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Baseload operation of a hydro plant is continuous operation of the units at a constant power, 

typically at or near best efficiency.  Flexible operation is considered to be anything that is 

not baseload operation.  Often, flexible operation involves varying the power output in 

response to market signals and regional electric grid demands.  This paper summarizes the 

current knowledge related to the accelerated degradation of hydroelectric turbines and 

generators due to flexible operation and provides insights and information to support 

hydropower decision makers when facing an increase in flexible operation of their hydro 

units.  The paper also summarizes the trends and causes for increases in flexible operation; 

provides case studies describing specific industry experiences with flexible operation; and 

outlines potential research investigations to improve the hydro industry’s adaptation to 

increases in flexible operation. 

 

 

1.  Introduction 

Purpose:  Baseload operation of a hydro plant is continuous operation of the units at a constant 

power, typically at or near best efficiency.  Flexible operation is considered to be anything that is 

not baseload operation.  Often, flexible operation involves varying the power output in response 

to market signals and regional electric grid demands.  Some of the adverse effects of flexible 

operation include increased starting and stopping of the units, operating the units at reduced or 

maximum power levels, and operating the units in regions of increased cavitation or regions with 

increased hydraulic instability (i.e., rough zones).   

The primary purpose of this paper is to summarize the current knowledge related to flexible 

operation of hydroelectric units, including accelerated degradation of components and associated 

infrastructure.  The paper provides insights and information to support hydropower decision 

makers when facing an increase in flexible operation of their hydro units.  This paper 

summarizes the trends and causes for increases in flexible operation, examines the potential 

adverse effects on hydroelectric turbines and generators, provides case studies describing 

specific industry experiences with flexible operation, and discusses potential research 

investigations to improve the hydro industry’s adaptation to increases in flexible operation.  

Background:  For more than twenty years, a variety of influences have combined to create the 

need for more flexible power systems, including hydro power systems, in North America and 

world-wide [EPRI, 2016].  Initially, the rise of electricity markets and the emergence of new 

products and ancillary services (e.g., regulation and frequency response, reactive supply and 

mailto:pamarch@hydroppi.com
mailto:bgmoore@epri.com
mailto:mnesbitt@epri.com


voltage control, spinning reserve, supplemental reserve) were the primary drivers for more 

flexible operation.   

Numerous EPRI studies of flexible operation have focused on coal-fired power plants [EPRI, 
1997a; EPRI, 1997b; EPRI, 1997c; EPRI, 1999; EPRI, 2001a; EPRI, 2001b; EPRI, 2004; EPRI, 
2013c; EPRI, 2013e].  Recently, EPRI’s flexible operation studies have expanded to geothermal 
plants [EPRI, 2013b], to nuclear plants [EPRI, 2014a], and to gas turbine and combined-cycle 
plants [EPRI, 2015b].  EPRI [2004], Effects of Flexible Operation on Turbines and Generators, 
examined turbine and generator reliability data for fossil steam turbines (i.e., no combustion 
turbines, no combined-cycle units, and no nuclear units) over a 20-year period (1984 – 2003).  
The study’s metrics included EFOR (equivalent forced outage rate), EUOR (equivalent 
unplanned outage rate), and EFORd (equivalent forced outage rate - demand) [IEEE, 2006].  
Figure 1-1 summarizes results from EPRI [2004]: 

 

 

Figure 1-1 

Forced Outage Rates for Fossil Plants:  Baseload vs. Cycling Operation  

[EPRI, 2004] 

Compared with the ten year period from 1984 – 1993, the ten-year period from 1994 – 2003 
showed significant increases in cycling operation, due primarily to expansion of electricity 
markets.  This increased cycling led to consistently higher forced outage rates compared to 
baseload operation across components and indicators, from a factor of 1.5 (Generator, EFORd) to 
a factor of 3.55 (Generator, EUOR).  The study also observed (1) a time lag of approximately 
seven years between onset of cycling operation and maximum impact on forced outage rates; (2) 
a significant reduction in unit efficiency during cycling operations; and (3) an extreme 
degradation in unit efficiency during low load operation [EPRI, 2004].  Although these results 
are not directly related to hydro power facilities, they are suggestive of similar impacts on hydro 
units from flexible operation.  

Bauer et al. [1999] provided a methodology for computing production costs for hydro facilities 
providing ancillary services, including regulation, spinning reserve, non-spinning reserve, 
replacement reserve, voltage support, and black start.  The methodology assumed that the 
maintenance costs were already known.  However, EPRI results for fossil units suggest that 
maintenance effects from flexible operation may take years to present.   

A 2001 EPRI study focused on the degradation of hydroelectric facilities and the associated costs 
due to ancillary services operation [EPRI, 2001c].  Although largely qualitative, the study 
reached several conclusions: 
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Steam Turbine 1.27 1.22 0.96 0.47 1.40 2.98

Generator 0.29 1.54 5.31 0.43 1.06 2.47

Combined 1.55 2.73 1.76 0.90 2.44 2.71

Steam Turbine 1.59 2.35 1.48 0.65 2.26 3.48

Generator 0.39 2.25 5.77 0.53 1.88 3.55

Combined 1.97 4.50 2.28 1.17 4.05 3.46

Steam Turbine 1.25 0.94 0.75 0.47 0.93 1.98

Generator 0.29 1.02 3.52 0.43 0.66 1.53

Combined 1.53 1.99 1.30 0.89 1.58 1.78
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 Ancillary services operation of hydroelectric facilities can exacerbate unit wear and 
tear, but the associated costs are likely to be small compared to the value of delivered 
services; 

 Hydro owners/operators should account for accelerated degradation in maintenance 
budgets and repair schedules; 

 Hydro facilities may need upgrading to support increased ancillary services; 

 Additional research should be conducted to examine effects of ancillary services 
operation on wear and tear. 

The role of hydro units to provide support for fossil and nuclear generating units within non-
market power systems with a mix of generators, such as Duke Energy and the Tennessee Valley 
Authority, is another factor influencing flexible operation.  New license conditions, other 
environmental operations, and updated optimization and control systems can also change or limit 
the flexible operation of hydro facilities.   

Now, the key driver for increases in flexible power system operation, including flexible 
operation of hydro plants, is the rapid and widespread rise in variable solar and wind generation 
[EPRI, 2016].  Section 2 of this paper provides more detailed information on the trends and 
causes for increases in flexible operation of hydro plants.  Section 3 summarizes the current 
industry experience and expectations with adverse effects on hydroelectric turbines and 
generators from flexible operation, and Section 4 discusses some of the primary technical 
approaches for evaluating the accelerated degradation of hydropower components due to flexible 
operation.  The four case studies in Section 5 provide specific industry experiences with flexible 
operation.  Section 6 includes a summary and recommendations for additional research, and 
Section 7 provides a list of references and additional bibliography. 

 

 

2.  Trends and Causes for Increases in Flexible Operation of Hydro 
Plants 

 

Introduction:  Figure 2-1 summarizes some of the operational factors that affect the flexible 
operation of hydro plants.  These factors are categorized by association with water, the overall 
facility, and the power system.   

Typically, the water-related factors and the facility-related factors act as constraints that limit the 
flexible operation of hydro plants.  The power system-related factors, such as load regulation, 
frequency control, and voltage control, can incentivize an increase in flexible operation.  

 

Electricity Markets  and Traditional Scheduling Areas:  Reliability of the bulk power 
system for the USA and Canada is the primary mission for the North American Electric 
Reliability Corporation, commonly known as NERC.  The bulk power system is divided into 
eight regional entities, as shown in Figure 2-2.  
  



 

Figure 2-1  
Complexity of Operational Factors for Hydro Plants [EPRI, 2013a] 

 

 

Figure 2-2  
Regional Entity Boundaries for North American Bulk Power System [NERC, 2015] 

Electricity markets operate within these NERC regional entities in conjunction with Independent 
System Operators (ISOs).  Figure 2-3 shows the geographic coverage of the ten ISOs that 
currently operate in the USA and Canada.  The ISOs manage operations of the electricity grid 
within their territories.  The ISOs also operate electricity markets for energy, ancillary services, 
and capacity resources.  The emergence and growth of these regional markets, particularly 
ancillary services markets, have been important contributors to the increased demand for flexible 
operation of hydro plants.  



 

Figure 2-3  
ISO Power Markets in North America [EPRI, 2013a] 

In areas outside of the ISO market areas, generation resources are developed within a utility or 
acquired through bilateral transactions with market areas or other generators.  These non-market 
areas, called Traditional Scheduling Areas, include regulated utilities operating under the 
historical vertically integrated utility model, such as Duke Energy’s operations within the 
Southeast Reliability Corporation (SERC).  The utilities in Traditional Scheduling Areas are 
regulated by state regulatory authorities for utilities and by the Federal Energy Regulatory 
Commission (FERC).  Unlike formal markets, these utilities have an obligation to serve the load 
within their defined territory.  However, operators in the Traditional Scheduling Areas must 
schedule energy and power transactions, coordinate their operations, and coordinate their 
planning for system expansion to maintain grid reliability according to the same NERC criteria 
followed by the ISOs.  Within the Traditional Scheduling Areas, utilities with a mix of 
generating options (e.g., Duke Energy and the Tennessee Valley Authority) use the flexible 
operation of their hydro units to provide system support for fossil and nuclear generating units in 
an analogous way to ancillary services support within ISOs.  In some areas, NERC Regional 
Entities have a combination of market and non-market areas within their boundaries, such as the 
California ISO within the Western Electricity Coordinating Council (see Figures 2-2 and 2-3). 

