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Ms. Blanca S. Bayd, Director
Division of Records and Reporting
Florida Public Service Commission
101 East Gaines Street
Tallahassee, Florida 32399-0870

Re: Docket No. 941101-EQ

Dear Ms. Bayé:

Enclosed for filing in the subject docket are fifteen copies each of the Direct
Testimony and Exhibits of the following Florida Power Corporation witnesses:
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Please acknowledge your receipt of the above filings on the enclosed copy
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containing the above-referenced document in Word Perfect format. Thank you for
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FLORIDA POWER CORPORATION
DOCKET No. 941101-EQ

DIRECT TESTIMONY OF
STEVEN A. LEFTON

Please statoe your name and business address.

My name is Steven A. Lefton. My business address is 1282 Reamwood

Avenue, Sunnyvale, California 940889.

8y wh’pm are you employsd snd in what capacity.
,_I'?qm,_gmploved by Aptech Engineering Services, Inc. {"Aptech”} as Vice

-'Erfesiv_&ent, Special Projects.

‘ Pleasa describe your education and power plant experience.

I have a Bachalor of Science Degree in Chemical Engineering from the

‘Univershty of Kansas. | have 26 years of experience involving power

‘plant design, start-up, operation, testing, life assessment, reliability

analysis, and cost analysts. In 1969, | was employed as a start-up and
test enginaer for the Babcock and Wilcox Company ("B&W"). B&W
supplied the bollers for Florida Power’s Crysta) River Units 4 and 5 and
Bartow Unit 1. They also supplied the Nuclear Steam Supply System
{"NSSS")for the Florida Power Crystal River 3 nuclear plant. As a start-
up engineer, | was involvad in over 50 power plant start-up and test
operationsinciuding Jacksonville Elsctric Authority’s Northside 300 MW
Unit 1 and Xansas City Power and Light Company’s 880 MW LaCyane

Unit 1, and outage repairs for Tampa Electric Company at Gannon
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Station. | specialized in optimizing boiler and turbine control systems
and led a group for B&W that tuned power plant controls in order to
minimize cycling damage during unit start-up. | traveled to Canada,
North America, and South America as a boiler and power plant controls
engineer and as a problem solver performing work on aver 50 power

plants.

In 1974 for B&W, | was involved with the design and sale of two
550 MW coal-fired boilers for Basin Electric Company, a 400 MW boiler

for the City of Austin, Texas, and approximately 10 other large utility
boilers.

In 1974, | joined NUS Corporation as Manager of West Coast
Operations in Palo Alto, Catlifornia. ! consuited on fossil and nuclear
power plant projects including assessing safety and environ.nental risks
of fossil power plants and nuclear power plants. | also dealt with the
coal conversion of U.S. power plants for the Federal Energy

Administration and storage of spent nuclear fuel and waste.

In 1979, 1 joined Aptech as a Vice President. One of the first major
projects was a review of the operations of the Rancho Seco Nuclear
Power Plant. This nuclear unit supplied by B&W is veary simiiar to
Florida Power’s Crystal River Unit 3. This review involved a dispute
over reliability probiems and the power sales agreamant between Pacific

Gas & Electric Company and Sacramentc Municipat Utility District.
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Aptech’s investigation involved aspects of plant reliability, water
chemistry, nuclear steam generators, turbine failures, generator faitures,
and powaer generation at the Rancho Seco Nuclear Power Plant. | was

the Aptech project manager for this investigation.

In 1982 through 1989, | served as an expertin an arbitration proceeding
between Cajun Electric Power Cooperative and Riley Stoker. This case
involved boilers, pulverizers, plant auxiliaries, fires, explosions,
availability/reliability modefing, plant life extension, plant life
assessment, and the analysis of plant logs to calculate the impacts of
plant unavailability on power production costs and revenus

requiroments.

1 provided expert services for Puerto Rico Elactric Power Authority in a
heat recovery steam generator lawsuit against General Electric
Company. | have provided expert services for Hawaiian Electric Light

Company on gas turbines and on the cost of cycling fossil power plants.

i have provided expert testimony to the jllincis Commerce Commission
on the effect of operational changes on lllinois Power Company’s fossil

plant reliability.

In 1984, 1 was an expert for Pacific Gas & Electric Company in a
proceeading involving Copes Vuican, a valve manufacturer. | provided

expert testimony in San Jose Federal Court regarding power plant
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opsrations and failure analysis.

| have performed life assessment and failure analysis for numerous
industrial and utility clients. Sselected rgports are listed in my resume
attached as my Exhibit No. ____ {SAL-1). During my career, | have
worked on or visited at ieast 500 United States and feoreign power

plants.

] am a member of the American Society of Machanical Engineers and
the American Nuclear Society and have bsen a past president of the San

Francisco Bay Area American Nuclear Society.

What publications have you authored on the subject of power plant
cycling?
[ have published three papers as follows (ses copies attached at Exhibit

No. (SAL-2}):

1. "A Methodology to Measura the impact of Cycling Opsrations and

Power Derations on Plant Life and Reliability”

2. "Managing Utility Power Plant Assets to Economically Optimize

Power Plant Cyeling Costs, Life, and Reliability”

3. "Cycling Cost Assessmeant Project”
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In addition, | have authored many other reports to clients on the subject

of power plant cycling.

Please summarize your exparisnce in evaluating utiiity cycling of power
plants in the United States.

[ have been active in surveying utility cycling procedures and in
obtaining cycling cost information at numerous power plants across the

continental United States and in Hawait.

I have been involved in cycling cost assessments for a number of
utilities including the Hawaiian Electric Light Company, Los Angeles
Department of Water and Power, Florida Power & Light Company,

Tennessee Valley Authority, and Flarida Power Corporation.

in addition, | served on g8 panel of experts at the recent 1994 Electric
Power Research Institute ("EPRI™) conference on power plant cycling.
| am currently the principle investigator on an EPRI program to
investigate the cost of cycling at the Los Angeles Department of Water
and Power. This study involves some nine units and was designed to
be a 3-year 2.3 miillion doliar research program. The program s entering

its second year of research.
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Q. What is the purpose of your testimony?

A.

1 will demonstrate that increased cycling of coal-fired baseload power
units causes plant component damage which results in significant
increases in steam plant operational costs and decreases in unit
reliability. | will describe the type of materials degradation that occurs
due to cycling and the type of damage it inflicts upon power plant
equipment. [ will give a range of the cost of cycling for units similar to
Florida Power’s Crystal River Units 1 and 2. In addition, 1 wili explain
that cycling of the Company’s nuclear power plant similarly would resuit

in adverse reliabllity and cost impacts.

What Is meant by the tarm “cycling™ In connection with an electric
generating unit?

Unit cycling refers to the operation of electric generating units at varying
load levels, including on/off and low load cycling in response to changes
in system load requirements. There are three distinct types of cycles.
These include (1) hot starts, (2) cold starts (both of which are on/off
cycies}, and (3} transient load following during which unit output drops
from 100 percent capacity (0 approximately 35 percent to help cope

with system demand changes.

Generally, a hot start is one in which the unit is shutdown less than 12
hours. A cold start has a prior down time at {east six times longer than
a hot start (greater than 72 hours). In a typical weekday load-fallowing

type of plent transient, there is no start involved and ali load swings and
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peak ramp rates are smaller and tess damaging than for the start-type

on/off transients.

How does cycling physically affect a generating unit?
Every time a power plant is turned off and on, the boiler, steam lines,

mggiﬁa‘, snd auxiliary companents go through unavoidably large thermal

'é’ﬁapresmre cycles. The boiler and turbine components and especially

the superheater and rehsater tubes normally operate at about 1000°F,

Rarlj_loyal from service results in a rapid decrease in the superheater and

arehééter,':mblng temperatures as a result of the loss of flame in the

furnace iﬁnd a required air purge of the furnace for safety reasons. The
temperature and pressurs of superheater and rehsater tubing rapidly
decreases resulting in cyclic thermal fatigue. Restart of the be™er also
Ac'oﬁmfbu;es to the cyclic thermal fatigue of the superhsater and reheater
tubing. in addition, the boiler waterwall tubing Is adversely affectad by
the' rapid shut-down pressure decreases and restart pressure incroases
as well as chemistry transients resulting from cyciing. The boiler
waterwall tubes tend to fall from cyclic fatigue and cyclic corrosion
fatigus. Al of these cyclic-related phenomenon increase unit

maintenance costs, and lower power plant reliability.

Pleass describe the typlcal degradsation effects of unit cycling.
There are several materials degradation phenomena that are accelerated
by increased cycling. These include creep, fatigue, creep-fatigue

interaction, corrosion fatigus, corrosion {especially during out-of-service
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Q.

periods), erosion, wear, vibration, and other interrelated phenomena that

promote accelerated component aging.

What do you mean by the terms "creep.”"fatigue” and "creep-fatigue

interaction™?

A. These are tarms commonly used in engineering mechanics. Cresep is the

time depandent change in the size or shape of a material due to
constant stress {or force) on that material. In fossil power plants, creep-
related faliures result from the constant stress attributable to the high
temperature and pressure in a pipe or tube cccurring during constant
steady-state baseload operation. Fatigue is a phenomenon leading to
fracture {failure} when a material is subjected to repeatud, fluctuating
straesses. In a fossil power plant, such fluctuating stresses result from
large transients in both pressures and temperatures, that typically occur

during cyclic operation.

Becauss baseload fossil units are designed to operate in the creep rangse,
they experience increased outages when they are additionally subjected
to cycling-reiated fatigue. The term creep-fatigue interaction suggests
that the two phenomena (creep and fatiguel are not entirely
independent, but act in a synargistic manner to cause premature failure.
In fact, materials behave in a complax manner when both types of
stresses occur. Creep-fatigue interaction Is one of the most important
phenomena contributing to component failures and can have a

detrimental effect on the performance of metal parts or components
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operating at elevated temperatures. It has besn found that creep strains
{mechanical deformation as a resuit of stress) can reduce fatigue life and

that fatigue strains can reduce creep life.

A set of American Socisty of Mechanical Engineers "ASME" creep-
fatigue interaction curves is shown on Exhibit No. __ {SAL-3). The
curve reveals how creep-fatigue interaction affects the life expectancies
{i.e., life fraction) of three types of materials fabelled 1, 2, and 3. For
each of these materials, the relevant ASME creep-fatigue curve shown
in Exhibit No. __ {SAL-3) depicts the percent of tha total component
life fraction which can withstand creep damage and fatigue damage
before falilure occurs. Curve 1, which is for nickel-iron-chromium
Alloy 8C0H {"Inconei”}, shows a linear creep-fatigue interaction. This
means thet after 50 percent of life creep damage, it still takes 50
percent fatigue damage to cause the material to fail. Most power plants
weare not built with any Inconel. Instead, most power plants are
constructed with ferritic steels like two-and-one-quarter percent
chrome/one percent molybdenum steel. This ferritic steel is plotted as
Curve 3 on Exhibit No. ___ (SAL-3}. | would like to highlight the
implication of the non-iinear relationship of this curve. A brand new
power plant component can withstand a lot of fatigue damage before
it fails, Howaever, a material that has gone through 50 percent of ts life-
cycle creep damage {8.9., baseload operation)}, as shown by Point A in
the exhibit, reaches end of fife (failure) with anly about 10 to 20 percent

fatigue damage. What this means is that older units that were dasigned
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for and used for bassload operation over a number of years, are very
susceptible to component failure when they are forced to cycle on a
reguiar basis. In general, when this type of material experiences both
craep and fatigue, it will fail much faster than if it just experienced

creep.

The two stainiess steel alloys 303 and 316 depicted as Curve 2 on
ExhibitNo. _____ {SAL-3} are between the two extremes; howevaer, little
stainless steel is used in power plants. The failure characteristics of
most power plant components can be bounded by the data shown as

Curve 3 on Exhibit No. (SAL-3).

How does your discussion of creep and fatigue relate to power plant
costs and reliability?

Cycling-related increases in failure rates due to creep and fatigue may
not be noted immediately, but inevitably, critical components will
eventually start to fait. For example, if an older, baseload plant, that
has typically operated with thres to six starts per year and has sustained
40 to BO percent of its design life-cycle creep damage, is now
dispatched to operate at 50 starts per year, it may take only 2 t0 6
years to accumulate the 10 to 20 percent total fatigue damage needed

to cause component faitures.

Shorter componentlife expectancies will result in higher plant equivalent

forced outage ratas {"EFOR") and/gr higher capital and maintenance

-10-
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costs will be required to replace components at or near the end of their
sarvice lives. In addition, cycling may result in reduced overall piant tife.
How soon these detrimental effects will occur will depend on the
amount of creep damage aiready present and the specific types and
frequency of the cycling. But It is unquestionably true that cycling
exacerbates damage in componants that are already creep-damaged due
'to,pas’;_b_aseload operation. The combined effect of baseload operations
that»prbduce creap damage and cyclic operations that produce fatigue

damage can bs expected to significantly reduce the remaining life of

;b'owe_r-,p!ant».componems compared to the life expectancy with no such

intaracﬁon; In fact, | have seen many examples of these effects.

