TVA Hydro Plant

Monitoring & Optimization System

TVA Hydro Power System and WaterView Installations

TVA Hydro Power System
= 30 Hydro Power Projects

= 20 Tributary Plants

= 9 Main River Plants

= 1 Pumped Storage Plant
= 113 Total Units
= 5,500 MW of Capacity
= 15,000 GWh of Energy

WaterView Installations

. 30 WaterView Systems
29 Plants Fully Automated and
Optimized
= 14 Plants with Trash Rack
Monitoring
= 9 Plants with Environmental
Monitoring & Control
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Hydro System Tools and Their Integration

System Level Optimization
1. Riverware (System Level Optimization & Scheduling)

Plant Level Optimization
1.  WaterView Hydro Plant Monitoring and Optimization System (plant level optimization)

2. MEL/MSL Calculator Tool (spreadsheet of unit power and efficiency data over the entire
range of operating heads)

3. HYPAS - Hydroturbine Performance Assessment System (automate process for
generating new operating characteristics)

4. DataWolff Fleetwide Data Analysis System (fleetwide analysis for correlating measured
and expected efficiencies for troubleshooting and setting testing priorities)

Troubleshooting Tools

1. DatAWare Data Historian Client Tool (applications for trending, dashboards, analytics,
and ad-hoc troubleshooting)

2. PRISM (advanced pattern recognition system for anomaly detection)
3. River Forecast Center WaterView Alarm Summary
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WaterView Integration with RFC, HDCC, and Plant ACS

WaterView
System Sends
Hourly Data
to River
Forecast Center

Send Hourly
Preschedule to
Hydro Dispatch

(24 Hour)

Disseminate into

Hydro Dispatch
Reviews for
Unforeseen System
Changes and Confirms
Preschedule

START:
Collect and
Verify
Model
Inputs \

WaterView Collects 15-min Reservoir Download
Hourly Elevation, increments and . = = Inflow 24-Hour
Flow, and Power  assign schedule [MICISTEVToT Wol MY ENCIAYTANANY 4] Forecasting Preschedule

Data modes to Plant

_ T

the River Forecast Center, the
Hydro Dlspatch Control

‘ ~
—

‘ Automated Control System .
Generate Tributary and
Hourly Plant (ACS) Main River
Preschedule Routing
(24 Hour) (14 Day)
\ Run 1-Hour Refine /
Simulation Riverware ACS Sends Schedule
ACS Starts, Stops, (Day 1) and Output with Request to
and Moves Units to Optimization b WaterView WaterView
Desired Setpoints (Days 2&3) MEL/MSL Tool System

Every Minute

WaterView
System Returns

Unit Setpoints m
to ACS

WaterView Real-Time Plant Optimization

Scheduling Inputs

Unit Characteristics

Optimization Inputs

Optimization Outputs
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WaterView Real-Time Plant Optimization
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WaterView Real-Time Plant Optimization

" Flle Miews Options Tools Window Help

[m o] @ " & ofo]

&l WaterView - [Norris Main Summary]

Plant and Unit Operating Data
* Headwater

Tailwater

Unit Power

Unit Flow

Unit Running Status

Others

Plant Elevations

Head\Water (ft) [1005.61
Auyx HeadWater (ft) ,m
TailWater () [ e84
Gross Head [fl) [ 17977
Gross Head Avg (1) [ WA WA

Gate Opening (%)

Flowrate (cfs)

Plarit Totals
Powear (MY) ,W
Flowrate (cfz) ’TBD‘
Plant Efficiency (%) [ezat
Plant Reactive (MVAR) | 238
Station Senice (M) | 0.14
Unit 1 Unit 2

342

i
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Power (M) '—A?Mé
Reactive Power (WMYAR) 114 12.4
Exciter Current (Amp) 491 478
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WaterView Real-Time Plant Optimization

cheduling Input

Plant and Unit Scheduling Inputs

—

* Schedule Mode
» Schedule Value

Request

* Others

* Automatic Generation Control

+ Unit Availability and Unit Status

Schedule

Modes
*  MEL/Load
+ MSL
+ AGC
* Load
* Flow
* Pulse
* Rec
+ Pump

o

WaterView Real-Time Plant Optimization

Cavitation Characteristi

cs Curves

/

Unit Constraints

e Cavitation Limits
* Avoidance Zones
* Unit Priorities

* Others

» Power/Flow Minimums anaivra
» Reactive Minimums and Maxir

* Respecting Running Units
* Minimizing Starts and Stops

MVAR

DIEREXCITED
Lo s L L
= o . @ = a =
I 1 I . ! |




WaterView Real-Time Plant Optimization

Maximizes efficiency and revenue for the schedule request with the

iven constraints
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Operation || Operation

