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Using High-Fidelity Models
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Disclaimer:

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned rights. Reference herein to
any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein do not necessarily state
or reflect those of the United States Government or any agency thereof.
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Changing market How plants were running when commissioned
* Increased competition with lower cost 4
generation
« Renewables: increased penetration & ‘IJMW\\ M
intermittent generation
Resulting in increased cyclic plant mission N 00T\ 20005 2010s
« Load following (with higher ramp rate) How plants are running today
4 N
Impact on flexibility
* A higher ramp rate allows a power plant /WV\ ﬂ ﬂ
operator to adjust net power more rapidly to Load shiftin g; seasonal / Peakers Layup
meet changes in power demand. . J/

Disadvantages of higher ramp rate

) . . Dramatic shift in Coal Plant Missions over last decade
* Arapid change in firing temperature results in- ¢ traditional base load to daily loading shiffing,

fhermal stress for plant components seasonal operation and on/off cycling for peaking duty
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Project

Description and Objectives

| GE Research

Coal Fired Power Plant Modeling
and Model Calibration, Model
Integration and Optimization,

Model-Based Analysis

f GE Steam
/  Power

Coal-Fired Power Plant
Design, Manufacturing and
Building, Commissioning,
Operation Optimization;
Coal-Fired Power Plant
Modeling and Simulation
Analysis

Relevant Prior Work

+ Coal power plant transient models

+ Steady state thermal performance
calculations

+ Component mechanical integrity
models

+ GE's Efficiency Optimizer and
Flexibility Suite

1.5 Year, $ 0.9MM Program to Develop New Methods for
Calibration and Integration of High-Fidelity Models and

Model-Based Analysis of Critical Components in Coal-Fired
Power Plants Impacted by Cycling Operations

Project Objectives: Deliver critical components analysis results
with insight into existing coal plant challenges impacted by cycling
operations and recommend mitigation solutions

Integrated Models of

Coal Fired Power Plant Process, Mechanical Integrity, Economics

Collect operating data
for models calibration

o {
Critical
Components Analysis Mode| based
(Drums, Headers) Analysis

— Now
— Future

Emciency

Recommend component

end ¢ 3 Emission
damage migration solutions ]

Migration Solutions
+ Retrofit headers, drums
+ Revise operation procedures
« Modify controls, etc.

Multi-Dimensional
Analysis

Technical Approach Technical Challenges

« Integrate multiple models of process,
mechanical integrity and economics into
high-fidelity dynamic simulation platform

+ Multi-dimensional analysis of flexibility,
efficiency, emission compliance, component
damages and financial impacts

+ Cohesive integration of
multiple types of models

+ Lack of measurement for
accurate model calibrations
in wide range operating
conditions

)

Program Deliverables

« Integrated high-fidelity
simulation platform for
investigation of cycling
coal power plant

+ Analytical results on coal
power plant challenges
impacted by cycling
operations

« Recommendations on how
to cycle coal power plant
safely and cost-effectively
and potential component
damage migration
solutions

Anticipated Benefits
of the Proposed
Technology

« Generate practical and
cost-effective solutions to
cycle coal power plants to
reduce plant failures
(60%~80% caused by
cycling operations) and
extend plant lifing
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2019) 2020 2021
Q41Q1/Q2|Q3 Q4] Q1
Task 1 Project Management and Planning
Deliverable: Updated Project Management Plan
ot Reliyerable Fingl Proiect BEPOLl, o o o o o e e e mm mm m — — — o bt 3

Task 2 Define Specification for Critical Component Analysis

solutions with focus on steam cycle impacted by cycling operations

Deliverable: Report on requirements for critical component analysis of existing coal plant challenges and mitigation

m

Task 3 Reconfigure and Integrate Models for High-Fidelity Simulation Environment
3.1 Reconfigure process dynamic models
3.2 Reconfigure mechanical integrity models
3.3 Develop economic models to evaluate financial impacts of cycling challenges and mitigation solutions
3.4 Integrate multiple types of models into one simulation platform
Deliverable: Report on the multiple model integration methodology and integrated simulation environment
description
Milestone: An integrated simulation platform for critical components analysis

o<1

Task 4 Collect and Process Reference Plant Operating Data

at both low and high load conditions; c) typical faulted operating scenarios

Deliverables: Report on operating datasets that represent a) cycling operations from reference unit; b) steady states