What specific generation unit components are susceptibie to such
degradation, and what spacifically happens?

The basic types of component damage resulting from cycling and their
causative effects can be categorized into four areas: (1) accelerated
boiler failures; {2} turbine damage; {3) chemistry effects; and 4)
electrical and controf system damage. Cycling influences easch damage

arsa as detalled below:

1. Accelorated Boiler Failures
® Fatigue cracking of:
~ Boller tubes in furnace corners
-~ Tube to buckstay/tansion bar

— Tube to windbox attachmant

-11-
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10. A Complete analysis of the safety implications of any proposed
operation would be required in order to ensure that there

would be no detrimental impact on safety.

Is this an exhaustive list of the cycling considerations and costs

relating to the Crysta!l River 3 nuclear unit?

By no means is it intended as such. Because there is limited, if any,
experienca with the use of nuclear units for load following purposes
in the United States, there is no database that can be readily used for
this purpose. However, the potential costs, reliability and safety
impacts can be significant, and | would not recommend that any
significant nuclear cycling activity be considered in the absence of a

thorough feasibility and cost analysis.

Does this conclude your testimony?

Yes it does.

.22-
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— Tube to header
~— Tube to burner
— Membraneg to tubse
— Economizer inlet header
— Header ligament

® Boiler seals degradation

® Bollsr hot spots

® Drum humping/bowing

¢ Fatigue cracking due to differential cooling of integrated
furnace components otherwise known as downcomer to
furnace subcooling

® Expansion joint failures

® Superheater/reheater dissimitar meatal weld failures

@ Start-up-related tubs failures in waterwsll, superheater, and
reheater tubing

® Burner refractory failure leading to flame impingement and
short-term tube overheating

® Reduced life
Yurbine Damage

® Increased thermal fatigue due to steam temperature mismatch

® Turbine water induction

® Steam chest fatigue cracking

® Steam chest distortion

® Bolting fatigue distortion/cracking

® Bjade, nozzle block, solid particle erosicn

-12-
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® Rotor stress increase

¢ Rotor defects {(flaws) growth

¢ Seals/packing wear/destruction

® Blade attachmaent fatigue

® Disk bore and blade fatigue/cracking

e Silica and copper deposits

¢ Lube oil/control oil contamination

@ Shell/case cracking

® Wilson line movement (the point where condensation occurs
in low pressure turbines moves as a function of unit load)

® Bearing damage

® Reduced life
Chemistry Effects

® Corrosion fatigue

® Oxygen pitting

® Corrosion transport to boiter and condenser

® Air, carbon dioxide, oxygeninleakage (requiringammonia {NH,}
countermeasuros)

& NH,-Oxygen attack on admiralty brass

¢ Grooving of condenser/feedwater heater tubes at support
plates

¢ increased need for chemical cleaning

® Phosphate hideout ieading to acid and caustic attack

® Silica, iren, and copper deposits

& Out of service corrosion

-13-
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4. Electrical and Control System Damage
® Increased controls wear and tear
® Increased hysterisis effects that lead to excessive pressure,
temperature, and flow
® Controls not responsive
& Motor control fatigue
® Motor insulation failure due to increased accumulation
#® Motor insulation fatigue
® Motor mechanicat fatigue dus to increased starts/steps
® Breaker fatigue
® Wiring fatigue
¢ Insufation fatigue degradation
® Increased hydrogen leakage in generator
® Fatigue of generator leads
® Ganerator retaining ring faflures
@ Generator end turn fatigue and arching
@ Bus corrosion when cool (i.e., Low amps)

® Transformer fatigue degradation

Thase effects eventually increase the fraquency of forced outages,
and the utility’s required capital and maintenance spending, while

reducing component Jife and plant efficiency.

Are there als0 Increased operational risks due to cycling power plants?

Yas. In addition to the direct equipment damage and component
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failures which | outlined, ons often negilscted effect of cycling is the
increase in operator errors dus to the increased personnet involveament
that is necassary for cycling activities. Since increased cycling ieads
to increased opportunities for personnel and equipment malfunction,
it follows that there is a higher risk of major damage to the equipment.
Such.errors can have additional edverse impacts such as:

& Implosion

® Explosion

® Low water in the bailer

¢ Water induction into the turbine and major resutting damage

® Low load instability

Improper valve alignment

Such personnel errors typically result in major equipment damage,

higher forced outage rates and higher capital and maintenance cnsts.

Please summarize the long-term life shortening adverse effects of
cycling.

Cycling causes faster degradation of many unit components, which in
turn causes increased component failures, higher capital and
maintenance expenditures, lower unit availability, and lower unit
efficiency. As thess effects increase over time, the production costs
of the unit become so high that the unit becomes uneconomical.
Premature retirement of the unit then becomas inevitable in order for

a utility to minimize its overall costs. Particularly in older units that
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have served a baseload function and theraby experienced much of
their life-cycle creap-fatigus, the incremental cost impact of each

additional cycling event is quite large.

How do you categorize cycling impacts from a cast perspective?
Utilities historically have not specifically quantified ail of thair cycling-
related costs. However, the kinds of impacts which | have described
fall generally into at least seven cost categories. They are:

1. Changa in maintsnance and plant-related capital costs

2. Auxiliary power costs during start-up

3. Start-up fue! costs

4. Long-term plant efficiency loss

5. Heat rate impact due to low load operation

6. Replacement energy and capacity due to higher EFORs

7. Shortening of unit life

Aptech computes the tota!l cost of cycling by estimating the axpected
vaiues of sach of these seven cost components, based upon specific
unit characteristics, historic cost and outage experience, and general
industry data. The first component - - the change in maintenance and
plant-rejated capital costs - - has the largest individual impact of the

various cycling costs.

We have examined the costs of cycling baseload power plants for

utilitias across the nation and we have found that it is possible to

-186-
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estimate within reliable bandwidths both the life-cycle costs of unit
cycling and the incrementai cost to the utility of each new cycling
event. Obviously, the incramantai costs increase later in a unit's
normal life cycle as the stressas of cycling begin to impact outage
rates and capital costs to a greater extent. What we find routinely in
our analysis is that increased cycling activity correlates very closely
with increases in capita! and maintenance expenditures, outage rates,
efficiency losses, heat rate degradation and an overall shortening of

a unit’s life.

Based on your evaluation of cycling costs for Florida Power and other
utilitles, are you able to estimate a total range of cycling-related costs
for each hot and cold start of a coal-fired unit such as Florida Power’s
Crystal River 1 and 2 units?

Yes, QOur studies for other companies and our evaluation of Fiorida
Power’s own operating cost history shows that a unit such as Crystat
River Unit 2 can be expected to incur costs ranging batween about
$30,000 and $110,000 for each individual hot start. The

corresponding range for a cold start is between about $70,000 and

$240,000.

In addition, there are stiil other Florida Power costs that have not been
captured by these cost ranges. For example, the costs associated
with the engineering time and engineering/operations analysis of

cycling impacts, cycling modifications, and plant modifications for
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increased cycling, have not been included in my estimates of the cost
of cycling. Furthermore, | have notincluded the costs of replacement
power to follow increasing system loads each time that an individual
baseload unit is cycled off. This additional cost can be quits

significant as stated in Mr. Southwick’s testimony.

Describe how Florida Power’s units compare with other similar utility
units in terms of cycling effects.

Aptech did a comparative analysis of similar fossil units using
extensive industry data from NERC. Exhibit ___ {SAL-4) shows the
rasults of a comparative analysis of the impact of varying numbers of
equivalent hot starts (a measure of overali cycling amounts) on
eguivalent forced outage rates. Each dot on the graph represents a
comparable unit in the database. Crystal River Unit 2 is noted on the

graph.

The lines on this graph show least squares fits for units of varying
operating hours per year. In all cases, the Equivalent Force Qutage
Rates ("EFORs™ tend to increase with increasing numbers of
equivalent hot starts. The scatter of the individual data points is
exaggerated by this type of plot. This graph indicates that the Florida
Power unit is very similar to the other industry fossil units in their

responses to the effects of cycling.
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From your analysis, Is it fair to conclude that if Florida Power were
required to shut down a Crystal River coal unit for several hours during
a minimum load condition In order to continue purchasing energy from
non-utdlity generators, that costs in the range you hava described
would be directly attributable to that cycling event?

Yes, that conclusion is correct. If a Crystal River coal unit was shut
down for several hours and it would be required for generation the
next day, it would have to be restarted. This is an off/on hot start
cycle as | have described in this testimony. The cost of tha hot start
cycle for that event {in the range of $30,000 to $110,000} wouid be

directly attributable to that event.

Are you famillar with Florida Power’s Crystal River Unit 3 nuclear
powaer plant?

Yes, | am ganerally familiar with that unit and its nuclear stean supply
system {"NSSS”) made by Babcock & Wilcox Co. | have visited the
plant, met with operating personnel and visited the nuclear simulation
and training center. In addition, Crystal River 3 is nearly identical to
the Rancho Seco nuclear plant in Sacramento, California on which |

have performed extensive analysis.

Do you know of any Babcock and Wilcox units like Florida Power
Corporation’s Crystal River Unit 3 nuclear plant that are dispatched by
their owners/operators to follow load?

No.
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Have you considered the types of costs that Florida Power would
incur if it were to cycle its Crystal River 3 nuclear unit?

Yes, aithough { have not performed any extensive cost analysis,
cycling a unit like Crystal River 3 would require investigative and

desigh measures and would have cost impacts such as the following:

1. A new and larger boron dilution letdown and charging system
would be required to permit boron dilution during load

increases.

2. Increased costs would be incurred to process and dispose of
water letdown from the reactor coolant system following
power increases. The increased costs would be associated
with the nesd for new and larger water cleanup systems,
storage facilities, water avaporation systems, disposal costs,
increased resin and water usage, and increased chemistry

department staff.

3. Reduced power output would be likely due to the inability to
accurately calibrate the Incore Monitoring and Nuclear
Instrumentation Systems following load changes. The inability
10 accurately calibrate these systems might result in inabilities
to define powaer distributions accurately enough in order to
return to operation at full rated power. New Incore Monitoring

and Nuclear instrumentation Systems procedures would be
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required. implementation of these procedures could result in

additionat labor costs.

Increased fue! cost would be incurred par unit of power
generated. The current fuel loads have been optimized fo:
noncycling operation. Maintaining an outage schedule that
coincides with minimum system power requiremsnts would
require premature removal and disposal of fue! rods and,

therefore, higher fuel costs.

The feedwater heater level control systems would require

replacement.

There is a potential for increased steam genserator damage

because of fatigue.

There may be an increased fuel rod failure rate due to fuel

temperature changes and potential fuel/clad interaction.

The ASME iif, Class 1 fatigue analyses would have to be

reperformed to account for the increased thermal cycles.

There is a potential for increased secondary system check
valve wear and erosion due to increased operation at lower

power levels.
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Figure C-5a - EFOR vs. Equivalent Hot Starts - Regression Analysis for All Units
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STEVEN A. LEFTON

SPECIALIZED PROFESSIONAL COMPETENCE

Management and operationa! expertise in fossil and nuclear utility power plants, including the
construction; start-up, maintenance, and on-line operational procegure writing and chack-out
of power plant equipment. Experienced in the operation of fue! handling and fuel burning
equipment, -inciuding pulverizers, fans, sulphur dioxide/particulate contro! scrubbers,
pracipitators, water trestment, gas/steam turbines, and ash handling systems. Experienced
in the calibration and design of utility boiler-turbine control systems. Expertise in water
treatment, fesdwater trestment, and boiler water contro! msasures used to pravant deposition
and corrosion damage to power plant aquipment.

Work experience includes design and implementation of heat rate and efficiency monitoring
programs for oif and gas fired boilers; thermodynamic snalysis and efficiancy calculations of
power plant components, such as boilers, turbines, air hesaters, pulverizers, and fesdwater
heaters; analysis of coal slagging and fouling in utility boilers: and oil, gas. and coal burner
design and optimization.

Managament of a major utility nuciear power plant turbine generator failure investigation with
spscific emphasis on water chemistry contaminants of the condensate system, steam
generator, water, steem purity, turbine, and electrical generator failure analysis.

Past utility fossil power piant related work includes the project management of investigations

.into the performance of fossil power plant boilers, heat fecovery steam generators. turbines,
electrical generators, and pulverizers: failure analysis of boiler tubes: analysis to predict the
remaining useful service life of boilers, superhesters, reheaters, headers, and tubing: and
design and modification of utility power boilers 1o eliminate tube failures.

