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For stable operation of the grid, supply and demand must be in perfect balance at all times  

Demand (Load, MW)  Supply (Generation, MW) 

System Frequency (Hz) 

60 

55 65 

Grid Stability Demands Dispatchable Generation  
Non-Dispatchable Power Generation  Dispatchable Power Generation  

http://www.epri.com/


© 2019 Electric Power Research Institute, Inc. All rights reserved. w w w . e p r i . c o m  3 

Flexible Operations:  Impact on Boiler Reliability  

Minimum  or Reduced 
Load Operations   
• Circulation Issues and 

overheat (DNB)  
• SH and RH Overheat  
• High Spray Flow rates & 

Attemperator Damage 
• Economizer Steaming   
• Flow Accelerated 

Corrosion  

Two Shifting  
• Increased thermal  

fatigue damage 
• Operator error or  

injuries 
• Increased wear on 

valves  
motors 

• Longer operation time 
with chemistry out of 
specification 

 

Weekend Shutdown 
• Operator Error  
• Same as two shifting 

with increase in 
• Corrosion fatigue 
• Pitting corrosion 
• Potential for increase in 

oxide exfoliation 
• Overheating of tubing if 

is startups are rushed 

Extended Shutdown 
• Same as two shifting 

with increase in 
Corrosion fatigue 

• Pitting corrosion 
• Potential for increase in 

oxide exfoliation 
• Overheating of tubing if 

is startups are rushed 

Creep, Fatigue, Corrosion & Erosion Impacts for Flexible Operation  

http://www.epri.com/
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Flexible Operations: Impact on Steam Turbines  

 Thick-section cracking due to thermal fatigue 
(valve bodies, casings, turbine rotors) 

             

Challenges:  
• Increased operator training to improve temperature matching and reduce over-

temperature operation 
• Increased wear on valve components 
• Casing humping due to base-to-cover temperature differentials 
• Rotor differential expansion limitations 
• Water induction risk increases with more unit starts 
• Increased in SPE rate on valves and blading due to increased starts 
• Increased risk of blade flutter with low exhaust volumetric flow rates 
• Upstream movement of phase transition zone; SCC risk increases; higher exhaust 

wetness; solubility changes  
• Steam seal pressure control issue 
• Excessive use of hood sprays as exhaust temperature increases results in LSB 

erosion, especially with flow recirculation 
• Control valves  throttling at very low loads; increase heat rates; wear on plug/seat 
• BFP turbine steam supply issues 
• Impact of reduced minimum loads on shaft rotor dynamics (bearing unloading 

under partial-arc) 
• Trade-off between low load and ramping rate 
• Increased air in-leakage 

 

http://www.epri.com/
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Flexible Operations: Impact on Main Generators  
• Determination of generator maintenance intervals under 

cycling duty 
• Generator winding insulation system 

• Copper dusting – differential expansion 
• rotor coil ratcheting 

• Core tightness changes due to thermal cycles 
• End winding blocking and tie failure 
• Fatigue in bore, tooth-tops, rings 
• Wedge fretting 

Cycling Main Generators 

• Safe operation of generator hydrogen system 
• Generator stator cooling water system protection 
• Generator protection against moisture-related damage 
• Collector ring pitting of generator and exciter field 

Main Generators   
Extended Shutdown  

   3002013652 
Outage Intervals for Generators in 

Flexible Operation 

http://www.epri.com/
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Flexibility Challenges: Boiler, 
Turbine, BOP, Environmental 

Cycling 
On/Off  

Turn 
Down  

Fast 
Ramping  

Load 
Cycling  

Equipment Turndown 

Burners/Combustion Stability  

Boiler Circulation  

Pressure Part Damage   

Fans/Motor Reliability  

Ramp Rate  

Steam Temperature Control  

Air Heater Issues  

Environmental Control Systems  

Turbine Thermal Stresses 

Condenser Issues  

Water/Steam Cycle Chemistry  

FW Pumps & Motors  

Major Challenges: 0 – 30% MCR  

Managing FLEXIBLE OPERATIONS  

6 
Start-up time 
(upward flexibility)  

100% 

Lo
ad

  

Minimum Load Ramp Rate 
(response time)   

Valley of the Shadow of Death  

 
Understand where  

training & awareness is 
needed   

 
Understand what O&M best 

practices are needed  

Identify areas needing 
systematic program 

management   

Identify needs for defense 
strategy  

Flexible Operations 

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:  
 

Technology Process People 

http://www.epri.com/
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Operational Flexibility:  Impacts People and Processes 

Varying Operating 
Modes Procedures  

Operations, 
Monitoring & 
Diagnostics 

Operations & 
Maintenance 

Activities  

Layup 
Requirements  

Aware Managed Proactive Predictive  

Technology Process People 

Digital  

Transformation 

& 

 Optimization  

Process Optimization 

Mission Profile   

FLEXIBLE OPERATIONS  

http://www.epri.com/
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Expanding the Flex Ops Tool Box - People, Process, Technology  