Environmental Operations:  Operation under environmental regulations can have a variety 
of effects on the flexible operation of hydro plant, typically limiting the operational flexibility 
and requiring operation in damaging regimes.  EPRI [2014c] and March and Jacobson [2016] 
provide case histories for owner/operators who have adopted more efficient operational 
strategies with their units, replaced units with designs better matched to environmental flows or 
other requirements, or added new units to provide environmental flows more efficiently.  A 
recent EPA-USGS technical report, Protecting Aquatic Life from Effects of Hydrologic 
Alteration, could signal future environmental requirements which would further limit the 
flexibility of hydropower operations [Novak et al., 2016].  Within the European Union (EU), the 
environmental responsibilities included in the Water Framework Directive of 2000 (WFD) affect 
operational flexibility due to increased environmental flow releases from many EU hydropower 
plants [Opsahl et al., 2010].  



Optimization and Control Systems:  Previous EPRI research examined the effects of 
markets and operations on the suboptimization of multiple conventional and pumped storage 
hydro plants [EPRI, 2012; March et al., 2013].  Additional EPRI research investigated hydro 
plant optimization for generalized two-unit, three-unit, five-unit, and seven-unit plant 
configurations operating under three annual generation patterns, including an hourly generation 
pattern, a moderate Automatic Generation Control (AGC) generation pattern, and a heavy AGC 
generation pattern.  Unit types included Francis units, diagonal flow units, fixed propeller units, 
and Kaplan units.  Results demonstrate that improved optimization of hydro plants can provide 
significant increases in generation.  However, for all of the unit types, unit start/stops increased 
substantially for the heavy AGC generation pattern compared to the moderate AGC generation 
pattern and for the moderate AGC generation pattern compared to the hourly generation pattern 
[EPRI, 2014b; EPRI, 2015a; March et al., 2016].  Potential benefits from improved optimization 
must be weighed against potential problems due to increased start/stops.  The case study for the 
Osage Project in Chapter 5 provides additional information on this topic. 

Integration of Increased Capacity for Variable Solar and Wind Generation:  
Currently, the key driver for increases in flexible power system operation is the rapid and 
widespread rise in variable energy resources, primarily wind and solar generation, due to federal 
Production Tax Credits (PTCs), state Renewable Portfolio Standards (RPSs), and state 
greenhouse gas (GHG) reduction goals [EPRI, 2016].  California’s progressive renewable energy 
and environmental policies include goals for providing 33% of retail electricity from renewable 
sources by 2020, providing 50% of retail electricity from renewable sources by 2030, and 
reducing GHG emissions to the 1990 levels.  These policies have led to significant increases in 
wind and solar generation, with dramatic effects on the California ISO [CAISO, 2016].  

Figure 2-4 provides the wind (green curve) and the solar (yellow curve) power production within 
the California ISO on March 1, 2014.  Figure 2-5 plots the total load (blue curve) and the net 
load (i.e., the total load minus the wind and solar generation; red curve) for the California ISO on 
the same day [NERC, 2015].  The net load represents the portion of the total load that must be 
supplied by other generation sources, including hydro plants and pumped storage plants. 

 

Figure 2-4 

Wind and Solar Power Production in CAISO on March 1, 2014 [NERC, 2015]  



 

Figure 2-5  
Load and Net Load in CAISO on March 1, 2014 [NERC, 2015] 

 

Similarly, Figure 2-6 shows the wind generation (light blue curves), the solar generation (gold 
curves), total load (brown curves), and net load (dark blue curves) for the California ISO on three 
weekdays during 2014 (April 22, July 22, and October 22) [USEIA, 2014].  The seasonal 
variations in wind generation, solar generation, and power demand lead to highly variable daily 
net load curves. 

 

 

Figure 2-6 

Seasonal Changes in Net Load Shapes within CAISO [USEIA, 2014]  



During some parts of the year, the net load curves for the California ISO display a dip, or 
“belly,” during mid-day when a substantial amount of solar and wind generation is available, a 
steep rise, or “neck,” around sunset, and a peak, or “head,” in the mid-evening.  The resulting net 
load curve, resembling the silhouette of a duck, is appropriately called the “Duck Curve.”  Figure 
2-7 provides the actual and projected net load Duck Curves for the California ISO during a 
typical Spring day from 2012 through 2020, under the assumption that the state’s policy 
initiatives are successful [CAISO, 2016].  Resulting conditions include short, steep ramps that 
require bringing on or shutting down flexible generating sources, significant risk of over-supply, 
and the potential for decreased grid reliability.   

 

 

Figure 2-7 

California ISO’s Actual and Projected Duck Curves for a Typical Spring Day, 2012 – 2020 

[CAISO, 2016] 

 

The California ISO utilizes significant generation from conventional and pumped storage 
hydroelectric facilities.  Approximately half of California’s conventional hydro facilities have 
been used to provide spinning and non-spinning reserves, replacement reserves, and regulation or 
load following.  More than half of the conventional hydro facilities have been used to provide 
black start, and most have provided voltage support.  Also, pumped storage hydro facilities 
provide energy and ancillary services to the grid [EPRI, 2013a].  Wind and solar generators 
typically have no capability for automated frequency response, and the generators are typically 
operated at full output.  Flexible operation of conventional hydro plants and pumped storage 
hydro plants is crucial to the current operation of the California ISO, and additional flexible 
capacity will be required for future operations with the planned increases in wind and solar 
generation.   

The example of the California ISO provides a view into the future of the North American bulk 
power system.  Because variable renewables have subsidies and no fuel costs, the probability of 
plant retirements is increased, particularly for coal-fired and oil-fired power plants.  Increases in 
generation by variable renewables will lead to increases in weather-dominated electricity prices.  
In Europe, integration of variable renewables is the primary driver for a significant expansion in 



pumped storage capacity [Fisher et al., 2012; Fisher et al., 2013].  However, in the U.S., no 
major pumped storage project has been completed in the last twenty-five years.  A November 
2016 Notice of Proposed Rulemaking (NOPR) by the Federal Energy Regulatory Commission 
(FERC) was directed toward removing barriers to participation by electric storage resources, 
such as pumped storage plants, in the capacity, energy, and ancillary services markets (see 
Figure 2-3).   

Other Influences:  Additional factors influencing flexible power operations include:  (1) 
uncertainty in future fuel prices; (2) uncertainty in timely fuel supply (particularly for natural 
gas); (3) the potential for future environmental regulations adversely affecting natural gas prices; 
(4) the potential for future environmental regulations reducing the flexibility of hydro plants; (5) 
the potential for climate variations affecting the flexibility of hydro plants (flood/drought); and 
(6) customer-based technologies including electric vehicles, solar panels, and household energy 
management systems [EPRI, 2016]. 

 

3. Adverse Effects on Turbines and Generators from Flexible 
Operation 

Introduction:  Section 3 summarizes industry experience and expectations with adverse effects 
from flexible operation of hydroelectric turbines and generators.  Discussion is provided for 
turbines and related components and for generators and related components. 

Turbines and Related Components:  Figure 3-1 shows relative magnitude and frequency 
for draft tube pressure pulsations versus relative gate opening for a typical Francis unit at one 
head, as well as the corresponding flow patterns in the draft tube [Henry, 1986; Boldy and Guo, 
1989].  Note that the pressure pulsations are at a minimum in the vicinity of best efficiency, 
which is typical for traditional baseload operation.  Pressure pulsations increase at gate openings 
higher than best efficiency and increase significantly for gate openings lower than best 
efficiency.  An intermediate rough zone is typically present due to interactions between upstream 
secondary flows (e.g., stay vane wakes, wicket gate wakes, blade wakes) and the draft tube 
vortex.  Under off-design conditions at speed-no-load, lower gate openings, and intermediate 
gate openings, the energy associated with lower efficiency produces swirl, flow separations, and 
back flow.   

Figure 3-2 presents similar operational patterns in a strain gauge amplitude spectrum from a 
blade-mounted strain gauge during tests at Vattenfall’s Stornorrfors Hydro Plant in Sweden 
[Monette et al., 2016].  Because the strain gauge is fixed to the blade and rotates with the blade, 
the frequency spectrum in Figure 3-2 is in the rotating coordinate system.  The figure shows 
broad-spectrum strain amplitudes at speed-no-load, lower loads, and intermediate loads; the 
vortex “rope;” and frequency peaks for Rotor/Stator Interactions (RSI) across a wide power 
range.  RSI can come from turbine blades passing through the wicket gate wakes (gate-passage 
frequency), from reinforced blade-gate interactions (blade-gate interaction frequency), and from 
turbine blades passing the spiral case nose (blade-passage frequency) [Jones and March, 1987].  
If a turbine has been replaced without spiral case modifications, the spiral case may be less 
effective at evenly distributing the higher flows.    