Recent work includes project management and expert tastimony/itigation support in largs
utility power plant legal cases. Thesa casas invoived boilers, heat recovery steam generators,
gas turbines, pulverizers, plant auxiliaries, fires, explosions, availability/reliability modeling,
piant life assessment, plant life extension, and the analysis of plant logs to calcuiate power
production costs for revenue requirements based on calculations of damages and production
costs. Currantly involved in cost analysis associated with cycling large and smali fossil power
plants.

EDUCATION AND PROFESSIONAL BACKGROUND
® B.S. (Chemicat Engineering). Kansas University {1868}

®  Pre-Engineering (Kansas State College of Pittsburgh)

Rev. 12/92
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® Bailey Meter School for instrument Engineers (1972)

® Past Chairman, Vice Chairman, Treasurer, Secretary, Finance Chairman, and Public
information Chairman for American Nuclear Socisty, Northern California Section
{1978-1988)

¢ Manager, Westarn Operations, NUS Corporation (Involved in Fossil and Nuclear
Project Consulting Engineering in the Western United States)

¢  Power Plant Start-Up and Sales Engineer, Babcock & Wilcox Company {Responsible
for Fossil and Nuclear Power Plant Equipment Start-Up, Equipment Performance
Testing, and Equipmant Sales)

®  Anslysis of German Utility Power Plants to Expiore Europesn Methods of Coai
Combustion and Power Plant Auxiliaries, such as Pulvarizers, Fans, Ash Systems,
stc.

®  Control System Start-Up Enginesr on the 880 MW Coal Fired Boiler and Limestone
Scrubber of Kansas City Power & Light Company’s LaCygne Station

® Boiler Service Enginser (Responsible for the Redesign and Recalibration of the
300 MW Northside, Unit 1, Oil-Fired Boiler Turbine Complex for the City of
Jacksonville, Florida)

®  Chief Engineer for the Conatruction, Start-Up, and Contro! Calibration of Unit 4 Boiler
Turbine Genarstor for the City of Manaus, Brazil

®  Start-Up Enginser for 8 Brazilian Boiler Turbine Cogeneration Plant

®  Start-Up Enginser on Approximately 20 Boilers and Boiler Control Systems, gs well
as Procedures Preparation, Cperator Training, Wate; Treatment Requirements, and
Chemical! Cleaning of These Units

®  Water Chemist for the City of Lawrence, Kansas, Water and Sewage Treatmaent
Plants; Licensaed Plant Operator in the State of Kansas

®  Laboratory Technician for the Kansas City, Missouri, Water Treatment Facility

Rev. 12/92




Resume of Steven A, Lafton
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SELECTED REPORTS, PUBLICATIONS, AND INVITED LECTURES

Water Chemistry Examination snd Procedures Review ar Sa/t River Project’s Navajo
Generating Station, AFTECH Report AES 91021411.2.1, Revision 1 (with . M. Abrams)
(February 1992),

Review and Impro vement of Florids Power and Light Company Methodology for Estimating
the Cost of Cycling, APTECH Report AES 8101 1380-2-1 (with P.M. Besuner and
G.P. Grimsrud) {February 1991).

and Relisbility, Presented at the Electric Power Research Institute Fossii Plant Cycling
Conference {November 1990,

Condition Assessment and Remaining Useful Life Study of High Temparatyre Superhostar
Deaerator Storage Tank and the Waterwal/ Tubing &t Palo Seco Steam Plant, Unit 3, Puerto
Rico Electric Power Authority, APTECH Report AES 800111 78-2-1 (with P. Dab, $.D. Miller,
H.D. Vaillancourt) (March 1980).

A Reheat Outlet Header inspaction Methodalogy, Proceedings, Fossil Plant Inspections
Conference, Elgetric Power Research Institute (with S .A. Bush and S.M, Netson)
{August 1987).

Methodology for Assessing the Remaining Usetul Lite of Critical Power Plant Components,
Eloctric Power Ressarch Institute Conferences, Life Extansion of Fossil Power Piants (1987).

Guard Against High-Temperature Steam-P:biag Failures, Power Magazine (with M.T. Cronin;
(June 1986).

Investigation and Analysis of Tube-to-Header and Header-to-Hesder Cracking ar Salt River
Project’s Coronado Generating Station, Unit No. 1, Boiler, APTECH Report AES 8204320-2
(with J.D. Byron} (March 1985),

Evaluation Study of Heat Recovery Steam Generator at Aguirre Combined Cycle Plant, Puerto
Rico Electric Power Authority, APTECH Report AES 8311418-1 {with T.W. Retug and
R.C. Cipolla) {February 1984).

Rev. 12/92
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Assessment of Primary and Secondsry Superhester Tubas From Louisiana Station Unit 3A to
Determine Creep Damage and Remaining Useful Life, Guif States Utilities Company, APTECH
Report AES 8309408-1 (with T.W. Rettig} (December 1983).

investigation of Tire Cracks on Mill 2-2 and Tire Flaking on Milis 2-2 and 2-3 at 8ig Cajun Ii,
Unit 2, Cajun Electric Power Cooperative, APTECH Report AES 8307397 (with L. Mcintosh}
{October 1983).

Structural Analysis and Design for the Partial Top Sugport of the Ormond Beach Auxiliary
Boiler, Southern California Edison Company, APTECH Report AES 8307398 {with L. Nott,
J.D. Byron, S.R. Paterson, and T.J. Feiersisen) (August 1983).

Investigation of Secondsry Supsrhester Tubes snd Watearwall Tubes From Kahe 2 to
Determine Suitability for Continued Service, Hawaiian Electric Company, Inc., APTECH Repon
AES 8302380 {with L. Mcintosh) (July 1983).

Design of Boiler Modifications to Prevent Tube Failures, City of Burbank Olive Unit 3 and
Southern California Edison’s Ormond Beach Auxiliary Boifers (April 1982) (July 1983).

Structural Analysis of the Ormond Beach Auxiliary Boiler Tubes, Southern California Edison
Company, APTECH Report AES 8305389 {with L. Nott and J.D. Byron) (July 1983).
Analysis of Superheoater Tubes at Southern California Edison Company’s Huntington Beach,
Unit 4, APTECH Report AES 8302376 (with T.W. Rettig) (March 1983).

failure Investigation of & Tube at a Rolled Joint, Ormond Beach, Auxiliary Boiler, Southern
California Edison Compeny, APTECH Report AES 8302377 (with T.W. Rettig) (March 1983).

Failure Analysis of Long Besch Generating Station, Unit 4, Heat Recovery Boiler Economizer,
Southern California Edison Company, APTECH Report AES 8211349 (January 1883).

Metallurgical Investigation of Cracks in Furnsce Tubes and 21 -1/2 Inch OD Hesder at
Coronado Unit No. 1, Salt River Project, APTECH Report AES 8204320 {with T.W. Rettig and
J.L. Grovar) {July 1882},

Light Water Reactor Off Normal Water Chemistry Survey, Electric Power Research Institute,
APTECH Report AES 81102789 {with E.L. Capener) (June 1982).

Flue Gas Desulphurization System (FGDS) Religbility: What’s Being Done to Achigve It?,
Power Magazine {(May 1882).

Component Fajlure Data System for Flue Gas Desulphurization Systems, Electric Power
Research Instituts, APTECH Report AES 8010217 (with E. Pejack) (January 1882).

Rev. 12/92
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Resume of Steven A. Lefton
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Heat Rate Monitoning and Efficiency Improvement Program, City of Burbank, APTECH Report
AES BO05175 (with E. Pejeck) (June 1981).

Analysis of Failed Tubes in Olive No. 3 Boiler, City of Burbank, Caiifornia, APTECH Repornt
AES 8006187 {with D. Hayes, T.W. Rettig, and D. Webstar) (September 1S80).

Coal Availsbility and Demand: Round | and 1! Coal Conversion Candida tes, Prepared for the
Federal Energy Administration, Office of Coal Utilization (with M.E. Coffes) {Revised 1577).

Re-Calibration and Controt Systern Redesign of Northside Unit 1, Babcock & Wilcox Company
{tnternal Distribution).

Numerous Power Plant Oparation Procedures for Various Utitity and Industris! Power Plants.

Rev. 12/92
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A METHODOLOGY TO MEASURE THE IMPACT
OF CyCLIC OPERATIONS AND POWER DERATIONS
ON PLANT LIFE AND RELIABILITY

By

Steven A, Lefton
Aptech Engineering Services, Inc.

INTRODUCTION

With changing system requiraments caused by varying load demand, increasing cogeneration,
addition of new base-loaded generation, stc., utilities find themselves forced to cycle many
of their oider units. Most of these units were not designed for cyclic duty. Typically, the
utilities make their decisions on which units to cycle based on factors such as unit size, age,
equipment type, fusi costs, system requiremants, production costs, stc. A major cost which
has been ignored is the Jife cycle cost of operational changes. These costs include the capital
costs of equipment upgrades and rapiacements, increased operational costs, Increased
maintenance costs, and cost impacts due to life reductions. Other questions involve the
accurate projection of future costs of thess operational changes. The utility plant operator
needs to know the effact of the changes on his plant squipment {such as reliability and life-
limiting effects) in ordar to decide how to aliocate and recover costs, as well as how best to
spend today's doliars to avoid future costs.

This paper discussas two examples: cne involving cycling operations and the other involving
a power deration in order to present a useful (Calibratad Anslysis®™) mathodology for
optimizing operational changes and caiculating their costs.

CYCLIC OPERATIONS

When the system requirements cause utilities to cycle their power plants, ong of tha major
decisions faced by utility power plant operators is not only how to mitigate the effects of
cycling their plants, but also at what cost in terms of lost plent reliability and service life.
Some etfects of cycling on the performances of 8 power plant include increases in:

Number of hot and cold start-up and shutdown cycles

Equipment failure rates

Msintenance requirements

Heat rates and start-up fue! usage

Temperature and pressure transients

Turbine and boiler stress

The need for economy and emergency purchases of elactricity by the utility due to
decreased reliability of the equipmeant

TPOl18
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Utilities often implement new procedures and instail additional egquipment to reduce these
effects of cyclic opérations, including:

increased monitoring and inspections

Improved .and integrated boiler and turbine control systems

Systems to bypass steam to the condenser

Boiler and burner modifications to lower minimum load capability

Boiler modifications to maintain constant boiler pressure while sliding superheater
pressure -

Turbine vaive modifications, water induction prevention, and drain automation
Increased water treatment, instrumentation, and analysis

Variable speed drives on pumps and fans

Improvad burner flame stability, flame scanning, and maonitoring

Boiler and turbine strass snalyzers

These components and procedures often inciuds 8 wide variety of mitigation maasures whose
costs and related benefits ara hard to astimate.

In these items, thare sre costs that utility personnel often do not evaluate adequately when
considering cycling. These costs are most often assccisted with three difficult-to-quantify
effects of cycling on previously base-loeded units with existing creep damage, and include:

® Increased failure rates (lower svsilability and increased squivalent forced outage rate
(EFOR))

® Decraased component lifs (higher capital and operating and maintenance expenses)

* Increased power genaration requirement (capacity replacements)

Some projected effects of cycling on EFOR are shown schematically in Figure 1. As the unit
ages, this graph shows an increase in the equipment failure rate due to cycling, resulting in
a higher EFOR. This reduced life leads to the need for more rapid capacity reslacements to

- counter a higher system loss of load probability. This effect can force soms utilities to
consider significant capacity additions much sarlisr than anticipated.

Figure 1 aiso shows the projected transition from the base-loaded EFOR to the cycling EFOR
which is expected to take some two to six years. This is explained by reviewing a typical
creep fatigue interaction curve for boiler superheater/reheater tube and header materiai, as
shown in Figure 2. Creep fatigue interaction is a phenomenon that can have a detrimentaf
effect on the performance of moatal parts or components operating at elevated temperatures.
For example, it has been found that creep strains can seriously reduce fatigue life and that
fatigue strains can seriously reduce creep life (Ref. an.

When applied to a typical base-loaded unit with some sccumulataed creep demage, this curve
shows that it requires only 10% to 20% total fatigue damage toc ceuse o creep damaged
componant to reach failure. Assuming an older, base-loaded plant had three 1o six starts per
yeaer and then changes to 100 to 200 starts par yesr, it may také two to six years to
accumulste this 20% tots! fatigue damage. While failure rate increases may not be noted
immediately upon cycling, this causes componants to reach end of jife sooner, thus resulting
in the higher plant EFOR. How socn this detrimental affect will occur will depend on ths

2
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amount of creep damage present and the nature and frequency of cycling. Thisg cycling
exacerbates damage in components that are already creep-damaged due to the past base-
loaded generation. The combined effact of creep (base load) and fatigue {cycling) lsads 10 the
creep/fatigus interaction mechanism that will reducs the remaining life by up 10 60% to 90%.