Pl
-= p—

Task 5 Calibrate and Validate the Integrated Models using Operating Data

and integrated models
Milestone: A well calibrated and integrated models for reference coal power plant

F————— === = = =

Deliverable: Report on the automated data processing and model calibration tool and descriptions of the calibrated

*<

Deliverable: Report on analytical results of cycling simulations of the reference coal power plant and
recommendations for migration solutions
Milestone: Report critical components analysis results using the reference coal power plant model

Task 6 Investigate Cycling Operations based on Integrated Models .

Legend: ¥/ Deliverable 4 Milestone

- Integrated simulation platform
- Analysis (selected components)
- Recommendation
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Technology Overview N=|raTowe
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Integrated Models of
Process, Mechanical Integrity, Economics :

Coal Fired Power Plant

2 Integrated
simulation platform

Collect operating data
for models calibration

T

Critical
Components Analysis Model based
(Drums, Headers) Analysis

Efficiency
— Now -

—Future -~ N
AN

Recommend component
damage migration solutions

M“"‘i"\Di“I‘e'TSi°“al % Analysis (selected
nalysis , components)

1
1
: + Retrofit headers, drums
1
1
1

- Revise operation procedures > Recommendation
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Plant Information N

Selected Critical Components
e Super Heater Outlet Header
e Dissimilar Metal Welds in Super Heater Section

A 750MW subcritical coal fired power
plant was selected for this analysis.
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« APROS* software package used for modeling

« Graphical (schematic) configuration of the plant model through
predefined process component models.

* Process component properties were configured through definition of
properties; both material and thermodynamic.

« Data for steam and gas conditions came from “in-house” Reheat Boiler
Program Code (based on internal standards and ASME Steam Tables).

« Cadlibration: A mixture of manual adjustment and automated tuning

 Limits: Focused on boiler. Simplified firing system through the
economizer outlet. Turbine, air-preheater, and ECS equipment omitted.

* Apros is a high-fidelity dynamic simulation product for integrated thermal power plant process and automation design and engineering, and for creating highly realistic
plant-specific operator training simulators. It includes complete model libraries to build plant-specific dynamic models of thermal power plants for high-fidelity engineering

and training simulation needs.
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e Conf ed the steam circuit of the boiler (exclud the turbine
Nnfigur IrCui ller (excludin urbin
« Calibrated TMCR condition, more operational conditions ongo
ior ndition, r ration nditions ongoin
)
e |Implemented conftrol logic for drum level and pressure
N Ntr | r dru Vv N ressur
)
« |Implemented conftrol logic for de-superheat sprays
N Ntr | r uper r
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Process

Dynamic Modeling
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Temperature
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> j Drum Level

. T— Reheater
> Sadi *.  Temperature
— : . Control

PRO-Ecan-Evap-dnm

HT508_HR1

PRO-Ecan-Evap-dnm

HTS08_HRI

PRO-Evon-Evap-dnm

PRO-Eson-Evap-dum

PIP132

HTS08_HR3

PRO-Econ-Evap-dum

HT308_HRd.

PRO-Econ-Evap-dnm

HTS08_HRS

Control

Load
Dependency
Table
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Current Manual Calibration Process (Weeks)

RHBP parameters into exce Excel parameters parameters into Apros parameters.

: fixed parameters T ——)
output files ITT—) o — P The model should make sure the

) configured . .
(for easy operation) concerned variables are behaving

as expected

Automated Model Calibration Tool (Days)

Automated Model Calibration Tool

/\

Collect fixed parameters into Apros with Use Optimization algorithms to search
minimal manual intervene the optimal tunable parameters

A 4 A 4

1. Parse the format of the RHBP output files 1. Configure the OPC sever in Apros

2. Functions to read the parameters from the RHBP out files 2. Functions for communication between Matlab and Apros through OPC

3. Functions to save the values into excel (optional) 3. Functions to control Apros start/stop to generate data for parameter tuning

4. Functions to save the values into text file that Apros will accept and send 4. Functions for cost function and PSO-based parameter tuning (PSO: Particle
them to Apros through OPC communication Swarm Optimization)
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 For steam conditions, tuned within 3-5 °C/K of references from the RHBP runs.

