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Advanced Sensors and Controls

 Develop advanced sensors and
conftrols to support development
of technologies within FECM'’s
portfolio

« Enable optimized monitoring and
management using novel sensors
and controls

* Increase operational flexibility
* Maintain or improve
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efficiency/availability | N Zee Cerosn PENEr

« Sharply reducing carbon emissions

NG turbines with Point-Source Capture
Hydrogen as bulk clean energy storage
Hydrogen production from carbon-based fuels
with carbon capture — support transition
Hydrogen utilization

+ Hydrogen/NG blend turbines

+ Hydrogen hybrid systems

Carbon dioxide removal and direct air capture
4/28/2023 2
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* Provide sufficiently resolved
process data to make operational
optimization possible

« Spatial and time resolution, extreme
environments, sensor system cost

 Develop conftrols to operate under
static or dynamic operating
conditions, especially under load
changes while optimizing for:
» Efficiency
« Operating cost
« Safety margin

Examples:

» Boilers/gasifiers (slag, reducing gases, ash, acidic species)

+ Solid oxide fuel cells (oxidizing and reducing flows) and
reversible SOFCs (load cycling)

+ Chemicallooping (high temperatures and erosion)

o% U.S. DEPARTMENT OF
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Technology Areas for Sensors and Controls

Carbon Storage and

Subterranean

chemistry

« Assure CO, storage
stability

« Afthe Wellhead

« Downhole
« High pressure water
or brine
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.9/ ENERGY

4_ -_-)..;
e —

Hydrogen Production and
Utilization
« Modular gasification
« waste plastics /
MSW
« Sustainable biomass
« Coal waste deposits
« Microwave fuel
reforming
« Chemical Looping
« Hydrogen/Blend GT
« SOEC
« Ammonia systems

SOFC

Fuel
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Hybrid NG/Hydrogen
Systems

« 800°C in SOFC

« 1,500°C in GT

« Transient controls

« +CO, storage
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Novel Systems
« Direct Air
Capture

« Supercritical
CO, cycles

Other relevant
applications?
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Advanced Sensors and Conftrols FWP

Sensors & Instrumentis

* High temperature
opftical fiber sensors
» Crystalline fiber

« Sensing materials
 Inferrogation

Real-time gas
composition analysis
of hydrogen blends

LIBS for subterranean
sensing of fluid
migration

Controls

Cyber-physical systems
as a zero-carbon
integrated energy
system development
acceleration tool

Online System
ldenftification for power
plants
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Novel Concepts

Al for screening and
design of functional
materials

Quantum sensors for
FECM applications

VLC - Alternative to RF

Direct Power
Extraction (a.k.a.
Magnetohydrodynamic
power production)




Advanced Sensors Program
Fiber Optic Sensor Projects

Speaker: Michael Buric, Staff Scientist
NETL, RIC-MEM

With: Guensik Lim, Jeff Wuenschell, and Gary Lander
(LEIDOS contractor scientists)
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« Task 24 - Single Crystal Fiber growth and sensing with Raman DTS

« Perform distributed temperature sensing in extremely harsh environments including
combustion, gasification, SOFCs, turbines, and others

« Replace single-point with distributed measurements to enable full system visibility

« Task 22 — Functional Coatings for Hydrogen gas sensors in harsh-

environments
* Produce novel gas-sensitive coatings for opftical fibers
 Infroduce gas sensors in high-value locations (inside SOFCs, high-temp combustor
exhaust, etc.)
» Use this sensor data for improved efficiency and conftrol of hydrogen systems




Task 24: Why use single crystal fibers in energy applications?

N: NATIONAL

ENERGY
TL TECHNOLOGY
LABORATORY
Coal / Waste Combustion Solid Oxide Hvbrid
Plastic Biomass | Turbines (H2 Fuel Cells / S :tems Nuclear Solar Thermal
Gasifiers or NG) Electrolyzers s
Temperatures Up to 1600°C Up to 1300°C Up to 900°C Up to 1000°C Up to 1000°C Up to 700°C
. | Pressure ratios . System High pressure High pressure
Pressures Up to 1000 psi 301 Atmospheric S - - -
Highly G .
reducing, e Oxidizing and Oxidizing and ammaan Daily
Atmosphere . Oxidizing ) ) neutron : )
erosive, reducing reducing . heating/cooling
) radiation
corrosive
0,, gaseous
Hydrogen from
Examples of fuel tural H,, NG =
xamp H,, 0,, CO, CO,, UElB i ure gaseous fuels 2 e Water,brine,
. h ical fiber? Important H.0. H.S. CH gas to high and oxveen components, gases, water, molten salts
.0
+ Why °pt'c.a rer: ++ Single crystal fiber Species 272 4| hydrogen), CO, e contaminants molten salt
1. No electrical interference . . . 0. NO.. SO from air
. 1. High melting point 2 NOy, S0y
2. Medium temperature (~800c) . .
3 Single feedth h 2. Corrosion resistant
4' Ilng € ee_ roug 3. Compact size (100 microns)
5' Ene>.(|pe;n5|vte. lized 4. Wide transmission window
' '::'S' y unctionatize 5. Benefits of silica +low-OH absorption
6. Distributed!

.S. DEPARTMENT OF
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Tech info: Making single-crystal fiber with LHPG

CO, laser source for
heating

“Doughnut” beam shaper
surrounds molten zone with
light

Motors advance feedstock
(pedestal) and fiber

Seed fiber

Slow process (mm/min)
Grows pure crystals (no

cladding)

Spectrometer I
—I Top
@@ rotation
motor
l_' Parabolic Melting
Mirror pool
Power
meter Pedestal
Elliptical
/ \/ mirror
CO, Laser \
\/ Feed Rod

Alignment Axicon Bottom
LED rotation

motor
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Work approach: SC fiber cladding
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« Grow cladded fibers with 2-stage LHPG system Light Ray
« Sapphire or YAG

» Sol-gel (or other) dopant additions e TS R G W WG

Cladding (n1)

« Evaluate materials compatibility in energy systems

« Improve fiber performance

*provisional US patent

U.S. DEPARTMENT OF
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Work approach: Reel-to-Reel sol-gel processing

system for cladding dopant additions N ::c:T:lothl:::GY
TL LABORATORY

Long-length Coating System [

« Coater designed to coat
long lengths of single crystal
fiber (~several meters) in sol
gel solution and "soft bake™
with hot air dryer.

« Post-coating thermal
processing — vertical :
furnace with 1200°C max - K
temperature. L

 Processed fiber used for re-
growth and dopant
distribution

Post-coating Thermal Processing
Hot Air Dryer Station

- — E 1+ ————————

Precursor
Reservoir |

e
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Tech info: How an SC-fiber becomes a T- =Nk
sensor T L [EStinoroey
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oinia
[T Tech.
« Introducing the NETL Raman DTS @
(distributed temperature sensor)
« Pulsed ~350ps 532nm green laser

« Excites Raman scattering as pulse

Power supply

Pulsed laser st

Laser cleanup
filter

propagates

« Collects Raman with fast avalanche M3 M2
photodiodes L .

«  Optics designed for sapphire or YAG rejectfilter oy
filber Focusing lens

Focusing lens

(100 mm FL) (10 mm FL)

« First interrogator for SC-fiber

 First inferrogator produced by NETL SMA
Interrogator Development Program connector

Sapphire fiber




NETL Fiber Optic Interrogator Development Program |N f:;i’:gm
Cost: Ok Cost: <35k - Cost: <$70k TL LABORATORY

@f DAS/phase-OTDR

: Sensing range = >50 km; Sensing range = <1 km; : Sensing range = <150 km;

Spatial resolution = 1-2 m; Spatial resolution = <1 mm; Spatial resolution = <5 m;

: Acoustic frequency range: <20 kHz; Temperature resolution: 0.1°C; : Temperature resolution: 1 to 2°C;

: (depends on the fiber length);  Strain resolution: 2 p; :  Strain resolution: 10 to 20 pe;
Frequency resolution: <2 Hz; Laser safety: Class 1 Laser safety: Class 3B
E Laser safety: CIaSS 3B E """"""""""""""""""""""""""""""" e EEEEEEEEEEEEEEEEEEEsEEsEEEESEESEESsEESEEEEEEEEEEEEEEEEEEES

: Acoustic frequency
! range: 5 Hz to 1 MHz; :
: Frequency resolution: <1 to 2 Hz; !

