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Demand Response

Demand Side Management

Eastern Interconnection
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1 Power Plant Cycling Cost Analysis

1.1 Cycling Analysis Section Acknowledgement

This is to acknowledge that the material irthis section describing the cycling analysis
approach, methodology, terminology and definitions, and related figures and tables are, in
most cases, taken verbatim from a NREL report previously developed by the Intertek AIM
(formerly APTECH) team, based permission granted by NREL to Intertek AIM in Appendix
C-1 of their contract, as indicated below.

NREL Report:
Power Plant Cycling Costs
April 2012
N. Kumar, P. Besuner, S. Lefton, D. Agan, and D. Hilleman
Intertek APTECH
Sunnyvale, California NREL Techalidlonitor: Debra Lew
Subcontract Report
NREL/SH500-55433
July 2012
Contract No. DEAC3608G028308

In Appendix E€1 of the NREL contract, the following clause allows APTECH, the
subcontractor, the right to reproduce data produced by the subcontractor inhe
performance of the subcontract:

D. Release, publication and use of data.

1. The Subcontractor shall have the right to use, release to others, reproduce, distribute, or
publish any data first produced or specifically used by the Subcontractor in the feemance

of this subcontract, except to the extent such data may be subject to the Federal export
control or national security laws or regulations, or unless otherwise provided below in this
paragraph or expressly set forth in this subcontract.

1.2 Introductio n to Cycling Analysis

Start-up/shutdown cycles and load ramping impose thermal stresses and fatigue effects on
numerous power plant components. When units operate at constant power output, these
effects are minimized. If cycling duty increases, the faiig effects increase as well, thereby
requiring increased maintenance costs to repair or replace damaged components.

GE Energy Consulting 12 Task3APart G
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The following technical approach was used to quantify the variable O&M (VOM) costs due to
cycling for the various study scenarios:

A Characterize past cycling duty by examining historical operations data for the major
types of thermal units in the PJM fleet; supercritical coal, subcritical coal, -giasd
combined cycle, large and small gafired combustion turbines.

A Quantify O&M costsf o r t hose l evel s of cycling
O&M/cycling database for a large sample of similar types of units.

A Establish baseline of cycling O&M costs by unit type for the 2% BAU scenario

A Calculate changes to cycling duty and O&M costs foew operational patterns in
each of the studyscenarios from annual production cost simulation results.

1.3 Cycling Analysis Executive Summary

Deregulated marketsand increasing penetration of variable renewable generation are
having a farreaching impact on he operation of conventional fossil generation. For many
utilities and plant operators, plant operations and maintenance (O&M) expenditures are the
one cost area that is currently rising at a rate faster than inflation. To stay competitive,
utilities nee to better understand the underlying nature of their plant O&M costs, and take
measures to use this knowledge to their advantageA major root cause of this increase in
O&M cost for many fossil units is unit cycling. Power plant operators and utilitiesébeen
forced to cycle aging fossil units that were originally designed for base load operation.

Cycling refers to the operation of electric generating units at varying load levels, including
on/off, load following, and minimum load operation, in respoago changes in system load
requirements (seeFigure 1-1). Every time a power plant is turned off and on, the boiler,
steam lines, turbine, and auxiliary components go through unavoidably large thermal and
pressure stresses, which cause damage. This damage is made worse for high temperature
components by thephenomenon we call creegfatigue interaction. While cyclingelated
increases in failure rates may not be noted immediately, critical components will eventually
start to fail. Shorter component life expectancies will result in higher plant equivalencexd
outage rates (EFOR) and/or higher capital and maintenance costs to replace components at
or near the end of their service lives. In addition, it may result in reduced overall plant life.

1 Nuclear and hydro units were not evaluatedsince nuclear units operate at constant load and hydro units do not
experience thermal fatigue damage from cycling.

GE Energy Consulting 13 Task3APart G

dut



PJM Renewable Integration Study Power Plant Cycling Cost Analysis

How soon these detrimental effects will occur will depend onglamount of creep damage
present and the specific types and frequency of the cycling.

Several renewable integration studies, includinghis study of the PJM region, have
recognized increased power plant cycling due to renewables. Additionally, most mpalso

list the need for more flexible generation in the generation mix to meet the challenge of
ramping and providing reserve requirements. Intertek AIM has provided generic lower bound
cycling costs for conventional fossil generation in this reporthélreport also lists the typical
cycling cost of the oflexibled peaker power p
plants are built for quick start and fast ramping capabilities, they are not inexpensive to
cycle. There is still a cost toycle such plants. Modern combined cycle plants also have
constraints with HRSG reliability and have a cost to cycle. Finally, Intertek AIM has provided
an overview of systems and components commonly affected by cycling and mitigation
strategies to minimge this cost.

The electricity market has changed appreciably over the past decade, especially with the
introduction of large amounts of nordispatchable wind and solar power in some regional
markets. Cycling a plant may be required for numerous businessasons and is not
necessarily a bad practice; however it does increase maintenance costs and forced outages.
But the decision to do so should be made by an owner who has full knowledge of all the
available options and estimates of the real costs that mubk paid, today or in the future, as

a result of that decision.Every power plant is designed and operated differently. Therefore
the cost of cycling of every unit is unique. Managing the assets to a least cost option is the
business opportunity while @ésponding to a changing market.

Overview

1. Asset management of a fleet must includall the costs including cycling costs some
of which are often latent and not clearly recognized by operators and marketers.

2. Most small and, especially, large coal units wedesigned for baseload operation and
hence, on average are higher cycling cost units. Thermal differential stresses from
cycling result in early life failures compared to base load operation.

3. There are some important economies of scale for large coal (aather fossil Units),
that lower their costs. So the highest costs per megawatt capacity, as plotted here,
occur in some Oabusedd6 smaller coal uni t s,

4. Once all operating costs including cycling are accounted for, the best systenxrof
generation can be matched to changing loads and market opportunities.

GE Energy Consulting 14 Task3APart G
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5. Combined Cycle units are estimated to share the largest burden of cycling operation
in the scenarios. These units have the biggest change in their operation mandate
from relative aseload historically to extensive cycling operation in various scenarios.

Start Cost Impacts
6. Cycling start costs have a very large spread or variation.

7. Median Cold Start cost for each of the generation types is about 1.5 to 3 times the
Hot Start Capital @ad Maintenance Cost.

8. The Small Gas combustion turbine (CT) units have almost the same relatively low
costs for hot, warm, and cold starts. That is because for many key components in
these designedto-cycle units, every start is cold.

9. Older combined cycle nits were a step change in lower operating costs due to
cycling efficiencies and were designed and operated as baseload units. Changing
markets have resulted in variable operation and when operated in cycling mode
these combined cycle units can have highecycling costs compared to a unit
specifically designed for cycling which can be seen from the distribution of costs

10.The combined cycle fleetalong with the smaller coal fired generationperforms the
bulk of the on/off cycling in the different scenarios.

11.Historically, large supercritical power plants are operated at baseload and do not
cycle much. However the forecasted operating profile of these units for the various
scenarios includes small increases in on/off cycling but dramatic increase in the load
follow or ramping. Theincreased number of such cyclesesults ina marked increase
in the load followrelated wear and tear costs on these unitsOperating these units in
cycling mode can often result in unit trips and cycling related failureés a result of
the false starts and trips, the real cost of cycling these units is significantly high.
Moreover, these units cannot easily be brought online under these circumstances
(say, a trip) and such factors are néully captured in this dataset.

Baseload Variable Operations and Maintenance (VOM) Cost

12.The higher operating and maintenance costs of supercritical units can be observed
from the baseload VOM cost data.

13.Small Gas CT units were found to have the least base load VOM cost, but these units
typically operate in a cycling environment
VOM Cost). Based on our methodology described Rigure 1-9, we attributed a
significant portion of industry standard total VOM cost to cycling.

GE Energy Consulting 15 Task3APart G
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14.The overall trend in the various scenarios reflect a change in operating mandate from
baseload to cycling which is also reflected in a redistribution of these costs. With
increase cycling, we stimate increased cycling related VOM cost, versus baseload
VOM cost.

Load Following and Ramping Costs

15.The coal fired units were thenost expensive load following units. Most of these units
were designed for base load operation and undergo significamtamage due to
change in operations. Damage from cycling operations can be limited to acceptable
rates, but unit specific damage mechanisms must be well understood to manage and
reduce the damage rates.

16.Increasing ramp rates during load following can be eensive for normal operations.
Higher ramp rates result in higher damage and this is most easily seen on the coal
fired units. While not a linear relationship, additional research is required to get
further detail.

17.1t is interesting to note that the 8% High Offshore Best Onsite scenario estimates
almost a 100% increase in load following costs on the Supercritical Coal units. This is
mostly attributed to the 20% increase in such cycling from historical trends.

18. Supercritical units also see a doublingfothe startup ramp rates compared to
historical actual rates. The combined cycle units are also forecasted to perform
faster startups compared to their historial averages but this increase isnmore
modest compared to the supercritical units and also reftés their design for cycling
advantage.

19.The combined cycle units also have a higher ramp rate cost, due to the operational
constraints on the Heat Recovery Steam Generator (HRSG) and Steam Turbine (ST).
Emissions requirements often limit the ability of adCunit to load follow below 50% or
even 75% for some designs. These costs need to be quantified.

20.Intertek AIM has seen a growing trend of minimum generation to maximum capacity
type load follow cycling, due to increased renewable generation on the grithis will
result in higher costs and should be analyzed in a future study.

Mitigation Strategies

21.Howcan we avoid O0system6 cycling costs?

GE Energy Consulting 16 Task3APart G
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a. Cycling costs can be avoided by the obvious method of not cycling a unit and
that may include staying on line a minimum or lower load ata small market
loss price.

b. Cycling costs may be managed by understanding the issues and managing
the unit to reduce the damage rates

c. Cycling costs may be managed by modifying the operatiahprocedures or
process (for example, keepin t he unit oOohot 0)

d. Cycling cost may be reduced by capital or O&M projects to modify the base
load designs to be better suited for cycling

22.Detailed component analysis allows for targeted countermeasures that address the
root cause of the cycling damage to maage and even reduce the cost of future
cycling duty. Some examples are:

a. Air/Gas Side Operational ModificatiorsReduces rapid transients in boiler flue
gas

b. Steam bypassd Matches steam temperature to turbine controls start up
steam temperature in Superhater/Reheater (SH/RH)

c. Feedwater bypass to condensed Controls startup temperature ramp rates to
feedwater heaters and economizers

d. Condenser tube replacemen®d Improves plant chemistry and reliability and
prevents turbine copper deposits.

e. Motorized valve 6r startup d Reduces temperature ramp rates in boiler and
reduces fatigue while providing a rapid and repeatable operation of critical
components including drains.

f. Motor driven boiler feed pumpd Reduces fatigue of economizer and
feedwater heaters and allavs lower stress and faster, reliable start up.

Further Research
23. Determining cost to retrofit existing units to improve cycling capabilities.

24.Identifying additional or enhanced operational practices and procedures to
integrated variable generation.

25.Defining the characteristics of the system (e.g., ramping requirements, minimum load
levels, resource mix, etc.) to maintain reliability with increased variable generation.