Steam Temperature - TMCR

ECONOMIZER
LTSH HOR?2
LTSH HOR
LTSH HORI
SH CAVITY

ECON HNGRS
LTSH PEND
SH SCREEN

RH RR PEND
RH FIN PLT

SH PLATEN
SH PANELS
SH RADROOF
RH RADWALL

m RHBP mApros
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Mechanical Integrity (Ml) Modeling N=|arona
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The generalized mechanical integrity framework has three main modules:
« Fatigue damage module

o Fatigue damage is the result of cyclic transient steam conditions during start-up/shut-
down and load change cycles.

 Creep damage module

o Creep damage is the result of steady-state steam conditions at various load levels.
« Mission-mix module

o Assess the combined effects fatigue and creep damage

Local hot spots around
stub penetrations
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« Finite element assessment procedure requires transient heat transfer and structural analysis
Elements of Fatigue Damage Module (for Headers) Reduced Header model
(symmetry model)
Header & Stub
Dimensions [ LCF J
Curves

Heat Transfer

Transient Steam Stress Range

Coefficient n
State in the o ICI?n Calculation for hatigte
Calculation . Damage
Header for Stub & Low Cycle Fatigue B
(from APROS) Predictions

Header

header

Automated selection of time points for
thermal & structural analysis

stub

« Closed-form solutions are used for Heat Transfer Coefficient calculations
« Arepresentative reduced order (single penetration) model is used for computation efficiency
« Stress range calculation methodology is based on European Union Unified Pressure Vessels Code EN-12445-3
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Elements of Creep Damage Module (for Headers) Creep Reduced Header model
Rupture (symmetry model)
Curves
4 Header & A Steady State
, St“'? Finite Element Metal
Dlmej:s'ons Limit Load Ligament Temperature &
Repeating Analysis Efficiency steam pressure
stub (ANSYS) @ steady state
\configuration/ condition

> Creep life calculation is based on reference stress methodology enhanced with ligament
efficiency modification (per recommendation in EN Pressure Vessel Design Code)

> Creep properties are obtained from published European Creep Collaborative Committee
data sheets

> Arepresentative reduced order model (two adjacent stub penetrations) is used for
computation efficiency
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plant cycle
Disgount rate
Retirement date
Reliability/survival ‘ Othertcc_)bmf.onent Cycle revenue
- : contripbutions model
- l :
Compongnt Alife Cqmponent Aprofile Co!nponent Discounted AVO&M Total .
loss-of-life maintenance maintenance > aggregator net S benefit
: AVO&M ) AVO&EM
model profile model cost model (future project) ;
| Fuelburn
1 model
da‘rpage
| _endoflife _____________ Ao~ VO&M profile VO&M discounted differential cost profile

[~
o

[
5

-
o

Component future
maintenance
profile changes

component life
cost units

proposed plant
cycle consumes

sub-component maintenance units

W baseline
 1cycle 5
[ II . i
— mE 1 2 3 4 5 6 7 l I
2 3 4 5 [} 7 8 9

-

> -5
? outage outage




Design of Experiment
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SPECIFICATION PROVISION

1.04.00

SUB SECTION A-01
1 |OPERATING
CAPABILITY OF
PLANT

The plant shall be designed to operate as a base load station. However,
continuous operation under two shift and cyclic modes during certain perods is
aiso envisaged. The design would cover adequate provision for quick startup and

loading of the units to full load at a fast rate. The unit shall have minimum rate o
loading or unloading of 5% per minute above the control load (i e. 50% MCR)
Plant shall be capable of minimum 5 (five) number of daily load cycles, i.e.
load variation from 100% to 50 % (and vice versa) of MCR, In addidtion, the
plant shall also be capable of minimum (2) two number of daily load cycling
from 50% to 30% (and vice versa) of MCR with a minimum ramp rate of 3%
per minute. The main plant and its auxiliaries with their controls would be

designed to permit operation of the units on house load without there being any
necessity to shut down the units in the event of sudden loss of total load due 1o
tnpping of transmission lines or any other grid disturbances. The design of the
plant equipments and control system would permit participation of the plant in
automatic load frequency control.