: Laser safety: Class 1 M Fiber ring laser {2 : Laser safety: Class 3B :

‘\. u.s. DEFARTMENT”OF
(@) ENERGY

: Acoustic frequency
: range: 1 Hz to 500 kHz; :
: Frequency resolution: <1 to 2 Hz;
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Accomplishments: DTS field prototype TL |Ecinooar
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« FY22 Total re-work of
optical design including
laser path, optical filters,
and detectors

* Increased collection
efficiency by 10X enabling
much longer sensor fibers

 Filed testing has occurred

at INL, MIT research
reactor, and at our piloft
scale PPC

A o.?
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Accomplishments: DTS in fossil — Pressurized Pulse N=|HAToNA:
Combustor - _ TL [EstnoLocy

LABORATORY

«  Fully distributed sensing — 5 cm resolution

«  Temperature measurements above 1100°C

«  Multiple probes deployed (sapphire and YAG)
« Transients observed easily

+ ROl filed on single-crystal opftical fiber cladding
for high-temperature operations (22N-14)
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Two fiber-optic probes (sapphire and YAG) & thermocouple (left) and its installation on PPC test rig (right)
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Tech info: Task 22 - optical fiber coatings for gas sensors |[N=|VToNA
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* Task shifted from high-temperature O, oo ..
sensing fo H, sensing to support the
new hydrogen economy

* Leverages new oxide materials, some
from the SOFC world

- Begin with single-channel sensors;
move to distributed

 Work approach:
« Deposition: sol-gel, sputtering, efc.
« Select for responsivity, stability, and low
Cross-sensifivity
« Explore cross—sensi’rivi’g mi’ri%o’ring over-
layers for CH,, CO, CO,, H,

* Initial tests on silicq, later on SC fiber (target
temperatures > 500 °C)

H,@Scale

U.S. DEPARTMENT OF




Accomplishments: Task 22 - optical fiber coatings for gas sensors [[NJ=]NarionNaL
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« Completed testing of La, 3,51y 7,0TiO; Oxygen Sensing w/ STFO film at 800 °C
fs%nsmg layer on single ci'ys’rafsapphlre .
iber:

« Alternate structures investigated to
improve response — (Au nanorod
embedded fibers).

« Thin (~5 nm) silica overcoat investigated

for improved stability and reduced cross- ool -
sensitivity. oos} _L "

\ = 1

 Research Products: : U

0 100 200 300 400

 Presented at SPIE Photonics West 2023 and Time (min)

published in proceedings &Wuensche", etal.  Hydrogen Sensing w/ LSTO film at 500-900 °C
'Optical gas sensing af extreme temperatures T an, sonco, kch aoxco

using perovskite oxides on single crystal e
fiber.” Oxide-based Materials and Devices A "

XIV. Vol. 12422. SPIE, 2023.)

* ROI on single crystal fiber oxygen sensor
presented to IRB, follow-up work currently in
progress (23N-07).

 Journal article submitted to Sensors and
Actuators B and currently under review.
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Major Conclusions TL [Ectnoioey
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2 new inventions this year!

World’'s only dual LHPG system for cladding application

Unique DIS system for single-crystal opftical fibers

New functional coatings for hydrogen sensing

Distributed Fiber-optic sensing enabling amazing new capabilities




Measure where
it counts!

VISIT US AT:
@NETL_DOE
@NETL_DOE

@NationalEnergyTechnologylLaboratory

CONTACT:

Dr. Michael Buric, RIC, FMT
Michael.Buric@netl.doe.gov

5%, U.S. DEPARTMENT OF
o
%7 ENERGY



NATIONAL
Application of Optical Fiber Distributed Temperature Meqsureme#l_ TECHNOLOGY

J. Thapa, P. Muley, D. Shekhawat, B. Chorpening
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Microwave reactor
technology supports

ReACT Lab

— > Optical fiber

decarbonization
* Process intensification
« Methane mitigation

— Quter quartz tube

— |nner silica

* Plastics conversion to H2

« Hydrogen or ammonia
production

Difficult to perform
measurements in the reactor

« High microwave energy
« Catalyst bed

capillary

-

— Glass wool

Optical fiber sensing

“‘ U.S. DEPARTMENT OF

{©) ENERGY




C : : - —|NATIONAL
Applicarion of Oprical Fiber L QuTed 1emperaiture Mmeasureme ETECHNOLOGY
LABORATORY
Apply COTS Interrogator
Assess performance Pt
« Electrically heated plate E

system

Ouvutside normal bounds for
the optical fiber
« Singlemode fiber

Y TR AT TR FTTN FOTT .
-1200 -1000 -800  -600  -400  -200 0

Spectral Shift (GHz)

Calibration curve

699 |

698 |

» Beyond 300 C, plastic buffer g o
melts and chars Plate heater test apparatus E 6955_
« Car’™ 'J coated
. Buffer 603 f
« CuUs = "aHation
— Core Length (m)
\\ Fiber test in Plate Heater (plates

heated to 701°C per TC readings)
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Application of Optical Fiber Distributed Temperature Meo ‘u‘
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il

Pretest 800 E_ SIiC-TiC beads M W_OW

» Calibrated polyimide-removed silica | —— = Optical fber e
opfical fiber in ’rhedplg’re heater 00
apparatus up to 700 C at 0.65 mm gage :
pitch and 1 Hz

« Error less than 10°C from 21>700°C
Optical fiber testing in microwave reactor
cgnducied with 4 gifferen’r catalysts . ._.

« Temperature profiles found to differ with © Gilass woul T 145 10 1s5 1eo
catalyst Length (m)

- Within bed temperature higher than the | iomersilon caplllary .

bed surface temperature (opfical > Outer quartz tube - Catalyst bed B2
pyromefter) soof

« Varies, AT up to 200°C observed s00f a
« Results to be published fi-

Future work
« Comparison with model of reactor bed _
« Reacting flow testing 100
« Bed radial profile testing Ol e e e L

1.40 1.45 1.50 1.55 1.60

« Higher resolution performance testing Length (m)

400E

Temperature (°C)

200F

Catalyst bed

(microwave heating section) 0

400

300 F

Temperature (°C)

200 F
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NETL Fast Raman Gas Analyzer N=|NaToNaL
TLJRE0RRToRY

« Support transition to H2 through H2/NG blend turbines & systems
Prototype tested in pilot scale laboratory applications (TRL 5-6)
Fast - 1 second measurement fime

Species concentrations measured to 0.1%

N = |anionaL

= |[ENERGY

TL|Eshnoocy
LABORATORY

v - o Optical waveguide technology boosts Roman signal more than 1000X
B 2a EY23: Program and lab testing of smaller rack mount version
k: RGA Composition Data-12/06/2018 Starting at 12:31 PM PST 14000 _:hlilllﬂgen
: — OXygen
osf 2 -, 12000 -
R . R CH4 —Carbon Dioxide
& o.sf_fL R J Elmm ——Methane
2 %E::"D“ % gooo +===Ethane
g e g ~—Propane
;o HE § %0 |—Hydrogen
: 4000 Water
+ 1000 pi oo L b
« Design for NEC Class 1 : |
Div 2 ;)2030 PM 12:40 PM 12:50 PM 1:00 PM 1:10 PM 1:20 PM 1:30 PM 0

US Pacific Time

S. DEPARTMENT OF
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Waveguide Enhanced Raman System N=|NATIONAL
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e SPEED: One-second response time

e ACCURACY: Sub-percent for all
molecular species with little cross
sensi’rivi’ry J BS Notch Filter

 SIMPLICITY/STABILITY: Obtains all e | |
species at once with no tunable ' ‘
lasers, N0 pump power control F

| L1 L2

Gas out

Line Filter

silica Spectrometer
metal

e

yA

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




Ultrafast Laser Measurements for Harsh Environments N=|NATIONAL
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Task 48 Objectives LABORATORY
. N2+02
« Design pulsed Raman system S o ]
I~ 39%Ar /

for spatially resolved
measurements in gasifiers or
other large industrial systems

Assemble higher resolution
prototype using existing laser,
detector, and optics

Test and apply to field
measurements

Explore Scheimpflug LIDAR as
an alternative approach with
lower equipment costs

2%, U.S. DEPARTMENT OF
!

Rel. Signal Intensity

90000 -

| 557250 4|

90% Ar /

80000
54500

54250 4

: . 2P sa000 R
70000 | 534 536 538

60000 \ Slll 02 N2
YN\ / JLJ

50000 -

T T T T T T T
540 560 580 600 620 640 660

Wavelength (nm)

Laser-based measurement of species/temperature along
a line of sight with spatial resolution and single point
access




Ultrafast Laser Measurements for Harsh Environments N=]| ATonaL

"1 ITECHNOLOGY

Time Domain Raman Scattering Spectroscopy
Line of sight molecular measurement
Resolution based on laser pulse width (6ft)
Shorter laser pulse improves resolution
Detector timing is critical to capturing data
Temperature
Molecular Species

v

Telescope §

........................................................... . T —
— 2.25 J

.II"{% U.S. DEPARTMENT OF
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Ultrafast Laser Measurements for Harsh Environments N=|NATIONAL
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Task 48 Update

. Proof Of Concepf Raman LIDAR Sysfem bUlH Rotational Raman Lines of N2 and 02: Highest Resolution
1.20E+05

 Pure vibrational and rotational Raman lines of N, and .
O, (rotational lines are ~30x more intense) at room )
temperature £

(o}
O

1.10E+05

1.05E+05

« Preparations for high temperature testing
com pleTed 1.00E+05 V

« Tube furnace configured to test flue gas components 530 532 534 536 538 540
(e.g., NQ, 02, HQO, COQ) Wavelength (nm)

¢ CUSTOm OpTICCﬂ OrrOﬂgemeﬂT fOI’ ImprOVIﬂg Vibrational and Rotational Raman Lines of Atmospheric Gasses
resolution has been designed and components e

2.40E+05 R Vibrational Lines
ordered e

2.00E+05 H20
02 Vibrational

« Scheimpflug optical arrangement currently under ‘§

1.60E+05

test fo improve spatial resolution.