26.Developing a universally accepted measure or index of flexibility to allow companis
across systems.
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27.Developing a set of best practices to mitigate impacts of increased cycling.
28. Estimating the impacts of cycling on reduced life and reliability

29.Evaluating how integration costs change with changes to scheduled maintenance
outages.

30.Transmssion expansion modeling should not only include congestion and other
physical constraints but also power plant cycling. Aggregating cycling costs at the
system | evel resul ts in ignoring the of]
individual units onthe grid.

1.4 Power Plant Cycling Costsd Introduction

This report presentsgeneric industry historical data and estimated future power plant
cycling costsfor several types of electric generation units, as specified ByM Intertek AIM
as part of the GE tam has organized the cycling cost data in the following six generator
plant types for the PJM Renewable Integration Study (PRIS):

1. Coalfired sub-critical steam (35900 MW)

Large coalfired supercritical steam (50aL.300 MW)

Gasfired combined cycle (GBTand HRSG)

Gasfired small CT (LM 6000, 5000, 2500 and similar models)

Gasfired large frame CT (GE 7/9, N11, V94.3A, 501 and similar models)
6. Gasfired steam (56700 MW)

a M DN

Intertek AIM conducted a comprehensive analysis to aggregate power plant cycling costs
i nputs to GE®O6s MAPS andor e skaistiGcEdviouss deBarieth e mo d
above. These costs are:

1. Hot, Warm, and Cold Start Costs
2. Baseload Variable operation and maintenance (VOM) costs
3. Load Following Costs (significant load follows)

Figure 1-1 illustrates several types of cycling events that cause fatigue damage, with cold

starts having the greatestimpact A uni t 6s offline htedferent s use:
start types and the corresponding costs. In addition to this, a load change determined as a

percent of gross dependable capacity (GDC) is used to estimate the damage and cost
associated with load following. For the purpose of this report, hange greater than 20% of

GDC is called a significant load follow.
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The data Intertek AIM have provided as a part of this report are based on the most
appropriate and detailed costof-cycling studies Intertek AIM has done on several hundred
units for manydifferent clients. The development of the cost of cycling data input analysis
has utilized the greatest sample sizepossible from IntertekAIMD s dat abase of
tested and analyzedin the United States.

Load Cycling
LL1 Hot Warm Cold
LL2 Start Start Start
LL3
A
f f ¥
12 hrs or Less 12 hrs <72 hr 72 hrs or Greater
Off Line Off Line Off Line
Load Cycling Hot Starts  Warm Starts Cold Starts
Load Cycling
* LL1: Lowest Load at which design SH/RH temperatures can be maintained
* LL2: Current "Advertised” Low Load
* |L3:Lowest Load at which the unit can remain On-Line
*Qffline Hours are only for representation. Different generation types
and units will have different offline hours to represent cycle types

Figure 1-1: Types of Cycling Duty That Affect Cycling Costs

All costs have been calculated in 204 US dollars. Also, to provide realistic cycling cost
inputs, the sample of plants included in each of the groups has been carefully chode
represent the variation of cycling costs for each groupFor example,the first group (coal
fired units) lower bound cycling costs represent the entire sample of sghtical coal plants

of unit size 35 MW tdl300 MW. As mentioned earlier, our goals to capture the cost of
cycling based on generation type and size onlytHHowever, in each group there are other
variations, such as past operation, equipment manufacturer, fuel quality, unit design, etc.,
which affect cycling costs but are not discloseth this report These lower bound cycling
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costs were originally determined as part of
Western Wind and Solar Integration Phase Il Study (WWSIS 1l). These costs have been
published, and are available publig2.

From these past studies, we extracted typical data on costs for each unit type that is
representative of units that PJM and their stakeholders may evaluate. Further Intertek AIM
analyzed the operating profile of a sample of 200 power plants in thédN® portfolio for the
time period 20062012. This analysis in combination with the published cycling costs were
used to form a baseline to represent cycling costs as they stand in 2012.

The GE team then performed production cost simulation of the PIM palid to represent
different scenarios of renewable penetration (2% Business As Usual, 14%, 30% and 20%
renewable penetration). Results from each of the scenario runs were then used to estimate
the change in typical cycling costs from the 2012 baselineeésFigure 1-23). The methods
used in these past studies for developing the original cost of cycling estimates are briefly
described in the following sections. We heVe that this methodology is a step further from
our work on the WWSIS Phase Il study. We have analyzed operating profiles of units under
different scenarios and updated the cycling costs to reflect the change in operations of
these units.

2 Source- Kumar, Besuner, Agan, Leftorhttp://www.nrel.gov/docs/fy120sti/55433.pdf

3 EHS is a term that relates the incremental damagehat is estimated to occur as a result of the number and
characteristics of various operational transients including shutdown + cold starts, shutdown + warm starts, shutdown + hot
starts, low load and return to full load events, ramp rates, ranges, etc. Sliyrput, it is a measure of cycling damage.
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Upto 12 Year Actual Actual Operating Profile

Operating Profile Assume instantaneous

+1 Additional Scenario Year
addition of renewable

[CY 2000-2012]
[CY 2000-2012 + Scenario Year]
Analysis Methodology * Ignores operating profile Analysis Methodology
between now and future.
e Useloads Model ™ Cycling e Useloads Model ™ Cycling

*  Power plants will

Damage Algorithm to determine Damage Algorithm to determine

accumulate cycles and

cycling profile (for each unit cycling profile and generate

p 4 therefore damage (cost) g th
type) and generate damage from now until future amage parameter wit

parameter additional scenario operating

scenario date

i i . profile
e (Cost Regression Model to fit e Recommend running
baseline operation to baseline . . . * Cost Regression Model to fit
intermediary scenarios to
2012 costs baseline cost to scenario

capture this.
operating profile

Scenario
Baseline Damage (EHS) for Scenario Damage (EHS) for MW Profile
operating profile operating profile
Hourly MW 2000-12 Hourly MW 2000-12 + Scenario

Figure 1-2: Cost of Cycling Estimation Procedure for Different Scenarios

1.5 Approach to Estimating Cycling Costs

Power plant cycling damage mechanisms leading to component failures are complex and
usually involve multiyear time lagging. Intertek AIM started working on this problem more
than 25years ago by modeling life expenditure of individual critical components a
function of varying cycling operations. Since then, Intertek AIM has developed a multi
faceted approach that provides cycling cost estimates at a reasonable cost. Our approach
uses multiple methods to derive and bound cycling cost estimates so thasults can be
validated. Figure1-3 shows a simplified flowchart of this approach. Intertek AIM has used
this methodology for hundreds of generation units owned hyany utility clients throughout
the world. The results and key power plant operating costs from these projects have been
aggregated in the Intertek AIM Power Plant Cycling Database. For the purpose of this
project, only the North American power plants we aggregated. Figure 1-4 presents the
various sources of data for this cycling cost database and how this data is reported for this
project. The outputs presentedn this report are a subset of the information held in this
comprehensive database.

We utilized unit/plantspecific information, industry data, and our experience on similar
units, so as much relevant information as possible can be brought to bear. I analysis,
AIM uses two primary parallel approaches to analyzing cyclinglated costs: (1jpp-down
analyses using unit composite damage accumulation models and statistical regression; and
(2)modified bottom-up componentlevel studies using reatime monitoring data at key
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locations, prior engineering assessments of critical components, and a survey of plant

personnel See Sectiorl.12).

The resuls reported in this report, quantify the increase in capital, and operations and

Power Plant Cycling Cost Analysis

maintenance (O&M) costs of power plants due to increased cyclic operation.

General Unit Damage
Modeling

MERC GADS

Historical Cost Analysis

¥ )

Statistical (Top Down)

Reliability Data

MNERC GADS
Reliability Data

NERC GADS
Reliability Data

MERC GADS
Reliability Data

Cost Model

!

Cost of Cycling

Estimation

A Maintenance

| 2\ Recurring Capital

A EFOR

A Heat Rate/Efficiency

——| [\ | ONg Term Capacity

A Startup Fuel & Aux.
Power and Chemicals

hd

Bottom-Up
Engineering

Cycle Types

> Hot, Warm, Cold Starts

————| > L0ad Follow to Various

Load Levels

> Trip and Shutdowns

Accounting of
Costs

[

Plant Inspection
and Interviews

Plant Surveys

Figure 1-3: Cost of Cycling Estimation Procedure
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Top-Down Analysis

Loads Model

Algorithm

Cost

Power Plant Cycling Cost Analysis

Algorithm

Bottom-Up Analysis

» Benchmark Analysis

Cycling Advisor

—_— p

Algorithm

Intertek APTECH

Cycling Database
Power Plant Unit Description
-MW Capacity — — — — — —— —
- Capacity Factor
-Year of Analysis— ——— — —— ——

- C&M Costs (Best/High/Low
Estimates)per Cycle Type — — — — —

- =Cost of Operation
- =Cost of Maintenance

-EFOR Costs (Best/High/Low — — —
Estimates) per Cycle Type

- Cost of efficiency loss (cycling
effects on Heat Rate)

- = Long Term Heat Rate Effects _ _ _

- = Heat Rate effects due to low
and variable load

-CostofStartup _ _ _ _ _ _ _ _ _ _
- = Auxiliary power
- = Startup Fuel

- » Operations (chemicals, water)

-Inflation Adjustment (Handy
Whitman Index)

-Damage and Cost Metrics — — — — —

t—————————‘I

Figure 1-4: Intertek AIM Cost of Cycling Database
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Damage & Cost Feedback

Algorithm Loop

Year of Analysis

C&M Costs/Cycle* (Low
Estimate)

Inflation Adjustment (_) |:> C&M Costs/Cycle/MW

MW Capacity

* Cycle Type = Hot/Warm/Cold/Load Follow

*Adjust damage factor and cost to estimate ramping cost (measure fatigue, creep and fci damage due to ramping)

Figure 1-5: Estimating Lower Bound Start Cost

Figure 1-5 is the flowchart for generating the inflation adjusted cycling start costs. The

Hot/Warm/Cold start cost was reported on per MW capacity basis and is the capitalized
maintenance cost of cydhg. This cost is the additional cost attributed to each additional

on/off cycle. The feedback loop in the figure represents steps taken to update current plant
operation from the time when a cycling study was originally performed.

As mentioned beforecycling cost is directly dependent on power plant operation and on
some occasions Intertek AIM had to recalibrate the cost of cycling estimated in older studies.
Therefore, we analyzed the hourly operating profile of about 200 sample power plants
represerting the six generation types to support our baseline costs. We believe that the
cycling cost inputs reported in this document are reliable and typical averages for units that
have been operated in conditions seen over the last 10 to 12 years.

As discussd before, Figure 1-2 provides a visual flowchart of our methodology to estimate
power plant cycling costs for the different scenarios. Using this baseline costsdpresent
power plant cycling costs in 2012, we append the hourly MW scenario output data for every
unit in our sample to determine changes in cycling costs with different levels of renewable
integration in the PJM portfolio.