Flexibility Assessment Benchmarking Guide  

Flexibility Training  

Assessment Template (s) 

Workshops Webcasts 60 Second Flex Minute(s) 

Flexibility Management with Monitoring & Diagnostic Tools  

Dynamic Optimization and Control of Flexible Operations  

20/20 and Beyond - Visions for the Future  

http://www.epri.com/
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1) Training workshops / Awareness  
2) Operational Readiness Guideline 
3) Systematic Assessments / Studies   
4) Minimum Load Tool 
5) Modeling of Grid Requirements   
6) Mission Profile Working Group 

Database  
7) Ramp Rate Guidelines 
8) Controls Optimization  
9) Benchmarking  
10) Ongoing Flexibility Assessments  
11) Digital Dashboards  
12) Optimization  

 

Flexible Operations 
Flexible Operation 

Required

Evaluate flexible operation 
requirements versus unit constraints

Unit will require 
Load Following 

Operation

Unit will require 
frequent On/off 
(Two-shifting) 

Operation

Unit will require 
extended outage 

Operation

Can Minimum 
Load be reduced?

Can Minimum 
Load be reduced?

New Minimum Load

Minimum 
Load 

Checksheet

Yes

Extended 
Layup 

Checksheet

Minimum 
Load 

Checksheet

Yes

New Minimum Load

Two Shift 
Checksheet

Load Following 
Checksheet

NoNo

Change Min 
Load or Optimize 

for Two-Shift

Change Min 
Load or Optimize 

for Layup

Optimize for LayupOptimize for Two 
Shift

Optimize for Load 
Following

Modeling of Grid 
Requirements

Conduct Minimum 
Load Turndown 
Study & Modify 

Unit as required for 
new Minimum Load

Conduct Minimum 
Load Turndown 
Study & Modify 

Unit as required for 
new Minimum Load

http://www.epri.com/
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Reducing Minimum Load (Turndown)  

Key

Desktop Study (remote work)

Testing

1. Initial Evaluation

2. Diagnosis Testing 
(Initial Site Visit)

3. Plan for Tier Testing

Implement Improvements to 
Allow Lower Minimum Load

4. Tier Testing
(Second Site Visit)

5. Evaluate Risks of Lower 
Minimum Load 

(Long Term Considerations)

Design Data

Operations Data

On-site Summary of Tests 
Conducted and Preliminary 

Observations

RFI for Other Units

Plant Personnel Discussions

Presentation of Basis for Test 
Objectives; 

Plan and Agenda for Tier Test

6. Identify Potential Future 
Improvement and Formalize 

Case Study Findings
Final Report

Test Run Observations and 
Adjustment to Test Plan

Operations Data from Testing

Initiate Operational Flexibility 
Methodology – Lower Minimum Load

RFI for Existing Plant Design 
and Limits;

RFI for Operations Data;
Presentation of Basis for Test 

Objectives;
Diagnosis Test Plan

On-site Summary of Tests 
Conducted and Preliminary 

Observations

Design & Material Condition Data

Station Activities to Support Tier 
Testing

Plant Personnel Discussions

Site Work

Agenda for Diagnosis Test

Agenda for Tier Test

3002002835 

Systematic Approach to 
Reducing Minimum Load 

Common Turn-down Challenges:  
• Fuel Loading / Heat Input Management  
• Controlling steam temperatures. 
• Flame Stability  
• Feedwater control  
• Environmental Controls  
• Excessive cooling of steam turbine due to control 

valve throttling  
• Feedwater heater cascade drain function  
• FD and ID fan vibrations  
• Damage to back end of LP turbine 

 

http://www.epri.com/


© 2019 Electric Power Research Institute, Inc. All rights reserved. w w w . e p r i . c o m  12 

Fast Load Ramping 
Limitations  

• Temperature control  

• Pressure Control  

• Level Control  

• Instability due to imbalances in mass flows 
from various plant systems and energy flows 
between the boiler and turbine.  

Solution  

• Control loop tubing  

• Improved coordination of boiler and 
turbine masters  

Design Data

1. Define Goals

2. Understand Control 
Approach & Logic

3. Identify Potential 
Improvements

Complete Ramp Rate 
Optimization

4. Ramp Rate 
Diagnosis

5. Implementation 
Planning

6. Implement 
Improvement

Improvement 
Recommendations

Implementation 
Plan

Project Charter 
and 

RFI for Existing 
Configuration Data

Table of Potential 
Improvements and 

Ramp Rate 
Observation Plan

7. Evaluate 
Improvement

Communication of 
Lessons Learned

Initiate Ramp Rate 
Optimization

RFI for Operations 
Data

Plant Personnel 
Discussions

Control Room 
Operator Insights

Operations Data
I&C Personnel 

Insights

Operations Data

Operations Data

Inputs StepsStart/Finish Output 
DocumentsLegend:

3002011175  
Unit Ramp Rate Optimization 
Guidelines: Methodology and 
Technical Approach 

http://www.epri.com/


© 2019 Electric Power Research Institute, Inc. All rights reserved. w w w . e p r i . c o m  13 

Steam Plant Controls: Not Designed for Turndown 

 Many units were designed and tuned to operate best at full load, 
or close to it. 
– When sliding pressure, the boiler pressure response to 

changes in firing rate becomes more sluggish. 
– Operating with the upper level burners in service, reduces heat 

input to the water walls, thereby dulling pressure response to 
changes in firing rate. 
 