Unit selection

Unit power setpoints

Unit reactive setpoints

Unit participation ranges

Unit and plant capability data

Unit and plant operating efficiency data

MEL/MSL Calculator for Refining Preschedule

TVA Hydro Piant MEL & MSL Calculator FOR INTERNAL TVA USE ONLY HT-chii HT-Gut
Refresh HT-weH HT-wex Preschedule
09/18i2017 12:00:39 Unit Availability: 1=Available 0= Unavailable Final
Plant Max Cap" GrossHead Head 1]2]3[4[5]6]7][&[9]10]11][12[13[14[15][16[17[18]19]20[21] MEL  MSL MSLFlow MEL MSL Plant
APH Y 853 4375 (a0 [=][1]1 764 888 | 3394 | 75 | 78 APH
BOH 563 893 man  [-|[0]1]1] 471 524 816 44 55 BOH
BRH ™ 169 1294 [ap (=1 127 150 1717 | 14 | 15 | BRH
CHH 1127 437 aas (= [1[1]1]1] 840 1424 46845 82 124 CHH
CRH 108.0 1235 pao [=f[1]1]1]1] 1123 | 1141 | 13049 |[108 | 112 | CRH
CTH 144 149 (s (=1 15 136 415 | M 13 CTH
DGH 178.0 860 [ss0 [+ [1[1]1]1] 1094 1237 21917 109 124 DGH
FLH 150.0 721 (20 [|[1[1]1]1] 1244 1522 28287 120 152 FLH
FNH 2940 3805 [e00 |~ || 1[1]1 2662 3090 10533 261 284 FNH
FPH 442 674 g0 [=|[1]71] 274 438 9237 33 431 FPH
GFH 141 1329 [uzs [+ 1]1 283 307 3599 | 26 29 GFH
GUH 949 209 [ws [+|[1][1]1]0] 568 1016 34980 77 127 GUH
HIH 1633 2082 |zoe0 = || 1]1 1248 1302 9008 124 138 HIH
KYH Y 2115 548 [san |=f[1[1]1]1]1 1425 2260 58904 84 126  KYH
MHH 0.0 541 [san |+ |[0]0 0.0 0.0 0 | 23 40 MHH
NJH 105.7 300 [ms [|[1[1]1]7] 892 1133 41127 | 86 113 N
NOH 1135 1755 [mso = |[1][1] %08 1112 8417 | 90 109  NOH
NTHY 190 1548 a0 (= l[1 153 180 1746 | 15 19 NTH
O1H 254 156 [ms (»|[1[1]1]1]1 270 270 | 3505 | 24 | 25 | O
02H 234 2625 2500 |=|[1][1] 203 234 1232 0 23 O
03H 288 3159 385 [»|[1 227 200 1483 o o o
PKH 2250 537 sao (o [1[1]0]1]1]1] 1855 2250 58423 201 224 PKH
RES | 0.0 10208 |weao [=|[1[1]1]1] 1577.3 16608 20091 RPS
SHH 00 2240 [z240 ||| 0] 00 0o 0 | 41 42 s
TFH 4038 1348 [mao =1 382 386 3812 | 37 38 TFH
WEH 198.9 586 sas [« |[1[1]1]1 1150 2045 47250 112 186 WeH
WEH 321.9 458 (ass (=[][R] [1]1]1] 3356 3495 112799 |33 336 WEH
wiH Y 78 658 |gss [« |[0]0]@]1[ 73 78 165 7| 8 wH
WLH 4722 934 (a0 [wf[ 1] [1]a]1[@]a[1[a]a[1[@]1[1]1[1[1]1]e]@] 4720 4751 68013 464 503 WLH
WiHY 662 3045 [0 =) 1]1 803 663 2942 | 30 | 31 WTH
1[2]3]a[s]6]7]8]s[10]11]12[13]14]15]16]17]18]19]20] 21
Hotes AGC




Optimized for Peak Efficiency and Unit Transitions

Plant Efficiency for Optimized and Delayed Transitions
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7 Types of Optimization

Optimized for:

1. Plant Schedule Requests (knowing the best plant loads to request to
operate at peaks instead of in valleys)

Unit Selection (selection of more efficient units)

Unit Setpoints (plant level optimization using direct search, reduced
gradient, and heuristic methodologies)

Continuous Head Changes (re-optimize on a 1-minute basis)

Unit Transitions (ideal unit loading and unloading transitions)

Reduced Damage (operating within safe limits to minimize mechanical and
electrical damage to units)

Reduced Wear and Tear (minimizing starts/stops by respecting running
units and utilizing unit priorities)

N ook wb

Result:
Increased plant efficiency, generation, revenue, and reliability.
Reduced maintenance cost and wear & tear on the units.