We summarize the change in opating profiles of the generation types by evaluating the
change in:

A Hot, Warm and Cold Start Cost

A Number of annual or quarterly Hot, Warm and Cold Starts
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Significant Load Following Cost
Number of annual or quarterly Significant Load Follows

Baseload Vable Operations & Maintenance (VOM) Cost

o Do Do Do

Ramp Rates, and other operational characteristics

Baseload and Cycling Components Percent Contribution to Total Cycling Cost

B Hot Start EHS B \Warm 5tart EHS Cold 5tart EHS

m Baseload Damage (EHS] = Cycling Related Damage (EHS) m Sig. Load FollowEHS - Mild Load Follow EHS

Figure 1-6: Characterizing EHS for ferent Operating Profiles

Figurel-6s hows how I ntertek Al M6s damage paramet e
plant cycling in this report. Each EHS has a baseload and cycling component which is
determined by analyzing hougt MW data of a power plant. Every cycle ty@ehot, warm, and

cold and load follow is represented by a certain baseload and cyclic component. We use

these parameters to estimate changes in cost with changing operating profiles of the units

in each scenaro.

Power plant operatorsare well aware that load cycling causes accelerated damage to many
unit components, causing increased equipment failures with resulting higher equipment
forced outage rates (EFOR) and higher nooutine maintenance and capital re@cement
costs. With increased cycling, operators are putting their assetat increased risk of
increased forced outages and High Impact Low Probability (HILP) events that they wish to
minimize and avoid ipossible(Figure1-7). Figure1l-8 was generated using NERGADS data
and shows that theActual Plant Data Reflects Credpatigue Interaction Design Curve

4 ASMEcreep-fatigue interaction curves
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Power Plant Cycling Cost Analysis

Comparison of Probability Distributions of Full Forced Qutage Duration
Cause Codes: All Codes v. Boilers v. Generators
TXU: AllUnis, 1982-2000; Qutage Types: U1,U2,U3
n7
—all cause codes
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Figure 1-8: Cycling Effect on Plant Rliability
Note that, Intertek M6 s t ask was | imited to

provi de

production cost models and did not include impacts on reliability of power plants.
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Figure 1-9 presents a flowchart to generate the baseload variable operations and
maintenance (VOM) cost. Intertek AIM determines the cycling related O&M cost and
subtracts that from industry standard and plant provided total O&M costs to generate a
baseload VOM cost.These costs assume a power plant running at steady load without any
on/off cycling.

+ by Annual MWh VOM Cost (Base loaded)
(s/Mwh)
Total VOM Cost
(Non-Cycling)
[ A
| Plantaccounting records | / \ Top-Down Analysis
1 | — —t
i 1
: VOM Cost (No Capital) | Estimate EHS
————————————— Total VOM Cost Total “Estimated” Cycling
(_) Related VOM Cost I —

= e e m e — A (Inflation Adjusted)
| Bottom-Up Analysis I .
! ) Bottom-Up Analysis
| WOM Cost (observed) |
| 1 Record VOM Cost
_____ p==—==-===

" T

1 ]

1 ]

| ]

Figure 1-9: Estimating Baseload VOM Cost

Wh a t makes Al M3 s ciathe pgoweofd © low ¢gopd oevripemet hodds abi
capture the effects of operator error and other obscure factors in its estimates of umitde

cycling costs. The bottorup accounting and modeling techniques are then used to break

down the unitwide cyding costs into componemntspecific costs. This detailed component

analysis allows for targeted countermeasures that address the root cause of the cycling

damage to manage and even reduce the cost of future cycling dutylntertek AIM has

leveraged its daabase of power plant cycling costs, as well as products of our rich and

detailed methodology, to develop highlevéo gener i cé cost inputs for

1.6 Cycling AnalysisResults

Figure 1-10 shows the spread of baseline start costs for all units included in this project and
published as part of the WWSIS Phase Il. It is apparent from these plots that power plant
cycling costs have a large variation and depend on severaktors such as:

A Design
A Vintage
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A Age
A Operation and maintenance history and procedure

We use a combination of these factors to
For instance, units in a given generation type of similar age, vintage, desagd O&M history
and procedures should have somewhat similar damage from cycling operation. Additionally,
for the sake of consistency and simplicity, the median value of the cycling costs was
aggregated for inputs to the production cost simulations.

C&M Start Costs per MW Capacity

o x
: =T
R Y,
E%- X oW o 'f."'c
i :-c": »
= ] I. L li s
£ R .- . g X
uw" .e.‘!-:.lc_w.:‘g‘O X < m T o . "
Eg- !I— s - -'r"pﬁ . | * X
2 = "3 it ] ﬁ" LY. 4’:{ iy >
’ RPE R TS ek T T
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MW capacity (log scale)

+ hot starts " warm starts % cold starts
< hot outlers o warm outliers < cold outhers
Poirts are ‘jitered’ <5% to Iry to show all units

Figure 1-10: Capital and Maintenance Start Costs per MW Capacity

1.7 Start Cost Impacts

One of the key outputs of the report is the Capital and Maintenaneéiot, Warm and Cold
start costs’. Typical definitions bthe cycling related costs are:

5 As estimated for the WWSIS Phase Il Study.

6 Note that these costs do not include the fuel cost required for the startup, which is being reported separately.
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Cost of operation, maintenance and capitald

A Costincludes:

0 operator nonfixed labor,

0 general engineering and management cost (including planning and dispatch);
A Cost excludes:

o fixed labor,

o fixed maintenance and overhalmaintenance expenditures for boiler, turbine,
generator, air quality control systems and balance of plant key components

Cost of operation 8

A Cost includes:

0 operator nonfixed labor,

0 general engineering and management cost (including planning and dispatch);
A Cost excludes:

0 excludes fixed labor

Cost of maintenance o

A Costincludes:

0 maintenance and overhaul maintenance expenditures for boiler, turbine,
generator, air quality controbystems and balance of plant key components

Cost of capital maintenance o

A Costincludes:

o overhaul capital maintenance expenditures for boiler, turbine, generator, air
guality control systems and balance of plant key components

Additionally Intertek AIM reords the following costs separately:

A Cost of forced outage and derate effects, including forced outage time, replacement
energy, and capacity.
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It should be emphasized that there are large variations in costs between individual units of
each type, and thatthe numbersprovided by Intertek AIM argeneric low bounds. All cost
numbers in this report have been adjused for calendar year 2013$.

Table1-1 to Table1-10 presents the estimated cycling cost results for each unit type fah

the scenarios(based on the sample of units analyzédThese tableslso present other basic
data for each unit type such as(1l) Warm Starto Of f Hourg €)hoad Following Cost
(Typical RampRates ($/MW Capacity per Load Follow), andn@y-cycling relatedbaseload
variable O&M costs ($/MWH).In general, the baseline costs in the tables are cest
determined by Intertek AIM for the WWSIS Phase Il study. The costs estimated for each of
the scenarios represents the relative change (positive or negative) in costs when the cycling
is includedin each of the new scenarios for an additional one year.

The typical ranges of oOohour offlined6 for warm
any start duration below this range would be a hot start, and any above this range would be
a cold start.

As described, a power plant cycling can be classifiedhat as on/off cycling or load follow

cycling, which refers to a change in generation from maximum capacity to lower or
minimum load. The load follow cycling is further classified by Intertek AIM as significant load
following and mild load following. Thes tables provide the estimates for the costs of the
osignificanto | oad follow cycl es. Depending
range greater than 20% gross dependable capacity (GDC) as significant.

In the case of the 14% RPS scenarioresented inTable 1-2, a significant increase in hot
(40%), warm (24%), and cold (23%) start cost on the combined cycle units is observed. There
is also a significant difference in the cold start cost of the supetical coal units. The
scenario represents a situation where the majority of on/off cycling is provided by the
combined cycle units. Moreover, a vast majority of the load following cycle is shifted to the
large coal units and in particular the superdical coal units. As explained earlier, we
analyzed the cycling and nofcycling variable O&M costs, to avoid double counting. The
table represents a drop in baseload VOM costs since a majority of this cost is shifted to
cycling related wear and tear.

The 20% HSBOscenario resultspresentedin Table 1-6 shows the costs of hot, warm and
cold starts on the combined cycle increase by 22%, 29% and 5% respectively. VVkile
cold start costs on the supercritical coal units increases by 43%. Again, a majority of the

7 Care shaild be taken to implement the cycling cost. For example if a unit goes through 200 starts per year and the start
cost is underestimated by $1000/start, then the annual cost of this erroneous number can be significant. Moreover if this
unit is indeed cycledn/off more often due to the lower cost estimate, then it would accumulate damage at a significantly
higher rate.
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significant load following is provided by the larger coal units thus resulting in a higher cost
associated with load follow or ramping wear and tear.

The 3® HOBOscenarioresults presented inTable1-9, forecasts a very different operating

pattern for the fossil generation. While the combined cycle units have slightlgher warm

start cost at $76 per MW capacity, a 34% i nc
change significantly. Interestingly, the biggest change in cycling wear and tear costs is on

the supercritical coal load follow or ramping costs, which dowbfrom previous estimates.
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Power Plant Cycling Cost Analigs

Table 1-1: Estimated Costs of Cycling and Other Data for Various Generation Types (2% BAU)

Unit Type Hot Start- C&M cost ($/MW cap.) Warm Start C&M cost ($/MW cap.) Cold Start C&M cost ($/MW cap.) | Hot, Warm, Cold Start Definitiong
Baseline* 2% BAU** %Change| Baseline* 2% BAU** %Change| Baseline* 2% BAU** %Change Typical WS Hours Offline
Subcritical Coal 78.7 82.0 4.1% 114.2 118.5 3.7% 129.7 145.8 12.4% 8 to 48 Hours
Supercritical Coal 55.6 55.6 0.0% 65.9 65.9 0.0% 107.0 157.5 47.2% 24 to 120 Hours
Combined Cycle [GT+HRSG+ST] 36.0 52.7 46.4% 56.6 67.0 18.4% 81.3 95.9 17.9% 12 to 72 Hours
Small Gas CT 19.6 19.6 0.0% 24.7 26.4 6.8% 32.9 34.1 3.6% 4 to 5 Hours
Large Gas CT 329 329 0.0% 56.0 56.3 0.5% 92.2 96.1 4.2% 5 to 40 Hours
Gas Steam 37.0 - - 59.7 - - 77.2 - - 4 to 48 Hours
Unit Type Sig. Load Follow Coé/MW cap.) Baseload VOM Cost ($/MWh)
Baseline* 2% BAU** 9%Change| Baseline* 2% BAU** %Change
Subcritical Coal 2.98 3.0 0.0% 2.70 2.63 -3%
Supercritical Coal 2.02 2.0 0.0% 2.96 2.83 -4%
Combined Cycle [GT+HRSG+ST] 0.66 0.7 9.1% 1.02 0.48 -53%
Small Gas CT 0.65 0.7 0.8% 0.64 0.60 -6%
Large Gas CT 1.64 1.6 0.0% 0.66 0.63 -4%
Gas Steam 1.98 2.0 0.0% 0.92 0.92 0
*Source- Kumar, Besuner, Agan, Leftehttp://www.nrel.gov/docs/fy120sti/55433.pdf
** - Changsin operating profiles to achieve 2% BAU were not included.
Cycling damage and costs accumulate and increase with increasing cycles, therefore the future costs are path dependent
e. g. increasing cycles in the future years will increbsduture cycling costs
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Table 1-2: Estimated Costs of Cycling and Other Datafor Various Generation Types (14 RP$