Although not addressed in detail in this paper. it should be mentioned that many units in this
country have undergone varying depths of studies to determine present condition and
remaining useful life of specific components. Most of this work was done on base-loaded
units with the assumption that future operations would be similsr to past operations. Thesg
results can be questionable for those units that are shifting to different modes of operaticn.
New reinspection intervals and remaining life analyses may be required that account for the
operational changes.

Wae also show in Figure 1 the projected lite expectancy curve of newly upgraded equipment
{shown by the es — e« ling) which is the resuit of an extensive plant overhaul in which major
components were either replaced in kind or upgraded with components and materials designed
for cycling duty. Based on the creep fatigue interaction curve and the extent of the upgrade,
this plant may parform initially better than the base-loaded, non-cycling plant and degrade
slowly over time. In the fong term, an upgraded plant with the mitigation measures and
componant replacemants will perform much better and have a longer life than the base-load
plant put into cycling duty without these changes. In effect, what a utility operator is doing
when adding these mitigetion measurss is simply adding the present value of future
maintenance dollars. This effect has been reported by Houston Lighting & Power Company
(Ret. ()} in its evaluation of maintenance spending on unit availability.

The costs of cycling discussed above are incurred at various points in time. Soms of them
are incurred during the years that increassd cycling occurs and are caused by the direct
effects of cycling on heat rates, forced outege rates, fuel costs, and purchase power
requirements (i.e., production cost impacts). increased cycling may also increase the need
for (and cost of) plannad maintenance and interim overhaul {i.e., cycling mitigation measures}
in future years (not just the year of incressed cycling). Production costing modeis (e.g..
PROMOD., POWERSYM-P{LUS) are very useful in estimating such cost impacts. Costs should
not ignore the low frequency but rather savere cansequence events, such as low water in the
boiler and the turbine rotor/cass cracks that occur. increased cycling may also shortsn the
expected plant service lifs, which would require & signiticant change in capital spanding to
obtain generation capacity replacements in some future yesrs {say 20 to 30 years into the
future).

There may be the nead for edditional maintenance spending beyond that required to conven
the unit to an effective cycling plant to effect the unit's future improvements in EFOR and
availability. A very definite relationship exists between maintenance spending and an
improvement in unit EFOR or availability. However, there is a time lag botween the
expenditure of maintenance dollars and the occurrence of the improvanmant {Ref. {3)).



. FPSC Docket No. 9411031-EQ
FPC Wimess: LEFTON
Exhibit No. . (SAL-2)
Page 5 of §7

To properly account for increased cycling, one should use a present-vaiue analysis technique,
and use appropriate values for escalation rates (for capital, O&M, and fusl), interest ratss, and
discount rates. Assumptions must be made on the type and cost of replacement plants in
future years. Life cycle cost analysis can lead to large costs associated with the need to build
new generation or for capacity replacements. An example of an engineering economic
analysis using revenus requirements methods and production cost modelling is shown in the
derating example given in this paper.

METHODS

Calibrating Enginearing Models

Most engineering analysts sesk to mode! the physics of governing failure and degradation
modes. Of slmost equal importance is to reflsct credible hands-on, field service experiencs.
This is done by calibrating o “tuning” enginesring models to real-world dats and experignces.

The most elementary form of calibration is an informa! “check.” Checking modats against
experience and experiment is a key part of the Scisntific Method. It is 8iso a halimark of good
engineering practice. Basides this checking, we bealisva that many applications would benetit
from more systematic and up-front calibeation.

Wa describe a new procadure to forscest component reliability from sparse data. We have
called it bothcombined engineering analysis and "Calibrated Analysis®™*® (CAM)_ The procedure
is particularly well adapted to failure frequency forecasts and outage predictions for large,
axpensive apparatus.

For such equipment, data are usually sparse. Accelerated life testing is not aprropriate and
historical failure date are limited. Data limitations slso arise from such factors as variations
in power plant operation and maintensnce practicas, inadequate record keeping, and inherantly
low failure rates.

To overcome the ocbstacle of sparse data, the procedura uses s systematic calibration meathod.
This calibration combings only the most credible features of engineering models with real-
worid experience. Such combination is done by crestive use of historical failure event and
"incident” databases. We use the data to reduce the uncertainties of engineering pararneters
that are difficult to estimate,

To handle some statistical aspacts of CA™, wa use both probability models and "Bayesian®
mathematics. Primary verification of the component failure predictions is made by comparing
predicted failure retes with actual past failures. Such comparisons employ several variations
of purposely incompiete databasss. Predictions from incomplete dats are compared with
ectual annual, seasona!, snd geographical frequencios of failures experienced in the complete
database.

The special feature of CAM is its extraordinary reduction of the uncertainty of forecasts. This
reduction is often available by calibrating sgainst very basic observations. One such
observation is tha increase in power plant outages resulting from cyclic operations.

4
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Good engineers and dacision makers often calibrate informally by benchmarking modei
forecasts with their expsrience and intuition. Cslibrated Analysis®™ ailows many of thase
benchmarks to be built directly, tormally, and openly into the engingering model. Our goal 1s
to obtain the best possible estimates and confidence bounds of key statistical parameters.
Ultimately, these estimates and bounds will produce the best forecasts of failure and power
cutage frequencias and costs.

In summary, many an engineering analysis can be imbued with more accuracy and value with
CA™. With CA™, wg optimize the way models sre calibrated or “tunsd® to real-world data and
experiences. When engineering supervisors or management “tune”, they often simply accept
or reject proposed models based on how well forecasts agree with experience or intuition.
Where appropriate, CA™ formalizes such tuning “up front™ within the context of a probability
model.

Component relisbility analyses can accomplish at lsast thzee goals:

1. Account for variation in one or more key engineering parameters, such as stress or
strength.

2. Remove tha excessive pessimism of typical worst-case enginesring analyses that assume
simultaneous pessimistic vatues for gl key input and assumption paramaeters.

3. Allow optimization of maintenance and operational strategies when component rejection
and failure rates compete. The optimization tools are espacially applicable to degrading
mechanical components subject to inspection, repair, operational and .naintenance
strategies, and life extension.

The models in this paper relate somewhat to the first two goais. They deal mainly with the
third goal by seeking to minimize tqta! cost of operating mechanical equipment.

One can always form probability models. The disciplines of statistics and reliability can be
applied to both data and the model. However, engineers often state a major objection to such
models.

"1 often iack comfort in choosing a single valug for a load, stress, or strength. What
makes you think you cen estimate their entire probability distributions?*

Itis usually & hard job to estimate distributions accuretely. Yet, besides better data collection,
there are at least two answers to such an objection.

The first and most basic answer relates to the sacond of the three objectives listed above.
Intypical worst-cass analyses yve assume thar all kay parameters take on peasimistic. instead
of accurate or probable gingle point valyes. This is done to compensste for errors of the
mode! snd its parametars.
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Likewise, a probability mode! can use pessimistic, instead of accurate. distributions to
compensate for uncertainty. This modal is s{ill conservative but it provides a key gain over
the deterministic one. The use of distributions avoids stacking the worst single values. In
practice, this often removes much excessive pessimism.

The etror-reducing features of CA®™ provide a second answer to finding accurate distributions.
As introduced above and exemplified next, CA™ eliminates much of the modeling uncertainty.
It calibrates hard-to-estimate parameters that are against basic, credibie field service or lab
data.

li r

The steps involved in the assessment of operation changes cn EFOR are described hsre and
by way of two examples ~ one on cycling and one a unit power deration -~ this methodology
is demonstrated. The first step involves the asssssment of the baseline projection of the
unit's aging when compared to similar units (0.9., fus! type, size range, pressure range). A
similar group of units is selected from the larger sat of NERC GADS dats and the slope of the
graup’s smoothad eging curve is applied to this particular unit’s current aging trend.
APTECH's methodology has been developed to aliow for the successful use of these typas af
small data sets,

Then, an assessment must be made of the type of cycling to be performed. While low lcad
operation is the teast damaging to plant components, the next most damaging type of cycling
is on/off cycling with propar restarts and ramp rates when steam temperatures to the turbine
are matched to turbine metal temparature. Full on/off cycling with cold starts is the most
damaging. Then, the number of yearly hot, warm, and cold starts needs to be estimatad and
reviowed. While some production cost modeis (e.g., PROMOD, POWERSYM-PLUS) can do
this, these projections must be calibrated and reviewed. Once the initial frequency and
severity of cycling is defined, then tests or bounding analyses must be performed on the
critical plant components in order 1o obtain the following:

1. The increase of stress and tempersture ranges, as well as absoiute temperatures
during each type of start-up - that is, corralate stress and temperature vs. oparation.

2. Evaluation of the damaging effects on key components of the stress and tempearature
increases to determine life (tima to failure) and life scarterbands - that is, corrslate
relative component failure rate vs. stress and temperature.

3. Calculation of the unit outage rates as a result of individual component failure rates
- that is, comrelate component failure rate vs. unit outage rate.

While this process may seem somewhat difficult to calculate, some simplifying assumptions
can help bound the data. Initem 1, it has bean observed that the start-up oparation requires
500 to 1000 times the energy as a step change from 20% power to 100% power {Rat. (4)).
Whaen this is transiated to increased stress on 8 turbine rotor bore, start-up stresses are two
to four times greater compared to stresses induced by normal operations. Furthsr, cold
turbine start-ups that use normal ramp ratas craate gight to ten times more turbine stress than

6
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hot start-ups (Ref. (5)). in item 2, creep tatigue interaction effacts can reduce the remaiming
wsetul life by 60% to 90%. In item 3, gstimates of the effect of the boiler, turbine, and
balance of plant component failures to the total outage rate can be made. Estimates of the
number of components affected by the cyclic stress and temperature rise lead to calculations
of creep and fatigue damage. Calculations using damage summation techniques can be made
and simplifications mads to estimate the total creep life, fatigus lifs, and the reduction in life
due to the creep/fatigue interaction, For example, the boiler contributes to greater then S0%
of the outages. Other facts put the sffect of increased temperature, stress, and corrosion in
perspective (i.a., waterwall, superheater, and reheater tube failures account for more forced
outages than ali the other boiler components).

Figure 3 has been raproduced from Davison's work (Ref.{8)) on sll English coal-fired
500+ MW powar plant units. It shows the sffect of g6 on verious wear-in, wear-out, and
constant failure rate mechanisms that affact the dominant cause of forcad outages: boiler
tube failures. Davison has classified the failure modes in Figure 3 in some detail. This
classification is reproduced herein 83 Table 1. Nots that mors than half the failures are
classified by Davison ss wear-out mechanisms. Obviously, the dominance of wear-out modes
can only increass as the English power plant population ages. Figure 4 shows the cumulativa
effect of failure and:other aging mechanisms on EFOR for American coal-fired units. Notice
the relative absance of "infant mortality” and the rapid increass in outags rates between 20
and 30 years of unit age.

m f i -

In this example of cycling on an older base-loaded supercritical unit, we have 8 600 MW coal-
fired unit that was base loaded and then put into cycling duty after 18 years. The unit had
apgroximately three to four cold starts and ten hot starts per year. The unit is put into cycling
duty and projected to have some 30 cold starts end some 100 hot start-up cycles per year.
As you can see from Figure 5, tha effect of cycling is & rapid increase in EFOR and at age 45,
- the EFOR is 48%. This data shows 2 much lower EFOR projected for the entire unit's lifetime
if it remains base-ioaded or is upgraded for cycling duty. Figure S also shows data from a 400
MW coal-fired subcritical unit designed for extensive cycling duty and it's EFOR is projected
to age 50. This unit performs simiar to the upgraded base-icaded unit. Whils we have not
quantified the costs of the cycling described, the next oexample shows the approximate lifs
cycle costs due to changses in unit EFOR. inthe following axamples, the vaiue of such large
differences in EFOR whan evaluated over g life cycle leads to costs or savings in the range of
$10.,000,000 1o $100,000,000.

ILLINOIS POWER COMPANY COAL-FIRED POWER PLANTS

Calibrated Analysis™ has unique capabilities to determine the impact of operational and
maintenance options and changes on powaer plant availability and economics. We ofien use
1t 10 quantify and bound the effects on outage rates and maintenance costs of ghanges in

7
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utility operation and maintenance practices. For example, we can estimate the econamic
impact of changes in power output, load cycling, maintenance procedures, and fraquency and
sensitivity of field service inspections.

Many methods outlined in the introduction have contributed to this specialty. We illustrate
the specialty with this second example.

Iﬁe_ﬁmma.g_f_mnm_gm,_gnn In Ret. (Z), we predicted the effect of deration on
the lifetime and forced outage rates of nearly ali llinois Powsr Company's {IPC} coal-fired
plants. Unlike cycling, deration is defined here as & one-time pOwWer output reduction, initiated
just before 1988 and maintsined until retirement. Figure € shows the befors-and-after effects
of deration on the incresasing outage rate of an aging powasr pisnt.