 

Figure 3-1 
Typical Francis Unit Pressure Fluctuations versus Gate Opening [Henry, 1986] 

 

This accentuates the pressure pulsations experienced by the unit as each blade passes the nose of 
the spiral case (i.e., blade passage frequency).  The hydro industry has experienced multiple 
failures due to RSI, typically blade cracking in intermediate head and higher head units.  
Particularly at the higher loads beyond best efficiency, blade excitation from vortex shedding 
may also cause forced vibrations at the vortex shedding frequency or hydroelastic vibrations 
[Dörfler et al., 2013].  With hydroelastic vibrations, a natural frequency of the turbine interacts 
with the vortex shedding to further organize and strengthen the excitation as well as to widen the 
velocity range over which the resonant vibrations occur [Ippen et al., 1960; Crandall et al., 1975; 
Blevins, 1984; Blevins, 1990].  Both RSI and vortex shedding are typically calculated and 
controlled during the modern turbine design process.   

Turbine operation in the speed-no-load, lower load, and intermediate load operating zones 
produces broad-spectrum loading on the turbine, as shown in Figure 3-2.  Collapse of the draft 
tube vortex can produce additional broad-spectrum loading in the intermediate load operating 
zone.  The broad-spectrum loading from energy dissipation and vortex collapse can potentially 
excite multiple modes of vibration for the turbine, the generator, other components, and hydro 
plant structures.    



 

Figure 3-2 

Strain Gauge Amplitude Spectrum from Tests at Vattenfall’s Stornorrfors Hydro Plant 

[Monette et al., 2016] 

The increase in dynamic stresses from this broad-spectrum loading can dramatically shorten the 
fatigue life of the turbine.  Figure 3-3, for example, compares relative fatigue life for a hydro 
turbine under two operational patterns.  The damage contributions shown in the figure are based 
on strain gauge measurements on a medium head Francis turbine at an operating hydro plant 
[Seidel et al., 2014].  The baseload pattern assumes one start/stop per day, little operation at 
speed-no-load and low load, 25% operation at intermediate load, 49% operation near best 
efficiency, and 25% operation at high load.  By contrast, the load and frequency regulation 
pattern assumes ten start/stops per day, 4% operation at speed-no-load, 24% operation at low 
load, 24% operation at intermediate load, 24% operation near best efficiency, and 24% operation 
at high load.  For the load and frequency regulation pattern, fatigue damage contributions to the 
turbine are approximately eight times larger than for the baseload pattern, with 43% of the 
damage due to low load operation, 32% due to start/stops, and 22% due to speed-no-load 
operation.  Fatigue damage contributions to the turbine from intermediate load operation, near 
best efficiency operation, and high load operation represent only 3% of the total for the load and 
frequency regulation pattern.  Previous analyses of costs associated with starts/stops likely 
overestimate costs associated with start/stops compared to the costs associated with fatigue 
damage contributions [Nilsson and Sjelvgren, 1997; Bakken and Bjørkvoll, 2002; Bjørkvoll and 
Bakken, 2002; USBR, 2014].  



 

Figure 3-3 

Assumed Operational Patterns and Relative Damage Contributions for a Medium Head  

Francis Turbine [Seidel et al., 2014] 

The European Union funds an ongoing research consortium called HYPERBOLE (HYdropower 
plants PERformance and flexiBle Operation towards Lean integration of new renewable 
Energies).  HYPERBOLE is funding research for enhancing hydropower’s value by extending 
the flexibility of units’ operating ranges and by improving units’ long-term availability.  
Consortium members include Andritz Hydro, GE Renewable Energy, and Voith Hydro.  
Research results on topics including draft tube modeling, computational fluid dynamics (CFD) 
simulation of rapid transition from pumping to generating, and renewable energy integration are 
available on the HYPERBOLE web site (https://hyperbole.epfl.ch). 

Figure 3-4 summarizes the anticipated effects of flexible operation on turbines and related 
components according to operational pattern and operational zone.  Increased operation outside 
the customary baseload pattern reduces generation, reduces reliability, increases financial risks, 
and increases O&M costs.  Traditional inspection and maintenance intervals will have to be re-
evaluated, and additional engineering analyses, particularly fatigue analyses, will be required.  
While focused on Francis turbines and pump-turbines, the discussion in this Turbines and 
Related Components section also applies to diagonal flow turbines and propeller turbines.  
Because the flow through Kaplan turbines is adjusted both by wicket gate opening and by blade 
tilt, Kaplan turbines can maintain higher efficiencies, lower pressure pulsations, and lower 
broad-spectrum loading over a much wider operating range than Francis, diagonal flow, and 
propeller turbines [EPRI, 2015a; March et al., 2016].  However, a Kaplan turbine’s internal blade 
mechanism may suffer increased damage from flexible operations such as frequency control 
[Sick et al., 2012; Liu et al., 2014]. 

 

https://hyperbole.epfl.ch/


 

Figure 3-4 

Anticipated Effects of Flexible Operation on Turbines and Related Components 

Operating Zone or Transient 

Event
Comments Likely Consequences for Turbines and Related Components

Start/Stop

Load regulation and frequency regulation increase 

start/stops.  Integration of wind and solar energy 

increases start/stops.

More frequent start/stops increase vibrations and dynamic 

stresses, reducing fatigue life of turbine, turbine shaft, wicket 

gates, headcover bolts and increasing wear of turbine guide 

bearing, thrust bearing, shear pins, brakes, and wicket gate 

bushings.

Speed-no-load

Load regulation and frequency regulation increase 

operation at speed-no-load.  Integration of wind 

and solar energy will increase operation at speed-

no-load.

Speed-no-load operation increases vibrations and dynamic 

stresses, reducing fatigue life of turbine, turbine shaft, wicket 

gates, headcover bolts and increasing wear of turbine guide 

bearing, thrust bearing, shear pins, and wicket gate bushings.

Low Load and Intermediate 

Load

Load regulation and frequency regulation increase 

operation at low load and intermediate load.  

Integration of wind and solar energy will increase 

operation at low load and intermediate load.

Low load operation and intermediate load operation increase 

cavitation erosion and problems associated with cavitation 

repairs, such as cracking and subsequent fatigue failure.  High 

turbulence environment and draft tube vortexing increase 

pressure pulsations, vibrations, and dynamic stresses, reducing 

fatigue life of turbine, turbine shaft, wicket gates, headcover bolts 

and increasing wear of turbine guide bearing, thrust bearing, 

shear pins, and wicket gate bushings.

Near Best Efficiency 

(Traditional Base-load 

Operation)

Load regulation and frequency regulation 

decrease operation at best efficiency, resulting in 

reduced generation, more frequent turbine 

maintenance, and higher turbine O&M costs.  

Integration of wind and solar energy decreases 

operation at best efficiency, resulting in reduced 

generation, more frequent turbine maintenance, 

and higher turbine O&M costs.  

Best efficiency operation minimizes cavitation erosion, vibrations, 

pressure pulsations, and dynamic stresses.

High Load

Load regulation and frequency regulation increase 

high load operation.  Integration of wind and solar 

energy will increase high load operation (see 

Figure 2-7). 

High gate operation increases cavitation erosion and problems 

associated with cavitation repairs, such as cracking and 

subsequent fatigue failure.  Higher turbulence environment and 

draft tube vortexing will increase vibrations and dynamic 

stresses, reducing fatigue life of turbine, turbine shaft, wicket 

gates, headcover bolts and increasing wear of turbine guide 

bearing, shear pins, and wicket gate bushings.

Load rejection

As grid loses inertia from de-commissioning of 

non-renewable generators, the probability of load 

rejection increases.  

Load rejections produce high dynamic stresses, significantly 

reducing fatigue life of turbine, turbine shaft, headcover bolts, 

and wicket gates.

OPERATIONAL PATTERN



 

Generators and Related Components:  Moore [2014] discusses start/stop cycling of hydro 
generators, with the most severe effects associated with fatigue cracking of the rotor spider arms 
(Figure 3-5), the rim, the field pole attachments (Figure 3-6), and the field winding connections 
(Figure 3-7).  Additional problems with non-rotating generator components were also noted, 
including the stator core and the stator end windings [Joswig et al., 2015].  For traditional 
baseload operation, Moore suggests an experience-based “rule of thumb” for stator windings that 
one start/stop is equivalent to five hours of service.  Moore [2016] provides additional 
information on field pole attachment cracking, particularly for pumped storage plants which have 
frequent start/stop operations.  Examples of pumped storage plants experiencing field pole 
attachment cracking include Bath County, Helms, Yards Creek, and Raccoon Mountain.  
Drawing from experience with flexible operation of hydro units in the European Union, Sick 
[2013] notes that the mechanical components of generators should be re-assessed, particularly 
the rotor, the connections between the poles and rim, and the pole endplates.  Flexible operation 
also affects stator winding insulation due to thermal cycling.  Observations by Sick [2013] are 
also supported by Ladstätter et al. [2016].  Fatigue in pole endplates, the rotor rim, the solid yoke 
ring, and high voltage stator windings are identified as major contributors to generator failures in 
hydro units [Ladstätter et al., 2016].   