Unit Type Hot Start- C&M cost ($/MW cap.) Warm Start C&M cost ($/MWeap.) Cold Start C&M cost ($/MW cap.) | Hot, Warm, Cold Start Definitions
Baseline* 14% RPS** %Change| Baseline* 14% RPS** %Change| Baseline* 14% RPS** %Change Typical WS Hours Offline

Subcritical Coal 78.7 82.0 4.1% 114.2 118.7 3.9% 129.7 150.8 16.3% 8 to 48 Hours

Supercritical Coal 55.6 55.6 0.0% 65.9 65.9 0.0% 107.0 166.9 55.9% 24 to 120 Hours

Combined Cycle [GT+HRSG+ST] 36.0 50.6 40.4% 56.6 70.3 24.3% 81.3 99.9 22.9% 12 to 72 Hours

Small Gas CT 19.6 19.9 1.6% 24.7 25.7 4.1% 32.9 34.6 5.0% 4 to 5 Hours

Large Gas CT 329 329 0.0% 56.0 57.1 1.9% 92.2 95.4 3.4% 5 to 40 Hours

Gas Steam 37.0 - - 59.7 - - 77.2 - - 4 to 48 Hours

Unit Type Sig. Load Follow Cost ($/MW cap.) Baseload VOM Cost ($/MWh)

Baseline* 14% RPS** %Change| Baseline* 14% RPS** 9%Change

Subcritical Coal 3.0 31 3.7% 2.70 2.62 -3%
Supercritical Coal 2.0 2.2 11.5% 2.96 2.84 -4%
Combined Cycle [GT+HRSG+ST] 0.7 0.7 7.1% 1.02 0.42 -59%
Small Gas CT 0.6 0.7 2.0% 0.64 0.61 -5%
Large Gas CT 1.6 1.6 0.3% 0.66 0.63 -5%
Gas Steam 2.0 2.0 0.0% 0.92 0.92

*Source- Kumar, Besuner, Agan, Leftehttp://www.nrel.gov/docs/fy120sti/55433.pdf
** - Changsin opefating profiles to achieve 14% R®&e not included.

Cycling damage and costs accumulate and increase with increasing cycles, therefore the future costs are path dependent

e. g. increasing cycles in the future years will increase the future cycling costs
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Table 1-3: Estimated Costs of Cycling and Other Data for Various Generation Types 6 LOBQ

Power Plant Cycling Cost Analysis

Unit Type Hot Start- C&M cost ($/MW cap.) Warm Start C&M cost ($/MW cap.) Cold Start C&M cost ($/MW cap.) | Hot, Warm, Cold Start Definitions
Baseline* 20% LOBO** %Change| Baseline* 20% LOBO** %Change] Baseline* 20% LOBO** %Change Typical WS Hours Offline
Subcritical Coal 78.7 82.7 5.0% 114.2 119.6 4.7% 129.7 148.3 14.3% 8 to 48 Hours
Supercritical Coal 55.6 55.6 0.0% 65.9 65.9 0.0% 107.0 154.8 44.6% 24 to 120 Hours
Combined Cycle [GT+HRSG+ST] 36.0 46.5 29.2% 56.6 74.5 31.5% 81.3 89.5 10.1% 12 to 72 Hours
Small Gas CT 19.6 20.0 2.2% 24.7 255 3.4% 32.9 33.8 2.8% 4 to 5 Hours
Large Gas CT 329 33.5 1.9% 56.0 57.1 1.9% 92.2 95.3 3.4% 5 to 40 Hours
Gas Steam 37.0 - - 59.7 - - 77.2 - - 4 to 48 Hours
Unit Type Sig. Load Follow Cost ($/MW cap.) Baseload VOM Cost ($/MWh)
Baseline* 20% LOBO** %Changel Baseline* 20%LOBO** %Change
Subcritical Coal 3.0 3.2 7.4% 2.70 2.61 -3%
Supercritical Coal 2.0 2.6 30.8% 2.96 2.80 -5%
Combined Cycle [GT+HRSG+ST] 0.7 0.7 0.0% 1.02 0.36 -65%
Small Gas CT 0.6 0.7 2.0% 0.64 0.61 -4%
Large Gas CT 1.6 1.7 1.3% 0.66 0.64 -3%
Gas Steam 2.0 2.0 0.0% 0.92 0.92

*Source- Kumar, Besuner, Agan, Leftehttp://www.nrel.gov/docs/fy120sti/55433.pdf

** - Changsin opefating profiles to achieve 20% LO®B@re not included.

Cycling damage and costs accumulate and increase with increasing cycles, therefore the future costs are path dependent

e. g. increasing cycles in the future years will increase the future cycling costs
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Table 1-4: Estimated Costs of Cycling and Other Data for Various Generation Types @6 LODO

Power Plant Cycling Cost Analysis

Unit Type Hot Start- C&M cost ($/MW cap.) Warm Start C&M cost ($/MW cap.) Cold Start C&M cost ($/MW cap.) | Hot, Warm, Cold Start Definitions
Baseline* 20% LODO** 9%Change]l Baseline* 20% LODO** %Change| Baseline* 20% LODO** %Change Typical WS Hours Offline
Subcritical Coal 78.7 82.6 5.0% 114.2 122.2 7.0% 129.7 148.8 14.8% 8 to 48 Hours
Supercritical Coal 55.6 55.6 0.0% 65.9 65.9 0.0% 107.0 152.6 42.6% 24 to 120 Hours
Combined Cycle [GT+HRSG+ST] 36.0 454 26.0% 56.6 75.8 33.9% 81.3 89.3 9.9% 12 to 72 Hours
Small Gas CT 19.6 20.0 2.2% 24.7 255 3.4% 32.9 33.9 2.8% 4 to 5 Hours
Large Gas CT 329 33.3 1.2% 56.0 57.2 2.1% 92.2 95.3 3.4% 5 to 40 Hours
Gas Steam 37.0 - - 59.7 - - 77.2 - - 4 to 48 Hours
Unit Type Sig. Load Follow Cost ($/MW cap.) Baseload VOM Cost ($/MWh)
Baseline* 20% LODO** %Change| Baseline* 20%LODO** %Change
Subcritical Coal 3.0 3.2 7.4% 2.70 2.61 -3%
Supercritical Coal 2.0 2.6 26.9% 2.96 2.82 -5%
Combined Cycle [GT+HRSG+ST] 0.7 0.7 0.0% 1.02 0.34 -67%
Small Gas CT 0.6 0.7 2.0% 0.64 0.61 -4%
Large Gas CT 1.6 1.7 1.2% 0.66 0.64 -4%
Gas Steam 2.0 2.0 0.0% 0.92 0.92

*Source- Kumar, Besuner, Agan, Leftehttp://www.nrel.gov/docs/fy120sti/55433.pdf

** - Changsin operating profiles to achieve 20% LOB@re not included.

Cycling damage and costs accumulate and increase with increasing cycles, therefore the future costs are path dependent

e. g. increasing cycles in the future years will increase the future cycling costs
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Table 1-5: Estimated Costs of Cycling and Other Data for Various Generation Types 6 HOBQ

Unit Type Hot Start- C&M cost ($/MW cap.) Warm Start C&M cost ($/MW cap.) Cold Start C&M cost ($/MW cap.) | Hot, Warm, Cold Start Definitiong
Baseline* 20% HOBO** %Change| Baseline* 20% HOBO** %Change| Baseline* 20% HOBO** %Change Typical WS Hours Offline
Subcritical Coal 78.7 82.0 4.1% 114.2 118.0 3.3% 129.7 145.2 12.0% 8 to 48 Hours
Supercritical Coal 55.6 55.6 0.0% 65.9 65.9 0.0% 107.0 136.8 27.8% 24 to 120 Hours
Combined Cycle [GT+HRSG+ST] 36.0 41.3 14.7% 56.6 77.1 36.2% 81.3 91.1 12.1% 12 to 72 Hours
Small Gas CT 19.6 20.1 2.6% 24.7 25.4 2.7% 32.9 33.8 2.8% 4 to 5 Hours
Large Gas CT 329 33.7 2.2% 56.0 57.2 2.2% 92.2 95.1 3.1% 5 to 40 Hours
Gas Steam 37.0 - - 59.7 - - 77.2 - - 4 to 48 Hours
Unit Type Sig. Load Follow Cost ($/MW cap.) Baseload VOM Cost ($/MWh)
Baseline* 20% HOBO** %Change| Baseline* 20%HOBO** %Change
Subcritical Coal 3.0 35 16.0% 2.70 2.61 -3%
Supercritical Coal 2.0 3.8 88.9% 2.96 2.84 -4%
Combined Cycle [GT+HRSG+ST] 0.7 0.7 0.0% 1.02 0.39 -62%
Small Gas CT 0.6 0.7 2.9% 0.64 0.62 -4%
Large Gas CT 1.6 1.7 1.7% 0.66 0.64 -3%
Gas Steam 2.0 2.0 0.0% 0.92 0.92

*Source- Kumar, Besuner, Agan, Leftehttp://www.nrel.gov/docs/fy120sti/55433.pdf
** - Changein opefating profiles to achieve 20% HOB@re not included.

Cycling damage and costs accumulate and increase with increasing cycles, therefore the future costs are path dependent

e. g. increasing cycles in the future years will increase the future cycling costs
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Table 1-6: Estimated Costs of Cycling and Other Data for Various Generation Types @6 HSBQ

Unit Type Hot Start- C&M cost ($/MW cap.) | Warm Start C&M cost ($/MW cap.)| Cold Start C&M cost ($/MW cap.) | Hot, Warm, Cold Start Definition
Baseline* 20% HSBO** %Change] Baseline* 20% HSBO** %Changg Baseline* 20% HSBO** %Changg Typical WS Hours Offline
Subcritical Coal 78.7 82.2 4.4% 114.2 118.7 3.9% 129.7 146.8 13.2% 8 to 48 Hours
Supercritical Coal 55.6 55.6 0.0% 65.9 65.9 0.0% 107.0 153.1 43.0% 24 to 120 Hours
Combined Cycle [GT+HRSG+ST] 36.0 43.9 21.9% 56.6 73.0 28.9% 81.3 85.7 5.4% 12 to 72 Hours
Small Gas CT 19.6 20.0 2.5% 24.7 25.3 2.5% 329 33.9 2.8% 4 to 5 Hours
Large Gas CT 329 33.5 1.6% 56.0 57.2 2.2% 92.2 95.1 3.1% 5 to 40 Hours
Gas Steam 37.0 = = 59.7 = - 77.2 - = 4 to 48 Hours
Unit Type Sig. Load Follow Cost ($/MW cap.) Baseload VOM Cost ($/MWh)
Baseline* 20% HSBO** %Changq Baseline* 20% HSBO** %Chang¢g
Subcritical Coal 3.0 3.2 7.1% 2.70 2.62 -3%
Supercritical Coal 2.0 2.9 45.5% 2.96 2.82 -5%
Combined Cycle [GT+HRSG+ST] 0.7 0.7 0.0% 1.02 0.35 -66%
Small Gas CT 0.6 0.7 2.1% 0.64 0.61 -4%
Large Gas CT 1.6 1.7 1.7% 0.66 0.64 -3%
Gas Steam 2.0 2.0 0.0% 0.92 0.92
*Source- Kumar, Besuner, Agan, Leftehttp://www.nrel.gov/docs/fy120sti/55433.pdf
** - Changein operating profiles to achieve 20% HS®€re not included.
Cycling damage and costs accumulate and increase with increasing cycles, therefore the future costs are path dependent
e. g. increasing cycles in the future years will increase the future cycling costs
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Table 1-7: Estimated Costs of Cycling and Other Datafor Various Generation Types (306 LOBQ