1.20E+05

« Precise gas mixing apparatus has been engineered ' : A

8.00E+04

and constructed completed, testing to follow. S5 545 ses  sss 605 625 645 665

Wavelength (nm)

U.S. DEPARTMENT OF




Ultrafast Laser Measurements for Harsh Environments N=|NATonaL
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Laser Plane

PTF Plane

P

% U.S. DEPARTMENT OF

.2 ENERGY




Ultrafast Laser Measurements for Harsh Environments N=|NATonaL
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Initial Scheimpflug measurements show ability to measure temperature and species well

Significantly reduce laser probe requirements
Increase measurement integration time

Ratio of Low / High Frequency Rotational Raman

Ellmlnate need for preC|se tlmlng Band Integrated Intensities vs Temperature
Significantly improve resolution while using a CW laser

Rotational Raman Spectra from Air-Nitrogen Mixture at 074 | N
Different Temperature

Thousands

0.72 \

o
~

Integrated Intensity Ratio

Intensity (a.u.)

0 100 200 300 400 500 600
Temperature (C)
0 50 100 150 200 250 300 350 400 450 500
; 1
Raman shift (cm™) —e=100%Air —o—75%Air 50%Air 25%Air —e—0%Air
—RoomT —100C —225C —350C —475C —600C

#7%, U.S. DEPARTMENT OF
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LIBS for Subterranean Sensing N =]|NATONAL
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« Development, optimization and testing of a
deployable miniaturized LIBS system for
subterranean chemical sensing

e memmmmemmemeemosoonoooiiiii 3 2019 R&D

Optical . \
Fiber, ! ¢ 100
<dkm i [2 S2w2_ W
a 2 I | Award
S o O %‘E : W
5 teoas inner
& o8 X L] 1
8 o n () : \/
/

ABOVE GROUND CONTROL UNIT

Laser Pulse
| &

Nd/Cr:YAG Pulsed Laser

Returning LIBS
Emission

DOWNHOLE LASER MODULE
MONITORING WELL

‘\ U.S. DEPARTMENT OF

{®) ENERGY
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LIBS for Subterranean Sensing N =]|NATONAL
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Task 71 downhole data

Groundwater Trace Elements
18 and 27 foot well depth

1.4 0.9

Element calibrations performed prior

Multiple depths interrogated
0.8

07 Each data pointis a few hundred spectra

1.2

1 € m
o a
o < 0.6 . T
0.8 = 2 Rainfall dilution indicated for Na and Ca
0 = 05
06 g
o E £ 04 K appears unaffected
. o
B N~ VI -G - S a— 0.3 . .
02 O 0 Li too low to measure (LOD = 8ppb in lab)
0 I 0.1
_0.2 . -— D
6 6 6 6 6 6 6 6 6 6 6 6 66 6 6 46 6 6 6 &
R T i D O i s I S I
o — N M = N wuw M~ o0 oy O A &~ 0o = i o M~ o O O
= = = o~ o e e o = NN NN NN NN NN NNM
B Daily Rainfall -+<--Ca 18ft <--Na 18ft -X--Li 18ft -X--K 18ft

——Ca 27ft —o—Li 27ft —-o—K 27ft ——3 day average




LIBS for Subterranean Sensing E‘ﬁé&%‘:‘f“
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Bubble production during measurements forced a minor change in probe design

%, U.S. DEPARTMENT OF

{3} ENERGY




LIBS for Subterranean Sensing
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Task 71 Update
« Replacement parts on order

« Planning of next deployment
complete

« Publications in process

« Patentissued 11,451,004
1000000 Calcium spectra in water
800000
600000

400000

200000 L
Ju

Intensity (counts)

0
350 400 450

Wavelength (nm)

(12)

United States Patent
Meclntyre et al.

USO11451004B2

10y Patent No.:  US 11,451,004 B2
(45) Date of Patent: Sep. 20, 2022

(34

(7

72)

(73

(2n
(22)
(63)

0y

DOWNHOLE LASER SYSTEM WITH AN
IMPROVED LASER OUTPUT PRODUCTION
AND DATA COLLECTION
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co-evaporating grow d co- rmi
growth. The method further ineludes monitorin,
ometry of the CsTe growth.

i
2 4 stoichi-

6 Claims, 5 Drawing Sheets
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Metrolaser TTO Phase |

Further simplify and productize
Improve laser probe output
Provide lower cost sensing options
Meftrolaser TTO Phase |l

License technology

Finalize design of system

Offer system for sale

Collect in-situ data at multiple sites

Continue collaboration to
document technical success




Advanced Control Sensors — David Tucker, Farida Harun, Nana Zhou
Task 52.0: Cyber-Physical Systems as an Integrated Energy System (IES) Development Tool

N NATIONAL
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Milestones
Development of cycle concepts that Development of conceptual design Preliminary control evaluation of
include thermal energy storage and of an IES with thermal energy the concept cycle
CO, capture storage and CO, capture
N _ _ Assessed possible issues and
Identified cycle configurations that Developed a complete opportunities that could be further
would have high efficiency and conceptual design with identified using cyber-physical
include thermal energy storage and anticipated costs and benefits approach.
Co, capture
i g'}j l_ -qk\g?""' % Internal T Cvber Phusical Sveterne are used
" i! E \ -= k Actuators J : yober ysica .yS ems are use :
\— i to replace physical components

3 | that:
Physical " Numeric (""External | | 1. are irreplaceable
N ; Hardware S
g _ Beav_lor cps Models .-H\__ls!'l"_u_"__-'l . 2. are expensive

i 3. are unable to meet
performance targets

Internal : _ |
S i 4. don’t exist...yet ;
ensors o CHEI R R e




Technology Development Today N=|AToNAL
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* The current technology paradigm
requires two decades (P&CM)

* The highest risk is always associated
with pilot development

1. Fuel Type/Availability
Technical Risk
Controls Development
Uprate Capability
Time to Construct
Emissions

Reliability, Availability,
Maintainability

8. Footprint

9. Delivery Schedule

10. Delivery Logistics

1. Conduct Initial Assessments
a. Engineering
b. Environmental
c. Economic
d. Legal
. Technical Assessment
Conceptual Costs and
Schedule
Summarize Results

= el e ol Sl o

L ad

 Critical Go-No Go relies on
a pilot scale technical

&~

gf EEEE S EEEEEEEEEENEEEEEEEEES
el

5. Management Direction 11. Cycling Capability
assessment 12. Fuel Flexibility
13. Equipment Costs
EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEESRN
gost of the Risk Lies pre,
[ o D
LA ; . - =
8 LabTesting  “Numeric o Hine, Pilot Plant X
oncep Models e Financial Closing EnD;:\ael:aer?ng Construction
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IES Cycles: Thermal Energy Storage and CO, Capture
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Concept 1: Thermal Energy Storage

TES heat source

—pD—P
p| =t
Hot-Air
- Hot-Air
m Bypass Thermal Energy Storage
Air
Fuel Valve
104 Burner

Discharge

Storage

Fluctuationsin power
demand reflect changes in
operating fuel valve/fuel
requirement

2 4 6 8 0 12 14 16 18 20 22 24
Hour of the day

T L TECHNOLOGY
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Concept 2: CO, Capture Cycle

Exhaust

co,
Steam Steam
! v owo|
Air =P . H,
Fuel —p Reformer —¥| Shift Reactor =% CO, Capture :

£

> Power Out

=> Power Out

heat i heat

Air

AN N N N NN

@4 @ Post- combustor I

Cogeneration of H,, heat, and power T_|>‘r<]<_
High H, partial pressure (Low capture cost) """l
Low pressure and high efficiency

Chemical capacitance in carbon capture

Heat sink of fuel reforming for TIT control

HX required

High temperature- membrane or temp swing
Anode preheat required

Complicated shift reactor control




Proof of Concept of a Thermal Energy Storage (TES) System N

THERMAL ENERGY STORAGE CONCEPT

h
104
T T
Sutstation Power - No Electrolyzers / —_—
~— Substation Power - Elsctrolyzers nesr Substation T
Substation Powdr - Eloctrolyzars naer PV ’],[’—/ \‘\