This ambitious 1.5 man-ysar study provided IPC with a basis for calculsting the financia)
benefits associsted with derstion. These benefits came from life extension, reduced failure
rates of mechanical components, and reduced EFORs due to changes in the powaer plant
output.

in this study, life extension was defined as the additional time bsyond planned retirement age
8 unit is expected to operate in a derated condition. For the two, twin, large coal-fired units
reanalyzed here, the retirement year was taken as 2018. For both units, this is squivalent to
a baseline retirement age of 45 years old. After ratirement, a new power plant is assumed
with the same outage rate as in Figure 6. Thus with no deration, new equipment is sssumed
to reduce EFORs from 35% to 7% in 2018.

in the original study, we specifiad that after age 45 the derated unit must operate at or below
an "acceptable™ EFOR. This acceptable rate was defined as the EFOR predicted to occur at
age 45 with no deration. For almost afl units, this predicted EFOR was high enough to pose
economic problems and justify substantia! attempts at reduction. This was certainly true for
- the subject units with EFOR = 35% predicted at age 45 yeaara.

This analysis emphasized two important mechanical degradation and failure modes and a jowaer
bound estimate of the benafits of power reduction that would accrue to aach fossil unit. A
lower bound was sought because of certsin political and iegal controversies ralated to Ref. (2).
The failure modes were fireside corrosion {primerily of boiler tubes) and creep stress rupture.
These two modes dominate the foracast outages associeted with these aging power piants.

The totai CA™ covered the three most critical elamsnts necessary to estimate the effect of
power reductions on plant life and forced outage rates. First, we estimated the minimum

hkely effects of power reduction on components’ stress and temperature. Among the tools
used wera:

1. Bounding computations of the smaliest expected changes from deration to critical
superheater tube temperstures at three power plants.

2. These computations wera checked with several "totai-plant experimants” in which
key boiler temperatures snd pressures weare measured during exploratory deration.

8
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3, An innovative analysis was conducted to bound the most critical effects of deration
on several turbings. These analyses were comparable to a preliminary design of the
turbines. Qur goai was to create a tomperature and stress model of key turbine
components that matched the global specifications and other, very limited,
information available from the manufacturer.

We then estimated the minimum benefits of stress and temperatura reductions on componant
lifetime. Lifetime was defined as component age or damage exposure at the point of failure.

Finally, we computed the minimum penalties from component aging on total plant reliability
and EFOR.

Lach of the three critical element modeis undergstimatas the benafits of deration. The three
models are combined to obtain a lower bound of the forced outages svoided by derating.
Finally, the results that have formed the basis of our conclusions were presented graphically
for all units. Figures 6, 7, and 8 exemplify these results for two twin IPC units at Baldwin
Station.

These figures show that even the lower bound benefits of deration on reduced outages and
increased life are substantial. (itinois Powser Company anaiyzed the resuiting sconomic
benefits with a comprehensive basaline analysis and senasitivity study (Ref. (8)) of all its plants,
including the two largest Baldwin units. Their analysis covered the 39-year period of 1988
through 2026 and is expressed in 1988 doliars. As shown next for the two subject Baldwin
units only, thess financial benefits, when optimized, sre very impressive.

Minimizing the Cost of Qerating the Aging Baldwin Units. The second MCA explores
tradeofts among load deration, outage rate, and selected retitement age for twin fossil power
plants at IPC. Both our previous outage foracast models and 1PC's comprehsnsive 8CONOMIC
analyses are updated and expanded for this papar. The primary improvements were :

® Curve-fit the results of IPC's original baseline economic analysis to account for
different powser deration and life extension assumptions than in Ref. (7).

* Update the assumptions in Ref. {B) to reflect realistic, rather than conservatively
low, estimatas of both forced outage and new plant construction costs.

* Maintain the baseline retirement year as 2015, but goneralize the life-extension
definition beyond the somewhat arbitrary one used in Figures € through 8. This
allows us to compute the life extension to minimize total cost.

Ouwr goal in this paper is to minimize tha 1218l cost of outages, power production, and
constructing new plants when the old ones are retired.

Load Deration Effects. Figure 9 shows the economic effects of derating the plant with no life
extension {L =0) beyorid 2016. By definition, at 2ero deration there is zero benefit from our
baseline. The optimum bensfit is $150M for the 39-year period for & permanant power
deration PD=7%. This value optimally balances the competing deration effects of:

8
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Plant {ife Effects. Figure 10 shows the even more impressive effect on present-value savings

of delaying plant replacement {with no deration). This effect would be even greater for older
plants with potential retiremeant dates in the 19980s. {However, as outage rates actually
increase, such an analysis should bs occasionally updated to refiect changing present-vajue
economics.)

By definition, with no extension beyond the baseline 2015 {L =0), there is no savings. The
optimum benefit of almost $250M present dollars is obtained by delaying plant repiacement
for about L =25 years, until 2040. This delay balances the competing sffects on present-
value savings of:

* Delayed construction outlays

* Increased sge, degradation, and outages of equipment

i i i i i28. Figures 11 and 12 are cross plots and
additions to-Figures 9 and 10. Figures 11 and 12 include the combinaticn L = 30 years dalay
and PD=7%. This combination produced an optimum savings of over $250M from the
baseline. It is interesting to note the synergism of changing both L and PD. This global
optimum (> $250M) exceeds the sum {$215M) of the locel optima from changing PD only
{$135M} and L only ($80M).

CONCLUSIONS
* Cyclic operations can significantly increase EFOR.,
» Creep fatigue interactions reduce componant life.
* Projections of unit outages and life cycle cost analysis needs to be performed in order
to obtain the actual costs of unit cycling

Ningis P r

*  With no life extension, at leest $135M presant value would be saved during 1988
through 2026 by permanently derating these units by 5% to 10%.

* With no deration, about $80M pressnt value would be saved by delaying unit
replacements by 10 or 15 years beyend the initial estimate of 2015,

*  Over $250M would be saved by combining the two actions above.

10
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Gengral
Accurate outage forecasts. estimates and bounds are veluable in at least two ways:

" They suggest both the most likely result and range of results of maintenance and
operational changes.

*  They provide information snd suggest stratagies that can be very heipful to minimize
the total cost of power production.
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Table 1.
Davison's Classificstion of the Central
Elsctricity Generating Board Boilar Tube Failures

Classification DRescription of Cayses Total Failure Rate Pur
Thougand Hours
Slow causes {increasing Long-term overheating; 1.0 1
rate with age) high temperature fireside

corrosion; fatigue cracking
at sttachments and tube
header junctions, etc.; ash
erosion; fireside corrosion
an furnace walls

Fast causes (independent Sootblowar erosion; 0.3
ot age) transient overheating
. Two-stage causes Defactive welds; tube 0.4
{decreasing rate with age) manufacturing defects;

blockage: wrong material;
miscellanaous repair faults

Unknown causes Unknown 0.1
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FIGURE 1.
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FIGURE 2.
CASES OF ASME BOILER AND PRESSURE VESSEL CODE -
CREEP-FATIGUE DAMAGE ENVELOPE.
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FIGURE 5.
EQUIVALENT FORCED QUTAGE RATE FOR LARGE, COAL-FIRED AGING
UNITS DESIGNED OR UPGRADED FOR CYCLING.
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FIGURE 8.
EQUIVALENT FORCED OUTAGE RATE FOR BALDWIN STATION, UNIT 1, AS
ESTIMATED FOR TWO POWER REDUCTION SCENARIOS ASSUMING THAT
CREEP RUPTURE FAILURE MODE IS DOMINANT.
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FIGURE 7.
EQUIVALENT FORCED OUTAGE RATE FOR BALDWIN STATION, UNIT 1, AS
ESTIMATED FOR TWO POWER REDUCTION SCENARIOS ASSUMING THAT
FIRESIDE CORROSION FAILURE MODES ARE DOMINANT.
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FIGURE 10. .

SAVINGS FROM LIFE EXTENSION OF TWO 587 MW COAL-FIRED UNITS.
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FIGURE 11.

SAVINGS FROM DERATION OF TWO 587 MW COAL-FIRED UNITS.
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MANAGING UTILITY POWER PLANT ASSETS TO
ECONOMICALLY OPTIMIZE POWER PLANT CYCLING
COSTS, LIFE, AND RELIABILITY

S. A Lefton
P M. Besuner
G P Gnmsrud

Aptech Engineering Services, Inc.
Sunnyvale, California

Abstract

This paper describes the need to assess and manage fossil power plant cycling costs, life expectancy.
mamienance strategics. dispatch strategies, and plant reliabikity, and it presents & methodology that addresses
these various needs. This methodology can be used to optimizz capital and maintenance spending in order to
minimize system-wide revenue requirements.

Background

Competition in the utility sector is increasingly being driven by Qualified Generating Facilities (QFs). Non-
Utility Generators (NUGs}, and Open Transmission Line Access (OTLA) This competiion makes it necessan
for uulitics w critically examine, analyze, and understand the bases for capital and maigtenance costs
associated with long-term operation of their power plants. Compettion associzted with QFs, NUGs, and
OTLA, and with the presence of a utility’s own nuclear power plants on the generating system, often results
in an over abundance of bascload capacity This situation generally requires fossil units that were designed
for baseload operation 1o begin cycling. (Herein, cycling refers to on/off operation, fow-load operation, and
load following.)

When a utility begins to cycle its fossi) plants, it typically observes cither (1) a significant increase 1n
equivalent forced outage rate (EFOR) due to the increased component {ailure rate, or (2) additional capital and
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maintenance expenditures. Figure | compares EFORs for npical baseloaded umis. cycling unts hat wers
upgraded from baseload. ¢y cling units that were not uperaded from baseload. and cveling unuts that were
designed for cyvcling. It also plots the effects of capital and maintenance expenditures (ncreased capital and
maintenance spending typicaily lags power plant component Failures by approcumately [ 10 2 vears. and these
failures lag cveling operations. The expenditures may {ead 1o much higher. noni-competitive costs for the
cveling units The higher capital and maintenance costs for these cyching units, and the reduced generation.
vield a higher average generation cost. The net effect is 2 self-perpetuating cvcle of inereased ¢cost. non-
compettiveness. decreased generation. and finally further increases in cost per megawatt-hour of generanon

The non<competitiveness and increases in cost per megawant-hour often lead a utility to consider early

retirement of the unit and the associated high-cost capacity replacement. Early retirement may also be brought
upon by the increased forced outages and unsxpected capital requirements.

This paper presents findings from engincering studies that Aptech Engineering Services, Inc (APTECH) has
performed at five major utility systems to quantify the economic effects of unit cycling. These studies included
extensive review of failure data, application of methods to predict future forced outages, and analysis of
individual power plant capital and maintensnce data Generally these studies identify the costs associated with
a specific tvpe of power plant operation, including cycling and umit derating (1). While most of these studies
have been performed under a strict confidentiality agreement, APTECH is able 10 discuss cost-of-cycling
calculations made for Hawaiian Electric Light Company and an EPRI-funded research project for the Los
Angeles Department of Water and Power's nine Los Angeles Basin fossil-fired power plants This paper aiso
describes many of the techniques utilized in these and other studies However, it is clear from past work that
each study must be customized to a specific utility's needs and its available cost and reliability data bases

Effective Management of Utility Power Plant Assets

Today's competitive environment places increased demands on a utility to be aware of its costs and the origins
of these costs in operating and maintaiging its power plant assets Plant capital and maintenance spending
needs to be fully understood. Plant operation characteristics that cause cquipment wear and tear need to be
understood and quantified.

Operations that typically increase unit wear and tear include cycling the unit on/off line by hot, warm, and cold
starts and cycling the unit up and down the load range from maximum continuous ranng to minimum loads
Unit shutdowns and unit trips are also very hard on equipment. Methods used to stant up and shut down a
plant, including ramp rates, temperature limits, hold times, ete,, especially for plant shutdowns, have been
ooted to have a major effect on unit relisbility and longevity and, therefore, the wear-and-tear costs
Significant damage and reduced service life have aiso been observed to occur when unuts operate abave their
design ratings or operating limits.

Operations that typically reduce costs include sieady-state baseload operauon at or below the design ratung
This is generally achieved by derating units some 3 to0 5% of rated power Carefully increasing the time
between major overhauls when there are no major impediments to increasing these overhauls can also reduce
COosts.