Unit Type Hot Start- C&M cost ($/MW cap.) Warm Start C&M cost ($/MW cap.) Cold Start C&M cost ($/MW cap.) | Hot, Warm, Cold Start Definitions
Baseline* 30% LOBO** %Change| Baseline* 30% LOBO** %Change] Baseline* 30% LOBO** %Change Typical WS Hours Offline
Subcritical Coal 78.7 82.2 4.4% 114.2 122.4 7.1% 129.7 150.7 16.3% 8 to 48 Hours
Supercritical Coal 55.6 55.6 0.0% 65.9 73.6 11.7% 107.0 167.8 56.8% 24 to 120 Hours
Combined Cycle [GT+HRSG+ST] 36.0 451 25.1% 56.6 78.6 38.8% 81.3 86.9 6.8% 12 to 72 Hours
Small Gas CT 19.6 20.1 2.6% 24.7 25.3 2.4% 32.9 33.8 2.8% 4 to 5 Hours
Large Gas CT 329 33.5 1.6% 56.0 57.2 2.2% 92.2 95.1 3.1% 5 to 40 Hours
Gas Steam 37.0 - - 59.7 - - 77.2 - - 4 to 48 Hours
Unit Type Sig. Load Follow Cost ($/MW cap.) Baseload VOM Cost ($/MWh)
Baseline* 30% LOBO** %Changel Baseline* 30%LOBO** %Change
Subcritical Coal 3.0 35 16.0% 2.70 247 -9%
Supercritical Coal 2.0 25 25.7% 2.96 2.30 -22%
Combined Cycle [GT+HRSG+ST] 0.7 0.7 0.0% 1.02 0.36 -65%
Small Gas CT 0.6 0.7 2.4% 0.64 0.62 -4%
Large Gas CT 1.6 1.7 1.7% 0.66 0.64 -3%
Gas Steam 2.0 2.0 0.0% 0.92 0.92

*Source- Kumar, Besuner, Agan, Leftehttp://www.nrel.gov/docs/fy120sti/55433.pdf
** - Changsin opefating profiles to achieve 30% LO®@re not included.

Cycling damage and costs accumulate and increase with increasing cycles, therefore the future costs are path dependent

e. g. increasing cycles in the future years will increase the future cycling costs
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Table 1-8: Estimated Costs of Cycling and Other Datafor Various Generation Types (306 LODO

Unit Type Hot Start- C&M cost ($/MW cap.) Warm Start C&M cost ($/MW cap.) Cold Start C&M cost ($/MW cap.) | Hot, Warm, Cold Start Definitions
Baseline* 30% LODO** %Change]l Baseline* 30% LODO** %Change| Baseline* 30% LODO** %Change Typical WS Hours Offline
Subcritical Coal 78.7 84.3 7.0% 114.2 128.8 12.8% 129.7 152.0 17.2% 8 to 48 Hours
Supercritical Coal 55.6 55.6 0.0% 65.9 71.7 8.9% 107.0 153.4 43.4% 24 to 120 Hours
Combined Cycle [GT+HRSG+ST] 36.0 45.7 27.0% 56.6 78.5 38.8% 81.3 84.1 3.4% 12 to 72 Hours
Small Gas CT 19.6 20.0 2.5% 24.7 25.3 2.5% 32.9 33.9 2.8% 4 to 5 Hours
Large Gas CT 329 33.5 1.6% 56.0 57.2 2.2% 92.2 95.1 3.1% 5 to 40 Hours
Gas Steam 37.0 - - 59.7 - - 77.2 - - 4 to 48 Hours
Unit Type Sig. Load Follow Cost ($/MW cap.) Baseload VOM Cost ($/MWh)
Baseline* 30% LODO** %Change| Baseline* 30% LODO** %Change
Subcritical Coal 3.0 3.4 14.3% 2.70 2.45 -9%
Supercritical Coal 2.0 3.0 47.6% 2.96 2.60 -12%
Combined Cycle [GT+HRSG+ST] 0.7 0.7 0.0% 1.02 0.33 -68%
Small Gas CT 0.6 0.7 2.1% 0.64 0.61 -4%
Large Gas CT 1.6 1.7 1.7% 0.66 0.64 -3%
Gas Steam 2.0 2.0 0.0% 0.92 0.92

*Source- Kumar, Besuner, Agan, Leftehttp://www.nrel.gov/docs/fy120sti/55433.pdf
** - Changsin operating profilego achieve 30% LOD&ere not included.

Cycling damage and costs accumulate and increase with increasing cycles, therefore the future costs are path dependent

e. g. increasing cycles in the future years will increase the future cycling costs
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Table 1-9: Estimated Costs of Cycling and Other Datafor Various Generation Types (306 HOBQ

Unit Type Hot Start- C&M cost ($/MW cap.) Warm Start C&M cost ($/MW cap.) Cold Start C&M cost ($/MW cap.) | Hot, Warm, Cold Start Definitiong
Baseline* 30% HOBO** %Change| Baseline* 30% HOBO** %Change| Baseline* 30% HOBO** %Change Typical WS Hours Offline

Subcritical Coal 78.7 84.3 7.0% 114.2 119.3 4.4% 129.7 144.0 11.1% 8 to 48 Hours
Supercritical Coal 55.6 55.6 0.0% 65.9 65.9 0.0% 107.0 136.2 27.3% 24 to 120 Hours
Combined Cycle [GT+HRSG+ST] 36.0 39.4 9.3% 56.6 76.1 34.4% 81.3 89.8 10.5% 12 to 72 Hours
Small Gas CT 19.6 20.3 3.9% 24.7 25.4 2.7% 32.9 33.7 2.4% 4 to 5 Hours
Large Gas CT 329 33.7 2.3% 56.0 57.2 2.2% 92.2 95.1 3.1% 5 to 40 Hours
Gas Steam 37.0 - - 59.7 - - 77.2 - - 4 to 48 Hours
Unit Type Sig. Load Follow Cost ($/MW cap.) Baseload VOM Cost ($/MWh)

Baseline* 30% HOBO** %Change| Baseline* 30% HOBO** %Change

Subcritical Coal 3.0 35 16.0% 2.70 2.57 -5%
Supercritical Coal 2.0 4.0 100.0% 2.96 2.79 -6%
Combined Cycle [GT+HRSG+ST] 0.7 0.7 0.0% 1.02 0.35 -66%
Small Gas CT 0.6 0.7 2.8% 0.64 0.61 -4%
Large Gas CT 1.6 1.7 2.0% 0.66 0.64 -3%
Gas Steam 2.0 2.0 0.0% 0.92 0.92

*Source- Kumar, Besuner, Agan, Leftehttp://www.nrel.gov/docs/fy120sti/55433.pdf
** - Changein opefating profiles to achieve 30% HOB@re not included.

Cycling damage and costs accumulate and increase with increasing cycles, therefore the future costs are path dependent

e. g. increasing cycles in the future years will increase the future cycling costs
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Table 1-10: Estimated Costs of Cycling and Other Datafor Various Generation Types (39 HSBQ

Unit Type Hot Start- C&M cost ($/MW cap.) Warm Start C&M cost ($/MW cap.) Cold Start C&M cost ($/MW cap.) | Hot, Warm, Cold StarDefinitions
Baseline* 30% HSBO** %Change| Baseline* 30% HSBO** %Change] Baseline* 30% HSBO** %Change Typical WS Hours Offline
Subcritical Coal 78.7 83.2 5.7% 114.2 123.7 8.3% 129.7 149.4 15.2% 8 to 48 Hours
Supercritical Coal 55.6 55.6 0.0% 65.9 69.4 5.4% 107.0 154.3 44.2% 24 to 120 Hours
Combined Cycle [GT+HRSG+ST] 36.0 452 25.6% 56.6 75.0 32.6% 81.3 85.0 4.6% 12 to 72 Hours
Small Gas CT 19.6 20.1 2.8% 24.7 25.4 2.7% 32.9 33.6 2.1% 4 to 5 Hours
Large Gas CT 329 33.5 1.9% 56.0 57.2 2.2% 92.2 95.3 3.4% 5 to 40 Hours
Gas Steam 37.0 - - 59.7 - - 77.2 - - 4 to 48 Hours
Unit Type Sig. Load Follow Cost ($/MW cap.) Baseload VOM Cost ($/MWh)
Baseline* 30% HSBO** %Changel Baseline* 30%HSBO** %Change
Subcritical Coal 3.0 33 11.1% 2.70 2.58 -4%
Supercritical Coal 2.0 3.0 50.0% 2.96 2.71 -8%
Combined Cycle [GT+HRSG+ST] 0.7 0.7 0.0% 1.02 0.30 -70%
Small Gas CT 0.6 0.7 3.2% 0.64 0.62 -4%
Large Gas CT 1.6 1.7 1.9% 0.66 0.64 -3%
Gas Steam 2.0 2.0 0.0% 0.92 0.92
*Source- Kumar, Besuner, Agan, Leftehttp://www.nrel.gov/docs/fy120sti/55433.pdf
** - Changsin opefating profiles to achieve 30% HS®ére not included.
Cycling damage and costs accumulate and increase with increasing cycles, therefore the future costs are path dependent
e. g. increasing cycles in the future years will increase the future cycling costs
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The following figures represent the change in cycling damage and costs for each of the
generation types when compared to the historical baseline costs. Again, the baseline costs
are the lower bound wear and tear cycling costs determined and published byelrtiek as
part of the WWSIS Phase Il studijhe sample of units we analyzed did not represent a large
number of gas steam units. Additnally the future scenarios forecast this generation type to
be sparingly used. Therefore, we do not present any diffecenin costs for the different
scenarios for the Gas Steam generation type.

Figure 1-11 shows the net impact of different cycle typesd on/off as well as load follow
cycling and the age related, creep damage represented as baseload damagk.is evident
from this plot that units traditionally performing baseload operation, namely the coal fired
units see a net change in cycling damage as they continue bperate in the same manner
with small increase in on/off cycling. The majority of the increase in cycling damage on
these units can in fact be related to the increased load follow cycling. However, typical load
follow damage is usually a smaller percerof total damage. In general it is better to load
follow a unit than to have an on/off cycle to prevent increased wear and tear cost3he
biggest change in operating profile is seen on the combined cycle units, which perform a
bulk of the on/off cyclingin scenarios with increased renewablpenetration.

It is interesting to note the more dramatic change in cycling impact on the supercritical coal
units compared to the subcritical coal units.The primary reason for this is the increased
load follows cycing performed by the supercritical units compared to the sub critical units.
Figure1-12 shows the change in load follow or ramping for the supercritical units com gt

to historical trends. While some of the units do not see major differences in the number of
ramp/load cycles, there are several units that operate with at least 50% more load follow
cycles than the historical trend. In fact almost 70% of the units ihet30% High Offshore
Best Sites Onshorg30% HOBO) have greater than 50% ramp cycles compared to their
operating history (this result also impacts the emissions analysig). large change in the
operation of these units is seen in the 30% HOBO scenaridhwicreased cycling operation,
which results in a larger cost to cycle.