Hydroturbine Performance Assessment System

* Excel-based automated curve generation system

» Scales up physical model data from turbine manufacturer to prototype curves

» Adjusts prototype curves to reflect performance test results

* Defines true performance of the hydroturbine over the full range of operating heads

Physical Model Data |:> Test-Adjusted Characteristics
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Individual Unit Operating Characteristics for WaterView Optimization

= Head, flow, power, and
efficiency data for each of the 100 I -
113 hydro units at TVA
90 =) 6750
=  Provide the expected unit ‘WH" =
performance under any & = e 9000
operating conditions f i
70 —r - > — —r —r - T 5250
L S b= 100% w
= Indicate the MIN and MAX 3 // e S e iy S
safe operating limits and the % I / S G | ey o0 §
peak efficiency (MEL) forany | 8 o _—
head condition ‘B 2
3 &
. . . = a0 3000 =
= Utilized in WaterView g g
optimization systems S GaEp
= The curves do change over 2 ﬁg b £2 1500
time due to equipment T e
upgrades and unit degradation 10 LERE ;q 750
= Accuracy of the curves is 0 I 0
continuously evaluated 3 & N 2 i . . = in ® o
GENERATOR QFJTPUT - MW ]
/\




DataWolff Efficiency Correlation Analysis System

Evaluates how well the existing operating characteristics correlate with the measured
plant performance data
1. Ildentify measurement problems with plant instrumentation
2. Identify operational issues
3. Define testing priorities based on accuracy of the curves and energy production
of the unit

o

#* WaterView - [Norris Main Evaluation Unit 2] - o X
B File Views Options Tools Window Help
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DataWolff Efficiency Correlation Analysis System

Evaluates how well the existing operating characteristics correlate with the measured
plant performance data
1. lIdentify measurement problems with plant instrumentation
2. Identify operational issues
3. Define testing priorities based on accuracy of the curves and energy production
of the unit

2005 TVA System Correlation Efficiency (93.5%) 2018 TVA System Correlation Efficiency (98.14%)
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Maintaining Accurate Operating Characteristics for Optimization

Verify Monitoring System
Instrumentation Accuracy

WaterView
Optimization

Performance
Testing
Program

Define Safe Operating Limits
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Updated Characteristic Curves

Fleetwide To Evaluate Accuracy & Test Priorities Automated
Data Analysis @~ Curve
System Verified Characteristic Curves Generation

System

S VA
Input to Power Simulation Studies ‘ ‘ Input to System Scheduling & Forecasting Tools

Flow Measurement Using Winter-Kennedy Taps

 Measured flow is a function of the differential pressure between the piezometer taps
» Accurate flow measurement depends on a uniform flow pattern
» Accurate flow is needed to measure the true performance of the hydroturbine

Francis Type Turbine Kaplan Type Turbine

Quter (high pressurel 1ap

Inner flow pressire) tan
“Inner [low pressurs) taps, salect ong

Differentia
Pressure Ce

Qutar [high pressural | tep
Differential
Pressure Cel

o = 15 to 90 deg, Section A-A

LOCATION OF WINTER-KENNEDY PRESSURE TAPS IN SPIRAL CASE Section A-A |

10



Absolute Flow Measurement Using Current Meters

i ik

21

Keys for Success

1. System level scheduling and
optimization (Riverware and
MEL/MSL Calculator)

2. Real-time plant optimization
(WaterView)

3. Maintaining accurate operating
characteristics for optimization
(HYPAS and DataWolff)

4. Turbine flow measurement for

tracking unit performance
(calibrated W-K Taps)

Integration of systems and tools

6. Troubleshooting tools for detecting
and resolving problems (DatAWare
and PRiSM)

7. Focus on continuous improvement

o

22

11



Troubleshooting Tools

DatAWare Data Historian Client Tool (applications for trending, dashboards, analytics,
and ad-hoc troubleshooting)

PRiSM (advanced pattern recognition system for anomaly detection)
River Forecast Center WaterView Alarm Summary

12



Data Historian Client Software (DatAWare)

30, 1500, 100, 330

DatAware History 29-Apr-2019 10:00:52 to 29-Apr-2019 14:00:52 (CDT)
| M1 |

23 L R
LR
3
' 6
24] 1200/ 80, 276 =
4 Zbam
5 Lh\\‘\Kg‘_‘“‘f
I—

18 900 60, 222

17 600 407 168

Power Loss Due
to Intake Fouling

[ 0 0

ey

10:00:52 CDT  10:40:52 CDT
29-Apr-2019  29-Apr-2019

Point ID/Description

1) HY-14941/030-0 (HY:UO) 03_GrossHead
(2) HY-15051/031-58 (HY:U1l) O03_wicketGatel
(3) HY-14940/031-3 (HY:U1l) O3_Flowl