 All of these factors combined often create a situation where the 
boiler controls respond very poorly when in automatic, as the 
existing level of proportional response is insufficient to prevent 
large lazy swings in boiler pressure. 

 Steam temperature and drum level controls are also often likely to 
be poorly tuned for extreme low load operation. 

 

Process-Control Strategies for  

Low- Load Operation  

3002014391  

Integrated Controls (B&W Steam 42nd Edition) 

http://www.epri.com/
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Managing Precursors to Boiler Damage  

Material  
Shape, dimension, properties, flaws, surface 

scales, oxides and deposits 

 
Flue Gas  

•Temperature, Velocity  
•Heat Transfer, Fuels, O2, Boiler Cleaning System 

Process, etc. 

Fluid Side Environment  
Temperature, Pressure, Flow, Quality, Chemistry, 

Scale  

Air Side Environment  
Atmospheric conditions, temperature, chemistry, 

insulation characteristics and condition  

Boiler Component Damage Influencers  

Effect of Flexible Operation on Boiler Components 
Volume 1: Fundamentals,  3002001180  

Volume 2: Water-Touched Components 3002005871  

Volume 3: Steam-Touched Components 3002010385  

http://www.epri.com/
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Managing Fossil 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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Qualitative Operational Assessment 

http://www.epri.com/
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 High Level Assessment  

(HLA) 
 

a) Subcritical Conventional (Coal) 

b) Supercritical Conventional (Coal)  

c) CC/HRSG (Gas)  

Equipment Design 
Review  

Operating Modes 

Pressure Part 
Management 

 

Conventional 
and/or HRSG 

Operations Maintenance 

Combustion &  

Boiler Performance 
(coal)    

Or CTs (oil, gas)  

Instrumentation, 
Controls & 
Automation 

Environmental 
Controls  Cycle Chemistry  Turbine/Generator  

 

Balance of Plant,  
Auxiliary 

Equipment  

1 2 3 4 5 

6 7 8 9 10 

Co
lla

bo
ra

tiv
e Assessment  

and Gap 
Identification 

Tr
ai

n Communication 
and Awareness 

M
iti

ga
te

 

Risk 
Management 

Quantitative Benchmarking Assessment 

http://www.epri.com/
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Asset Management:  Prioritizing w/ Impact vs. Probability   

Probability 

Very High (5) 

High (4)  1 

Moderate (3) 

Low (2) 

Very Low (1)  

M
inim

al (1)  

M
oderate (2)  

Significant (3) 

Severe (4)  

Critical (5) 

Im
pact 

http://www.epri.com/
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Economics Impact  Cycling Impact  

Fuels Management  Thermal Fatigue 

Layup Corrosion  

Balance of Plant  

Corrosion Fatigue 

Creep Fatigue  

Heat Rate  

Operator Skills  

Environmental Controls  

Layup O&M 
Flexible Operations 

Cost Management  
Economics Offset 
Training and Awareness   

Assessments   

Diagnostic Reporting  

Alarm Management  

People Resource Management  

Reliability Offset 

Asset Management  

Controls and Sensors  

Damage Tracking; Improved Layups   

Process Optimization  

Heat Retention  

Offsetting Implications through Programmatic Actions  

Both Inspection and 
Operational data is needed 
to assess actual impact of 
cost and life assessment.  

Managing O&M, Capital $ 
and  Assessments   

http://www.epri.com/
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Technology Process People 

FLEXIBLE OPERATIONS  

Assessment via Monitoring & Diagnostics 

http://www.epri.com/
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Optimization of Flexibility  - People, Process, Technology  

Combustion  Optimization  Start-up Protection  

Steam Temperature Control  SCR Optimization  

Annual Load Profile  

P-71 Pilot Project  on a 1,200MW Unit  
• Initial data analysis and model 

development (PEOPLE) 
• Characterize roadmap and KPIs 

(PROCESS) 
• Improve controls with application of an 

open architecture optimizer to help 
manage big data applications to help 
improve a systems flexibility, 
functionality, interoperability, potential 
use and useful life (TECHOLOGY).  

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 

Electric Power Research Institute’s Mission 

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

http://www.epri.com/
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