Grid stabilization and efficiency

©
i

o

N
n? 2 4
Fluctuations in power demand
reflect changes in operating fuel
04 valve/fuel requirement
(i.e.. efficiency loss)
24
4 ‘ - P
2 4 6 8 10 12 14 16 18 20 22 24
Exha ust Hour of the day

~» TES Heat Source

y
Hot Air Bypass

- Combustor

Simplified process flow of an integrated
> m thermal energy storage in a recuperated
gas turbine system
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HARDWARE-BASED TEST IN HYPER LABORATORY

- S N S BN B BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN SN BN SN NN SN BN BN NN BN BN BN BN B B B -—
P ~
/, - -P —————————————————————— - \\
/ Thermal energy ; TES Heat Source Thermal Energy ‘l
] input from HEX (for 1“u (burner) Storage (TES) y
| CSP, SMR, etc.) t T ~
I and/or | ! P,
| Burner (for bio 1 F 4----- >
| |
1 1 o e
1 C5P - concentrated solar power | :' "
1 SMR — small modular reactor Tl | .
1 HEX - heat exchanger .-~ - ~
| - b -
i ..
: Primary surface : :.
: T o 1 Measurement Simulator
oint
I cuperated . + ; fuel
| 1 E—
: i
I i
I i
I i
I Hot-Air L !
|
I Bypass
|
|
: Combustor
\
\
\
A S Maln fuel ,
S
~ A i o e o S ' — - - - ’,

T T TrTTTTTTTT""“"’"“Tr—vr—_ L\



Control Strategy for TES: Air mass flow control N =|NATIONAL
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TEMPERATURE DYNAMICS (increase air bypass flow) TES CAPACITY LABORATORY
1050
0
-20
1000 —4.88 (kg/kW)
—_ — Inlet Air -40 —9.75 (kg/kW)
% 950 T —4.88 (kg/kW) — 60 —19.5(kg/kW)
5 : —9.75 (kg/kW) 3 o= m e e e e e e
o 900 : —19.5 (kg/kW) 5 80 Ch i E Assuming a 33% efficiency heat
£ 850 ! — a8 (W) T -100 arging i to electricity:
1 —9.75 (kg/kW) o
= : . o5 g 120 | i v Charging: 135kW (76% of a
300 i Air 40 | 14 i 60kW electric load)
i £ w0 L6 ! v/ Discharging: 103 kW (57%
- 1 .
7501000 0 1000 2000 3000 4000 5000 800 -1000 0 1000 2000 3000 4000 5000 6000 7(5 of a 60kW electric load)
Tme () e — P Time (s) i v Dissipation rate is a function
() (b) (a) i over TES size
1000 120 oot
----- —4.88 (kg/kW) | | iccinati -
Inlet 4.88 (kg/kW) - i i : 75:k8;kwi i j Dzss:tpatton rate . i
950 —Inlet9.75 (kg/kW) ] ] . g : 4minutes - using :
I —19.5 (kg/kw) | 1 a thermal storage
- —Inlet 19.5 (kg/kW) 1 I . i
@ 80 i ! size of 19.5 kg/kW i
< -— —Outlet 4.88 (kg/kW) = i i . - . :
o 900 : Outlet 9.75 (kg/kW) E : Dlscharglng : v' 12 seconds with I
3 I - . = 60 I 2 -
o ! ——Outlet 19.5 (kg/kW) o i ! the size of 4.88 :
3 ! = . L kg/kW !
g- 850 1 1000 40 I L —— i
1 —Outlet 4.88 (kg/kW)
'd_.) 1 —Outlet 9.75 (kg/kwW) L
1 950 —Outlet 19.5 (kg/kW) 20
! 1 g
800 : 1 @ 900
1 I - g
i Solid & 550 0
250 ® oo 500 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time (s)
-1000 0 1000 2000 3000 4000 5000 ' s, (a)
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IES Cycles: CO, Capture

Exhaust

I sean |

Stea ml

co,

wo| 4

N NATIONAL
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% HRSG A H
T Fulerl :: Reformer =¥ Shift Reactor =% CO, Capture sz Anode
A o
HX - Cathode
e
heati iheat
—— ==> Power Out
HX < HX <&—— Post- combustor

Air

Simplified process flow of an integrated energy system with CO, capture

—
L§'<]4_

Auxiliary fuel



CPS Conceptual Design: Reformer N =|NATIONAL

Conceptual Design
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v
._“J Electrical Heater l“[

— =]
H,0 I = rochlore catalyst | : —t>
e = LN
=

Auto/SMR)

#7, U.S. DEPARTMENT OF -."J Electrical Heater I.I-“T; T

CH, . Reformate composition:
Il;;?gﬂz; .......... - H,0 —_— Retf%gglgg —> H,, H,0, CO, CO,, CHyr=+==- - sm-ﬁ;;acm
Air (Auto/SMR) a - * Desired 1% CH,
1
]
Heat, Q
Cyber Physical Reformer
CHy, H,0, Air Real-Time Reformer Desired % CH T
Sy T Model — —>
i Thermal source i i
R | ANURUURU N S RN S ,
' Fuel composition; : Current  -------—--—--- < ' Cooling !
Viiddleware | : . A | €=
. Reformingtype ' | Controller ! | water v
__________ Qogmogooosol L e commoomt oomaoo ool CH4’% ________r_______al I
| | ¥ ; 3 :
i i : Power : rﬁﬂﬁ i
A H,0 ;
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Future Direction N
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Exhaust
HRSG Air Cyber Physical Reformer
Fuel : CHy, H,0, Air Real-Time Reformer Desired % CH.,
|_ i = Power Out 1 Model
| Hx ,: ; . Thermal source.
t v Cogeneration of H,, heat, and power )
i v Thermal integration H ;
heat: v High H, partial pressure ! heat E“F-I;;i-c-';r;n;;s-i-é;;;-i s
we Power Out i v Low pressure and high efficiency : LLEEEDY | Reformingtyps | | Controller | o
i v' Chemical capacitance in carbon capture : ||\ T B jroe v
for transient load demand : ;
* v Heat sink of fuel reforming for TIT control ' ‘ Power SEEEL
HX - HX N—{ Post- combustor
Air b @O < B cvictea 1]
- . ) R ——
Simplified process flow of an integrated energy system with CO, capture L CH, o -
S e— Hardware H,0 > —F
Air = =

Auxiliary fuel Auto/SMR)

CONCEPT HARDWARE-BASED TEST IN HYPER
Exhaust A N
/ Thermal energy /” TES Heat Source Thermal Energy \ \\
input from HEX (for .
—>IX]

+ 4 (burner)
CSP, SMR, etc.) § ..
and/or ‘;ﬁ % y @

Burner (for bi
)

-

CSP - concentrated solar power " |

------1
L _§ =B = ¥ N 5 N § N BN |
8
|

1

1

]

1

1

]

i

SMR - small modular reactor .-~ | | m. Ty Pl ] —— —————
S 1 1 === Power Out

i I

! 1

’ i

1

i I

; 1 . -—PowerXHA

] 1

! 1

i I

Air Simplified process flow of an integrated : : Air Combustor P
thermal energy storage in a recuperated ¥ I i I cA )
gas turbine system . 1 ied process flow of an integrated ei system with CO; capture
l---—-----------—-----ﬂ
Il I I B I I N N . -
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Task 53: Online System ID to
Assist Power Generators During  TLJisorsror
CyCIing Operations Larry Shadle A

Advanced Sensors and Controls AMES
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Fault detection based upon On-line System ID  [N=F&
Advanced Sensors and Conftrols Task 51 TI— LABORATORY

Controller Output

00

Set )
Point

Fuel Flow

52 4 Fuel Valve

Fuel Valve, %

+ 1000 y 100 120 140 160 180 200

60 80 100 T::: . 140 160 180 200 "ﬁxsec,
1 1
] P mmmmmmm e mmmmmmmees HE
: '\ Transfer functionat | |
| g —— l———-l
i_ nominal condition _i

Continuously Adaptive Gain Scheduling

U.S. DEPARTMENT OF

Restrepo, B. et al., PID Control Design and Demonstration Using a Cyber-Physical Fuel Cell/Gas Turbine
@ ENERGY 44

Hybrid System, Proceedings Power and Energy Conf, #7346, June 24-28, 2018, Lake Buena Vista, FL.
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Overall Task Objectives TL [rEcnoroey
Objectives: A
* Develop methodologies to improve system integration using online AMES
system identification e =
* Advance R&D on adaptive control for load following applications. |
E?E
Strategy: 3%
* Apply online system id during closed loop operations.
* Detect Operating States by monitoring input/output and computing IOWA STATE
transfer function coefficients. CURIERSL

* Develop algorithms to characterize plant operations and provide
methods necessary to process full datasets.

