long term effectiveness of filming product (anodamine) / 4 4 16

Offline Preservation of LP Turbine 5 5 25

Minimal [<2%]

Risk Short Name Probability Impact Total

Significant [<10%]

Moderate [<5%]

Probability Enterprise Risk Discussion:

(Discuss drivers of enterprise risk, both with a financial and a 

reputational impact with the potential of reaching the severe or 

critical levels. Drivers may include Design & Construction & Project 

Complexity,

Operations, Technology)

Tail Risk Discussion:

(Provide tail risk description & associated impact)

Project Risk Discussion:

(Project should comment on any significant changes in risks from one 

month to the next.  Green III, Brown and Black ranked Projects should 

also comment on Contingency Coverage Ratio and/or Contingency to 

ETC percentages outside of the normal range.)

Critical [>15%]

Severe [<15%]

l Reputational: Assessing

l Financial  ≥$50M: No

Enterprise Risk Assessment

http://www.epri.com/
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Examples of Incidents – Significant Unanticipated Costs

Minimum Loads
• Major Failures

• Extensive repairs (millions)
• Extensive loss of generation

• In two cases needed to re-rate the minimum 
load upwards

http://www.epri.com/
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Examples of Incidents – Significant Unanticipated Costs

Layup
• Major Failures

• Extensive repairs (millions)
• Extensive loss of generation

• Inadequate protection due to needing to 
remain ‘available’

http://www.epri.com/
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Offline Protection

▪ Attached are 60 kW heaters 
installed in LP Turbines

▪ Removed the duct from access 
door and lay the relative 
humidity (RH) wand inside the 
hood approximately 3 ft 
away from L-0 
buckets. 

▪ RH reading was 39%
after it had been in 
the hood for about 
7-8 minutes and was 
still dropping 

http://www.epri.com/
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Modes of Flexible Operation

Meeting the Challenge &

Value of Collaboration

EPRI’s Mission Profile Working Group

16 Organization in Supplemental Project 

Launched Summer 2015

Developed flexops.epri.com mapping issues and solutions associated with flexible 

operation for power plant systems and assets

http://www.epri.com/
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Flexibility and Overall Plant Reliability

Mechanisms are well understood – applying cost effective solutions is the central challenge

http://www.epri.com/
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Where EPRI is working on FlexOps
Supp. Project Title Flex %
1-108819 Superheater Outlet Header 25%
1-108396 Load Changes and Flexible Operation 100%
1-110953 PSET_P64_Supp Cycle Chemistry Alarms 50%
1-106718 Flash Dry Draining Sub-critical Drum 100%
1-110888 Use of SFRA to Detect Generator Rotor 100%
1-110176 TG Maintenance Intervals 50%
1-107227 PSET_T-G Torsional Vibration Monitoring 50%
1-109619 ComTest Phase 2 Supplemental 10%
1-110503 Concrete Thermal Energy Storage 100%
1-109252 RICE Interest Group 100%
1-107916 PSET_P68 Supp I4Gen 50%
1-108361 Simplified Analytical Technique for EMSA 25%
1-072390 PSET_P69 Supp Maintenance Case Studies 50%
1-110321 Approach for Sustainable Dynamic Combustion Optimization 100%
1-108442 Demo of Combustion Diagnostics & Optimizer for Emissions&Performance 75%
1-109567 Artificial Intelligence Application for Air Quality Control Systems 50%
1-109264 Unit Specific Predictive Model for Toxics Control 50%
1-108636 Portable Electrostatic Precipitator (ESP) Test Facility 50%
1-106768 Evaluation of Reduced-Load SCR Operation 100%
1-108203 Characterization of Stack Particulate Matter 100%
1-072056 Combustor Dynamics Monitoring for Improved Gas Turbine Reliability 25%
1-066745 Gas Turbine Rotor Life 25%
1-064708 Reducing Life Cycle Costs for Gas Turbine Hot Section Components 25%
1-106527 Application of Well Eng’d Weld Repairs for Grade 91 & other CSEF Steels 50%
1-070753 Optimizing Heat Recovery Steam Generator Drains 100%
1-109979 HRSG Spray Valve Detection 50%
1-107140 Mission Profile Working Group 100%
1-071860 PSET_108 Supp Operational Flexibility Implementation: Case Studies 100%
1-111161 Operational Flexibility Workshop 100%
1-072777 Flexible Operation of Hydropower Assets 100%
1-072366 PSET_P69 Supp SmartM&D 50%
1-109443 Assessment of Hydrated Lime Injection Upstream 50%