T
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Cold Startups = 455
Warm Startups = 910
Hot Startups = 4550

Cycle: 100%=+50%=+100% =
2 ramps/cycle x 5 cycles/day
x 350 days/yr x 25 years =
87,500 5% ramps/lifetime;
43,750 5% cycles/lifetime

Cycle: 50%=+30%=50% =

2 ramps/cycle x 2 cycles/day
x 350 days/yr x 25 years =
35,000 3% ramps/lifetime;
17,500 3% cycles/lifetime

A regular customer requirement. This project is investigating more aggressive flexible operations.
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Integrated Simulation
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Design a standard set
of simulation scenarios

/ Design of experiment

Baseline
* Today’s operations

New Analysis

* Faster ramping
* More runs
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Save to Excel as input
to Apros model
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Integrated Analysis Tool: (Apros, Ansys,
and Matlab Scripts to glue all together

/Excel Table (example)

Count Load Change |[Ramp Rate | time to change load 1 |time to change load 2
1 100-25-100 3% 5min 10min
2 100-25-100 5% S5min 10min
2 100-25-100 7% 5min 10min

Load Profile (example)

% Load Setpoint

100%

50%
Time

5rhin 10rin

Integrated platform using Matlab

1. Functions to read configurations from excel, one case per run till to
complete all cases

Functions to control Apros (model) through OPC to run the case and
save time series data (w/ pre-defined variables) into file

3.  Functions to call Ansys (e.g. system) in Matlab to run the FEA
analysis and save result to file

Functions (Algorithms) to do analysis of life/damage
5.  Functions (Algorithms) to do economic analysis
6. Functions to write the analysis results into a Report

Mechanism to control
Ansys running

OPC t

Apros Model

|

Ansys Model

L

1

Apros model required parameters Ansys model required parameters




Preliminary Analysis Results N=|raTows
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 Load change operation data * Fatigue assessment of two load change
. B o o . O .
Data for MI SH Outiet - . SCG.nCIFIOS W”.h dlffereﬂf rOmp rOTeS USIﬂg \9\\(\ '\O(\CD S'I-ress S'I'O'I'e Of q Selec'l' 'I'Ime
A fatigue damage module %O(\O\\f’ point in the transient history
' Load Change Load Change _683828
Type Rate
50%-25%-50% 7% .317E+08
50%-25%-50% 5%
50%-25%-50% 3% .640E+08
75%-25%-75% 7% .964E+08
75%-25%-75% 5%
75%-25%-75% 3% .129E+09
Data for MI SH Outlet éw Z B E E '161E+09
EEEEESEEE A ) QO
« Creep calculation summary of a select S C 193E+09
manifold using creep damage module © erens
o j Minimum .258E+09
- Header Wall  Ligament
; — E OD (mm) Thickness Efficiency -290E+09
E' g ; (mm)
: s08 10588 076 2883 703 | 603 167,227 5.98E:06
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Summary

« Built an integrated tool to help Engineering and Customer quickly quantify the
benefits/loss of doing flexibility operations.

« Mulfiple types of models were configured, calibrated, and integrated

« Preliminary analysis results successfully demonstrated the whole simulation and analysis
process

Next Steps

« Remaining technology challenges: quantify the benefit in a plant-level using component-level results

« |dentify potential new research

« Extend component-level analysis with more use cases as well as to plant-level analysis

« Extend the platform application from subcritical power plant to supercritical power plant
 Industry collaborators

« Power plant was identified. Will involve power plant owner and discuss the opportunity to deploy the
analysis results info the operating power plant
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