5%, U.S. DEPARTMENT OF
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Online System Identification and Adaptive Controls N

il

Industrial Case: Steam superheat T control s T

« SH-T Control tolerances critical
constraint to plant operations

Avg. Drum Pressure

G5(s)

m.-m (SZ} -
s"Mspray2 761(5) @ . .]G4(5) > B AERAGESURGEAT » pmSTHATEES -

Steamn Table i —"

JB3 SHDE-SHNORTH OUTLETTMP 3 degF  JB3TcoCTLIaTE2012 T%
Saturated Temp.

Plant Load
______ 440 = 2
N 45500 BM, 43193 Excursion, min & 2 more vs. Date
Burner Tilt Demand 430 GZ(S)
) ) an ; -400
Boiler Master Kicker—» 200,
410
Boiler Master Output @i @888 » | o | E o w 300
= c [
Desuperheater Temp.| | | [T " 00 o
m, @
pray2 2 100-
'l"’ b Desuperheated Steam . = | -200
| 1 - $ o
1 1
! ! 5:26:00 PM, 365.97 = g
Yo maint ) 3 100 &
2" Stage 2400PM  3O0TI2FM  3S024PM  43336PM  SI643PM 60000 PM w1
Total Steam 5 h ar T E -
Steam oo sp Right Desuperheater Temp. SP SRS 1 e = 0- <
Flow
220 c -0 s
.ﬂ . Spray water flow S |
Right Desuperheater Outlet Temp ‘Jﬁ ,{ k‘r || § -100 - ~-100
“ ~V ||| r\r\rﬂ/\r \ -
‘ 2 200 mf‘ v lvﬂll --200
Main Steam Temp. AVERAGE 2a r F'J
- !
, H
Unknowns TE1059 5160 J mfﬁqﬂl | I| K\'{J\. -200-
f(x): Nonlinear function J - oot \ | W ; o
K: Gain 4 lu”J 07022022 07042022 07062022
Note: Interlocks not included 12 Date
100 P ;
2M00PM IOT12FM  3SDMEM 433%PM  51645FM 600:00PM ® Excursion, min e Excursion F e PWR15 MW
Time

U.S. DEPARTMENT OF

ENERGY




Online System Identification and Adaptive Controls

Spray Water Flow, kpph

Task 53 Accomplishments

« Received and Analyzed five months of data from industrial partner

N
T

L
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« Characterized responses and identified Conftrol State changes with changes in Power Generated.

30 >
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Ag 2
30 E
100 £
70 g
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xg i i
< g
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System ID Evaluation — System Operating in Closed Loop [N=|Anonat
. - : T L [EGHNOLoGY
Closed loop transfer function variation from Full Load Operations LABORATORY
Data Pipeline * Three Different Regimes ldentified AﬁES
=0 * |- Nominal Control Laenn

|f orp
— * |l — Off-design Control
TV N Ames FIE EoEE  ¢ocorocessin | POST | s
Frpserver RS Downioad  [RUSETRRN "7 REEER * |l = Limited Control

% delta of Roots from 541-551 MW

System ID Execution eENERGY

IOWA STATE
UNIVERSITY

Data Preparation Algorithm Execution

by-z7l 4k by z™

ARoot, % diff. from 540 MW 10

1+a 2=+ +ayz="
Pridiction enmor
Nominal transfer function
e Process Qubput
“=0~ Controller ——-———"1 Process <
D 75 % Gross Generation, MW 575

Process Output
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Future Direction N =|NATIONAL
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Next Steps | mmeim LABORATORY
Mean (1)
« Wrap up System ID analysis and |
present to industrial Parther | | |
« Gaussian Process propagation ittt |
. CLOE analysis | DAC, MHD, RDE, $CO,,... 1
. @iigkd ARIES facility - SuperLab 2.0}
Task 54 — Data Historian gu h%'an o T YaentiyNevada
« Set up information system to dsPACEY ’
SUppor'I' SAM' Opp“CO‘hon '|'O IndustrialCAI\‘l‘BUSNo.l
Cyber Physical hylbrid e N <
TeChnologleS Communication Joody Electric Load Bank Modbus |
« Compile and synchronize MEsa s

Info from experimental
sensors & models with meta
data

« Develop Roadmap for
Information Integration

I -—— 1 opc |
piopc 11 server Iy
I pa [ (sos |
| Pamia | Servlink) [
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Cyber-Physical Systems are Awesome!!!
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Larry Shadle, Ph.D.

U.S. Department of Energy
National Energy Technology Laboratory
Morgantown, WV 26507-0880
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Introduction ¥E ?ﬁé‘a%%‘tém
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 Why use a MHD generator?
* Extract power at higher temperatures then turbines
* higher combined cycle efficiency possible (eg w/oxy-fuel and CCUS)
* Resilient to particles as compared to turbines

* Power production or hydrogen production from mixed sources (fossil,
biomass, waste streams) with CCUS

* Prior Efforts in Direct Power Extraction FWP

* TEA showed 30% COE reduction possible for oxy-coal + CCUS
power system?

* Unique NETL simulation codes for MHD power gen performance
developed and utilized

* Lab R&D work discovers & develops new MHD channel materials?
* Potentially solving legacy issue for technology

MHD Power Generator

B: Applied Mag Field
U: fluid velocity
o fluid conductivity

« MHD Gen 1 successfully built and tested at NETL3 Project objectives
. Combustcijon plasma created; electrical impedance simulated and  Experimentally validate
measure

CFD simulations of MHD
generator’s impedance

Fuel — MHD B
. 0 Reactor [— )| Pottom » Purification e Calculate cost and
Air—|  ASU 2, Generator Cycle
l l l l performance of system
l l l with biomass co-firing
N, Slag Electricity Electricity =~ Waste H,0 CO,

* Develop new ceramic
channel materials

Products




NETL MHD Gen 1 Lab system
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measure plasma + boundary layer impedance

Seed Emulsion

Syringe
Pump

JP Kerosene

Cathode

Hall MHD channel

-« Iris

L
Spectrometer

* Test system capable of operating over range
of mass flow, equivalence ratio, and seeding
rates to provide validation data points

* Initial reported simulation results not
within measurement uncertainties

* Working on improving MHD Gen hardware
design (MHD Gen 2) to minimize other possible
sources of error

* Working on improving simulation methods

% U.S. DEPARTMENT OF

NETL's MHD Gen 1 channel

LABORATORY

23633 14

V. wyo
3 SONIL7

outside of a magnet Emulsions used to ‘seed’ the

Resistance [Ohm]

[
o
w

107

fuel are being developed and
tested

—+— Cantera
—=— CFD
—4— Experiment

10‘21 10‘22
ng [#/m?]
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To determine generator impedance LABORATORY

Uncoupled CFD model w/ OpenFOAM =

1. Solve fluid flow & thermo properties:

* uniform mixture of combustion product of fuel,
oxygen and seed, injected at combustor back
plate section.

* 2D axi-symmetric geometry

*  Convective wall heat transfer & boundary layer
formation

* finite rate chemistry for tracing the evolution
of species (considers non-equilibrium chemistry)

2. Calculate resistance using conductivity
model & electrostatic model | patterns
* Electrostatics decoupled from flow
* OpenFOAM and other tools

* Additional computational capabilities

* 3D multiphase (liquid kerosene) w/ evap. and
combustion

* Fully coupled EM
* Upstream kerosene-emulsion (K-seed) mixing

* Planned work includes adding addition

complexity to model including consideration of
arcing

HVOF Combustor recirculation

0:0e+00 1.6e+00

simulation of ‘free jet’ in open air at exit

S. DEPARTMENT OF

NERGY
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CFD Simulation Results TL [rEcinoroey

Example Static Temperature Result LABORATORY

0.020

q femperature [€] * High Temperature
0.0154 Combustion Chamber 2907 pressurized
: 2725
2543
| _ 2361 combustion
0.010- CD Nozzle Channel 1998
E - / 1816 approaches 3270K
;. 0.005- 1452 .
E ‘ . * Expansion of gasses
0.000- s cools gas
— 7T T — T —— = * Supersonic shocks
0000 0025 0050 0075 0100 0125 0150 0.175 0200 0225 0.250
distance from backplate. x [m] cause some T
— 3500 . .
= oscillation

3250 - —— Centerline Temperature

* Cooler boundary

layer observed
 Wall T~340K
. with water
2500 - cooled copper
wall

* Boundary layer

growth apparent

3000 H

2750 -

2250 H

2000 S S . S B S S R . S .S S .S E—
0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.225 0.25
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CFD Simulations N=|NTIoNAL
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Electrical Conductivity with the Combustion Plasma LABORATORY
0.020 ectrical Conductivi m
| . Electrical Gonductivty [S/m] * Roughly 4 orders of
oot Combustion Chamber 22 magnitude greater
' i conductivity then
0010 CD Nozzle Channel with no seed
E | * Small addition of
- 0.0054 K,CO5; makes large
§ | difference
0.000 * Supersonic shock T
0.000 0025 0050 0075 0100 0125 0150 0175 0200 0225  0.250 va r|at|0r]5,|ead to
distance from backplate, x [m] condu Ct|V|ty
= variation
% h ____ Electrical Conductivity e And low zone
£ 251 [S/m] downstream of CD
® nozzle
20 —
* Boundary layer
15 = resistance increases
1 downstream
10 5 e Different at cathode
then anode
5 —
0 T T T T T T T T T T T

