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Adapting to Changing Role

All time system demand peaks

Fossil energy power generation is needed now 70000 12,0
and in the future, but its role is shifting from 65,000 000 5
baseload operation to fulfilling dispatchable < 60000 -
power needs in regions of the United States. Sssm | | , K
é 50,000 . - . | 11 . " %
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Novel sensors and controls will help to increase efficiency, 20000 | o AfF Mg Ty '3/,-' w0 #
minimize emissions, and reduce operating costs of D e e e e Q'Q o
existing power generation technologies under this g“d@@l&é@“&%@i% OO
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increased load following role; and help enable next S
generation power systems with high efficiency and greater

operational flexibility.

=Demand (MW)="Actual Wind Generation (MW)= - Day Ahead Wind Generation Forecast (MW)

Data from Texas (ERCOT)

Renewable power production often
does not match demand
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Sensors & Controls Development for Harsh Enwronments

SOFC

ANODE

CATHODE

Air /

Hybrid systems

e 800°Cin fuel cell

e 1500°Cin GT

Meas. Challenges

* Tand H, dist in SOFC
* Transient control
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Gasification

* Radically engineered
modular systems for
gasification

« 1100-1500°C

Meas. Challenges

*  Multipoint temp

* Species
* NDE of adv. manuf.
components

* Multiphase flow

Coal-fired Boilers

* Steam 1110°F (600°C), 4000 psig
* Fire side 2500°F (1370°C) +

* Ash /slag / SOx

Meas. Challenges

* Tube temperatures / flow (cycling)

* Corrosion/erosion/exfoliation
* Steam chemistry
e Coal particle size

* Temperature / species dist. Inside

boiler
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Subterranean chemistry

monitoring

* High pressure brine

Meas. Challenges

e Salts in water

* Wellhead measurement

 Downhole
measurement

Chemical Looping

« >1000°C
* Pressurized
* Erosive

Meas. Challenges
* Solids circulation
* Oxidation state
* Multipoint temp

.
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CHEMICALENGINEERING
Pioneering efficient energy conversion systems

APPLIED MATERIALS SCIENCE & ENGINEERING

Developing and deploying affordable,

high-performance materials designed for that can enable sustainable fossil energy

severe service applications. utilization.

SUBSURFACE SCIENCE
Enabling the sustainable production and use of fossil

DECISION SCIENCE & ANALYSIS
Utilizing multi-scale computational

approaches to provide in-depth objective fuels through engineering of the subsurface.

analyses in support of the DOE mission.
SYSTEMS ENGINEERING &

INTEGRATION
Accelerating technology innovation, development and deployment to enable new clean energy technologies to gain market acceptance.
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Technology Development Pathway N = [FTVA
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An Active Portfolio from Conceptto Market Readiness

1 Scale

1% Technology Confidence
1 Investment

% Private Sector Cost Share

COMMERCIALIZATION N -

Technology available
for wide-scale marketuse

DEMONSTRATION

System demonstrated
in operational environment

TRL9

TRL8

Y MATURATION

SYSTEM TESTING

System performance
confirmed at pilot-scale

TRL 6-7
O
-

RIC DEVELOPMENT

LN
Technology component j
validated/integrated o ‘/

focus

DISCOVERY

Conceptidentified/proven at
— laboratory-scale

TRL 1-3

Fundamental Studies
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Overview of Adv Sensors & Controls FWP =
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Sensors and Instrumentation
« High temperature opfical fiber sensors
« Functional materials for high temperature gas sensing
« Raman Gas Analyzer
 LIBS for Subterranean Chemical Sensing
« In-Situ Temperature Measurements via Reactive Particles, & Lasers

Controls
« Advanced Conirols for Power Systems

Techno-Economic Analysis
* TEA of Sensor and Control Technologies

Cybersecurity and Novel Concepts
« VLC - Alternative to WiFi
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« Al-based approach for screen and design of funct. materials for harsh env. (new)

« Quantum sensors for fossil energy (new)
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Optical Fiber Sensing for Harsh Fossil Energy Applications [N=|NAToNAL
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Developing materials and Functional
sensing approaches to ;‘;:‘,,’;_f;g;,‘;f;gf nanomaterials
develop a fiber-based =

sensing concepts that can
provide spatially resolved
chemical species and
temperature
measurements from an
opftical fiber at above

b Commercial and novel
T T — . . . .
. multipoint interrogation
e 'S

0
[

800°C
.
1.2
Cr Sta I 1 ©1000°C Spinel ~ ®1300°C Spinel @ Bare fiber
i y - "%
fiber g Y
Cladding go_s ..‘:o 8;‘.

Crystal fiber growth §

e O P Fossil energy relevant gases
POC: Michael.Buric@netl.doe.




Functional Material Application to Sensors

DISTRIBUTED FIBER OPTIC SENSORS

Indicator
Molecule

Cladding

Core

Excitation

Single-Crystal Fiber Growth, Cladding, Sensing Materials & Distributed Interrogation
Temperature, Strain, Gas Chemistry, Early Corrosion/pH Detection

Evanescent
Field

Optical Fiber
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ELECTROCHEMICAL SENSORS

Capable of multiple-parameter
measurement Failure prediction
capabilities enabled by measuring
corrosion precursors. Field Tested.