 

Figure 3-5 

Example of Spider Arm Cracking [Moore, 2000]  



 

 

Figure 3-6 

Cracks in Field Pole Attachments [Moore, 2014]  

 

Figure 3-7 

Examples of Generator Connector Failures [Moore, 2014]  



 

 

Figure 3-8 summarizes the anticipated effects of flexible operation on generators and related 
components.  Increased operation outside the traditional baseload pattern reduces generation, 
reduces generator reliability, increases financial risks, and increases generator O&M costs.  
Traditional inspection and maintenance intervals will have to be re-evaluated, and additional 
engineering analyses, particularly fatigue analyses, will be required.   

 

4. Technical Approaches for Evaluating Accelerated Degradation 
Associated with Flexible Operation 

Introduction:  Multiple approaches have been used for scheduling maintenance, for estimating 
degradation, and for optimizing maintenance intervals to minimize inspection costs, repair costs, 
and costs for lost production.  Section 4 provides information on several approaches, including 
(1) deterioration and maintenance modeling; (2) the cumulative damage approach; and (3) 
detailed engineering models, including finite element analyses, CFD, and fatigue analyses. 

 
Deterioration and Maintenance Modeling:  Giles et al. [1991] described a probabilistic 

approach, the Markov decision model, used in spreadsheet format for evaluating the utility of 

immediate or deferred cavitation repairs to hydro turbines.  The model used four condition states:  

State 1, fully operational; State 2, slightly degraded; State 3, moderately degraded; and State 4, 

severely degraded.  Wunderlich [2005] summarized a variety of probabilistic approaches, 

including Markov decision models, to the maintenance of hydraulic structures.  Welte et al. 

[2006a, 2006b] and Welte [2008] applied a Markov decision model to a system of hydro plants 

using four condition states commonly applied in Norway:  State 1, no indication of degradation; 

State 2, some indication of degradation; State 3, serious degradation; and State 4, condition is 

critical.  Four Norwegian condition monitoring handbooks (i.e., turbines, generators, waterways, 

control system) provided detailed descriptions of failure modes for plant components, helping 

maintenance personnel to interpret inspection results.  Opinions from experts and maintenance 

personnel were solicited and combined to create transition probabilities from one state to another 

for various failure modes.  Eze et al. [2016] presents a Markov decision model that incorporates 

maintenance for aging equipment through modification of the transition probabilities.   

 

The size of a Markov decision model is m
n
, where m is the number of condition states and n is 

the number of components.  Consequently, Markov models can quickly become very large for 
complex systems.  A group of researchers from the University of Tasmania have reported the 
successful use of a Monte Carlo simulation model for evaluating operation and maintenance 
policies for hydro plants.  Their model simulates traditional maintenance strategies (i.e., fixed-
time maintenance, condition-based maintenance, and operate to failure) and includes lost 
opportunity costs and discounting [Greenhill et al., 2016].  The primary driver for the model’s 
development was the entrance of Hydro Tasmania into Australia’s National Electricity Market. 
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Figure 3-8 

Anticipated Effects of Flexible Operation on Generators and Related Components  

Operating Zone or Transient 

Event
Comments

Likely Consequences for Generators and Related 

Components

Start/Stop

Load regulation and frequency regulation increase 

start/stops.  Integration of wind and solar energy 

increases start/stops.

More frequent start/stops increase vibrations, dynamic stresses, 

and thermal stresses, reducing fatigue life of rotor, stator, end 

windings, spider arms, support brackets, etc.; increasing wear of 

generator guide bearing, thrust bearing, generator cooling 

system; and increasing probability of insulation failure and 

generator rim failure. 

Speed-no-load

Load regulation and frequency regulation increase 

operation at speed-no-load.  Integration of wind 

and solar energy increases operation at speed-no-

load.

Speed-no-load operation increases vibrations, dynamic stresses, 

and thermal stresses, reducing fatigue life of rotor, stator, end 

windings, spider arms, support brackets, etc.; increasing wear of 

generator guide bearing, thrust bearing, generator cooling 

system; and increasing probability of insulation failure. 

Low Load and Intermediate 

Load

Load regulation and frequency regulation increase 

operation at low load and intermediate load.  

Integration of wind and solar energy will increase 

operation at low load and intermediate load.

Low load operation and intermediate load operation increase 

vibrations, dynamic stresses, and thermal stresses, reducing 

fatigue life of rotor, stator, end windings, spider arms, support 

brackets, etc.; increasing wear of generator guide bearing, thrust 

bearing, generator cooling system; and increasing probability of 

insulation failure. 

Near Best Efficiency 

(Traditional Base-load 

Operation)

Load regulation and frequency regulation 

decrease operation at best efficiency, resulting in 

reduced generation, more frequent generator 

maintenance, and higher generator O&M costs.  

Integration of wind and solar energy decreases 

operation at best efficiency, resulting in reduced 

generation, more frequent generator maintenance, 

and higher generator O&M costs.  

Best efficiency operation minimizes vibrations, pressure 

pulsations, and dynamic stresses.

High Load

Load regulation and frequency regulation increase 

high load operation.  Integration of wind and solar 

energy increases high load operation (see Figure 

2-7). 

High load operation increases vibrations, dynamic stresses, and 

thermal stresses, reducing fatigue life of rotor, stator, end 

windings, spider arms, support brackets, etc.; increasing wear of 

generator guide bearing, thrust bearing, generator cooling 

system; and increasing probability of insulation failure. 

Load rejection

As grid loses inertia from de-commissioning of 

non-renewable generators, the probability of load 

rejection increases.  

Load rejections produce high dynamic stresses and may reduce 

fatigue life of rotor, stator, end windings, spider arms, support 

brackets, etc., and increase probability of insulation failure  Little 

quantitative information is currently available.

OPERATIONAL PATTERN



 

 
Cumulative Damage Approach:  Cumulative damage theory was originally developed in 

conjunction with fatigue testing of metals [Palmgren, 1924; Miner, 1945; Brook and Parry, 

1969].  The theory assumes that a specimen or component has a fatigue life of N1 cycles (i.e., 

stress reversals) at a stress level of σ1, a fatigue life of N2 cycles at a stress level of σ2, a fatigue 

life of N3 cycles at a stress level of σ3, etc.  If the specimen or component has undergone n1 

cycles at stress σ1, n2 cycles at stress σ2, and n3 cycles at stress σ3, it has used up (n1/N1 + n2/N2 + 

n3/N3) of its fatigue life.  According to the Palmgren-Miner rule, fatigue failure occurs when the 

sum of all the stress contributions from Z different sources is equal to one: 

 

Rabinowicz et al. [1970] applied cumulative damage theory to the accelerated life testing of a 
variety of mechanical and electromechanical systems, including bearings, light bulbs, electric 
motors, and electric tools.  The results suggested that cumulative damage theory is widely 
applicable to complex, real-world situations where the precise laws and mechanisms of 
deterioration are not explicitly known.   

Cumulative damage theory was used as a simplified approach for quantifying the effects of 
varying operating conditions on the maintenance costs for hydroelectric units.  Interviews with 
management, engineering, and maintenance personnel provided estimates for component 
lifetimes under best efficiency operation, maximum load operation, and intermediate load 
operation.  Examples are given for several “environmental stressors,” including turbine guide 
bearing vibrations, output from acoustic emissions-based cavitation monitors (old turbines and 
new turbines), and unit inefficiency from on-line efficiency monitors [March, 2000; March, 
2003].  

Currently, the typical application of the Palmgren-Miner rule is in conducting detailed fatigue 
evaluations for hydro components, as discussed in the following subsection.  

Finite Element Modeling, Computational Fluid Dynamics, and Fatigue Analyses:  
Finite element analysis (FEA) and CFD are computer-based techniques that are widely used for 
static and dynamic design of hydro turbines, hydro generators, and related components.  In 
particular, hydro turbine manufacturers continuously develop and refine multiple FEA models 
and CFD models to improve turbine efficiencies, increase operating ranges, reduce cavitation 
and vibration, and increase reliability.  Figure 4-1 illustrates the modern integrated design 
process for hydro turbines [Coutu et al., 2015].  

For the hydraulic design process, CFD models predict flows and pressures through the spiral 
case, stay vanes, wicket gates, turbine blades, and draft tube.  For the mechanical design process, 
FEA models compute stresses and computer-aided design (CAD) models ensure geometric 
compatibility and manufacturability.  Specialized CFD models are used to predict pressure 
pulsations from Rotor/Stator Interactions (RSI), low load and no load operations, and transient 
operations, and FEA models use the pressure predictions to compute dynamic strains and fatigue 
damage [Coutu et al., 2015; Morissette et al., 2016; Nennemann et al., 2014; Seidel et al., 2012; 
Seidel et al., 2014].    