Once a utility understands the effects of these operations on their unit wear-and-tear costs, it can begn 1o
mumumize these costs by selectively chenging its power piant operational modes. This process can and wall lead
to 3 “sysiem optimization” and minimization of the total revenue requarements. For example, Figure 2 shows
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that by reducing cyeles per vear on selected power plants. system costs can be reduced and an cptimum
balance achieved This batance can be achieved by determining the wue cost to cvele each plant and then
defining the mission of cach plant 1o achieve the lower costs The concept of a mission statement for each
plant is a very important one because the mission statement must be compatible with economic unt

capabilities. ¢ ¢ . the plants identified with lower cost per cycle should have the mission to cxcle more than
the higher cost units

Cycling-Related Degradation Phenomena

All cxvcling cost analyses should take into account escling-related degradation phenomena. There are several
materials degradation phenomena that are likely to be accelerated by increased cv¢ling. These phenomena
include creep, fatigue, creep/fatigue interaction, corrosion (especially during out-of-service penods), erosion
wear. vibration, and other interrelated phenomena that promote accelerated component aging Because
baseload units are designed to operate in the crecp range, they expericass increased outages when subjected
t the fatigue range of cycling. Creep-fatigue interaction is one of the most important phenomena contributing
to component failures and can have a detrimental effoct on the performance of metal parts or components
operating at elevated wemperatures. For example, it has been found that creep strains can sertously reduce
fatigue life and that fatigue straing can setiously reduce creep life (e.g.. Ref. (2)) A typical sct of creep-fatigus
interaction curves is shown in Figure 3 These are conservative design curves, but APTECH has data that
approaches them for cenain types of cycling conditions.

Consider the example of 2 major componeat of a typical old baseload unit with 50% accumulated creep
damage (30% creep damage is defined herein to be cnough to exhaust half the component's life without faugue
cyvcling). The curves show that it requires only 10% 10 20% total fatigue damage 1o cause a 50% creep
damaged camponent o reach failure. [f this oider, baseloaded plant {that used to have three to six starts per
year) is now dispatched to operate at 50 starts per year, it may take onty 2 to 6 years to accumulate the 20%
total fatigue damage required to cause component failure.

Thus. while cycling-related increases in failure rates may not be noted immediately, critical components will
soon stan © fail. Shorter component life expectancies can result in higher plant EFORs or hig..er capital and
malntenance costs to replace components at or near the end of their service lives. in addition, it can resuit in
teduced overali plant life. How soon these detrimental effects will occur will depend on the amount of creep
damage present and the specific types and frequency of the cycling. Cycling exacerbates damage in
components that are aiready creep-damaged due to past baseload operation. The combined cffect of creep (base
load) and fatigue (cycling) will reduce the remaining life to as low as 10%-25% of the life expectancy with
no interaction.

Eigure 3 shows this effect for a variety of materials in fossil power plants There is no creep/fatigue interacton
for the line labeled Ni-Fe-Cr alloy 800H. This line corresponds to the uncar-damsge feilure cntenon

Creep Damage + Fatigne Damage = 100% at Failure

The worst case 15 2%4Cr-1Mo steel. For this material extensively used in fossil power plants, the wtal life can
be as low as 25% of the life calculated by simple addition (linear combination) of fatigue damage plus creep
damage. The two stainless swel alloys are between these exmemes The failure of most fossil power plant
components can be bounded by this data.
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The effects of cyeling onr power plant components can be dramatic and surpnising Cne often neglected effect
1s the increase in operator errors due to the increased personnel involvement that is necessan 0 cveling
activities. Specific component effects can also be idenufied. Tables | through 4 list a number of power plan]
component problems due to ¢veling While a number of these effects were not uitially thought to be the result
of cyveling operations. research has shown that cveling activisies are at least paruatly a cause

Cost-O1-Cycling Equation

APTECH has developed a cost-of-cycling equation which. when properly applicd to a unlity power system.
<alculates the true cost of cycling in a ¢ycling power plant. This equation consists of seven cost elements

True Costof Cycling =4  Maintenance and Overhaul Cost
+4  Forced Outage Recovery Cost
+4  System Production Cost
+4  System Long-Term Generation Capacity Cost
+4  General Engineering and Management Cost
+4  Capital Cost of Cycling Improvements
+4  Cost of Unit Dispatch

Here A refers only to those costs attributed to cycling,

The first cost element is the additional maintenance and overhaul costs that are auributed to cycling, typically
the long-term. wear-and-tear costs associated with additional maintenance and additional overhauls required
on cvcling umts Experience shows that maintenance and capital spending typicaliv increases and overhaul
times lengthen with increased cycling. The many effects of cycling on unit heat rate are also included in this
clement

The second cost element is the forced ousage recovery cost. Forced outages are typically more frequent and
of longer duration in cycling units than in baseload units. The recovery costs for addidonal forced outages
should include outages duc to operator error, which have in the past included boiler explosions, boiler
implosions, generator out-of-phase synchronization, generator motoring, miscellancous operator valving
errors, miscellanecus errors involving humans and antomatc equipment and control system failures. Increased
cveling obviously results in increased oppormnities for error

The third cost element, system production cost, includes the cost of having to increase utifization of fess
economical generation units (or purchase power) due to lower availability of the cycied umits Another
typically smaller component of this cost includes fuel and chemicals needed for unt startup.

The fourth cost clernent in Equation | is system long-term generation capacity costs These costs include both
the need for short-tenm purchase of replacement capacity due to higher plant outages and acceleration of the
need for cost expendinures to build new capacity due to shortened iife of the units bewng cycled
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The fifth cost element. genera engineenng and management cost. includes the cost of cyeling studres the
general engineenng swuds costs associated with medilications and upgrades to plants to make them cscle
benter. and the management costs associated with opumizing the units to cvele more efficiently

The siah cost element is the capital cost of cycling-relaied improvements These improvements would include
turbine bypass systems. stess analvzers, and equipment to upgrade automauc operauon such as automauc

burner insertion. bumer management systems. controls upgrades, chemisoy upgrades. and turbine water-
inducuon protection.

The seventh and final cost element in Equation ! is the increased cost to properly dispatch the unit in cycling
Determining the optimal dispaich swategy is a very complex optinuzation procedure, and the cost of
developing an appropriate dispatch algorithm for use in system operation should be accounted for

The results of these calculations and studies are shown below:

TRUE UNIT COST PER CYCLE
Typical industry Value (Without
Unit T Consideration of True Cyeling C . ol B I i}
Smal! Drum $5,000 $15,000 - £100,000
Large Supercritical $10,000 £30,000 - $500,000
Gas Turbine 5160 $300 - $5.000

The cost of cycling conventional boiler/turbine fossil power plants can range from between $15.000 and
$500.000 per start-stop cscle. depending on the specific unit size, type, fuel, pressure, and design features
Rescarch shows that utilities typically esumate these costs a1 2 factor of 3-10 below actual costs and, thus.
often significantly underestimate their true cyeling cogts. The result would be that their units are cveled far
more than they should be to truly minimize system long-term revenue requirements

Assessing the Cost of Cyciing and Other Powsr Plant Operational Changes

APTECH bas developed a unit load, computer analysis tool to evaluate past gencration oo an hourly basis Past
hourly generation can be examined at 0% to 110% in increments of 10% of rated load, including all load
changes. all start/stops, shutdowns, aud hot, cold. and warm startups The developed model calculates damage
under stieady cyclic and loads of any magnitude that imeract wath each other in a aonlineer fashion. It accounts
for any combinstion of load peaks and valleys, time of load peaks, ramp rates, load changes with ume, and
differences among hot, wam, ad cold stats. The APTECH methodology also involves a review and analysis
of past NERC GADS outage data The outage data is broken down into forced and plenned outages and the
high-impact or critical components are listed with their respective contributions to the EFOR. Plant visits.
examinaton of failure records, meintenance costs, and capital costs, and data acquisition of kev startup.
shutdown. and load following data are all key to development of a useable data base that would include
pressures and temperziires of the boiler, urbine, feedwater heaters, condensers, as well as chemistry data and
data on cofrosion product transport during cvcling Examples of this data are shown wn Figures 4 2pd 5
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APTECH has also developed and refined a plant questionnaire 1o help determine the future effects of evching
as well as current cyeling problems.

Advanced condition assessment of critical parameters tn a umit is alsc a pan of the methodalogy  This
assessment may include strain gages on boiler waterwall ubes. boiler heat flux devices for furnace heat flux
monitoring. solid panticle sampling and monitoring devices for steam line solid particles, and chemism
momtoring and testing to determine amounts of oxygen chlorides. iron. and copper in various feedwater and
heater drans APTECH has developed a data acquisition system and now routinely monitors cyeling boilers
remotels via modem for critical parameters during startup and shutdown, as shown in Figures 6 and 7

Application of the methodology typically involves calculation of fatigue and creep damage on a percycle
basis on critical components. through use of finite ¢lement models and other engincering models of cycling
effects on boiler tubes. headers. turbine rotors and cases, feedwater heaters, condensers, and other eritical

power plant components.

Another part of the methodology involves calcularion of the equivalent hot starts from past records and the
assessment of damage from critical components. APTECH typically calculates the damage from cold starns.
warm starts, and hot starts. as well as load following from full Joad to three different lower foads in order o
determine the damage per cvcie. Tvpical shutdowns and unit rips are always included in the damage
calculations. as these do oceur often and are very significant

The next step is to correlate the equivalent hot starts o both capital and mainienance cost, using multi-variable
regression statistcal analysis. These starts are then correlated to heat rate and to EFOR changes and their
associaied costs (see Figures 7 and 8). This data is then integrated into uulity production cost modeling codes.
such as PROMOD and POWERSYM, which are used to calculate operanonal cost impact [t is necessan to
project future unit reliability, overhaul and maintepance spending accurately when using these production
cost models Then the costs are totaled using Equation 1. Figure 8 shows actual data for ten similar 125 MW
Fossil units with average EFOR conrelated 1o equivalent cycles Note that EFOR peaks 7 years, § vears, and
2 vears afler significant cycling and tends to generally lag cycling. This suggests that adding a cycle creates
a lag ume for EFOR and that the lag time for EFOR tends 10 be consistent with the creep/fatigue interaction
cuncs shown i Figure 3 Figure 9 shows a relatonship between unit cveling and efficiency (e g., heat rate)
Whle there 15 not the best comrelation, there appears 10 be good evidence that cycling contributes 10 signficant
ncreases in a umt's heat rate due to turbine seal wear, turbine blade erosion, air hestes fouling at low loads.
and a host of cycling-related heat rate smpact variables

Producuion cost mode!s are developed to give the utility the opportunity to forecast future costs based on
future operang scenarios, and an optimizaton analysis 1s performed. The optimuzation process typicallv fooks
al a senies of nuns of production cost models W determine the least-cost geaeration plan The expected levels
of e+ ching and unit constraints based on mission statements are accounted for in the producuon cost mode)
funs One of the key feanires of this work is the incorporanon of good future reiabiity estimates of each plant

under cach operating scenario with the unit's mission defined The optumization process attempts to help the
utility

« Cycle the units that are less costiv 1o cycle. taking all cost of cyching factors into account
* Make the best load dispawch decisions based on both shont-term and long-term objecnves
* Reduce capnal and mainienance expenditures

* Ircrease unit reliability



* Reduce total long-term revenue requirements
* Avoid the temptation to make decisions based on fuel costs alone

Conclusion

The true cost of exvcling units that were originally designed for baseload operation is greater than most utiiities
have estimated and accounted for in their system dispatch programs. The true cost of cyveling for cach unit npe
should be carefully assessed by utility management to ensure that their generator assets are used in an optimal
way

The APTECH methodology is an engineenng and statistical analysis sysiem designed to help a wulin
optimally manage its power plant assets. It accounts for past operations and future expected effects of cyching
{or other operational plans) on cost, life, and reliability. The bottom-line effects of such an analysis can lead
to cost savings in the range of $10 10 $200 million when evaluated over the life cycle of a tvpical 600 MW
coal-fired power plant. Even more significant cost savings can be obtawned when a complete utility system 15
analyzed and optimized. Such savings are going to be essential in the future compeunve world where jow-cost
providers, those that best optimize their systems to minimize long-term average cost, are likely to emerge as
the preferred electricity suppliers. .
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Table 1

ACCELERATED BOILER FAILURES DUE TO CYCLING

Faugue Cracking of 8 Drum Humping/Bowing

— Boiler Tubes in Furnace Comers 8 Dovncomer to Fumace Subcooling

— Tube to Buckstay/Tension Bar

— Tube 10 Windbox Anachment % Expansion loint Failures

— Tube to Header

~— Tube to Burner ® Supcrheater/Reheater Tube Leg Flexibilin

~- Membrane to Tube Failures

— Economizer [nlet Header

— Header Ligament ® Superheater/Reheater Dissimilar Metal Weld
Failures

Boiler Secals Degradation
® Startup-Related Tube Failures in Warerwall.
Tube Rubbing Superheater, and Reheater Tubing
Boiler Hot Spots ® Bumer Refractory Failure Leading o Flame
Impingement and  Short-Term  Tube
Overheating
Tsble 2