T I Al L) I T T I L]
0 0.025 0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.225 0.25
x (]




Plasma Diagnostics N oy
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e Optical Absorption at ~767nm used to find K
concentration(#/m3)

e This is proxy for plasma free electron concentration and
indicates seeding success

* Measured at entrance and exit of MHD channel

* Microwave scattering at ¥90 GHz used to determine
electron-ion recombination rates

Optlcal. Absorpt|9n Mlc.rowave Scatterm.g. » Successfully developed and demonstrated
(Potassium Density) (Laser-induced conductivity)
UV Pulse Laser
Pulse
N4 W E 0.000 5 Ion—elec_tror?
= «V_’ :g 0,005 l recomblnli\tlon
. & rates are key to
& —0.010 — - .
: ~ = oot lon eIec.tror.1 assessing non-
/N g ~0.015 recombination equilibrium plasma
0 § -0.020 approaches
= 0 5 10 15 20 25

Time [us]
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High Temp electrical measurements
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In support of EY22 Direct Extraction FWP LABORATORY
* Newly developed text fixture successfully demonstrated and reported? In collaboration with:

* Improves measurement of a material’s electrical conductivity up to ~1700 °C
* For MHD channel electrode characterization
* Based on 4-point Van der Pauw (VDP) geometry and method?

e Custom made ceramic apparatus tightly fits sample and platinum wires
* Ceramic apparatus has lower CTE than test coupons

| Oregon State University
College of Engineering

* Placed in standard high temperature box or tube furnace R.d R.d .
e D : .. : _Rhy _Ttkpa Conductivity of GDC
emonstrated by testing gadolinia doped ceria (GDC) 1=¢ P +e P
* Results comparable to existing techniques (DC bar and AC disk) 102
* Verified high temperature from literature
101_
£
"UI_.‘-; 100‘
iy
2z 10-1 O VDPsamplel
é vV VDPsample 2
5 > %X VDPsample 3
0 10 O VDPsample 4
<1 VDPsample 5
1073 —— AC Disk
—— DCBar
10-4 —— Literature

200 400 600 800 1000 1200 1400 1600
Temperature [°C]

S. Bowen, David Cann, C. Rigel Woodside; “Bulk Electrical Conductivity Measurements based on 4-point Van der Pau
s and Applications Conference, Orlando, Florida
der Pauw, “A Method of Measuring Bulk Resistivity and Hall Coefficient on Lamelle of Arbitrary Shape”, Ph

L
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‘ Objectives:

To perform high-T gas sensing measurements, sensing materials with high
stability, sensitivity and selectivity are needed. Instead of experimental trial-

and-error approach, we proposed to theoretically design framework to identity
good candidates from materials database.

dTemperature dependence of electronic structure (band-gap changes versus T)
Fitting to empirical equation of band-gap changes versus T
[ Developing high-T sensing database

A Performing machine learning model to determine T-dependent band-gap changes
and select batter candidate materials for high-T gas sensors.

Key research team members:

=  Former members: Yu-Ning Wu, Jongwoo Park, Ting Jia, Paul Ohodnicki, Tarak Nandi, Wissam A. Saidi
= Current members: Jordan Chapman, Leebyn Chong, Dan Sorescu, Jeffrey K. Wuenschell, Yueh-Lin Lee, Yuhua Duan
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Temperature dependence of the electronic eigenvalues originates from the phonon
population & the thermal expansion of the lattice

* Electron-phonon coupling * Lattice thermal expansion
(Major contribution) (small contribution, could be neglected)

v" Allen-Heine-Cardona (AHC) theory

v Finite displacement method Quasi-harmonic approximation: map F (a) for

different lattices and temperatures and fit using
equation of state.

1 ag«lqv 1
exn (1) — €xn(0) = Fq 2 i 5 +np(wq, L) |+ ---

F(a) =
where q and v are the phonon indices; N, is the total number
of g points that sample the first Brillouin zone (FBZ); afﬁ,).qv
- - Y DFT Energy Phonons
Is the second-order electron-phonon coupling constant; wg,
AHC Theory:

stands for the phonon frequencies; ng is the Bose-Einstein P B, Allen. M. Cardona, PRB 23(1981)1495- 1505

population of the phonons. - P.B.Allen, V. Heine, J. Phys. C: Solid State Phys. 9(1976)2305-2312.
Implementatlon in ABINIT:
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o0 | \ Rutile %

3R8

- -

imaginary

Dielectric matrix
real
cnondR88hondn

C = N W OoO-“«“NQM>O

AAA b

O [
G X R z G M A DOS
0.2 . . . .

< -0.34 s |
< @ 01y acoustic —— | . .
,P-0.38 P02} optical —s— | Main conclusions:
~ .42} < 0.3 ] * Band-gap decrease with increase T

Thermal expansion —=— 0.4 \ * Optical branches contribute such decrease

-0.46 } ] . . . . .
. . . . 05t . . . . o EI-
0 200 400 600 800 1000 0 200 400 600 800 1000 El-ph coupling is the major contribution to

band-gap narrowing over thermal expansion
* Optical properties are smoother with T increase

Temperature(K) Temperature(K)

Y.-N. Wu, et al, J. Phys. Chem. C 122(2018)22642-49.  Y.-N. Wu, et al, J. Phys: Condens. Matter 32(2020)405705




SnO,: Temperature Electronic Structure

Populating temperature dependence properties in SnO,
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* Phonon properties: thermodynamic stability of @ | E—
materials £ om | Ty ey etk ko & ol L Renteapey ot
» Free energy decreases with temperature g o g ol
» Entropy and heat capacity approach zero at 0 K g " g
° . — . - ’ - - 0 I 1{I)O 260 I 360 460 I 5(I)O ‘ G{IJO 7(I)O ‘ SlI)O QEI)O ‘1000 _ 0_ IIII
Fully simulated E, = f(T): analytical O’Donnell model fitting Temperature (K) remperature (K)
<hw> SnO, s AHC ——Fit
Eg=E0—5<h(J)> coth ! 200 2 i
ZkpT SN0 o AHC ——Fit

* K. P.O’Donnell, X. Chen, APL 58(1991)2924-26.
E,: zero-T band-gap 175

S: electron-phonon coupling constant < 150
@ L
<hw>: average phonon energy W 4 e

. | E,(eV) S <hw> (meV)
* Close S and <hw> parameters conform to comparative 100 “Spo, 2.00 235 4077 .
behavior of band gap shifts in SnO, and SnO - SnO_ 149 243 3602
O'?SO I 1[|]0 | 2[|}0 I 3[I}[]' I 4[I}[]' I 5[|)0 I 6[|}0 | ?[Il[]' I 8[I]'[]' | QEI)O I‘l[]'[]'[]
J. Park, et G/, J. Phys. Chem. C 125(2021)22231-38 Temperature K

T

F5, U.S. DEPARTMENT OF

/ENERGY




MO, : Temperature Electronic Structure N=|NAToNAL

TL TECHNOLOGY
LABORATORY

Establishing materials database for temperature dependence band gaps

* Sub-set: finite temperature band gap known materials from literatures

* Fully simulated E, = E r + AE, 5 = f(T) rationalized with analytical O’'Donnell equation

B, = Ey—S < ho> [coth (< ha >) _ 1‘ + K. P.O’Donnell, X. Chen, APL 58(1991)2924-26.

g 2kpT
E, (eV) S <hw> (meV) R?
e rTiO, r-Tio, 1.39 3.80 244.0 0.982 *
8 ° a-TiO2 a-Tio, 1.76 3.94 253.0 0.989 *
7h® %0 0eeaq . ° A!zo3 Al,03 7.05 5.40 25.00 0.999
Cee e oL, 1% BLO, Bi,03 1.84 11.20 40.77 0.999
6 Ga,0, Ga,03 4.78 3.10 14.70 0.999
o |
5 n203 In,03 1.70 6.59 30.11 0.998
5\4 A A i b b 2 25 b b b 5 B B JE JF B R ° ?‘,38 BeO 7.65 1.36 51.00 0.999
L e CuO Cdo 1.10 5.14 43.12 0.999
LIJG)3 ® S © 000000000000 0000 (° CUZO CuO 1.12 5.31 26.45 0.998
e MgO
. -0-0-0-0-0-0-0-0-0-0-0-0-0-0-.-....... ° ZgO Cu,0 0.86 3.61 18.29 0.999
35‘331;————000000000 n
_____ E 9 @ $ ‘ ; * oo 00 @ [ J V205 Mgo 4.45 0.66 11.21 0.998
1p323332222ssggss322>- Zno 1.79 1.36 37.18 0.999
o4—r—>t—— 111 1 . 1 . 1 . V,05 2.35 2.33 13.00 0.999
0 100 200 300 400 500 600 700 800 900 1000
Temperature (K) * Discard non-monotonic regime T < 400 K
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Perovskites: Temperature dependence properties
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Perovskites: ABO; oxides and metal halide perovskites (MHP)