Various One-off Supplementals applying Base Program R&D

Program Title Flex %

63 Boiler Life and Availability Improvement Program 35%
64 Boiler and Turbine Steam and Cycle Chemistry 50%
65 Steam Turbines-Generators and Auxiliary Systems 15%
66 Fossil Fleet for Tomorrow 5%
68 Instrumentation, Controls and Automation 65%
69 Maintenance Management and Technology 50%
71 Combustion and Coal Quality Impacts 25%
75 Integrated Environmental Controls 25%
77 Continuous Emissions Monitoring 30%
79 Combined Cycle Turbomachinery 20%
87 Fossil Materials and Repair 50%
88 Combined Cycle HRSG and Balance of Plant 35%

104 Balance of Plant Equipment 30%
108 Operations Management and Technology 50%
185 Water Management Technology 10%
193 Renewable Generation 5%
194 Heat Rate Improvement 15%

PS173C Strategic and Flexible Planning 50%
41.11.01 Flexible Operation Program 100%

49 Coal Comb. Products 10%
59 Multimedia Toxics Characterization 50%
78 CCP Use 25%

Base Programs

Supplementals

http://www.epri.com/
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Selection of Base Funded Flexibility Projects 2018
Flexible Operations Handbooks - Volume Three, Steam Touched Components  3002010385 63 Base

Film Forming Product and Filming Amine Guidelines (pending should be complete Q1) – 3002013952 64 Base

Phase Transition Zone Chemistry and Filming Products 3002008132 64 Base

Filming Products and Corrosion Fatigue 3002013955 64 Base

Outage Intervals for Generators used in Flexible Operations 3002013652 65 Base

Steam Turbine Low Load Operation – 2018 Update (pending should be complete Q1) - 3002013589 65 Base

Energy Storage Database (ESD) - 3002013709 66 Base

Non-Battery Bulk Energy Storage - 3002013535 66 Base

Demonstration - Steam Temperature Control Strategies for Combined Cycle Units - 3002013414 68 Base

Process-Control Strategies for Low-Load Operation - 3002014391 68 Base

Pulverizer Performance Studies: Survey Results - 3002013002 71 Base

Studies on Coal and Natural Gas Cofiring: Simulation of Tangentially-Fired Furnace Cofiring Strategies - 3002013004 71 Base

FGD Operations Under Extended Minimum Low-Load Conditions - 3002013046 75 Base

Fuel Quality and Combustion Impacts on Emissions - 3002013044 75 Base

Advanced Combined-Cycle Plant Design and Construction  - 3002011990 79/88 Base

Life Management of 9%Cr Steels: Evaluation of Metallurgical Risk Factors in Grade 91 Steel Parent Material - 3002009678 87 Base

Guideline of Forced Cooling for Flexible Operation - 3002013943 88 Base

Acoustic Emission Attemperator Monitoring Systems: Insights Gained from Three Site Applications - 3002014348 88/68 Base

Study and Report on CT Purge Credits (pending should be complete Q1) – 3002013538 88 Base