Gas, Chemical, Humidity,
Corrosion Rate Monitoring

S11 (dB)
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-120
-140
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SURFACE ACOUSTIC WAVE SENSOR

Gas Molecules < “ =%
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700 F
. . . F Calc_Te BM
Spatial resolution < 1 inch (200 ft long) soob  —= CalcTemp_RT
L - - Se———— . § —<=— Calc_Temp_100
: » Identify local hot spots on tube wall E —=- Calc_Temp_200
. : - e O S00E - GaicTemn 400
| * Spot maldistribution of steam flow S ot
. : 3 Calc_Temp_600
* Apply commercial OFDR £ o0f ™
g" E
H
o oo F L e
=N
-
- S 200F

15.0 15.2 15.4 15.6 15.8 16.0
Length (m)

Gold-coated silica fiber useable: <1200°F (650°C), air
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Fast Raman Gas Analyzer N = |NATioNAL
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« Applicationsto power generation and chemical process control
» Fieldprototype constructed for testing, up to 1000 psi
« Fast- 1 second measurement time
emaissr | 1€ ‘ « Measures difficult gases: Hy, N,, O, (they have no IR transifions)
— « Easily distinguishes CO from N, (difficult for mass spectrometer)
« Speciesconcentrations measured 1o 0.1%
« Optical waveguide technology boosts Raman signal more than 1000X

14000 | =—=Nitrogen
—xygen
. 12000 -
No commercialtechnology \oony | —Carbon Dioxide
has this combination of K —ﬂﬁthane
-, 8000 e
speed, accuracy, and 2 |—Ppropane
multi-gas capability. § %09 |=—Hydrogen
9 P Y 4000 | ——Water

US Patent 8,674,306, NETL and U. of Pittsburgh o

o 200 400  Pixel 500 800 1000
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In-situ Temperature Measurements via Reactive Particles N = |NATIONAL

« Developing multilalyer particles for injection into boiler with coal

« Temperature to be mapped from reaction pattern

Camera

Superheater
tubes

Cores react with oxygen and
flash in different colors

Cooling region

|

Temperature
Sensing Particles

Cooling phase: spallation of
middle layers as the particles
cool, exposing the core

Flame region

1

Coal Feed
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Heating phase: spallation of
outer layers as they pass
through the flame, protecting
the core

Insertion of sensing particles
calibrated to measure multiple
temperatures
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BaCl,/KClO,/Sn%Ethyl Cellulose

Ba(N0O3)2/KClO,/Mg°/Ethyl Cellulose/PVC

s




Ultrafast Laser Measurements for Power Generation N=|anonat

Environments EhNOLOGY
TL LABORATORY
) 20E+§50tational Raman Lines of N2 and O2: Highest Resolution
Laser-based o
measurement of § 1o
species or R

temperature inside @
coal-fired boiler or
HRSG along a line of
sight with spatial
resolution better than
1 meter and a single B _ ;
point of access | iedeeR RSl

Wavelength (nm)
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What is LIBS? Dan Hartzler, Chet Bhatt, Jinesh Jain, Dustin Mclintyre

* Laser Induced Breakdown Spectroscopy (LIBS)
— Elemental analysis
— Rapid
— Minimal sample preparation
— Hostile environments
— Ex: ChemCam (Mars)
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LIBS Sensor Development

Fossil Energy Applications

CCUS Downhole Monitoring

Power Plant Process Waters
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Plant Scherer, Georgia

Carbon Capture

Dissolved metals: Usage and Storage PRECIPITATOR

Ca, Sr, K, Li, Na, Mg (CCUs)
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LIBS Sensor Development

* Construction:<50 mm (2 in) diameter
e <200mm (8in) long, watertight

’Optical ittt it
Fiber, !
<1 km :

]

el ‘f HV“‘I h"/l

= W BB s ¢

Demultiplexer.
Storage and
Processing,
Display, and

control

Pump Beam Laser Pulse

Nd/Cr:YAG Pulsed Laser

N Y

Returning LIBS 1000000
Emission . .
£ 800000 Calcium spectra
DOWNHOLE LASER MODULE E 600000
MONITORING WELL =
‘g 400000
E 200000
AN APPLIED SPECTRA = ‘
0 )
3 350 400 450 A W A R S
Wavelength (nm)
- ...} L DEPARTMEEF zler, D.A., Jain, J.C., McIntyre, D.L., “Development of a subsurface LIBS sensor for in situ groundwater quality monitori
AN ENER Y 2 leak sensingin carbon sequestration,” ScientificReports, (2019) 9:4430, DOI:10.1038/s41598-019-41025-3
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Average annualforced outage hours for coal-fired units (2013-2017)

700
600

500

B Performance
400
B Personnel Errors

B External (9000-9320)

W Generator

300
B Steam Turbine
B BoP

200 [ | Boiler

Average Forced Outages & Derates (Hours/Unit-Year)