* Data from literatures: either experiment (e) or simulation (s), either direct (d) or indirect (i) band gap

1 MAPDI3 orthorhombic Pnma
3.2 2MAPDLBr3  monoclinic Pm
I A
L i Aa a4 3MAPbCI3  monoclinic Pm
4.0 < 1 30}
R oy, | ol AFAPDI3  orthorhombic ~ Pmm2
35 ¢ . M > ») al 5FAPbBr3  monoclinic Pm
' * 2.6 6FAPDCI3  orthorhombic ~ Pmm2
< | e, 1 % 24| 7CsPbl3 orthorhombic ~ Pnma
QL 30F \' ., . 7] E 92 I ” 8CsPbBr3 orthorhombic Pnma
g . ., © | 9CsPbCI3  orthothombic  Amm2
O 251 Yvv v m STiIO3-efi | O 20+ 10MASNI3 orthorhombic ~ Pnma
o A YVvv e BaTiO3- el 2 o " MAPbI3-e/d |
c alis -eil | c 18} ] 1TMASNBr3  orthorhombic ~ Pnma
0 20} A v LaCro3 - e/d| o 1em ™ m mE am mE § EmmmEE A MAPDCI3 - e/d 12MASNCI3  orthorhombic Pnma
¢ LiNbO3-¢fi || 14 I v FAPbBr3-e/d| 13FASNI3 orthorhombic ~ Amm?2
A . . 4 -
15 < LiTaO3-elfi : PUPPPPREEL : gzggge’ . /‘3/ a1 14FASnBr3  orthorhombic ~ Pnma
. | | | | | > PbITIOS 'elll 12 . | . | . | | . | . | 15FASNCI3 orthorhombic Pnma
0 200 400 600 800 1000 1200 1400 0 100 200 300 400 500 600 16CsSnI3 orthorhombic Pnma
Temperature (K) Temperature (K) 17CsSnBr3 cubic Pm3m
18CsSNCI3 monoclinic P2_1/c

» Perovskite oxides: E, closing tendency mainly discussed with electron-phonon coupling contribution

» Metal halide perovskites: E, opening tendency mainly discussed with thermal expansion contribution
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MO,, ABO, MO,, ABO, AHC Theory O’Donnell analytical equation:
Compounds Gas Sensors Validation of AHC
Literature meta-analysis Data mining Via model fitiing of £, = f(E,, S, <hw>) 7 E S<h b < how >
MO, / ABO, Gas molecules Measures of Eg =f(T) MO ABO g~ =0~ < fw > cot ZkBT -
] oS [ ] . X 3 Consensus of E,, S, <hw>
‘ ° o (N=9) (N=6) between Exp vs. AHC
P Rl gl o CdO ! BaTiO; ¢ ##o-q
0 B0 Al,O; ! PbTIO %aﬂs oo | (a) (b)
-E,>05¢eV M3 3 “
g e ; . . N F-"""=" Rl Y ||* [ & BaTi
By <d0mey | B M I s e o
-Gassensiny — - - i e cuo sl e T o e,
(6) i [
00~ ABO;| 6 e BIiOi 30 lm ~ == e o _ h"'-..\_OLiTaOS
o £ S . oo s ..~ m%'“uu o PbTIO,
L S hmeeres e - 4o _ . __ . 273 g o T
et T * Ino, 25 = - Ty .
04 Ll.l4_ .Vzos u “Q“""-Q., -q—h‘""«-
086 3_;::;_;;;;t:+ """"""" 1 20} e T
%0'8 QM;EL:??E-?;???E?:-; 150 \&\‘n-
L‘Hm o —o—LaCr0 10 I 160I2[I)0 ‘ 360 I4[I)0 ‘ 5[I]0 IG(;O ‘ TCI)O I 860 ‘ QCI)O ‘1000 0 ‘ 160 ‘260 ‘ 360 ‘460 ‘ 560 ‘660 I 760 ‘ 860 I 960 ‘1000
A2r —o—LiNb03 Temperature (K) Temperature (K)
146 . 3 J
ol | poe ] E,(T) variation estimated by experimental data (symbols) fitted with
P e AR P O’Donnell model (dashed lines).
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Temperature (K) Temperature (K)  J. Park, et al, ACS Appl. Mater. Interfaces, 13(2021)17717-25.
_ . * Y.-N. Wy, et al, Phys. Chem. Lett. 11(2020) 2518-23.
Calcul§ted t?and gap (_AEg(T))'by AHC theo.ry viad - 1. Park, et al, Phys. Chem. Chem. Phys. 22(2020)27163-72.
nonadiabatic zero-point-motion renormalization « 1. Park, et al, Chem. Mater. 34(2022)6108-15
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° 7 egpge
Parity plots of O'Donnell fitting parameters [N=|wrova
«m |[ENERGY
TLJ(Rsorarory
O’Donnell analytical equation:
(a) 12 - (b) 100
< hw > 0, ST,
Eg =Ey—S§ <hw > |coth W -1 ol | o Ago, T | ¢ aso, p
ey S 80k o
B . Bi.O = i . .
= 8 LaCr0 .6 BFe0, = | o TR
5 L 5 60r s T -
10 = LTa0, . R 1R = - Bi,0 L
9 s MO - & 6L BTi0 Lo e c_g 50 1 27e @ oBaTi0,
L * - 3 SRR L ‘
o ABO, 7 g T g g LR, E ol Cdos| | .- _
sl g ] ? , . Cdo o I o o
-7 — ar Ga0, .- . -#lo-----BiFe0, ]
< 7l _ AO- ] ) PbTIO, az.j/ CLTEO ALD, 4 0T }, '.ND
3 L LINbDa__ _LiTaDB -~ i , O’ - 5 20k Vo ’., OLaCrO g} |
= G _ o s - r ZI‘IUJ,’ V.0, L Y2 e 3
S 5L BaTIDE,———: " o7 ] ,'. 10 F o Ga,0,
E LCD———:ZD::"/‘GaZDa gk 0;’.|.|.|‘\.|.|.|‘|.|.
2 40 B_Faor S _ . 0 2 4 8 g8 10 12 0 10 20 30 40 5 60 70 8 90 100
W 3+ e * E,E”l .;;:}é ,«”'PDTIDE' ] S [Experiment] <hw> [Experiment] (meV)
e V20, ’I"éi o’ Bi,O
w 2| jad e ]
cdo "~ * O
1 ’/CU;_,D‘. # CuQ n,Y, .
0 * The O’'Donnell model could be represented the temperature dependence
E, [Experiment] (V) of band gap change well through the three parameters.

* To determine/fit these parameters can be done beyond DFT calculations.

* J. Park, et al, Chem. Mater. 34(2022)6108-15
* T.Nandi, et al, (2023)under preparation
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» J. Park et al., Phys. Chem. Chem. Phys. 22(2020) 27163-72; ACS Appl. Mater. Interfaces

13(2021) 17717-25; J. Phys. Chem. C 125(2021) 22231-38; 126(2022)8832-38; Chem.
Mater. 34(2022)6108-15

> Y-N. Wu et al., ). Phys. Chem. C 122(2018) 22642-49; J. Phys. Chem. Lett. 11(2020)
2518-23; J. Phys. Condens. Matter 32(2020) 405705.

» T lia et al., RSC Adv. 7(2017) 38798-804; Phys. Chem. Chem. Phys. 22(2020) 16721-26;

Applied Energy 281 (2021)116040; J. Phys. Chem. C 125(2021) 12374-81;
126(2022)11421-25

A\

Y. Duan et al., J. Solid State Chem. 256(2017) 239-251.

A\

S. Nations, et al., RSC Adv. 11(2021) 22264-72; Mater. Adv. 3(2022)3897-3905;
Nanomaterials 13(2023)276

For more details, please visit our poster.




NATIONAL

EY23 Further Work N=|Nmey

TE TECHNOLOGY

LABORATORY

(JExtend the oxides & perovskites database

JUsing Machine Learning technique to determine temperature
dependence of solid materials by predicting the parameters of
O’Donnell model and optical properties

AStudy gas sensing properties of the materials in the database

dPredict best candidates for high-temperature gas sensors.
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What is Quantum Sensing?
Quantum sensor utilizes properties of quantum mechanics, such as quantum entanglement,
quantum interference (superposition), and quantum state squeezing, to optimize precision and
beat current limits in sensor technology.