TURBINE EFFECTS DUE TO CYCLING

increased Thermal Fatigue Duz to Steam
Temperature Mismatch

Blade Attachment Faugue

s Disk Bore and Blade Fatigue/Cracking
Steam Chest Fatigue Cracking
® Silica and Copper Deposits
Steam Chest Distortion
® Lube Ow/Control Oil Contamunation
Bolung Faugue Distortion/Cracking
& Shell/Case Cracking
Blade. Nozzle Block, Solid Particle Eroston
8 Wilson Line Movement
Rotor Stress {ncrease
% Bearing Damage
Rotor Defects (Flaws) Growth
8 Reduced Life
Seals/Packing Wear/Destruction
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Figure 1 - Schematic of Typical EFORs and Capital Infusion Effects for Large, Aging, Coal-Fired
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iler Watersall Tube Strain Gages and Heat Flux Montors
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Figure 6 — Data Acqusition and Modem Pane!
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91464

CYCLING COST ASSESSMENT PROJECT

R Schreiber
S. Lefton
Aptech Engineering Services, Inc.
1282 Reamwood Avenue
Sunnyvale, California 94089

D. Broske
Electnc Power Research Insnurute
3412 Hillview Avenue
Palo Alo, California 94303

§ Vaughn
Department of Water & Power
City of Los Angeles
111 N Hope Streer
Los Angeles, Califormia 900i2

Abstract

The Department of Water and Power (DWP) of the Ctty of Los Angeles operates twelve
fossil-fueled generanng units in the Los Angeles Basin  All but one of these umts were
designed and buils n the 1950s and 1960s for baseload operstion However, present power
system condinons have necessitated operationat changes These changes include cyching and
serung new operating himirs

Evidence 1s mounting that the "total” ¢cost of these operanonal changes is not being
completely quant:fied For example, cycling causes significant additional wear and tear on
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the unizs Howerer, the effects of this additional wear and tear on production cost and
equivalent forced outage rate (EFOR) are not being accurately accounted for Having this
informanion on cost and EFOR would allow DWP to optirmize dispatch and cycling practices.
and thereby achieve more reliable and lower cost operation as an altemative to replacement
Installed generating capacity that remains cost-compennve for the next twenty years may very
well be the least-cost capacity available over this period.

This paper describes an EPRI-sponsored R&D program to develop 8 systemarnc approach 10
quanufying the "total” cost of cycling, including sts effect on production cost and EFOR  The
work scope of this R&D program calls for a baseline survey, condition assessments and tests,
and the development of a set of cycling cost assessment 1o00ls.

Background

The capability of a utility to optimally balance the sometimes conflicting goals of a plant's
power generation performance, availability, and mechanical integnty 15 a necessity in today's
startlingly competitive economic environment. Traditionally, & utility can obtain short-term
economic gains by operating the unit beyond the onginal design envelope, such as by cycling
(defined here as load following, low-load operation, and on/off operation).

For example, units which were onginally designed for baseload operation are now being
cycled by many utihiies, including the Los Anpeles Department of Water and Power
However, this type of operation generally leads to additional wear and tear This i1s because
several materials degradation mechanisms, such as creep, fangue, and creep-faugue
1nteraction, are known o be accelerated by increased thermal cycling This usually causes
either long-term cost penalties or decreased long-term unit reliability and avalability Absent
a significant crease in capital and preventive mamntenance spending, the O&M costs and
EFOR of these baseload umits will eventually increase This will make 1t more difficult for
the unlity 10 compete in the marketplace

Currendy nstalled capacity that remains avaslable for the next 20 years may very well be the
least-cost capacity «f 1t remains available at low O&M cost. However, many of the Q&M
costs imposed on the generanng units by cyching and other changes in operation are not
ncluded 1n most utiines’ avoided cost calculations. To evaluate the cost of cycling, many
uulines include only fuel and auxiliary power costs and, perhaps, maintenance and overhaul
costs  We believe that many other cost items should be included in the calculanon Such
cost items include the followng'

+ Forced outage recovery cost

* Mantenance and overhaul cost

* System long-term generation capacity cost
* General engineening and management cost
«  Capual cost of cychng smprovements
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The implications of not accounting for these cost items include the following

* Increase in long-term equipment wear and tear

* Future operating problems and component fajlures

¢ Selection of long-term resource mix wall not be "least-cost”

¢ Increase in overall revenue requirements over the long-term

* Premature retirement due to excessive operations and maintenance (O&M) costs

Until recently, these costs of cycling could not be fully documented because of a lack of a
systematic approach to addressing and categonzing them. The intent of this R&D program 1s
10 deveiop such a systemanc approach by focusing on DWP's generating units. The lessons
leamed and the 100ls developed during this project will have broad applicability to the
generating units of all of EPRI's member uniites.

Objectives
The overall objectives of this project are as follows:

* Develop a systemanc program for determining the effects of cycling operanon and
changes in unit operating limsts on the total cost of power production and on the
availability of fossil-fired generation stations.

* Apply this program 10 DWP's L A Basin units so that the results can be used improve
decisions on unit dispatching, operating modes, pricing of power sales transactions, O&M
budgeung, and long-term generanon planning

Scheduie

This 1s a three-year project, beginning 1n October, 1993, and ending 1n October, 1996 Within
this length of time are the outage penods planned by DWP for scheduled inspection and
repair of their L A Basin fossii units

Scope Of Work

To achieve the objectives of this project, the following seven tasks will be performed
* Task ! Baseline Survey

» Task 2. Analysis and Assessment Methods

* Task 3 Unit Assessments and Testing
+ Task 4 Cost and Reliabibity Algonthms
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* Task 5 Cycling Assessment Tools

* Task 6 Cycling Decision Analysis Methods
» Task 7 Technology Transfer and Commercializanon

The objecuves and methods of these tasks are described below Progress has been made on

Task | (Baseline Survev), Task 2 (Analysts and Assessment Methods) and Task 3 (Unut
Assessments and Testing)

Task 1: Baseline Survey
Objective

To document the cycling modes of selected Department units and the basis for these modes,
and to assess how DWP currently calculates 1ts cycling costs.

Method

Eleven of DWP's Los Angeles Basin fossil units will be surveyed. Three representanve umits
will be selected for detailed study. Supercntical and subcritical ol- and gas-fired units will
be included. The selection cntena will be based on DWP's interest in the cost, remaining
useful life and other effects of unit cycling, and on unit availability for inspections and
condition assessments. Also, the operating modes (e... cycling) of the three units wall be
representative of those of the rest of the units 1n the Basin system At least one of the unis
selected will be one that has expenienced the most severe cycling duty

The foliowing data and information wilt be included n the survey repont

+  General descnption of the umt and 11s auxiliary components

* Nameplate informanon {bailer, turbine, and generator) and operating hours

* North American Elecine Reliability Council/Generaung Availabiity Data System
(NERC/GADS) outage datz

* Idennfication of the existing O&M databases at each plant

* Documentation of the types of cycling for the three units (e.g., hot starts, warm starts,
cold starts, and low load operanon)

* The key components’ operating pressures, temperatures and ramp rates that occur dunng
cychng as s functicn of tme ("signature” data)

* A summary of the results of previous inspections and condition assessments

* Methods by which DWP calculates its unit C&M Costs

- Current costs, benefits and operational reasons for cycling the units

* Types of data that the load dispatchers currently use for decision making and detals on
their needs for improved data and information on the 1012l cost of cyching

» Mission statements for each of the three unis
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This report wall define how each unit fits 1nto DWP's generating ang storage system as a
whole, and will provide a basis for the rest of project’s tasks

Progress

The net dependable system capability of the Los Angeles DWP, including out-of-L. A Basin
and in-Basin sources, 15 over 7.200 MW  The twelve 1n-Basin fosstl unus represent an
wmnstalled capacity of 3,200 MW To begin this task, DWP provided 1982 10 1993
NERC/GADS data in electronic format for the in-Basin units. The process of reducing and
analyzing these data began by ranking the forced outages by Cause Code. For example, the
ranking for Haynes Generating Station, Unit 5, showed that only three components -- the
fumace waterwall tubing (tube leaks), the feedwater pumps (breakdown) and the high pressure
feedwater heaters (tube leaks) -- accounted for over 50 percent of the total forced outage
hours These types of results were used to provide focus and guidance for the cycling
condition assessments in Task 3

Next, data on generation history were obtained from dispatch personnel in the Energy Control
Center (ECC) The first types of data received were nine years worth (7/84 through 11/93) of
hourly generation (MW-hr) recordings in electronic format These data, which covered 13
units, were in a 14 megabyte file -- equivalent to 7,000 pages of numbers. We extracted
global and cycling-related statistics on the operation of the unuts, including load changes and
types of stans (cold, warm, hot). These data will be used 1o reveal how the planis were
operated, specifically with respect to their cyching and operaung limits. The ECC also
provided, m both electronic format and hard copy, Dally Load Curves for their entise system
for a typical year (1993). A follow-up vistt was made to the ECC to meet the semior load
dispatchers The main topics of discussion were how dispatch is done at present, ang how the
cost algorithms from the present project would be used by ECC

Continuing the search for information, boiler condition assessment reports and memos were
idennfied and obtained. The turbine outage reports for all units were located and reviewed.
The available records of the mMajor maintenance activiies on balance of plant equipment were
examined

The above information, along with the units' outage schedules, were used to select the three
candidate units for detailed scrutiny during the project. Unit § at the Haynes Generating
Staton in Long Beach was the first unit selected. It is 2 367 MW unit with 2 supercntical
Babcock & Wilcox boiler and a General Electric cross-compound, double-rehear turbine. It 15
representative of the group of three similar supercritical units in DWP's L A Basin system.
The decision was made to perform a cyching condition assessment on Unit § during its outage
in the Fall of 1994

The review of the data and information neaded to complete this survey 1s continuing. The
close cooperanon of DWP was crucial in achieving our excellent stant on this task.
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Task 2: Analysis And Assessment Methods
Objective

To develep a customized cycling condition assessment method (one that focuses on the effects
of cycling) and the engineering and cost analysis methods for identfying the incremental
costs of cycling and changing operating [imts.

Method

An Engineening Procedures Manual will be developed It wall contain the following
information.

* Methods for assessing the damage accumulation and reliabtlity tmpact on the critical
equipment caused by cychic operation

*  Methods for assessing the impact of operating himit changes for 95% to 105% maximum
continuous raung (MCR) )

« Component damage calculation procedures

* A hstof the critical equipment This equipment will include those components which are
currently known to cause major outages. As mentionsd above, analysis of NERC/GADS

outage data and review of major component outage contributors will assist 1n 1dennfying
the cnincal equipment.

The Engineening Procedures Manual will inelude descripnions of the following spproaches for
engineering analysis and wear and tear cost estimation

* Top-Down Approach ~— This approach uses historical trands for “sister” unuts (e.g
NERC/GADS outage database) 1o find the relanon between avalability and spending. It
tncludes the opinions of experts in the field to determine the likelihood of failures of
cniucal equipment and the impact of these failures on other equipment

* Bottom-Up Approach — Stans with the current expected life of cnucal equipment
(obtamned from a condition assessment), and then esumates the incremental decrease in
equipment life or increase in EFOR caused by the proposed operating mode.

* Engineenng Darnage Models — Uses industry-accepted mathemancal models for vanous
anucipated damage mechanisms Examples include creep-faugue models and finite
element madels of critical components

Descriptions of how these approaches and modeis will be applied also will be mncluded in the
Engineening Procedures Manual



Progress

Progress was made on collecting and organizing key information on the methods for
analyz:ng and assessing the economic impact of ¢ycling and changing operaung limus
Information on both industry-accepted and novel methods are being sought

The types of informatton collected thus far have included the following

*  Criical equipment lists by type of plant

* Fossil plant condition assessment techniques

*  Unit rating test methods

* Descriptions of mechanisms for component damage, life consumpuon and failure
* Mathematical models of the abave mechanisms

* Existing EPRI and APTECH software for remaining life predicton

* Proposed cycling-related cost algorithms

The equipment covered thus far has included steam-cooled tubing, water-cooled tubing, high-
and low-temperature headers, high energy piping, turbine/generator, feedwater system, fuel
and air system, emissions system, and instrumentation and controls.

.

Information sources thus far have included the following:

EPRI cycling guidelines and reports on relevant R&D projects
* Papers and reports on national and international experience with cycling
¢ Studies by DWP regarding system modifications for cycling
* APTECH's condition assessment experience and calibrated models for hife prediction

Progress wall continue on collecting and reviewang the body of information on existing
cycling-related analysis and assessment methods This information wall be comptled into the
Enginecening Procedures Manual

Task 3: Unit Assessments And Testing

Objective

To determine the current condition of crincal equipment for the three selected units and

deterrmine the effect of unit operating Limit and cyclic operation on future damage
accumulation rates.
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Method

Cychag condinon assessments of the critical €quipment, as’ determined by the cntical
equipment List developed in Task 2, will be done at each of the three selected units.