Theresults shown in Figure 1-11 through Figure 1-17 represent typical cycling cost values
and spread that have been observed in our more than 20 years of cycling studies and
estimated for the PRIS renewable integration scenarios.

GE Energy Consulting 42 Task3APart G



PJM Renewable Integration Study

Power Plant Cycling Cost Analysis

Net effect on cycling damage, compared to historical baseline

[Includes impacts from Cycliafigue) as well as Baseload Operatiordep or aginy]
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Figure 1-12: Supercritical Coal Units, Cycling Operation in Different Senarios

Baseload VOM Cost

Figure 1-13 to Figure 1-17 show reductions in the baseload variable O&M costs ($/MWh)
distribution for the power plant groupsshow reductions in thebaseload variable O&M costs
($/MWh) distribution for the power plant groupfNon-cycling-related O&M costs include
equipment damage due to basdoad operation, chemicals, and other consumablessed
during operations. Supercritical units tend to operateas baseloadand hence have the

GE Energy Consulting 43

Task3APart G



PJM Renewable Integration Study Power Plant Cycling Cost Analysis

highest median baseload VOM cost. The CT units, both large frame and -aenovative,
typically run as intermediate or peaker units and are not operated baseloadstdting in
lower overall baseload VOM cost<as aero derivative CT units were found to have the least
base load VOM cost, but these units typically operate in a cycling environment as peaking
units (which have Badedjomoudrmethodéod)yaesasiieMinFQuresli6,) .
we attributed a significant portion of industry standard total VOM cost to cycling\s units
change their mandate to icreased cycling, baseload VOM costs tend to decrease while we
see an increase in cycling related costs.
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Figure 1-13: Subcritical Coal Units,Change in Number of Cycles in ferent Scenarios
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TYPE 2 Super Critical Coal Units
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Figure 1-14: Supercritical Coal Units,Change in Number of Cycles in ferent Scenarios
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TYPE 4Small Gas CT
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Load Following Cost

The load following cost is presented as a $/MW capacity per load follows. Several units are
simply incapable of ramping much faster than their typical ramp rates and hence applying a
penalty for faster ramp rateshas to be carefully included in production cost models. For
example on the combined cycle units, the Gas turbines have traditionally compromised their
fast-loading capabilities to accommodate the limitations of the HRSG and steam turbine.
Table 1-11 shows the difference in startup ramp rates of the coal and combined cycle units
when compared to historical actual averages. The combined cycle units have faster startup
ramp rates, however the supercritical coal units are forecasted to have almost twice the
ramp rate compared to their actual historical averages. This increased ramp rate impact is
included in our analysis and is reflected in the cost to cycle these units.

Table 1-11: Comparing Scenario Ramp Rates to Htorical

MW/Min Ramp Rate
Historical 20% HISO 30%HISO
Hot Start |Warm Star{Cold Start [Hot Start |Warm Star{Cold Start [Hot Start |Warm Star{Cold Start
Subcritical Coal 1.24 1.16 1.22 1.47 1.51 1.55 1.51 1.57 1.55
Supercritical Cogdl _ 4.35 3.75 3.01 471 4.82 H 4.81 453 F
CCGT 2.73 2.89 2.65 4.84 4.96 4.11 4.85 5.02 4.29
Subcritical Coal 1.2 1.3 1.3 12 14 13
x Times Historical Ramp Rates --> Supercritical Coal 1.1 1.3 23 11 12 22
CCGT 1.8 1.7 15 1.8 1.7 1.6

Typically larger units may have several significant load follows but only a few cycles that
represent a minimum generation to maximum operating capacity type load follow cycle
(deep load follow).Intertek AIM has seen this trend change of late with incread renewable
generation on the grid. This trend is reflected in the scenario analysis performed in this study
with supercritical coal units performing the bulk of the load follow operation.

Start-up Fuel and Other Start Costs

The Startup Cost of a poweplant has other components other than Cycling Capital and
Maintenance Cost. They are:

A Cost of startup auxiliary power
A Cost of startup fuel
A Cost of startup (Operation§ chemicals, water, additive, etc.)

These costs have been included in the productiorost simulations using the Ventyd
Velocity Suite database.
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Figure 1-18 shows a comparison of the total fuel related costs and the wear and tear
start/stop cycling cogs for the different unit types for the 14% RPS scenarids expected,

the fuel costs dominate overall operating costsHowever, taking into account the increased
start/stop cycling from say the 14% RPS scenario to the 30% High Offshore Best Sites
Onshoe, the increase in plant maintenance cost can be significant.
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$4,000.00
$2,000.00
$_ + T — T 1
Subcritical Coal Supercritical Coal Combined Cycle  Small Gas C” Large Gas C Gas Steam
[GT+HRSG+ST]
M Start/Stop Cycling Wear & Tear Co M Fuel Cost
Figure 1-18: 14% RPS Scenario, Start/Stop Cycling Cost versus Fuel Related Cost
Start/Stop Wear and Tear Cost
(14%RPS vs. 30% HOBO)
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Figure 1-19: 14% RPS Scenario versus 30% HOBO Start/Stop Wear and Tear Cost
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Figure1-19 clearly shows that while as a percent of total operating costs, the wear and tear
cycling costs may be low, but increased cycling can and will result in increased maintenance
related costs on the fossil fleet. Moreover, if we add the cost of load follow or ramping
cycling to the above start/stop cycling then the total wear and tear costs cde significant.
Figure 1-20 shows the relative increase in total load follow related cycling costs for the
supercritical coal units for two scenarios. Since, theprcritical coal units are forecast to
provide a large amount of load follow cycles in the 30% scenario, this cost is in fact more
than the start related costs. Energy markets should enable and create mechanisms for
asset owners to recover these costs athe increased costs are not reflected in current
budgets.

Supercritical Coal Load Follow Cycling Cos!

$45.00
$40.00
$35.00
$30.00
$25.00
$20.00
$15.00
$10.00

14% RPE 30% HOBC

Millions

Figure 1-20: 14% RPS Scenario versus 30% HOBO Start/Stop Wear and Tear Cost

1.8 Impact of Cycling Duty on Variable O&M Costs

Figure 1-21 summarizes changes in cycling duty by study scenario for five types of PIM
units. Combined cycle units experience the largest change in cycling duty as renewable
penetration increases. Some increase in cycling is also evident for supercritical coal units in
the 30% scenarios. Combined cycle units perform majority of the on/off cycling in the
scenarios, with the coal units performing much of the load follow cycling.
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Figure 1-21: Net Effect on Cycling Damage Compared to 2% BAU Scenario

Table1-12 shows cycling VOM costs in BIWh €ycling Costs =Start/Stop + Significant Load Follow).
In almost all of the scenarios, the coal and combined cycle units perform increasing
amounts of cycling; resulting in higher cycling related VOM cost and reduced baseload VOM

cost, where:
Total VOM Cost = Baseload VOM + Cycling VOM

Table 1-12: Variable O&M Costs ($/MWh) Due to Cycling Duty for Study Scenarios)

30%
LODO

30% 30%
HSBO HOBO

30%
LOBO

20%
LODO

20%
LOBO

14% 20%
RPS HOBO

Subcritical Coal $0.69 $0.59

S”pggglt'ca' $0.09 $0.11 $0.21 $0.15 $0.15 $0.14 $0.99 $0.31 $0.34 $0.46

Combined Cycle
[GT+HRSG+ST]

Small GasCT $1.65 $1.74 $0.41 $0.52 $0.51 $0.60 $0.92 $0.87 $0.51 $0.82

$1.80 $2.69 $6.29 $5.19 $4.77 $4.68 $5.43 $7.55 $6.76 $5.81

FoEierieE s $3.32 $3.41  $1.88  $2.68 $2.19 $2.42 $156 $1.52 $1.85 $2.02
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1.9 Using Power Plant Cycling Costs in Simulation Models

Intertek AIM suggests that the cycling cost data in this report be used in PIJM simulation
model s based on perception o f the target un
susceptibility. Intertek AIM suggests using its LoaddodeP to more accuratelyaccount for

power plant cycles (using the Rainflow counting method)lhis will allow Intertek AIM to

provide the best suggestion for using these costs.

Still, for units with exceptionally high or low cycling susceptibility, even the use of the 75th
and 25th percentile costs is not appropriate For such atypical units, we recommend using
Intertek AIM to produce appropriate Unispecific cycling cost estimates.

A paper by J. Larson of Northern States Power (N$P)addresses the concern about
economic pendties of dispatching generation units using the wrong cycling cost datd his
paper presents the results of a study quantifying the cost penalties of using incorrect cycling
cost data in a Unit Commitment model (a model used to optimize dispatch schedyleghe
study used a typical fiveweekday medium load period at NSP.The dispatch problem
involved determining which small coafired units to run and cycle, and which purchases to
buy. Figure1-22 summarizes the results of this study by presenting the cost penalties to the
system as a function of the degree of error in the startup cost estimat&he curve given in
Figure 1-22 provides some very interesting insights.The first is that moderate errors in
cycling cost information (e.g., plus or minus 50%) can be tolerated, as the cost penalties are
relatively small. The second, more significant insight is that the penalties of using a cycling
cost estimate that is much too low is much worse than for estimates that are much too high.
Given the information on cycling costs, most utilities are usingoting costs in the range of
10% to 30% of what AI M has f o Uhus] wetbelieve mostt he 01
utilities may be in this high cost penalty regime.

8 The Loads Model includes the methodology and software Intertek AIM has been developing since the late 1980s to
quantify cycling intensity fom hourly generation and other data and background information, such as thermal signature
and remaining useful life data. Loads Model software is simplified and converted to subroutines within the Cycling Advisor
computer program (Production Cost Mode8nsuring that our best cycling models are simulated.