Ramp Rate Optimization Guide – 3002012797 108 Base

Flexible Operations and Heat Rate – 3002013992 194 Base

http://www.epri.com/
https://www.epri.com/#/pages/product/000000003002010385/?lang=en-US
https://www.epri.com/#/pages/product/000000003002013952/?lang=en-US
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https://www.epri.com/#/pages/product/000000003002013002/?lang=en-US
https://www.epri.com/#/pages/product/000000003002013004/?lang=en-US
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Primary Generation Plants capable of Flexible Operation

Combined Cycle Gas Turbine 
(CCGT) Power Plant

▪ U.S. Nuclear Power Plants have generally only 
been considered as baseload providers, however 
some plants have begun to enter into limited 
flexible operation modes

Conventional Coal 
Fired Power Plant 

Hydroelectric Dam 
Power Plant

http://www.epri.com/
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Example Relative Operating Statistics (Coal Plants)

Load 
Changes

Starts
Capacity 

Factor

Baseload 4 1 92%

Load 
Following

2024 1 70%

Weekend 
Cycling

1646 49 51%

Daily Cycling 2178 242 41%

Extended 
Shutdown

1206 134 23%

More Starts / Load Changes, More Wear and Tear, less Capacity Factor less Energy (less $/MWh)

In
crea

sin
g

 R
ela

tive C
o
st o

f G
en

era
tio

n

http://www.epri.com/


© 2019 Electric Power Research Institute, Inc. All rights reserved.w w w . e p r i . c o m43

Baseload

Maximum Load

Operational 
Reliability

Cost

Load 
Following

Maximum Load

Minimum Load

Ramp Rate

Operating 
Reliability

Cost

Cycling 
(Weekend)

Start Reliability

Minimum Load

Ramp Rate

Operating 
Reliability

Cost

Cycling 
(Two-Shift)

Start Reliability

Startup Speed

Minimum Load

Ramp Rate

Operating 
Reliability

Cost

Extended 
Shutdowns 

(week / month / season)

Minimum Load

Preservation of 
Equipment

Availability of 
Equipment 

(Startup Speed)

Cost

Lower Minimum Load

Fuel Changes (Lower-Cost Fuels)

Increasing Relative Cost of Generation
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Economic Viability

Retrofits for flexibility are possible but economics can be challenging (especially for ramp rate)

http://www.epri.com/
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Mission Profiles Working Group - Key Issue Areas
Consensus of Subject Matter Experts (EPRI & Utility)

Boiler and Chemistry Combustion & Environmental Controls Turbine - Generator O&M and Balance of Plant
Boiler feedpump/ boiler feedpump turbine 
issues (on/off operations, pitting)

FGD chemistry & wastewater treatment Generator issues: service life consumption, winding 
fatigue

BFP flow stability at low loads

Boiler tube corrosion as a function of coal mill 
tuning/operations

Fireside corrosion (coal quality, staging) Turbine EHC layup practices (startup fluid quality, 
viscosity)

Coal mill issues (lower feeder speeds, igniter 
reliability, reduced flame scanner reliability)

Fatigue in all boiler sections due to 
thermal/mechanical transients

SCR operations at low load LP turbine gland seals may be challenged with 
changing condenser pressure

Layup approach/ philosophy vs. uncertain layup 
duration, i.e. “progressive” layup

Sliding pressure in superheater (supercritical 
units)

Combustion issues (flame stability, startup emissions) Determine optimum minimum load for 
turbine/generator reliability

Sliding pressure operations impacts

Turbine contaminant low solubility at low loads Low air pre-heater outlet flue gas temperature Boiler/turbine controls tuning at low load Fluctuating staff levels, seasonal staffing

New chemistry limits at low load FGD water balance LP turbine seal steam supply/ pressure control 
ineffective at low load

Feedwater heater and turbine drain 
management

Poor boiler circulation at low load SO3 control w/higher sulfur coal blends Higher losses for turbine control valves at low load

Increasing frequency response at low load Sorbent injection at low load Turbine back-end steam conditions at low load

Creep/fatigue vs. design for baseload 
operations

Excessive use of hood sprays + high exhaust temp. = 
last stage blade erosion

Economizer header cracking Turbine water induction

Filming amine effectiveness for layup Wider range of turbine control valve operations