 

 

Figure 4-1 

Integrated Design Process [Coutu et al., 2015] 

Detailed strain measurements in physical turbine models and full scale operating hydro turbines 
(for example, see Figure 3-2 in the previous section) have provided calibration and refinement to 
manufacturers’ and researchers’ CFD and FEA models and have improved the predictions of 
fatigue damage.  Figure 4-2 shows typical signals from three strain gauges mounted on an 
operating hydro turbine.  For fatigue analyses, the total strain signal is decomposed into strains 
due to RSI, strains due to the draft tube vortex, or “rope,” and broad-spectrum stochastic loading 
from energy dissipation and vortex collapse.  The stochastic loading is typically evaluated with a 
technique called rainflow counting [Matsuishi and Endo, 1968; ASTM, 2011; Wikipedia, 2017], 
and the Palmgren-Miner rule is used to sum all of the contributions to the fatigue damage.  In 
conjunction with the development of advanced CFD and FEA models, Andritz Hydro 
researchers have introduced the aerospace concept of Design Reference Missions (DRMs) to the 
discussion of hydro turbine design and fatigue prediction [Lilly and Russell, 2003; Coutu et al., 
2015; Coutu and Chamberland-Lauzon, 2015]. 

 

Figure 4-2 

Typical Decomposition of Strain Signals 

[Coutu et al., 2015; Coutu and Chamberland-Lauzon, 2015]  



 

For example, detailed results from blade-mounted strain gauges and pressure transducers over 
the entire operating range for a unit at Vattenfall’s Stornorrfors Hydro Plant in Sweden and FEA 
fatigue analyses enabled the direct comparison of four DRMs [Monette et al., 2016].  The speed-
no-load (SNL) DRM assumes unit operation at speed-no-load for 2.4 hours per day, operation in 
the best efficiency to high load range for 21.4 hours per day, and one start/stop per week.  The 
multiple loads DRM assumes unit operation at speed-no-load for 2.4 hours per day, operation in 
five low load to intermediate load ranges for 2.4 hours per day each, operation in the best 
efficiency to high load range for 12 hours per day, and one start/stop per week.  The start/stop 
DRM assumes unit operation at speed-no-load for 10 minutes per day, operation in the best 
efficiency to high load range for 23.83 hours per day, and 3 start/stops per day.   

Figure 4-3 summarizes the operational patterns’ dramatic effects on turbine fatigue life. In Figure 
4-3, the relative fatigue life is referenced to the traditional DRM.  Compared to the traditional 
DRM, the SNL DRM (i.e., operating 10% of the time at speed-no-load) is 13.35 times more 
damaging, the multiple loads DRM is 400 times more damaging, and the start/stop DRM is 2.5 
times more damaging. 

 

 

Figure 4-3 

Relative Fatigue Life of Four Design Reference Missions for Vattenfall’s 

Stornorrfors Hydro Plant [Monette et al., 2016] 

The availability of advanced FEA, CFD, and fatigue models enables improved designs and can 
also enable improved operations.  Seidel et al. [2014] discuss the use of transient fatigue analyses 
and strain gauge results from operating Francis turbines to improve the unit start-up and reduce 
the accumulated fatigue damage.  Gagnon et al. [2014] describe the modification of governor 
parameters to reduce start-up fatigue damage in a propeller turbine and suggest that additional 
improvements can be made to reduce fatigue damage during shut-down. 

  

Operating Zone or 

Transient Event
Traditional DRM SNL DRM

Multiple Loads 

DRM
Start/Stop DRM

Speed-no-load 10 min/day 2.4 hr/day 2.4 hr/day 10 min/day

0 - 28 MW -- -- 2.4 hr/day --

28 - 44 MW -- -- 2.4 hr/day --

44 - 48 MW -- -- 2.4 hr/day --

48 - 56 MW -- -- -- --

56 - 98 MW -- -- 2.4 hr/day --

98 - 110 MW -- -- -- --

110 - 136 MW 23.83 hr/day 21.4 hr/day 12 hr/day 23.83 hr/day

Start/Stop 1/week 1/week 1/week 3/day

Relative Cumulated 

Damage
1.0 13.4 400.0 2.5

Relative Fatigue 

Life
1.0000 0.0749 0.0025 0.4000



 

5. Case Studies for Flexible Operation 

Introduction:  These four case studies provide specific industry experiences with flexible 
operation.  The first case study examines the effects of environmental operation, plant 
optimization, and operation for ancillary services on the operation of Ameren Missouri’s Osage 
Project.  The second case study reviews flexible operation of a replacement unit as a design goal 
for the U. S. Bureau of Reclamation’s (USBR’s) Hoover Project.  The third case study describes 
a combination of CFD and FEA analyses, strain measurements on an operating pump-turbine 
unit, and strain measurements on a physical model of the unit which enabled a significant 
expansion of the operating range for EDP’s Alqueva II Pumped Storage Plant.  The fourth case 
study discusses an evaluation process used to assess the potentially adverse effects of more 
flexible operation on Ontario Power Generation’s (OPG’s) Pine Portage Generating Station.  

 

Case Study 1:  Flexible Operation for Environmental and Market Purposes, 
Ameren Missouri’s Osage Project 

Ameren Missouri’s 8-unit, 240 MW Osage Hydroelectric Project, FERC Project No. 459, is 
located on the Osage River near Lake Ozark, Missouri.  The Federal Power Commission issued 
the Osage Project’s original license in 1926.  The Federal Energy Regulatory Commission 
(FERC) issued an extended license for the project to Union Electric Company in 1981, with a 
term expiring in 2006.  A view of Bagnell Dam, the Osage Plant, and the Lake of the Ozarks is 
shown in Figure 5-1.   

Due to concerns over downstream water quality, Osage Units 3 and 5 were upgraded in 2002 
with aerating turbines using central aeration, supplied by American Hydro Company.  The 
original Allis-Chalmers units (i.e., Units 1, 2, 4, 6, 7, and 8) were also retrofitted with central 
aeration.  AmerenUE (formerly Union Electric Company, now Ameren Missouri) filed a 
settlement agreement in 2005 with multiple federal and state agencies, including the U. S. Fish 
and Wildlife Service (FWS), the National Park Service (NPS), the Missouri Department of 
Conservation (Missouri DC), and the Missouri Department of Natural Resources (Missouri 
DNR).  FERC issued a new license to AmerenUE in March 2007.  Under the settlement 
agreement and the new license, AmerenUE agreed to significant improvements in the dissolved 
oxygen levels downstream and to significant increases in the minimum flows provided by the 
plant.  In 2008, Units 1 and 7 were upgraded with aerating turbines using distributed aeration, 
supplied by Voith Hydro Inc.  Subsequently, Units 6 and 8 were also upgraded with Voith Hydro 
aerating turbines using distributed aeration [March, 2011].   

  



 

 

 

Figure 5-1 

Bagnell Dam, Osage Plant, and Lake of the Ozarks (Ameren Missouri Photograph) 

 

The installation of the American Hydro aerating turbines for Units 3 and 5 and the Voith Hydro 
aerating turbines for Units 1, 6, 7, and 8 resulted in less flexible operation for the Osage Plant.  
The higher power replacement turbines, installed without significant modifications to the 1920s 
draft tubes, have significant rough operating zones that must be smoothed by air admission even 
during the non-aerating season (typically, October through May).  The smoothing air causes 
additional efficiency losses in the units.  Operational restrictions also occur and operational 
flexibility is reduced because the smoothing air can lead to problems with meeting the total 
dissolved gas (TDG) requirements for the plant’s discharge.  For several of the new units, 
excessive wear of the turbine guide bearings was experienced.  The bearing problems were 
eventually solved by switching from a synthetic bearing material to lignum vitae [Sullivan and 
Thompson, 2014]. 

For most of the plant’s history, all Osage’s eight main units were operated at equal loads in 
stepped increments throughout the power range from minimum to maximum to minimum.  This 
mode of operation was perceived to equalize wear and tear on the units and to reduce 
maintenance costs.  However, the operation resulted in significant reductions to the overall plant 
efficiency.  In 2008, a SCADA (Supervisory Control and Data Acquisition) system upgrade 
called the “Advanced Features Control System” (AFCS) was implemented to improve plant 
efficiency while ensuring that overriding constraints, such as license compliance and 
environmental compliance, were also met.  The control system includes unit (i.e., turbine and 
generator) performance information over the anticipated head range of the plant.  The control 
algorithm receives a plant load setting from the Midwest Independent Transmission System 
Operator (MISO), calculates the optimum method to dispatch each of the 8 main units, then 



 

every few seconds automatically adjusts the power on each unit to meet the time-varying load 
setting.  As the head changes, the AFCS maintains each operating unit within a narrow band of 
its most efficient operating point and automatically brings units from condensing operation or 
reduced load to generating operation or from generating operation to condensing operation or 
reduced load as required to meet the total plant load request.  Plant operation with the AFCS 
significantly increased the average number of unit starts and stops.   