(4) HY-15012/031-28 (HY:U1l) O3_Powerl

(5) HY-15038/031-47 (HY:Ul1l) 03_UGHEff1

(6) HY-15039/031-48 (HY:U1l) O3_UGHHistEffl

11:20:52 COT
29-Apr-2019

:

cocococoq)

[=]

Y Hi-Y Units
330 Tt
100 %
1500 cfs
30 MW
100 %
100 %

12:00:52 CDT
29-Apr-2019

12:40:52 CDT 13:20:52 CDT 14:00:52 CDT

29-Apr-2019

M1: 12:39:09

29-Apr-2019
M2: 13:53:41

29-Apr-2019

04/29/19 04/29/19
312.2878 312.2216
90.29303 81.884
1314.132 1374.264
21.34505 28.02637
61.8444 77.58453
82.14418 75.55381

Data Historian Client Software (DatAWare)

DatAwWare History 07-Jan-2019 00:00:00 to 09-3Jan-2019 00:00:00 (CST)

25
Turbine power
oscillations \
* \
21 '
19
Turbine power
17 oscillations fixed
! \‘\ i I H b by speed adjust
15 2 /si—
00:00:00 CST 08:00:00 CST 16:00:00 CST 00:00:00 CST 08:00:00 CST 16:00:00 CST 00:00:00 CST
07-3Jan-2019 07-3Jan-2019 07-Jan-2019 08-Jan-2019 08-3Jan-2019 08-Jan-2019
Point ID/Description Low-Y Hi-Y Units
(1) HY-11354/N31-30 (HY:Ul) NJ_Powerl 15 25 MW
(2) HY-11299/NJ1-23 (HY:Ul) NJ_OptRegUnitMaxl 15 25 Mw

09-Jan-2019

13



Advanced Pattern Recognition Software (PRiSM)

= Advance Pattern Recognition (APR) allows for
Dynamic Alarm Limits

= Improves reliability by using advanced
techniques to detect and diagnose asset
anomalies more quickly

e e e e e e e Constant Al Umit _ _ _ _ _ A

o |- -

mic Alarm Limit

3 S _ Qwoqmic

Y

3 S oA~

£

(0}

[ e s
>
>

l<— At — Time
WaterView Alarm Summary

= WV Data Summary - O X
Edit Alarms.

Name [T DateTime | Hwi [ Hwei | Twif) | Tubicfs) | Spilicts) | Mw [ Presch Presch+l | Nates

South Holston 05/268/19 1533 172300 © 170065 148623 a 260 a 1] a MISMATCH? (17290071700 65]
‘wiatauga 05/28/19 1539 195931 195948 164985 1285 30 REC[31) kil

‘il 05/28M19 15:39 164521 164521 1584.59 1520 215 7 RECIE) a

Boone 06/28/19 1639 136322 136318 126311 3683 23 AGL[1E-25] 22

Fart Pat. 05/28M19 1539 126066 1260062 1192.83 3862 19 18 18

Cherokee 06/28/13 1639 107128 1071.21 52383 3673 36 37 ey

Douglas 05/28/19 1539 994 49 994 B4 87521 15898 138 MSL138] 138

Morris 05/28M19 15:39 102047 1020.69 82466 3424 51 52 52 MISMATCH? (1020.47/1020.639)
elton Hill 05/28/19 1539 73404 73404 741.09 a a 24 24 MISMATCH? (793 70,734 04)
Chatuge 05/28M19 15:39 192632 | 192622 1797.96 a 125 -24.0 0 a

Maottely 06/28/13 1639 177708 177703 160764 4 285 a 1] a

Hiwassee 05/28M19 15:39 152077 152067 1276.58 477 a1 a1 a1

Apalachia 05/268/19 1533 127733 1278.08 84030 2647 75 REC(76) 76

Blue Ridge 05/28/19 1539 1EBES7  1BBEBS 154346 1558 150 18 16 18

Dcose 3 05/28M19 15:39 143254 143248 1114.09 a a SCHID) a

DOcoes 2 06/28/13 1639 109669  1109.55 83279 a 592 a SCH(17) 17
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Chickamauga 05/28M9 1539 682.05 60204 635.01 26919 a2 a1 a