Using EPRI and APTECH mulu-level condition assessment techniques, the cntical equipment
will be evaluated to "baseline” their current condinon and to determine the extent of past
cycling-related damage

Following the prescribed nondestructive exarminations (NDE), additional instrumentation will
be installed to monitor equipment strasses and temperatures. Unit rating testing then wail be
performed to determine the operational impact of various cyclic operating modes on
individual critical components. Testing 15 planned during startup, shutdown, on/off cycling
and low load cycling as well as a1 95%, 100%, and 105% of MCR. The resulang data wiltl
be used to forecast future costs associated with ¢yclic operaton

Progress

As mentioned above under Task |, Unit $ of the Haynes Station was selected as the first of -
the three units to undergo a cycling condition assessment. The assessment was performed
duning a November, 1993, 10 April, 1994, outage pertod. The results are summanzed below

Turbine APTECH turbine engineers visited Haynes Umit 5 to discuss the Ongoing major
overhau! of the turbine with personnel from the plant and the turbine manufacturer's
representative  An inspection prior to overhaul had revealed blading damage and sheil cracks
Interestingly, the manufacturer's representative attributed all of the damage to cycling duty
We subsequently requested the following items from the plant

* Types and locations of existing MONUOANE 1nSirumentation

*  Stnp chan data for wrbine operating modes, including normal operanon, cold starts, warm
starts, hot starts, load following, and any abnormal shutdown These data wall allow us 10
optimize our selection of instrumentanon for our damage monmitonng acavines.

*  Samples of the blades that were removed from the rotor The damage will be studied to
see if 1t correlates with cycling operation

We subsequently received ten turbine blades and one bailer feed pump blade from the Haynes
plant  Our visual examinanon of the turbine blades revealed that damage to the first and
seventh stage blades was caused by sohid particle erosion (e.g., exfoliated scale from heat
exchanger wbing), and that the dominant damage mode for the second stage blades was
foreign object 1mpact (e.g.. metal particles from inside the turbine) Destructive testing of
these biades was deemed not 1o be necessary at this tme The feed pump turbine blade
exhibited severe pitting corrosion, which probably 15 due to exposure to oxygenated water
droplets dunng downtimes.
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In December, 1993, wo APTECH metallurgists performed selected NDE (magnenc partcie
and replicanon) on the avaslable components, which included the two (1nner and outer) upper
shells Seven indications were found and examined. One of these was judged 10 be defintely
cyching-related and snll growng, and recommendations were made with regard to reinspection
tntervals and the posstble need for repair 1n the future

Boller Tubing and Headers. Following a walkdown and planning meeting in December,
1993, the cycling condition assessment of Haynes Unit 5 boiler began in January, 1994 The
assessment included visual inspections and nondestructive examinations of those components
susceptible to cycling-refated damage,

Accordingly, our examinations focused on the fumace waterwalls, supecheaters, reheaters and
economizer inlet header. Or the fumace waterwal Is. distortion (by one or two sube diameters)
due to overheating was noted-on many of the waterwall panels, particularly in the buckstay
attachment areas. Because of tube leaks and corrosion fatigue damage, some of these walls
had been replaced within just the last three years. Ultrasonic testing and videoprobe
examinations were done to attempt to detect internal damage, such as corrosion fatgue-related
axial cracking caused by thermal cycling. Metallurgical analysis of fumace waterwall tube .
samples revealed early indications of corrosion fatigue damage.

The examination of the economizer inlet header included external visual and internal
videoprobe inspections. The videaprobe examination of both the inlet and outlet ends of the
header revealed borehole cracking in both areas. This was judged 1o be thermal
cyching-refated.

Inspecuon of the tertiary superheater showed that the tubing alignment was generally good,
but that some corrosion anack was occursing on the stainless steel tubing. Roof refractory
was mussing, probably due to thermal cycling.

The alignment of the pendant reheater sections was poor, and faiied alignment clips were
common. Thus is likely the result of cyclic operation and high temperatures.

In the penthouse, severe discoloration and exfoliation was noted on the tube stubs on the high
temperature/low pressure reheat outler headers. Ultrasonic testing was used 10 measure the
thicknesses of the wall and intemal oxide scale on the tube stubs. We found that most of the
tube wall thicknesses were below the specified minimum. This is most likely due to by
excessive temperatures, which caused both internal oxidation and external exfoliation. The
suspicions of overheating were backed up by 8 review of plant thermocouple data. These
data showed significant temperature excursions in the rehesters during load changes,

especially during decreases in load.

in general, our cxarr'ainatiomv indicated that the current plant operating mode, including

cycling, has taken a 1oil on-the critical equipment in Unit 5. To learn more about how

9
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damage may be accumulaung, the next step in the program was 1o install monitoring
instrumentanon  The waterwalls were chosen 1o recesve this Instrumentanon, due not only 10
their obviousiv damaged condition but also because waterwall leaks caused about 40 percent
of the unit's forced outage hours over the previous 10 years.

Accordingly, an nstrumentation plan was developed and the sensors were purchased. The
sensors included three strain gauges, nine thermocouples, and three heat flux measunng
devices. A PC-based data acquisition system (DAS) was also procured.

Under Aptech supervision, the sensors were installed by Department personnel. The sensors
then were wired into the DAS computer. This computer was placed near the Haynes $/6
control center Installation and check-out of the sensors and the DAS were completed before
the inial start-up of Unit 5 on April 27, 1994, Acquisinon of data began iImmediately.
Currently, data are being continuously collected and automatically stored by the DAS

computer Data files periodically are transferred by modem up to APTECH's headquarters in
Sunnyvale, California.

Boller Feedwator Heater. As mentioned above, our analysis of NERC/GADS outage data
revealed that heater breakdown was one of the three leading causes of forced outages for
Unit 5. To shed some light on this situation, we tnterviewed the plant's chemist and
maintenance supervisor, examined tube failure records, and visually examined the most
troublesome heater (6B). Since the unusually small tubing precluded the taking of samples
for metallurgical tesung, nondestructive testing was done to map the wall thicknesses of the
tubes in the tube bundle. From these NDE data, we selected those tubes

with wall losses of greater than 60% 1o be plugged. These tubes were plugged by DWP
before the heater was sealed up.

.

Boiler Feed Pump. The NERC/GADS data also idennfied the boiler feed pump as being
responsible for a significant number of the forced outage hours at Haynes 5 To get started
on anzlyzing the situatnon, we spoke with personnel in General Services at DWP Lt appears
that most of the maintenance problems were associated with the

mechanical couplings Maintenance records going back 15 years are available They will be
reviewed as this task continues.

High Energy Piping. Unit $ has eight piping lines, five of which are high
pressure/temperatute systems. To begin the process of determining the effect of cycling
operation on the piping, 2 preliminary cold walkdown was performed Many hangers were
found 1o be 1n need of adjustment. Follow-up work will include a hot walkdown and stress
analysis, as wel) as NDE at high-stress locanons to evaluate potential in-service matenal
degradation

10
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Task 4: Cost And Reliability Aigorithms
Objective

To develop and verify a set of prototype algorithms that will be used 1o calculare the total

cost (and the effects on reliability) of cychng operanon and of changing the operatng Limuts
for the three selected units.

Method

The key types of costs that comprise the total cost of cycling the three selected unts witl be
delineated, and preliminary estmates of these costs will be provided.

Duning the project, these cost estimates will be improved by using feedback from the
engineening condition assessments. review of past O&M expenditures, allocation of these past
O&M expenditures to cycling related operations, and detailed cycling-related cost algonthms
from other tasks. Prototype cost algonthms that wall calculate the toral cost of cycling wal) be
developed and venfied.

Task §: Cycling Assessment Tools
Objective

Develop a comprehensive set of cycling impact tools to be used for future data coilection,
unit operating limit assessment, and cychng condition assessment of the unsts. These toois
will be able to be upgraded and then applied 10 all of the system units

Method

The cycling assessment tools will be [BM-compatible PC-based software Three cychng
assessment tools will be developed:

*  Cycling Database System, which wiil provide a2 computenized “roadmap” for the unlity to
evaluaie the damage and cost effects of cycling, methods of minigating the harmful effects
of cycling, and the benefits of cyching The database will include the effects of cycling on
cnnucal power plant components and systems and on ther rehisbility (¢ g.. cycles vs
EFOR, cycles vs. heat rate, cycles vs. degradation, cycles vs cost)

* Life Consumption Expert System, which wil] assess life consumption rates of selecied
components from the critical equipment list, caused by vanous cyclic operatng modes and
changes in unit operating limits. 1t will have built-in algonthms for evalusting the 1mpact
of damage and associated costs due to cychng.

1
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* Cycling Adwisor, which will be used 10 advise DWP of the least-cost cycling operating
modes for the three selected units The Cycling Advisor will be ¢alibrated using
Department-specific daa to provide the optimum least-cost cycling operation regimen for
the three selected Department units It 1s anucipated that this would include optimum
ltmits on the number of annual low-load and on/off umit cycles.

To enable unhity personnel 10 enter and obtain needed informanen quickly and easily, the
cycling assessment software will use interactive graphics and other features of a PC-based
"hypermedia® product. The look and feel of the software will be similar to that in EPRI's
State of the Art Power Plant (SOAPP) product.

Task 6: Cycling Decision Analysis Methods
Qbjective
To assist DWP ip the integration of the incremental unit costs of lowenng the operating hmuts

and unit cost of cycling into DWP's écanomic unit generation modeis 1n order to produce an
optimum least-cost generanon planning tool :

Method

This task will demonstrate how to properly take the benefits and costs into account and how
to more cost-effectively meet projected loads with a lower total system cost of power
generatton  Also, the expected errors in cyeling cost estimates will be thoroughly investigated
10 quantify the effects of these errors on load dispatch and OZM decisions The method wli
ncarporate such factors as the mix of DWP's operatng units and therr operanng modes (e g.
cycling vs baseload), rates of maintenance expenditures and ratngs.

Task 7: Technology Transfer and Commercialization
Objective

To consolidate the results of alj tasks, transfer the technology to Department personnel, and
wiite a commerciaization plan for the products developed in this project

Method

Develop training sessions that explain the benefits of a formalized approach to esumatng the
1mpact of cycling on fossil units. The hands-on traming sessions will illustrate the use and
application of the software products developed in this program. The target audience will

(2
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Include managemens personnel. operations personnel, maintenance personnel and planning
staff

The commercializanion plan will be based on an alliance berween APTECH and EPRI ang
wili include the following elements

*  Speafic product'performance charactenistics
* Identification of potential users

¢ Market size estimates

* Target utility users

+ Competitive technologies

* Date of market entry

= Key milestones

»  Key panicipants

* Bamiers to commercialization

¢ Related experience

*+ Costs 1o maintain and update codes

Future Activities

Near-term activities will include completing Tasks | and 2, and continuing the assessment of
Haynes Umit S under Task 3. The Tasks 1's formal survey will concentrate, into one
comprehensive document, the available histoncal informanon on how DWP's fossil units have
been operated In Task 2, the analysis and assessment methods tppropnate for use mn cycling
cost projects will be compiled in the Engineering Procedures Manual Under Task 3, the
Haynes 5 waterwall monitoring data will be collected during everyday operation and dunng
planned rating tests. These data will be reduced and analyzed with a view towards correlating
them (and their associated operating modes) with damage accumulation.

Longer-term actuvines will include producing preliminary estmates of the total cost of cycling
{based on the top-down approach), performing the cy<ling condition assessment and
instrumentanon of the second fossil unst, and prepanng prototype software for the first of the
cycling assessment tools, the Cycling Database System.

Conclusicns

This paper briefly summarnzed the early progress on this R&D program, the objective of
which 1s to quannfy the “to1al® costs of cycling and changing operating imits  The firs: Task,
the untt survey, will produce a useful planning tool both for our immediate use on

this program and for DWP's engineers and dispaichers in the future The Engineenng
Procedures Manual from Task 2 will be a valughle compilation of informanon on
cychng-related engineenng and economic analysis and assessment methods Under Task 3,

13
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the expenence gained during the condition assessment and instrumentation of the first uni,
Haynes S. will be used to cahibrate the methods compiled in the Engineering Procedures
Manual. This experience will guide the condition assessments of the next two units

We believe that our progress 1o date indicates that the development of a systematic approach
to quantifying the total cost of cycling s an achievable goal. For utilines faced with the
econonuc necessity of cycling or changing operanng limuts, the results of this R&D program
will help them to cycle "smarter,” and thereby achieve reliable and lower cost operation as an
alternative to unit replacement.
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