Since the introduction of regional energy markets by MISO in 2005, generation from Osage was 
traded in the MISO energy market.  On January 6, 2009, MISO introduced an ancillary services 
market.  The resulting change in the Osage plant’s operation is shown in Figure 5-2 and Figure 
5-3.  Total Osage plant loads versus time are provided for the December 27, 2008, through 
January 5, 2009, time period (i.e., before the MISO ancillary services market was implemented) 
in Figure 5-2 and for the January 6, 2009, through January 16, 2009, time period (i.e., after the 
MISO ancillary services market was implemented) in Figure 5-3.  Detailed analyses of Osage’s 
AFCS operation were conducted using unit load data at one-minute time intervals to evaluate the 
overall Osage plant efficiencies operating in the new market environment.  Performance results 
under the MISO ancillary services market fall short of the optimized performance by an average 
of 3.0%, due primarily to the practical necessity of maintaining additional units on line at lower 
loads to meet anticipated system demand and to avoid excessive unit cycling [March et al., 
2010].   

Based on the aggressive operation of the Osage Plant in the MISO ancillary services market, the 
turbine manufacturer for the newest units conducted finite element fatigue analyses based on 
operational data for two Osage units.  The analysis results showed 5,840 start/stops per year and 
an expected life of 1,325 years for Unit 1 operation and 17,520 start/stops per year and an 
expected life of 532 years for Unit 5 operation.  Increased repair and replacement of circuit 
breakers due to more frequent start/stops has been the primary observed impact from Osage’s 
aggressive participation in the MISO ancillary services market.   

 

 

 

 

 

 

 

 

 

 

 

Figure 5-2  
Osage Plant Loads for December 27, 2008, through January 5, 2009 [March et al., 2010] 
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Figure 5-3 

Osage Plant Loads for January 6, 2009, through January 16, 2009 [March et al., 2010] 

 

In 2013, an agreement between Ameren Missouri and the Missouri Public Service Commission 
on the Fuel Adjustment Clause reduced the value of the ancillary services revenue to the Osage 
Project as a cost center.  Subsequent Osage operations have included a moderate participation in 
the ancillary services market in an effort to optimize energy and ancillary services revenues and 
to reduce operations and maintenance expenses for the circuit breakers. 

Case Study 2:  Replacement Runner Design for Flexible Operation, USBR’s 
Hoover Project 

The USBR’s 17-unit, 2,080 MW Hoover Power Plant includes eight units in the Nevada portion 
of the powerhouse (left side in Figure 5-4) and nine units in the Arizona portion of the 
powerhouse (right side in Figure 5-4).  In 2010, the USBR awarded a contract to Andritz Hydro 
for the upgrading of Hoover Unit N8 (i.e., the eighth unit in the Nevada portion of the 
powerhouse).  The design requirements included flexible operation over a wide head range from 
396 ft to 511 ft and a wide operating range from 5% to 100% of full load without cavitation and 
excessive pressure pulsations.  Design requirements also included power and efficiency 
guarantees at heads of 396 ft, 445 ft, and 511 ft.  Figure 5-5 compares the USBR’s specified 
operating range for the Hoover Unit N8 turbine replacement with a conventional operating range. 

Initially, Andritz Hydro engineers used computational fluid dynamics (CFD) modeling to 
examine design options.  Re-designed guide vanes, modifications to the trailing edges of the stay 
vanes, and an extended runner band were chosen based on the CFD results.  The extended runner 
band was particularly important for controlling cavitation over the wide operating range.  In 
conjunction with the CFD modeling, finite element models were implemented for stress and 
fatigue analyses.   

Physical models for two runner designs were developed from the CFD and finite element 
analyses, and physical models of the Hoover spiral casing and draft tube were available from 
tests for previous Hoover runner replacements.    

 
Total Plant Load vs Time, Osage Project (01/06/09 - 01/16/09)

0

50

100

150

200

0 1 2 3 4 5 6 7 8 9 10 11

Time (Days)

T
o

ta
l 

P
la

n
t 

L
o

a
d

 (
M

W
)



 

 

Figure 5-4 

USBR’s Hoover Dam and Power Plant (USBR Photograph) 

 

 

Figure 5-5 

USBR’s Specifications for Hoover Unit N8 Turbine Replacement [Coutu et al., 2015]  



 

Preliminary model tests of both runners showed that the runner design with the longer blade 
length provided the best performance, and subsequent model tests focused on this design.  The 
balancing hole design was refined, and minor efficiency improvements were achieved.  By 
perfecting the blade profile design, engineers were able to increase efficiency, flatten the 
efficiency curve, and reduce pressure fluctuations from draft tube vortices.  Additional details 
included the selection of a standard runner cone with a minimum bottom opening and a 
redesigned runner seal.  The extensive model testing confirmed that the final design achieved its 
goals for efficiency, power, stability, and cavitation.  With the final design confirmed by model 
tests, additional finite element analyses for stress and dynamic fatigue analyses examined a 
variety of load cases, including maximum power, synchronous condensing, speed-no-load, load 
rejection, and runaway operation to ensure the mechanical integrity of the runner.   

The new unit was fabricated, delivered, installed, and commissioned.  Hoover Unit N8 began 
commercial operation in May 2012.  Site testing for power, efficiency, and pressure pulsations 
was completed in June 2012, and the new unit met or exceeded all contractual requirements 
[Marier, Marmon, and Théroux, 2013]. 

 

 

Case Study 3:  Extended Operation for Integration of Solar and Wind Energy, 
EDP’s Alqueva II Pumped Storage Project 

Energias de Portugal (EDP) is Portugal’s major electric utility.  EDP needs storage capacity, 
flexibility, and faster response due to the integration of increasing solar and wind generation.  
EDP and the pump-turbine manufacturer, Alstom (now GE Renewable Energy), used CFD and 
FEA analyses, strain measurements on an operating pump-turbine unit, strain measurements on a 
physical model of the unit, and fatigue analyses to extend the operating range for EDP’s 2-unit, 
260 MW Alqueva II Pumped Storage Plant [Lowys et al., 2014].  

For the field testing, strain gauges were attached to two blades on one unit.  Additional 
instrumentation provided pressure pulsations, shaft torque fluctuations, bearing vibrations, and 
shaft displacements.  Figure 5-6 presents operational patterns in the time history from a blade-
mounted strain gauge during tests at EDP’s Alqueva II Pumped Storage Plant in Portugal [Lowys 
et al., 2014].  Figure 5-6 shows high dynamic stresses during start-up, during low load operation, 
and during intermediate gate operation.  Dynamic stresses at high load were relatively low.  A 
region of relatively low dynamic stresses was identified between the broad-spectrum stochastic 
loading from energy dissipation at low loads and the high dynamic stresses from draft tube 
vortexing at intermediate loads.   

A reduced-scale physical model of the Alqueva II pump-turbine was instrumented with strain 
gauges at comparable locations and tested in the hydraulic laboratory over a wider range of 
heads and submergences than was available for the plant tests.  Figure 5-7 shows the close 
comparison between the dynamic stresses measured on the operating unit and the scaled dynamic 
stresses from the physical model.  CFD analyses, FEA analyses, and fatigue analyses were used 
with the strain measurements from the operating unit and the physical model to evaluate the 
relative fatigue damage to the unit over the entire operating range.  Figure 5-8 presents the 
relative damage to the Alqueva II pump-turbine computed for the operating range.   

  



 

 

Figure 5-6 

Strain Gauge Time History from Tests at EDP’s Alqueva II Pumped Storage Plant 

[Lowys et al., 2014] 

 

 

 

Figure 5-7 

Comparison of Relative Dynamic Stresses for Scale Model and Operating Unit 

[Lowys et al., 2014]  
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Figure 5-8 

Relative Damage to the Alqueva II Pump-Turbine by Operating Zone [Lowys et al., 2014] 

By limiting the number of hours of operation in the high dynamic stress zone at intermediate 
loads and by extending the operating range into the relatively low dynamic stress zones below 
the intermediate load zone and at high loads, a significantly wider operating range was 
established.  The wider operating range increased the power band for the secondary reserve 
market, providing EDP with additional revenue from the Alqueva II Pumped Storage Plant 
[Lowys et al., 2014]. 
 
 

Case Study 4:  Assessment of Potentially Adverse Effects from More Flexible 
Operation, OPG’s Pine Portage Generating Station 

Ontario Power Generation’s (OPG’s) Pine Portage Generating Station is a hydroelectric plant 
located on the Nipigon River east of Thunder Bay, Ontario.  The plant includes four Francis-type 
generating units with a total generating capacity of 144 MW.  Originally commissioned in the 
1950s, Pine Portage is the newest and largest hydroelectric plant on the Nipigon River.  A 
photograph of the Pine Portage Generating Station is shown in Figure 5-9. OPG’s hydropower 
assets have traditionally been used to generate baseload power.   