Nickajack 06/28/193 1639 E33.05 E3314 FHE1E 3228 80 AGL72-84] 78

Guntersville 05/28M19 15:39 534,57 53453 557.78 34535 o1 M5L(31) a1

Wheeler 06/28/13 1639 55671 556 69 60710 36268 120 120 120

‘wilsan 05/28/19 1539 507.07 80724 41487 33054 460 225 AGC[225-265] 245

Pickwick 05/28M19 15:39 41368 41353 353.81 13535 5670 77 MSL76) 76

Kentucky 05/28/19 1539 368 .90 35885 314.45 39837 131 MSL131] 131

Fiaccaan bit 05/28/19 1533 | 165297 63320 | 15454 19t

24 Hour 48 Hour 72Hour
[Total above Chickamauga [ oo [ om4 | omd
*thiough 05/28/2019 1500

[Dcoee 2 Diversion O am Flow I - ]

s
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System Level Optimization Tools
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WaterView Unit and Plant Characteristics

Flow Routing
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WaterView Real-Time Plant Optimization

Inputs:

# Individual unit operating
characteristics

# Processdata

7 Unit constraints

» Schedulerequest

Schedule Modes
MEL/Load
MSL

AGC

Load

Flow

Pulse
Recreation
Pump

Outputs:
# Unitselection

# Unit power setpoints

# Unitreactive setpoints

# Unit AGC setpoints& ranges
» Plant capability

# Plant efficiency
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Economic Benefits of Optimization

Testing

. Ranking of unit efficiency for unit commitment
. Adjust to changes in efficiency and shape over time

. Identify cam adjustments to improve unit efficiency and capacity
. Identify cavitation and vibration avoidance zones
. Identify runner seal wear effects on unit performance

. Provide independent verification of ACS & WaterView instrumentation accuracy
. Identify trash effects and the impact on flow profiles
. Evaluate the effects of aeration on unit performance

Characteristics

. Develop test adjusted characteristics over the full range of operating outputs and heads

. Provide test adjusted characteristics for system-level scheduling

Monitoring

. Provide continuous data for verification of operating characteristics
. Provide remote index testing capabilities
. Utilize the accurate characteristics for optimized plant performance

Verification

. Provide for condition-based testing instead of time-based testing

. Determine the best use of testing funds through system-wide evaluation of unit efficiencies

. Rank units for testing based on both efficiency loss and energy loss
. Evaluate the accuracy of unit characteristics over the full range of operating outputs and heads

. Identify measurement problems, such as flowmeter problems
. Identify operational problems, such as blade cam problems
. Identify curves requiring extension

. Provide analysis of new characteristics before implementation
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7 Types of Optimization

35
Optimized Plant Schedule Request (8-Unit Plant)
o Scheduling for Most Efficient Loads
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Optimized Unit Selection (Variation in Shape & Efficiency)
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Optimized Unit Setpoints (WaterView Optimization Screen)
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Plant Efficiency (%)
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Optimized for Unit Transitions (Unloading of Units)

Plant Efficiency for Optimized and Delayed Transitions
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Optimized for Reduced Damage (Operating within Constraints)
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Optimization Details

P
pgOH

+ The WaterView optimization engine uses direct search, reduced
gradient, and heuristic methodologies to determine a unit
configuration maximizing plant efficiency.

]7_

*  For unit commitment, WaterView methodology honors unit
ramping, unit running, unit priority (and several other ) constraints
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Organization and Mission

Where is PM&D in the TVA Organization?

Generation

Gen. Cons., Proj.
& Serv.

Communications
and Marketing

S
Power Operations

Gas and Hydro

Chief Nuclear
Officer

Fleet Optimization

Asset Reliability

External Relations

Coal and Gas

e —————

Services
Field Services
Eng. & Tech.
Programs

Asset Reliability
Applications

PM&D

Asset Support

Asset Planning

s
T
] ceomenm |
 E=LEE)

VA
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The TVA Mission TOGETHER WE

TVA
Mission

Gen.
Services
___Mission

/ Asset
' Reliability
Mission

ALIGN | ENGAGE | EXECUTE

TVA MISSION
Serve the People of the Valley.

POWER OPERATIONS
Provide low-cost, reliable coal, gas, and hydro generation while keeping our people
safe and ensuring compliance with environmental regulations.

GENERATION SERVICES

Provide efficient, valuable, and sustainable core services that enable Power
Operations to deliver low cost, reliable coal, gas and hydro generation while keeping
our people safe and ensuring compliance with regulations.

ASSET RELIABILITY
Optimize fleet reliability by delivering comprehensive asset management services.
This is achieved through effective risk management.

PM&D CENTER
Transform data into actionable information to lower cost and
improve reliability.
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