Water-filled superheat sections during layup Rotor, casing, valve body cracking

Flow-accelerated corrosion at low load LP turbine blade flutter 

Corrosion fatigue in waterwalls Thermal stresses on HP/IP turbines

Auxiliary turbine casing warmers

Impact of cycling on generator core integrity

Main lead low cycle fatigue due to more starts

Higher end winding vibrationIssues by systems are impacted by the specific mode of operation in unique ways

flexops.epri.com

http://www.epri.com/
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Steam & Water Chemistry Issues in Various Operating 

Modes: CCGTOperating Mode Chemistry Issues

Load Following • Feedwater chemistry control
• Dissolved oxygen in condensate
• Sampling issues

• Phosphate Hideout
• Carryover (level control)
• Corrosion Product Monitoring

Cycling (weekend off) • Reheater pitting
• Chemistry on startup

• General Steam Path pitting
• Carryover (swell)

Cycling (two-shifting) • Boiler chemistry control
• Carryover Issues

• Feedwater chemistry control
• Carbon dioxide ingress

Extended Layup • Turbine Pitting (leading to Stress Corrosion 
Cracking or Corrosion Fatigue)

• Chemistry System return to service

• Oxygen pitting boiler tubing
• Water Treatment Layup
• Instrumentation layup

Sustained Minimum Load • Increased steam path deposition
• FAC in economizers / IP Evaporator
• FAC in BFP recirculation lines
• Steaming in Economizer (two-phase FAC)

• DNB and Hydrogen Damage
• High level of attemperatoring

sprays
• Sampling / Monitoring
• Air-inleakage control

Cycle Chemistry Guidance for Combined Cycle/Heat Recovery Steam Generators Under Flexible Operation. 3002007938.

http://www.epri.com/
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Efforts to address Flexibility Challenges

Overcoming the Challenge

http://www.epri.com/
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Comprehensive Approach to Flexible Operations

▪ A comprehensive approach to assessing future flexible operations needs and 
responding to those needs in a manner that is economically and technically 
sustainable entails several steps:

1. Assessment of current fleet characteristics and capabilities.

2. Assessment of future levels of increased flexible operations, 
including assessment of transmission network capabilities to 
move power regionally.

3. Assessment of technical issues and potential solutions/workarounds for 
specific generation unit types associated with different specific flexible 
operations modes.

4. Incorporation of flexible operations criteria in future generation 
planning.

5. Development of unit-specific transition plans depending on the expected 
future operational mode(s) for the unit, addressing operational & 
maintenance strategies, staffing needs, and procedural needs.

RICE Interest Group

New CCGT Plant Development 

Group

Modeling

http://www.epri.com/
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Coal Plant Ramp Rates

▪ Usually limited by:
– Allowable stresses in thick wall 

components 

▪ Requires capital expenditure / unit 
redesign

– Fuel Quality 

▪ Generally less costly coals are 
poorer quality

– Controls (e.g. time lag between coal 
milling and turbine response)

▪ Normal approach for improving 
ramp rates

▪ May incorporate capital 
expenditures

Integrated Controls (B&W Steam 42nd Edition)
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Superheater Outlet Headers
• Why Retrofit?

• Capital cost versus maintenance 

cost

• Why IN740H?