9 Citedin: "Operational aspects of generation cyclingiEEEransactions on Power Systems (Volume: 5, Issue: 4, Page(s):
1194 - 1203) [Nov 199Q]

10 Technical Paperb Economics of Cy colui nNye e1d0 1T. 0o Whnaotw Db oWut HgwcHaulng Cost
Grimsrud and Steven A. Lefton
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Underestimating Causes
Severe Cost Penalty
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Correct Cost than Underestimate
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Figure 1-22: Calculated System Penfdty for Using Incorrect Startup Cost

1.10 Components and Systems Affected by Cycling

Cycling operation increases the concern for creefatigue damage caused by thermal
stresses, especially in units designed for baseload operation. The crédgue is a
dominant failure mode for damage and failures of many fossil plant component#& sample

list of these is summarized ifable1-13to Tablel1-18, which arelists of specific components

in different technologiesthat are typically adversely affected by cycling and the primary
damage mechanisms causing the damage From this list severalbservations can be made.
Creepfatigue damage often locally occurs at stress concentration such as rotor grooves,
header bore holes, ligaments, etc. involving largdastic strain. It may also involve elastic
strain combined with stress relaxation likeni combustion turbine blades. Creefatigue
damage usually occurs because of thermal stress in constrained components during
thermal transients. The constraints can be in internal cooling of components that incur rapid
heating at the surface, like gas tumine blades, or internally in the case of heavy sections
components like rotors, headers, drums, etc. where thermal gradients come about between
the surface and the interior. The constraint can also be external such as in the case of
joining thick to thinsection or materials of different coefficients of expansion as in dissimilar
metal welds. All of these stresses are thermally induced and occur in a relatively low
number of cycles.
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For gas turbines, ie impacts of startup, shutdownand part load cyclic operation on the
component life, maintenance cost, emission compliance, unit reliability and availability are
significant. Starts and shutdowns can induce excessive thermal fatigue damagespecially

to the combustion system and hot gas path componentsvhich lead to premature life and
more forced outages. Fast cycling during load following can require transitions from one
combustion mode to another which can reduce flame stability and increase combustion
pressure dynamics. Both of these reduce reliabjli Alsg the high exhaust temperatures
during transients mode transfers cause creep damage to expansion joints and of course the
HRSG

GE Energy Consulting 53 Task3APart G



PJM Renewable Integration Study

Power Plant Cycling Cost Analysis

Table 1-13: Specific Components Typically Affected by ¢cling (Small and Large SukCritical Coal)

Small and Large
Sub-Critical Coal

Boiler Waterwalls

The Cost ofCycling Coal Fired
Corrosion fatigue due to outages oxygen and high starts up oxygen Power Plants, Coal Power

Fatigue

Chemical deposits Magazine, 2006 S. Lefton, P.

Besuner

Boiler Superheaters

High temperature differential and hot spots from low steam flows
during startup, long term overheating failures

Boiler Reheaters

High temperaturedifferential and hot spots from low steam flows
during startup, long term overheating failures, tube exfoliation
damages IP turbines

Boiler Economizer

Temperature transient during startups

Boiler Headers

Fatigue due to temperature ranges andates, thermal differentials
tube to headers

LP Turbine

Blade erosion

Turbine shell and rotor
clearances

Non uniform temperatures result in rotor bow and loss of desired
clearance and possible rotor rubs with resulting steam seal damage

Feedwater Heaters

High ramp rates during starts, not designed for rapid thermal

changes

Air Heaters Cold end basket corrosion when at low loads and start up, acid dew
point

Water/Chemistry Water ~ Cycling results irpeak demands on condensate supply and oxygen

Treatment Chemistry

controls

Fuel System/ Pulverizers

Cycling of the mills occurs from even load following operation as irc Power Magazine, August 2011,
wear rates increase from low coal flow during turn down to SLefton & D. Hilleman, Making
minimum your Plant Ready for Cycling
Operation.
Also: Coal Power Mag, Improve
Coal Fineness Improves
Performance
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Table 1-14: Specific Components Typically Affected by CyclindSupercritical Coal, 6060700 MW)

Supercritical Coal, Same as subcritical coal

600-700 MW except added
temperatures infurnace
tubing

Large supercritical Fatigue due to temperature ranges and rates, thermal differentials
furnace subject to uneven tube to headers

temperatures and

distortion
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Table 1-15: SpecificComponents Typically Affected by Cycling (Large Frame 7 or Frame 9 CT)

Large Frame 7 or Compressor Blades Erosion/corrosion fatigue. Erosion and Fatigue Behavior of
Frame 9 CT Thermal fatigue. Fatigue crack growth. Coated Titanium Alloys for Gas
Higher temperature gradients. Turbine Compressors. Milton

Levy, et. al. 1976.

Turbine Nozzles/Vanes  Variable amplitudeloading.

Turbine Buckets/Blades  Erosion/corrosion fatigue. Thermal fatigue. Fatigue crack growth.  Failure Analysis of Gas Turbine
Blades. Microscopy Society of
America. 2005. Rybnikov A.l., et

al.
Turbine Rotor Variable amplitude loadingErosion/corrosion fatigue. Thermal Potential Issues in Cycling of
fatigue. Fatigue crack growth. Advanced Power Plants, OMMI,
Higher temperature gradients. April 2002. F. Starr
Combustor Liner Erosion/corrosion fatigue. Thermal fatigue. Credptigue interaction  Combustion Turbine Hot Sectior

Life Management, OMMI Augusit
2002. M. Kemppainen, J.
Scheibel, and R. Viswanathan.

Fuel Injectors Erosion fatigue. Thermal fatigue Gas Turbine Handbook:
Principles and Practice. Tony
Giampalo 2003.
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Table 1-16: Specific Components Typically Affected by Cycling (Aer®erivative CT, LM 6000)

Aero-Derivative Turbine Nozzles/Vanes  Variable amplitude loading. Erosion/corrosion fatigue. Thermal

CT, LM 6000 fatigue. Fatigue crack growth.
Turbine Buckets/Blades  Erosion/corrosion fatigue. Thermal fatigue. Fatigue crack growth.
Turbine Rotor Variable amplitude loading. Erosion/corrosion fatigue. Thermal

fatigue. Fatigue crack growth.
Higher temperature gradients.
Combustor Liner Erosion/corrosion fatigue. Thermal fatigue. Credptigue interaction

Table 1-17: Specific Components Typically Affected by Cycling (CCGT)

Combined Cycle = HRSG Tube to Header Spatial (between tubes) differential temperatures
Gas Turbine Connections High temporal temperature ramp rates & differential tube
temperatures tube to tube.
Thermal shock from undrained Condensate during a startup or
forced cooling puge cycles
Headers and drum High ramp rates when cycling, thermal quench of bottom headers  Analysis Of Cycling Impacts On
from un-drained condensate Combined Cycle, ASME Power
Proceedings 2008 S. Lefton, P.
Grimsrud, P Besuner, D. Agan, |
Grover
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Table 1-18: Specific Components Typically Affected by Cycling (CH, HRSG, and ST)

CT, HRSG, and ST HRSG Tubes

High temporal temperature ramp rates and high stress from unever Heat Recovery Steam
flow rates,from laning of gas and low steam flows during cycling.  Generators And Evaluating

Overheating (temperatures todigh) in duct fired units Future Costs Of
Feedwater heater tube failures fronthermal differentials in adjacent Countermeasures To Reduce
tubes during startups Impacts

Condensate Piping, LP
evaporator and
Economizer/ Feedwater
heater Tubing For CT (see
Large Frame Unibelow)

FAC Flow Assisted Corrosion in carbon steel tubes, headers and
piping in low temperature sections including the LP or IP evaporato
economizers and feedwater heaters.
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1.11 Conclusions

Some of the observations from the figures and tables in the report are as follows:
A Figure 1-10 clearly shows the large spread of cycling start cost observed.

A Median Cold Start Cost for each of the generation types is about 1.5 to 3 times the
Hot Stat Capital and Maintenance Cost.

A TheSmallGas CT units have almost the same relatively low costs for hot, warm, and
cold starts. That is because in these designed-cycle units, every start is cold.

A Most coal units were designed for baseload operation drhence, on average are
higher cycling cost units. This holds true for subcritical coal units in the various
scenarios as well.

A There are some important economies of scale for large coal (and other fossil Units),
that lower their costs. So the highest cts per MW capacity, as plotted, occur in
some Oabusedo6 small er coal units, especial

A Typically, large supercritical power plantsave operated at baseload and not cycle
historically. The forecast on the operating profile of these uniis the various
scenarios of the PJM PRIS study show a significant increase in load follow cycling on
these units. Operating these units in cycling mode can result in unit trips and cycling
failures. As a result of the false starts and trips, the real dosf cycling these units is
significantly high. Moreover, these units cannot easily be brought online under these
circumstances and such factors are not fully captured in this dataset.

A Combined cycle units are forecast to perform the bulk of them/off cycling operation
in the different scenarios. Older combined cycle units were designed for baseload
operation and when operated in cycling mode can have higher cycling costs, which
can be seen from the distribution of costs.

A Increasing ramp rates duringdad following is expensive Still, the costs of increased
ramp rate calculated for this report include only those fully attributed to start cycles.

o The combined cycle units have a higher ramp rate cost, due to the operational
constraints on the HRSG and STThe large increase in cycle costs for the
combined cycle estimated in the 14% and 30% HOBO scenario can be
attributed to the faster cold start ranp rates. Higher ramp rates result in
higher damage and this is most easily seen on the coal fired units. While not a
linear relationship, additional research is required ttetermine further detail.

o Combined cycle units have a limited load following mge while maintaining
emissions compliance.
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A The higher operating and maintenance costs of supercritical units can be observed
from the baseload VOM cost data.

A Small Gas CT units were found to have the least base load VOM cost, but these units
typically ope at e in a cycling environment as pea
VOM Cost). Based on our methodology described ifrigure 1-9, we attributed a
significant portion of industry standard total VOM cost to cycling.

A Aggregating cycling costs at the system |
situation of heavy cyting on individualunits on the grid. Transmission expansion
studies should include power plant cycling as an input.

1.12 Overview of the Method for Determining Bounds for Cycling
Cost Estimates

Intertek AlMbelieves it is important to determine the bounds fahe top-down cycling cost
estimates. This is done by assessing the uncertainty in the cycling cost regression due to the
combination of:

A Limited sample size
A Noise inherent in variations of annual cost and cycling characteristics
A Bothstandard and heurigic numerical procedures

Uncertainty is estimated in several steps:

A Steplf Compute the best estimate of cycling cost (dC/déps the one that best fits

annual cost data and oO0soft regression cons
ohar ddé iom eogstragnts Smposed by data limitations and byntertek AlMs
engineering judgment (such as, on théA coefficienb , whi ch represents

of costs that is independent of Unit loads A hard constraint is one that must be
satisfied unconditiorally. A soft constraint need not be totally satisfied. Still, a
penalty is imposed on the regression that increases according to how much the soft
constraint is violated.

A Step2i Rerun the analysis several timess&hile
that differ by various amounts from the best estimate of Steh The greater this
forced deviation from the besffit cycling cost, the worse the fit.

l1Here 0C6 is wear and tear cost, including cycling cost, anc
of APTECHG6s top dowmilleyncludédimghe final eeport.e quat i ons
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A Step3f Study the negative impact of changing the answer on the regression fit and
constraints in tre following two ways:

o Visually and subjectively, comparing th

o More objectively by comparing statistic
fit and ability to satisfy soft constraints

A Step4 i The bounds are set where the deviation from theebt fit cannot be
explained solely by randomness in the sample.

One Hard Constraint

Asdescribed above, for baseloadnits, typically a 50% to 75% range is imposed on the top

down analysis A coefficient to reflect the portion of wear and tear costs that have no relation

to unit loading variations. This is a hard constraint. To implement it, the numerical analysis

routine is prohibited from using values of A outside this range. The routine will arrive at its

best regression solution by choosing any A value it wants to within the constraint, but it is
forbidden to owander 6 outside of the 50% to 7

Two Soft Consgraints

Soft constraints are more tolerant. They allow the numerical analysis routine to wander
wherever it wants in search of a best regression fit. Soft constraints do not prohibit such
wandering but severely 0pen afromte sbftdortsteaints.out i ne

In our first example of soft constraintsAIMuses a smoothing algorithm for many of its top

down regressions. The smoothing is done to cope with large yaaryear variations in
maintenance, capital, and outage spending thanhay be the result of economic and political
decisions, as opposed to how the unit is loaded. The smoothing algorithm uses one or more
soft constraints. To i mplement these we defi
and statistics literature onregression) and place them into the function that the analysis

routine is attempting to minimize. The loss function allows us to tolerate some small
violation beyond a typical £50% limit for smoothing annual cost data, if it results in a better
regressim fit.