When OPG stopped burning coal in its thermal plants in 2014 to reduce CO2 emissions, 
hydropower’s traditional role began to change.  Nuclear power, with little flexibility for plant 
turn down, has become a much larger component of OPG’s baseload generating capacity.  Pine 
Portage has shifted from predominantly baseload to load following or part load operation due to 
increased generation from wind and solar energy sources and due to decreased industrial demand 
for electricity in Northwest Ontario following the recession in 2008.  As a result, Pine Portage 
has significantly increased the flexibility of its operation, including a wider operational range, 
more starts and stops, and increased diversion, or spilling, of water through the sluice gates 
during times of low demand.    
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Figure 5-9 

OPG’s Pine Portage Generating Station 

 

OPG and EPRI developed a pilot project to focus on the changing mission profile for the Pine 
Portage Generating Station.  Figure 5-10 provides a process overview of the pilot project, which 
is based on previous EPRI experience with similar projects for supercritical pulverized coal 
plants and combined-cycle gas turbines.  The process uses a technical workshop to identify, 
discuss, and prioritize key technical issues and to define uncertainties, gaps in knowledge and 
understanding, and potential solutions [EPRI, 2015c].   

The workshop was held in October 2015 at an OPG power facility in Thunder Bay, Ontario.  
OPG provided subject matter experts (SMEs) from the Northwest and Northeast Ontario 
Operation Groups and from Technical Engineering Services out of the Toronto corporate office.  
OPG’s hydropower operation managers for the local region also participated in the workshop.  
EPRI’s subject matter experts toured the Pine Portage Generating Station with OPG personnel 
and participated in the workshop to discuss, capture, and prioritize key issues. 
  



 

 

Figure 5-10 

Process Overview for the Pine Portage Pilot Project  

 

Figure 5-11 summarizes the top technical issues from the Pine Portage workshop, in prioritized 
order.  Detailed results from the workshop discussions are summarized below by component. 

Turbines - Pine Portage has four Francis-type generating units.  At its point of maximum 
efficiency, a Francis turbine operates with minimum vibrations, minimum flow separations, and 
minimum potential for cavitation erosion.  Any deviation in head, flow, and power decreases 
efficiency, increases vibrations, and increases the potential for cavitation erosion, resulting in 
reduced generation, increased maintenance, and an increased chance of blade failure.  During 
traditional baseload operations, OPG’s units move from speed-no-load to the best efficiency 
point or maximum power in less than a minute, and the units spend only a short time in the 
intermediate load rough zone associated with draft tube vortexing.  At Pine Portage, an increase 
in off-design operations will be required under the extended operating range of the new mission 
profile.  Increased cavitation erosion, increased unit vibrations, excessive loading of turbine 
components, and increased growth rate for fatigue cracks will arise when the units are operated 
for long periods at speed-no-load, low loads, in the rough zone, or at other off-design conditions.  

Increased cavitation erosion to the Pine Portage turbines can be expected under the new mission 
profile.  This will require more frequent weld repairs, reducing reliability, reducing availability, 
and potentially decreasing efficiency.  Inadequate repair processes (e.g., gouging, buttering, 
hardface welding, re-contouring, heat treating, and inspecting) during cavitation repairs will 
increase the probability of thermal cracking, crack growth, and, ultimately, blade failure.  More 
frequent weld repairs may also lead to blade distortions (modern turbines typically have thinner, 
less robust blades), which will decrease turbine efficiency, increase subsequent cavitation 
erosion, and increase the probability of blade failure.   

   



 

Technical Risks to be Evaluated/Managed 

Increased potential for turbine blade cracking and failure due to:                    

a) increased thermal cracking from erosion repair; and b) fatigue 

from high vibration and high fluid forces 

Spillage and ice buildup 

Plant inspection and advanced monitoring; part of establishing a 

new maintenance basis.  This also includes establishing new 

maintenance frequencies 

Turbine blade repairs – weld and heat treatment (for above 

turbine blade cracking issue) 

Environmental and compliance challenges 

Public safety and risk management due to increased spilling 

Station switchgear – breaker failures due to increased frequency 

of use 

Increased potential for turbine shaft cracking or failures caused 

by increased fatigue 

O&M staff training needs increased due to changes in 

maintenance, operational procedures, etc., associated with new 

mission 

Increased potential for stator failures – end windings, phase 

lead, etc. 

Increased potential for accelerated cracking of generator spider 

arms from wider operating range 

Increased potential for wicket gate wear – linkage and shear pin 

failures from fluid forces and vibration 

Increased potential for turbine guide and thrust bearing, and 

generator guide bearing wear from fluid forces and vibration 

Increased wear and fretting to components for water control – 

gates, screw-drives, hoists, valves, etc. 

Figure 5-11 

Prioritized Technical Risks for the Pine Portage Generating Station 

 

Increases in start/stops and off-design operation, particularly low load and rough zone operation, 
of the units will reduce the life of the turbines, will require increased monitoring and inspections, 
will require more frequent maintenance and repairs, and will produce more unplanned outages. 
Additional engineering analyses of the turbines, including comprehensive fatigue analyses under 
the modified operating conditions, will be required for units which are experiencing frequent 
cycling, increased start/stops, low load operation, and rough zone operation.  Extended periods 
of lost production and large, unexpected capital outlays (e.g., replacement turbines) may occur 
due to blade or turbine failures, creating significant financial risks.  Development of improved 
repair processes, updated design analyses, additional training for repair personnel, hiring of new 
workers with high levels of welding skill, potential use of outside specialist contractors, and 
higher levels of quality control will increase maintenance costs.   



 

Turbine shafts - Under the new mission profile, the Pine Portage units will experience increased 
start/stops, higher ramping rates, and wider operating range.  These conditions create torsional 
oscillations in the turbine shafts, and the shafts may experience accelerated fatigue cracking and 
subsequent failure.  Increased bearing wear (see below) will increase the lateral shaft vibrations, 
additionally accelerating crack growth.  Increased start/stops, higher ramping rates, and wider 
operating range under the new mission profile will increase the probability of a shaft crack or 
shaft failure, reducing reliability and availability.  Additional shaft inspections and crack repairs 
will increase costs.  Increased probability of shaft failure represents a significant financial risk 
due to the costs associated with shaft procurement and with an extended forced outage.  Some 
risk mitigation can be achieved by having a spare shaft available for Pine Portage and by 
completing crack repairs externally with controlled post-weld heat treatment and inspection.  
Comprehensive shaft fatigue analyses under the modified operating conditions of the units will 
be required, increasing costs. 

Wicket Gates - Under the new mission profile, the wider operating range, the increased 
start/stops, and the higher ramping rates will increase fluid forces and vibrations on the wicket 
gates, resulting in increased wear of wicket gates, wicket gate bushings, linkage assemblies, end 
seals, operating rings, and operating servos.  Consequently, increased wicket gate leakage and 
increased shear pin failures will occur.  This can potentially increase hysteresis in the up-gate vs 
down-gate movement, and affect the ability of the governors to control the units.  Under the new 
mission profile, additional wear will occur to the wicket gates, wicket gate bushings, and wicket 
gate linkage mechanism, resulting in increased leakage, reduced efficiency, reduced reliability, 
and reduced availability.   

Wicket gate leakage will reduce generation.  More frequent physical and NDE inspection of the 
wicket gates will be required because higher vibrations and increased fluid forces from rough 
zone operation of the units will put excessive loading on wicket gate components.  The units will 
require more frequent shear pin replacements, gate adjustments, and overhauls, which will 
increase unscheduled outages and maintenance costs.  Shear pin monitoring systems may be 
required for the units.  If wicket gate cracking occurs, crack repairs and additional engineering 
analyses of the wicket gates will be required. 

Bearings - Increased fluid forces and vibrations from the wider operating range, increased 
start/stops, and higher ramping rate will increase wear and/or failures of the turbine guide 
bearings, thrust bearings, and generator guide bearings.  The turbine guide bearings are 
particularly susceptible to increased problems due to increased fluid forces and vibrations, 
particularly at lower power levels (e.g., draft tube vortex).  Under the new mission profile, 
additional wear will occur to the turbine guide bearings, thrust bearings, and generator guide 
bearings, resulting in reduced bearing life, more frequent repairs or replacements, more 
unplanned outages, reduced reliability, and reduced availability.  Increased turbine bearing wear 
will increase the lateral shaft vibrations, potentially accelerating fatigue cracking in the turbine 
shafts.  Increased generator bearing wear will increase the lateral shaft vibrations, providing 
additional generator loading and potentially accelerating fatigue cracking in generator 
components.  Additional bearing monitoring, more frequent inspections, and bearing repairs will 
increase costs.  Increased probability of bearing failures represents a financial risk due to the 
costs associated with the bearing repair or replacement and with more frequent forced outages.   

Headcovers - Under the new mission profile, the wider operating range, increased start/stops, 
and higher ramping rates will increases fluctuating forces on the headcovers, which could lead to 
fatigue failure of the headcover or, more likely, the headcover hold down bolts or studs.  