• Compared to traditional ferritic 

power plant steels, IN740H:

• Can be made significantly thinner

• Is in the time dependent regime

Using this material allows for thinner components more tolerant of thermal cycling

~4X
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Energy Storage Can Reduce the Need for Flexibility

*LAZARD Levelized Cost of Storage – Version 3 November 2017

▪ If instead of operating flexibly, fossil plants run at full load and 
store energy when it makes sense:

– Fossil plants export power when it is profitable as before

– Fossil plants operate during low/negative pricing periods without 
exporting power and store it instead

– Battery technology can be used; however, the cost of storage for 
batteries can be high at $385–490/kWh installed today*

Non-battery bulk energy storage can deliver lower cost options

http://www.epri.com/
https://www.lazard.com/media/450338/lazard-levelized-cost-of-storage-version-30.pdf
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▪Pumped Hydropower 
– Represents 95% of capacity today

▪Compressed Air Energy Storage
– Only two plants globally

▪Liquid Air Energy Storage (LAES)
– Demonstration stage

▪Thermal Energy Storage (TES)
– Pilot stage

Compressed Air Energy Storage

2-MWe LAES Demonstration (Highview Power) 

Thermal energy is 4 times cheaper than batteries

Non-Battery Energy Storage Technologies

http://www.epri.com/
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▪ As an example, consider a power facility with 
three units (of varying vintage) operating at 
low capacity factor and two of which are 
scheduled to be retired 

▪ Renewable intermittency results in:

– Boilers incur frequent starts and stops

– Rapid ramping requirements

– Overall low capacity factors

– Higher O&M costs

– Increased emissions per MWh exported

CF=25%

CF=25%

CF=25%CF=75%

TES

Low or 

negative price, 

zero output

High price, 

full output

▪By providing steam to TES when prices are 
low, the unit remains operational, avoiding 
shutdowns and ramping

▪When prices increase, unit AND the TES 
units provide steam to the turbine-
generators

▪All three units generate power when 
needed

Thermal Energy Storage (TES)

http://www.epri.com/
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TES Example: Concrete Thermal Energy Storage

▪ Solid ‘thermocline’ structure used to store thermal energy

▪ Low-cost material $67/tonne

▪ Modular system (12.5 m), small                                                                    
footprint

Images courtesy of Bright Energy Storage Technologies

▪ Steam tubes embedded into concrete 
blocks – conductive heat transfer

▪ EPRI project is developing a field test 
at an operating coal power plant

http://www.epri.com/
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FlexOps Management

▪ General Awareness, Initial Endeavors

– Tools for Managing Flexible Operation of Power Plants – Supplemental

▪ flexops.epri.com

▪ Annual Flexibility Conference (Inaugurated in2018)

▪ Periodic update meetings / webcasts

▪ Deeper level initial flexibility engagement 

– 2 day Flexibility Workshop Supplemental

▪ Operational Flexibility Case Studies Supplementals

– Specific projects to extend capabilities of a current unit

▪ Flexibility Assessments

http://www.epri.com/
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Vision – The Flexible Future

Training 
Awareness 

Initial 
Assessments

Comprehensive 
Assessments 

Dissemination  
of Results 

Project 
Development  

Implementation 
of Flexibility 
Improvements  

Technology Application 

Actionable  Intelligence 
via Digital Transformation

Threat 
Identification 

Reporting 
Gap Identification 

Adapting to change demands enhanced plant defense strategies that utilize systematic processes. Flexibility is complex
and strategic countermeasures to protect assets undergoing the new operating regimes.

Managing fleet flexibility requires the inclusion of both quantitative and qualitative actions that drive awareness, apply best

practices, encourages benchmarking and most importantly, integrates modifications and defense strategies to protect

assets.

http://www.epri.com/
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Many Flexible Operation Related Success Stories

▪ http://genstrategy.epri.com/enabling-flexible-operations-of-the-generation-fleet/

http://www.epri.com/
http://genstrategy.epri.com/enabling-flexible-operations-of-the-generation-fleet/
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The Future of Electricity

Transitioning Electricity Generation

▪ Understand Our Goals 

– Reduced carbon intensity?

– Increased renewable generation?

– Other?