100

0-99 MW 100-199 MW 200-299 MW 300-399 MW 400-499 MW 500-599 MW 600-699 MW 700-799 MW 800-899 MW 900-1,500 MW
UnitSize

Source: NERC GADS PC GAR-MT,
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TEA Analysis: Boiler Instrumentation Gap Analysis N=[VTIoNAL
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Focus on outages due to boiler problems - causes, sensing, tech gaps TL Jiasorarory
Boiler OUta%e cause codes from Tube leaks cause forced outages for coal boilers at more than 10x
EV/ GADS data _ the rate of next highest failure
Fuel supply bunker to boiler 200,000
Plping System 180,000 M Tube Leak B Fuel Supply Bunker to Boiler
’ M Piping System M Internals & Structure
Internals and StrUCture 160.000 ISIdeiA:h Removal B Fireside Slagging/Fouling -
SIag/Ash removal ’ B Misc Tube Problems B Air & Gas System .
Tube leak moom
Fireside slagging/ fouling 120,000 S

Misc tube problems

Air and Gas system
Control system

Overhaul and inspections
Water condition 40,000

Design limitation 20,000 -
Misc boiler .

Small (<300 MW)

100,000

80,000

60,000

Boiler Forced Outage Hours (MWh)
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Medium (301-500 MW) Large (>500 MW)




Machine Learning-Based Theoretical Approach for Screening and Design of Functional
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Materials for the Harsh Environment Applications == |[ENERGY
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« Establishing gas sensor utilized materials database 30 -
. . . . . -LaCrO = ristine
. Collected optical gas sensor materials from literature to build the Material Bank | " —
« Semiconducting metal oxides (> 50) and perov skite oxides (> 20) 29
« Focuson observable vs.temperature relationships 20
. . S
Machine Learning 2
Model w” ok
Material i i
Finger Prints Devglopment Model | - = - Sensing Pfopertles
(Relies on Evaluation esign at Operating 108 p2 o .95
statistical Conditions :
parameters) o)1) S PR U S S TP PR P S S
lPrediction 0 100 200 300 400 500 600 700 800 900 1000
Temperature (K)
Functional Sensing E.eV) S <hio> (meV)
o Materials Pristine ~ 2.62 5.9 33
s Material Bank v’ 143 2.4 10
Calculations of Material (Crystal structures, Data input from the V0;+ 1.23 3.2 5
’ : : . . vo?* 1.44 2.8 10
Properties :I'I‘echamcal, Elfctromc, Materials Project o
ermodynamical,
Literatures Optlcal Properties) crystal system space group m.p. (C) Ehull (eV/atom) Eform (eV/atom) density (g/cm3) band gap (eV) dielect|
Semiconductig MOx metal oxide
1 Tio2 tetragonal P4_2/mnm 1855 0.037 -3.475 4.13 direct 1.781
tetragonal 14_1/amd 1843 0.006 -3.506 376 indirect 2.062
2 5n02 tetragonal P4_2/mnm 1630 0 -2.123 6.61 direct 0.648
3 5i02 trigonal P3_221 1720 0.01 -3.268 248 [-] 5.708
In-house Other Material 4Te02  tetragonal  P4.12_12 733 0.011 -1.494 564  indirect 2.896
A 5 CeO2 cubic Fm3m 2727 0 -3.938 6.99 indirect 1.867 [-]
Expeﬂments Databases 6 HfO2 monoclinic P2_1/c 2790 0 -4.03 9.97 indirect 4.017
7 ZrO2 monoclinic P2_1/c 2690 0 -3.824 5.56 indirect 3.474
" U.S. DEPARTMENT OF 8 Ge02  tetragonal P4_2/mnm 1115 -2.085 594  direct 1.231 [1]
; ENERGY 9MnO2  tetragonal  P4_2/m 535 1437 3.22 1.015 []




Quantum Sensing for Fossil Energy Applications

Progress Highlights

« Review manuscript submitted for publication
* Quantum sensing: Focused to fossil energy applications
* Quantum networking: For energy applications
« Quantum simulations: Focused on quantum chemistry problems
* Quantum computing: Combinatorial and material chemistry problems

«  Modeling of diamond with nitrogen-vacancy (NV) center
* Orientation of stable NV centeris along [111] direction
+ A C-defect formation is found to be energy = 6.78 eV
« A 512-atom supercell model is found to be good enough to model a

NV center for sensing applications AT

* Neutral NV center formation energy = 7.5 eV

Ovtlook

* NV center electronics structures

« Surface model for nano-diomond with NV center

* NV center responses to the external light and magnetic fields
« Adding experimental work v

N=
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NATIONAL
ENERGY
TECHNOLOGY
LABORATORY

c3 [111]

6

1.43 nnd

Unit cell of diamond enclosing a NV center

0\

oN

T C atom = 510

: . N atom = 1

Vacancy =1
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Questions?

Collaborative Research and Testing
https://netl.doe.gov/business/partnerships
https://netl.doe.gov/news-room-news-stories

Michael Nowak (Michael.Nowak@netl.doe.gov)
University & National Lab Partnerships Manager

Benjamin.Chorpening@netl.doe.gov

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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