The second example of a soft constraint is even more creative. After completing adopvn
regression cycling cost estimate for one large unit, the client believed the estimate to be too
low, as only past expenditures had been used as input and aocounting was made for
large future capital costs that were certain to occur within the nextyears. Certain boiler
tube sections were in need of replacement at a projected cost of $adllion (£30%). To
account for this, a soft constraint on future gaital spending was added to the regression
model. The added loss function stayed at zero whenever the regression search predicted
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about $10million capital spending over the next y ear s . Tspendsng losE ut ur e
functiond was de sgiog regdly fos moeedsithati ddferdd Iby mote ahan
30% from the predicted $10million.

Even with this modification, however, the new cycling cost estimates increased by only

about 15% over those from the original model. The reason was that the origimaddel had
ocoanticipatedod some of these extraordinary fut
past costs had been rapidly accelerating. Therefore, the aging part of the original regression

mo d e | had done a good job.modeling this unitd
Two measures are used in Stefy Part2, tocalculate the deviations from perfect fit. The first

is a measure of fit error al one. It i's synm
considered more robust than, the standard statistical measure cald ocoef ficien
variation. 6 Specifically:

COV = %100y AAAFE / AAC
Where,
AAAFE= Average annual absolute fit error

AAC =Average annual cost

The second measure is a function developed b&IM that depends on the type and
completeness of availabled at a. We cal | this second measure
depends on several measures of uncertainty including COV, maximum annual fit error, and

the degree any soft constraints are violated by the regression result. The numerical value of

ECOV islavays expressed as a percentage and we define it such that ECOV is always larger

than COV.

1.13 Overview of Cycling AnalysisApproach

The Basic Premise

The underlying premise of thdIMD s approach i s that cycling di
proportion of anrual non-fuel unit costs. For economic modeling, the independent cychng
related variable was taken to be equivalent hours of operation.

As detailed earlier in this sectiorAIMfirst screens total costs to eliminate only those costs
that bear no relationto unit loading, like buildings and grounds expenses. Costs remaining
after t his initial screen are <called ocandi
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candidate annual capital, maintenance, and forced outage cost, independent of whether the
cost was actually due to cycling or not.

Costs per Start

The final desired result is an estimate of the cycling cost elements combined to determine

the effect of an additional equivalent startAIMO s met hodol ogy brings all
coststotherpesent value using the clientds discoun
inflation rate), and aging effects. The present value of future weamd-tear cycling costs for

the plant equipmentis the sum of two componentsadding costs and hastening csts.

Specifically, the first component, adding costs, is the cost of extra cycimetated

mai ntenance necessary to avoid shortening of

start. The second component , hast duturen g COS
maintenance costs in time (i.e., maintenance costs occur sooner) caused by adding one
ostarté. Addi ng a ostartéd t o a uni t ds ope

maintenance is needed to decrease. Thus, this second component representsphesent
value of the acceleration of costs incurred for ordinary maintenance costs due to an
additional start, especially overhaul costs and other large naannual costs.

Determining bounds for the cycling cost estimates

AIM believes it is important toaport the high and low bounds for the togdown cycling cost

estimates. These are determined by assessing the uncertainty in the estimates of costs and

the inputs to our damage models. Much of this uncertainty assessment is done heuristically,

by inputting Al M6s and the clientds best, high, and
cost calculations.

Heat Rate at Low Load and during Variable Load Operation

For most steam boiler fossil units and GTs, efficiency as measured by heat rate tests can
degrade markedly due to cycling. Poor efficiency comes from kead operations like load

following and shutdowns. The cumulative effect of loAgrm usage can also increase the

heat rate from causes like fouled heat exchangers and worn seals. This trean often be

shown by heat rate test data taken over time. However, heat rate tests do not tell nearly the

whole story about the relation between efficiency and operation. The tests measure fuel

burn efficiency only under ideal conditions reflecting full constant load and, typically, a
oOtunedo and optimized mode of operation. Thi
to estimate heat rate costs due to variableand low-load operation.
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Life Shortening Costs of Cycling

Increased cycling may hag a significant lifeshortening impact on certain units. This cost
element can be significant for units that are near their endf-life, but less important in
cases of planned obsolescence. We believe that as long as capital and maintenance
expendituresare made to counter cycling effects, this cost element will be small compared
to such costs as maintenance and extra fuel. It is important to note that since not all
subsystems have the same life expectancy; targeted spending patterns for critical
subsysems are required. AIM looks at both total spending and spending patterns to
determine if current and projected critical subsystem spending is sufficient to maintain
efficiency and reliability.

Overview of Cycling Costs and General Calculation Method

Calculated cycling costs for typical load cycles of any power plant unit are recorded by
Intertek AIM as the total preseat al ued future cost of the next
numbers are best estimates based on the assumption that the overall amounit cycling

(i.,e.EHS per year) continues at no more than 75% of the level of past operations. If the
amount of cycling of a given unit increases dramatically, the cost per cycle would also
increase due to nonlinear creegatigue interaction effects. Thase cycling cost numbers

result from the combination of bottomup and benchmarking analyses introduced in this

section, as well as consideration of the unit operation and maintenance history, results of
signature data analysis, and confidential cycling sties done by AIM for other utilities.

Intertek AIM has developed an equation that defines the total cost of cycling as the sum of
the following distinct elements:

1. Increases in maintenance, operation (excluding fixed costs), and overhaul capital
expenditures

2. Cost of heat rate changes due to low load and variable load operation

3. Cost of startup fuel, auxiliary power, chemicals, and extra manpower for startups
4. Cost of longterm heat rate increases (i.e., efficiency loss)

5. Long-term generation capacity cost incrases due to unit life shortening

Additionally we capture the cost of replacement power (associated with EFOR), but has not
been reported in our study for PIM.

The first cost element listed above, namely cyclinglated maintenance, operation, and
overhaul capital costs, is typically the largest cycling cost element for most fossil generating
units. This is also true for GT cogeneration and combined cycle units.
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Intertek AIM is bound by client requirements to report power plant cycling costs. As part of
this project, Intertek AIM is reporting the above mentioned elements of costs separately.

Methodology: Determining Cycling Costs

Intertek AIM performs a comprehensive analysis of the plant operations and maintenance
metrics, including a detailed audit ofplant costs to determine the cost of cycling. As
mentioned earlier the two kegwn@as&mrsd pdb dsthtepm a
Typically, Intertek AIM performs the following tasks to determine its final cycling cost values:

A Review and Aalysis of Plant Signature Data
Engineering Assessment and Operations Review
Survey of Selected Plant Personnel

Damage Modeling

Top-Down Cycling Cost Estimation

Bottom-Up Cycling Cost Estimation

o Do Do Do Do o

Evaluate UnitCycling Costs for Future Operations Scenarios

Review and Analysis & Plant Signature Data

Objectives: To determine the relative stresses and damage to key unit components using
available signature data (i.e., redlme data points on pressures and temperatures at key
points in each unit).

The followng will be done for the selected unit for detailed cost of cycling analysis.

First, Intertek AIM develops a critical equipment list. The critical equipment list will include
those components that are currently known to cause major outages and costs frornet
startup of a power plant and from similar units. Past reliability and outage data obtained
from the unit under review will be analyzed. This analysis and review of major component
outage cost contributors will assist in defining the critical cyclingelated components. We
will also make use of our past studies of cycling power plants to assist in identifying the
critical equipment and the anticipated damage mechanisms.

For selected critical components, we will use available signature data, specifically,
temperature and pressure transient data, to develop relative cycling damage. Examples of
the analysis of plant hot start data are shown irFigure 1-23 and Figure 1-24 and the
temperature change rates are shown irFigure 1-25. This is done by type of cycling (e.g.,
cold start, warm start, hot start, load swing to minimum load, unit trip, and normal
shutdown). This data is shown ihable1-20 and Table1-21 and an example of the damage
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model input data by component is shown ifrigure 1-26 and Figure 1-27. This analysis will
be used as input to the damage modeling and the overall statistical/engineering analysis.
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200.0000 Feedw ater Heater 24 Shell
Feedw ater Heater 24 Birac
Feedw ater Heater 2B Cond O
\ Femdw ater Heater 2B Shell
Feedw ater Heater 2B Bdrac
3 FuyH COMD INLET
Feedw ater Heater Mo, 3 Can
00 000 —— Feedw ater Heater b, 3 She

Feedw ater Heater bo. 3 Bt

Feedw ater Heater Mo, 4 Con

‘\-\_\_\ Fezdw ater Heater Mo, 4 She

00,0000 (i Fezdw ater Heater ho. 4 Bt

\.\\ Feadw ater Heater M. 5 Con
b, —— Feadwater Heater bo. 5 She
Feedw ater Heater M. 5 B
4000000 —— Feedw ater Heater 64 Feadw a
: —— Fesdw ater Heater 54 Feadw a
—— Fiezdw ater Heater 64 Shell
—— Feadw ater Heater 6.4 Btrac
— Feedw ater Heater 6B Feedw a

—— Fesdw ater Heater 5B Feadw a
—— Fedw ater Heater 6B Shell
Feedw ater Heater 6B Borac

Feedw ater Heater 74 Fezdw a
—— Fesdw ater Heater 74 Feadw a
Feedw ater Heater 74 Shell
—— Feadw ater Heater 74 Birac
Feedw ater Heater 7B Feadw a
\ —— Fedw ater Heater 7B Feedw a
Feedw ater Heater 7B Shell
\ —— Fedw ater Heater 7B Bdrac

700.0000

00,0000 4

0.0000 T T T T ' ' ' ' ' —— Feedu ater PPA BE Sustion ©
4E06 4506 4E06  HR06 HE0E 4806 4808 4806 4B06 4806 4B08Y, —— Feedwater SJAEDutkt Cond

1300 1400 1500 1600 1700 1500 18:00 2000 2:m 22 2300 —— Femdw ater Heater 74 Feedw a
Feedw ater Heater 7B Feadw a

Figure 1-23: Example of Plant Hot Start Data
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Mar 2, Hot Start
1000.0000 —— Boiler Reheater North Outl
Boiler Reheater South Ouitl
900.0000
—— Boiler Superheater North O
800.0000 —— Boiler Superheater South O
700.0000 —— Boiler Superheater North O
—— Boiler Superheater South O
600.0000
—— Main stm temp
\
AN\
500.0000 N\
N N\\
N \ \\ FSH Outlet Temp South
SN \
N~ \\ Final Reheat North Tem,
400.0000 S—\ inal ke p
\\\\
N Boiler North Primary Super
300.0000
I~ Boiler South Primary Super
200.0000 A~ - Main stm temp
NN
T~ N— Divwall N outlet tem
100.0000 p ~ P
I \~ U2 GENERATOR GROSS
0.0000 L MW SELE
4/6/06 19:00 4/6/06 20:00 4/6/06 21:00 4/6/06 22:00

Figure 1-24: Another example of Plant Hot Start Data
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Figure 1-25: Example of Hourly Temperature Changes Corresponding td-igure 1-23
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