▪ Make best use of our National Investment 
and future investments towards our goals

– Optimizing use of existing flexible 
dispatchable generation is key when 
adding non-dispatchable generation

http://www.epri.com/
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Together…Shaping the Future of Electricity

http://www.epri.com/
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Advancing safe, reliable, affordable and 
environmentally responsible electricity for society 
through global collaboration, thought leadership 

and science & technology innovation

Conclusions

Clear Understanding of 
our Goals

Make best use of our 
national investment 

towards achieving our 
goals

http://www.epri.com/
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CAISO Monthly Reports:
http://www.caiso.com/Documents/MonthlyRenewablesPerformanceReport-Jan2019.html

https://www.bbc.com/news/business-40434392

http://www.epri.com/
http://www.caiso.com/Documents/MonthlyRenewablesPerformanceReport-Jan2019.html
https://www.bbc.com/news/business-40434392
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US Coal Fired Power Plant Fleet (EIA)

Mostly Inflexible Constant Pressure Units 32% of Total Coal fleet
is Supercritical
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U.S. Installed Combined Cycle Capacity
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10%

Age and cycling (flexible operation) impacts plant reliability  - US Fleet Relatively Young

http://www.epri.com/


© 2019 Electric Power Research Institute, Inc. All rights reserved.w w w . e p r i . c o m63

0

5

10

15

20

25

30
H

aw
ai

i

C
o

n
n

ec
ti

cu
t

A
la

sk
a

R
h

o
d

e 
Is

la
n

d

M
as

sa
ch

u
se

tt
s

N
ew

 H
am

p
sh

ir
e

C
al

if
o

rn
ia

N
ew

 Y
o

rk

V
er

m
o

n
t

N
ew

 J
er

se
y

M
ai

n
e

D
is

tr
ic

t 
o

f 
C

o
lu

m
b

ia

M
ar

yl
an

d

D
el

aw
ar

e

M
ic

h
ig

an

W
is

co
n

si
n

Fl
o

ri
d

a

U
.S

. T
o

ta
l

A
ri

zo
n

a

P
en

n
sy

lv
an

ia

K
an

sa
s

O
h

io

C
o

lo
ra

d
o

G
eo

rg
ia

N
ew

 M
ex

ic
o

So
u

th
 C

ar
o

lin
a

M
in

n
es

o
ta

M
is

si
ss

ip
p

i

N
ev

ad
a

So
u

th
 D

ak
o

ta

M
is

so
u

ri

Ill
in

o
is

N
o

rt
h

 C
ar

o
lin

a

A
la

b
am

a

V
ir

gi
n

ia

Te
n

n
es

se
e

In
d

ia
n

a

N
eb

ra
sk

a

M
o

n
ta

n
a

N
o

rt
h

 D
ak

o
ta

O
re

go
n

Te
xa

s

U
ta

h

Io
w

a

A
rk

an
sa

s

K
en

tu
ck

y

W
es

t 
V

ir
gi

n
ia

Id
ah

o

W
yo

m
in

g

O
kl

ah
o

m
a

Lo
u

is
ia

n
a

W
as

h
in

gt
o

n

Average retail price (cents/kWh)

http://www.epri.com/


© 2019 Electric Power Research Institute, Inc. All rights reserved.w w w . e p r i . c o m64