 

Increased potential for failure of the headcovers or hold down bolts/studs constitutes a significant 
financial risk.  Failure of headcovers or hold down bolts/studs can lead to complete destruction 
of a unit and flooding of the powerhouse.  For example, at the 6,400 MW Sayano-Shushenskaya 
Generating Station in Russia, operation of the units in the rough zone for a prolonged period of 
time led to fatigue cracking of the headcover studs in a 640 MW unit.  Separation of the unit’s 
headcover led to the complete destruction of the unit, the flooding of the generating station, and 
the loss of 75 lives in August 2009.  All ten units were replaced, and the plant was restored to its 
full capacity five years later, in October 2014 [Harris, 2014]. 

OPG’s current inspection frequency for headcovers and bolts/studs is based on the traditional 
baseload operating conditions.  Costs will increase as the frequency of inspections is increased 
and the qualifications and tools for inspection are improved.  Extended periods of lost production 
and large, unexpected capital outlays (e.g., complete unit replacement, powerhouse 
rehabilitation) may occur due to headcover or bolt/stud failures, creating a significant financial 
risk.  Additional engineering analyses of headcovers, hold down bolts/studs, and nuts, including 
comprehensive fatigue analyses under the modified operating conditions, will be required for 
units which are experiencing frequent cycling and rough zone operation. 

Generators - Under the new mission profile, Pine Portage will experience a wider operating 
range, increased start/stops, and a higher ramping rate, which will lead to higher vibrations, 
higher stresses, and increased thermal cycling in the generator.  Multiple problems with the 
generator are expected.  For example, increased thermal cycling can lead to a loose generator 
rim, increasing the probability of failure.  OPG has experience with this at other facilities.  Both 
the rotor and the stator will experience more frequent copper winding expansion/contraction, 
additional mechanical and thermal stresses, accelerated aging, and increased chance of fatigue 
failure (often manifested at the upper and lower support brackets).  The stator core will also 
experience increased possibility of core-to-keybar and split-to-split fretting due to thermal 
cycling of the generator.  The rotor field pole inter-connectors may also be at an increased risk of 
failure due to thermal cycling.  OPG has experience with this at other facilities.  Increased or 
accelerated cracking of generator rotor spider arms from wider operating range, increased 
start/stops, higher ramping rate, and, consequently, higher vibrations and stresses is a relatively 
common problem that will be exacerbated by the shift from baseload to cyclic operations, due to 
increased vibrations and stresses from more start/stops, wider operating range, and higher 
ramping rate.  Similarly, there is an increased chance of failure for stator end windings, phase 
leads, and bus rings due to higher vibrations and stresses from increased start/stops, higher 
ramping rate, and wider operating range.  Increased generator bearing wear (see below) will 
increase the lateral shaft vibrations, providing additional generator loading and potentially 
accelerating fatigue cracking in generator components.   

Increased start/stops, higher ramping rates, and wider operating range under the new mission 
profile will increase the probability of failure for multiple generator components, reducing 
reliability and availability.  Accumulated damage or temporary generator repairs to return a unit 
to service quickly may reduce generator efficiency, resulting in decreased generation.  Increased 
probability of failure for generator components represents a significant financial risk due to the 
costs associated with an extended forced outage for generator repair.  More frequent visual and 
NDE inspection of the rotor, spider arms, rotor-spider keys, air fans, stator key bars, brake track, 
stator hold bolts and keys, and stator joints will be required because higher vibration and cyclic 
operation of the units will put excessive loading on these components.  Generator lower and 
upper brackets will have to be checked for cracking or any structural issues.  Engineering 
analyses will be required to assess the adequacy of generator components under the new 



 

operating regime of the units.  In addition, generator cooling systems will see increased usage 
and associated wear due to more frequent starts.  If cracking is observed in some generator 
components, additional engineering analyses of those components, including comprehensive 
fatigue analyses under the modified operating conditions, will be required. 

Gates and Valves - During its traditional baseload operation, Pine Portage’s sluice gates are 
opened during periods of high flow and kept open for days to pass the excess water.  The screw 
drives on the sluice gates are designed for dam safety, not for dispatch.  Under the new mission 
profile, frequent operation of Pine Portage’s sluice gates will be required throughout the year, 
including problematic winter operations.  Increased wear (e.g., fretting, abrasion, corrosion-
enhanced abrasion) of gate components (e.g., sluice screw drives) will occur due to more 
frequent operation and a potentially higher vibration environment.  Spillway gates and the 
spillway may also encounter higher seal wear, increased risk of debris damage, and seal leakage, 
reducing pond control. 

Increased operation of the Pine Portage gates will reduce reliability and, if failures of gates or 
gate components occur, plant availability will be affected.  The operational costs and 
maintenance costs of the gates will increase because the sluice gates and spillway gates are not 
designed for multiple operations on a daily basis.  The development and implementation of 
improved gate systems for frequent winter operations (e.g., improved gate heating, bubbler 
systems) will also increase costs.   

Station Switchgear (Generator Breakers, Auxiliary Breakers) - Under the new mission 
profile, generator breakers and auxiliary breakers will experience increased start/stops, higher 
ramping rates, and wider operating range, resulting in reduced operating life and increased 
probability of a breaker-related outage.  Increased monitoring and inspection (e.g., 
thermographic inspection), unscheduled outages, and more frequent repair or replacement will 
increase maintenance costs. 

 

 

6. Recommendations for Additional Research 

Summary:  Increases in flexible operation for conventional and pumped storage hydro plants 
can result from multiple causes, including market demands, environmental operations, automatic 
generation control (AGC) to support fossil and nuclear generating assets in a utility or 
region/market, and integration of increased capacity for variable solar and wind generation.  This 
paper summarizes the current knowledge related to the accelerated degradation of turbines and 
generators associated with flexible operation of hydroelectric units.  The paper provides insights 
and information to support hydropower decision makers when facing an increase in flexible 
operation of their hydro units.  This paper discusses the trends and causes for increases in 
flexible operation, examines the potential adverse effects on hydroelectric turbines and 
generators, provides case studies describing specific industry experiences with flexible operation, 
and outlines potential research investigations to improve the hydro industry’s adaptation to 
increases in flexible operation. 

  



 

Recommendations:  Recommendations include: 

1. EPRI should work with turbine manufacturers and utilities to define standardized 
design reference missions (DRMs) for flexible operations and to develop 
appropriate technical specifications of new turbines, pump-turbines, and 
generators for more flexible operation when it is required.  The Hoover case 
study provides an initial example of best practice in turbine specification for 
flexible operation. 

2. EPRI should work with turbine manufacturers and utilities to define and use 
standardized DRMs, condition assessment techniques, and fatigue analyses for 
existing hydro units and pump-turbine units that are re-tasked for more flexible 
operation (see Pine Portage case study). 

3. EPRI’s condition assessment technologies for fossil and nuclear power plants 
should be reviewed for application to hydroelectric plants. 

4. Based on the success of start-up optimization reported by Seidel et al. [2014] and 
by Gagnon et al. [2014] and operational range extension reported by Lowys et al. 
[2014], EPRI should work with turbine and generator manufacturers, utilities, 
and universities to develop additional operation and control strategies for 
reducing fatigue damage due to increased demands for flexible operation. 

5. EPRI should work with turbine manufacturers and utilities to ensure that CFD, 
FEA, and fatigue analyses described primarily for turbines in Section 4 are 
appropriately extended and used to quantitatively evaluate the effects of flexible 
operations on hydro generators, gates and valves, and other components. 

6. EPRI should work with utilities to conduct a comprehensive review of the 
usefulness and cost-effectiveness of condition monitoring techniques for 
predicting potential failures in hydro plants.  Post-failure examinations of 
archival condition monitoring data should be conducted at multiple plants after 
failure events.  Similar data reviews should be conducted for specific 
maintenance events, including turbine guide bearing repairs or replacements, 
major cavitation repairs, turbine crack repairs, and spider arm crack repairs. 

7. EPRI should work with manufacturers, utilities, and universities to develop 
advanced condition monitors that incorporate system models, statistical wear 
data, and operational history data. 

8. EPRI should work with generator manufacturers, utilities, and universities to 
develop a cost effective methodology for predicting the residual life time of 
stator windings. 

9. EPRI should develop and conduct industry seminars on flexible operation of 
hydro plants at major industry events (e.g., HydroVision International, the NHA 
annual meeting, and NHA regional meetings). 

10. EPRI should work with manufacturers, utilities, U. S. government agencies and 
corporations (i.e., Tennessee Valley Authority, U. S. Army Corps of Engineers, 
U. S. Bureau of Reclamation, U. S. Department of Energy), and industry 
organizations (e.g., National Hydropower Association, International Hydropower 
Association) to improve market structures for energy production, ancillary 
services, and energy storage and to ensure full recovery of actual costs and 



 

benefits from conventional hydropower, pumped storage, and marine and 
hydrokinetic energy projects. 

11. EPRI should investigate a collaboration with the HYPERBOLE research 
consortium to extend operating ranges and to improve long-term availability for 
EPRI members’ hydro units. 

12. EPRI should work with Energy Norway to secure permission for English 
translation and dissemination of their four condition monitoring handbooks (i.e., 
turbines, generators, waterways, control system) which provide detailed 
descriptions of failure modes for hydro plant components. 
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