2018 Flexibility Related Generation Supplementals
Load Changes and Flexible Operations in Supercritical Boilers 63

Superheater Outlet Header: Validation of Fitness for Service Methodologies 63

Flash Dry Draining Sub-critical Drum Units 64

Application of Turbine Shaft Monitoring to Detect Blade Vibrations 65

Turbine Generator Maintenance Intervals: Industry Trends and Practice 65

Reciprocating Internal Combustion Engines (RICE) Interest Group 66

Advancing Concrete Thermal Energy Storage (TES) 66

Approach for Sustainable Dynamic Combustion Optimization 71

Evaluation of Reduced-Load SCR Operation 75

Optimizing Heat Recovery Steam Generator Drains (ending) 88

Mission Profile Working Group (ending) 108

Operational Flexibility Implementation: Case Studies 108

Flexible Operation of Hydropower Assets 193

Several other one-offs
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https://membercenter.epri.com/Programs/056608/pages/productabstract.aspx?ProductId=000000003002009093&Mode=download
https://membercenter.epri.com/Programs/056606/pages/productabstract.aspx?ProductId=000000003002009924&Mode=download
https://membercenter.epri.com/Programs/056608/pages/productabstract.aspx?ProductId=000000003002004718Mode=download
https://membercenter.epri.com/Programs/056608/pages/productabstract.aspx?ProductId=000000003002007001&Mode=download
https://membercenter.epri.com/Programs/056608/pages/productabstract.aspx?ProductId=000000003002012176&Mode=download
https://membercenter.epri.com/Programs/056609/pages/productabstract.aspx?ProductId=000000003002010041&Mode=download
https://membercenter.epri.com/Programs/056609/pages/productabstract.aspx?ProductId=000000003002012527&Mode=download
https://membercenter.epri.com/Programs/056613/pages/productabstract.aspx?ProductId=000000003002012281&Mode=download
https://membercenter.epri.com/Programs/056615/pages/productabstract.aspx?ProductId=000000003002004808&Mode=download
https://membercenter.epri.com/Programs/056622/pages/productabstract.aspx?ProductId=000000000001021414&Mode=download
https://membercenter.epri.com/Programs/058779/pages/productabstract.aspx?ProductId=000000003002005738&Mode=download
https://membercenter.epri.com/Programs/058779/pages/productabstract.aspx?ProductId=000000000001022811&Mode=download
https://membercenter.epri.com/Programs/106207/pages/productabstract.aspx?ProductId=000000000001024754&Mode=download


© 2019 Electric Power Research Institute, Inc. All rights reserved.w w w . e p r i . c o m65

Flexible Operation: Thermal Fatigue Damage

▪ Predominate failure mode in 
boiler and turbine 
components subjected to:

– Frequent starts

– Fast ramping

– Load following

▪ Caused by:

– Temperature mismatch 
between steam and metal 
surfaces

– High amplitude stress 
cycles result

– Rapid cooling caused by 
liquid quenching; very 
high surface tensile 
stresses

Hot Fluid

Cold Fluid

Hot Metal

Cold Metal

A

B

Header with Stub Tubes

Header ID Cracking 

Due to Thermal Fatigue

Damaged Header
Header Fatigue Cracking

http://www.epri.com/
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Flexible Operation: Corrosion Fatigue

▪ On drum units, corrosion 
fatigue has been observed 
on the riser tubes.  

▪ This mechanism involves the 
combination of:

– manufacturing-induced 
bend stresses, 

– water chemistry 
fluctuations under cycling 
operation

– thermal stress cycles

Corrosion Fatigue Failures have caused 

injuries and deaths in power plants 
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Flexibility and Emission Controls: SCR (NOx Control)
SCR = Selective Catalytic Reduction – Reduces NOx to Nitrogen and Water

▪ Ammonium Bisulfate Fouling of 
Catalyst Surface 

– At lower loads ABS precipitates in 
SCR and reduces its ability to control 
NOx emissions

SCR Requires Minimum Temperature to Operate and Avoid Fouling

SCR with Catalyst Beds

Typical 

Emissions 

Controls
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Flexibility and Plant Efficiency (Heat Rate)

Heat Rate:
Energy in Fuel / Electrical Energy to Grid

▪ Lower is Better (Inverse of Efficiency) 

– 100% Efficiency is 3,412 Btu/kWh

▪ Better Heat Rate provides:

– Fuel Savings

– CO2 & Emission Reductions

By minimizing amount of fuel burned per kWh of 
electricity produced

▪ For Existing Coal-fired Plants 10,000 is Good

▪ For New Combined Cycle Plants 6,500 is Good

650 MW Conventional Coal Fired Power Plant
Impact on Heat Rate operating at Part Loads (Throttling)

Flexible operation impacts significantly plant’s ability to operate efficiently
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