In solid-state physics, a quantum sensor is a quantum device that
responds to a stimulus. Usually this refers to a sensor that, which
has quantized energy levels, uses quantum coherence to measure
a physical quantity, or uses entanglement to improve
measurements beyond what can be done with classical sensors.
There are 4 criteria for solid-state quantum sensors:

1) The system has to have discrete, resolvable energy levels.
2) You can initialize the sensor and you can perform readout (turn on and

get answer).
3) You can coherently manipulate the sensor.

4) The sensor interacts with a physical quantity and has some response to Diamond quantum sensor breaks new record
that quantity. First experimental demonstration of NMR spectroscopy with full
chemical specificity at the scale of a single biological cell

* C.L.Degan, et al, Rev. Mod. Phys. 89(3)(2017)035002. D. R. Glenn, et al, Nature 555(2018)351-354.
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Objectives:

To use quantum sensing materials, quantum optics, and quantum sensing methodologies for realizing
unprecedented performance in advanced sensing instrumentation for high priority FECM applications, such as
detecting rare earth element, CO, capture & utilization, energy infrastructure, etc.

Theoretical approach Experimental approach
* Explore the electronic, magnetic, and optical * Set up Optically Detected Magnetic Resonance (ODMR)
properties of nitrogen vacancy (NV) defective experiments.

nanodiamonds (NDs) as quantum sensor materials. ° ODMR characterization: to characterize  optical/spin
- Responses to the externally applied strain properties, effects of magnetic field/strain orientation on

. . g coupling of the Hamiltonian eigenstates and selection rules.
* Responses to the externally applied magnetic field. T tonian €lg lon ru

NV 1o behavi th diff P Spin relaxometry measurement: To correlate theoretical
g Fenter SRS DEWIES S SleiRime Sses results with the experimental observations at a level of single
oping.

and multiple NV centers.

e Develop quantum-classical hybrid optical fiber sensor
network for CCUS field applications.

Key research team members:

* Former members: Roman Shugayev, Ping Lu, Paul Ohodnicki
e Current members: Hari Paudel, Gary lander, Scott Crawford, Jeffrey K. Wuenschell, Michael Buric, Yuhua Duan
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Accomplishments—literature review NS]Hanona

== [ENERGY _ _ .
ADVANCED
Quantum Materials REVIEW TECTNOIOGIES
< www.advquantumtech.com
On Quantum Sensing for Energy Applications: Review and
Perspective
Sensing Techniques
— Scott E. Crawford, Roman A. Shugayev, Hari P. Paudel, Ping Lu, Madhava Syamlal,
Paul R. Ohodnicki, Benjamin Chorpening, Randall Gentry, and Yuhua Duan*
Quantum
Sensing Table 1 Potential Applications of Quantum Sensing in Fossil Energy Areas
Fossil Energy Area Sensing Application
t (p8)
Energy Applications CO; Utilization and Coal Rapid, sensitive detection of CO, emission and leaks, detection

Quantum gravimeters for the detection of oil/gas deposits

- Beneficiation high value metals from coal and coal utilization byproducts
o Upstream Oil & Gas
%o

@ @ Midstream Oil & Gas Monitoring pipeline integrity during transport and storage
@ )
30@ @oga Downstream Oil & Gas Monitoring CO; emission during consumption
+ Pipeline Integrity - Transformer Temperature Carbon capture and storage Rapid, sensitive detection of CO, emission and leaks
« Critical Meotals  + Groenhouse Gas Emissi

Coal Mining and Recovery Sensing of critical metal elements from coal and coal utilizatic
byproducts, gravimeters for coal exploration, coal mine safety

Electricity Generation Sensors monitoring electromagnetic fields

Electricity Transmission and L .
Distribution Monitoring temperature in transformers

Nuclear Physics & Energy Monitoring national nuclear security, superconducting quantum
interference devices (SQUIDs)

*  Crawford, et al, Ady. Quantum Technol. 2021, 4(8), 210049.
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The nitrogen-vacancy (NV) center in nanodiamond (ND) is a good quantum sensor because its electron spin can be
manipulated at room-T by external fields, resulting in sharp resonances which related to quantum entanglement..
We perform ab-initio density functional theory (DFT) calculations to investigate the bulk and surface properties of

the N and NV defective bulk and diamond surfaces.
Density of states

-1 Surface optimizations
=™ NV defective

&5
3
1

&

. (s

1
&
g

pure

g
3

E,,=0.96)/m?

3

Density of States [a.u.

3 3
5

Density of States [a.u.

5

%0 A5 <10 -5 5 10 15 20

0
E-E[eV)

eNV defect
= - 0.25
0.20
ms=0 B 3 ;
° S Singlet 5 o | B 015 Surface model for nano-
T13ns e States | ; 010 diamond
/l 0.10 .
oL <300 ns 005 with NV center
> v/ N - ¥ ¥
e /4 287GH: = . == = 1., 000 E(sur) = E(slab) - n*E(bulk)/2*surface area
ms = » Dipole is along NV axis

» Majority of charge is concentered around the three C atoms around the defect
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We further investigated the effect of external stress on the electronic properties of nitrogen vacancy center in

nanodiamond for sensing applications.

Bandstructure Bandstructure

Hy = D, [S2-S(S+1)/3| + ALS.L + Ay, (Sl + 8,1, . :
+Fys [122 i+ 1)/3] % ‘T"Iosdev | - % ‘111 el ’
Pressure sensitivity : 1,5 = L E ]
©gs anI;(p)K \/T—Z*
P

Spin splitting energy required to get
pressure sensitivity

A=a + /% +y?

“"4&“
K(
b

H
o
o

Energy (eV)
o

S

|
,..
L

w
o
o
§ 3 J

Y N

& y
100 - a %

Changein energy (eV)
N
=
)

(1T mn
" % & W
0 oS0 oo o 1s0 200 * With increasing the external stress, the band energy splitting is increased linearly. The spin
ressur olu QnnQ . . a
(a) Calculated change in PV vs change in energy of ground state NV center, (b) splitting parameter also varies as the diagonal components of the stress tensor increases.

Orientations of different surfaces of NV center * The change in the sensing behavior under axially applied stress can be quantified.

) * Provide an avenue for possibility of sensing stress at elevated environmental conditions
* H.Paudel, et al, (2023) under preparation.
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Set up an enhanced optically-detected magnetic resonance (ODMR) and spin relaxometry platform
542107 ' . ODMR .
. 12 - AOM N
Experimental Configuration MLy g
MW waveguide j} g o
_\ TTL— z°
D B' 27. | laser current = 210 mA
f.c Id 13 = Oscilloscope 3" it
Mini-Circuits & A g7
amplifier RE—» : - - 74 E 76}
1 — "o 275 28 85 29 295

RF Frequency/(GHz)

Nanodiamonds

Mini-Circuits
switch
T Spectrometer -
TTH gr signal
generator 0.98 -
AOM: acousto-optic modulator; M: mirror; L: lens; 0.97
DBS: dichroic beam splitter; BS: beam splitter; .

APD: avalanche photodiode; BPF: bandpass filter B B O P oBE S S OB B
Frequency (GHz)
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Publications (7):

1)

2)

3)

4)

5)

6)

7)

S. E. Crawford, R. A. Shugayev, H. P. Paudel, P. Lu, M. Syamlal, P. R. Ohodnicki,
R. Gentry, Y. Duan, “Quantum information science: review and perspective for
energy applications”, Advanced Quantum Technologies, 4(2021)2100049.

R. Shugayev, S. Crawford, J. Baltrus, N. Diemler, J. Ellis, K.-J. Kim, “Synthesis
and quantum metrology of metal-organic framework-coated fluorescent
nanodiamonds containing nitrogen vacancy centers”, Chem. Mater.
33(16)(2021)6365-6373.

R. Shugayev, J. Devkota, S. Crawford, P. Lu, M. Buric “Giant microwave
spontaneous emission enhancements in planar aperture waveguide structures”,
Adv. Quantum Technol. 4(6)(2021)2000151

R. Shugayev, P. Lu, Y. Duan, M. Buric, “Hong-Ou-Mandel sensing via
superradiant coupling of discrete fluorescent emitters” AVS Quantum Science,
4(2022)034402.

H. P. Paudel, M. Syamlal, S. E. Crawford, Y.-L. Lee, R. A. Shugayev, P. Lu, P. R.
Ohodnicki, D. Mollot, Y. Duan, “Quantum computing and simulations for energy
applications: review and perspective”, ACS Engineering Au, 2(3) (2022)151-
196.

H. P. Paudel, S. E. Crawford, M. Leuenberger, R. A. Shugayev, Y.-L. Lee, M.
Syamlal, P. R. Ohodnicki, P. Lu, D. Mollot, Y. Duan, “Quantum Networking for
Energy Applications: Review and Perspective”, Adv. Quantum technol. (2023)
submitted

H. P. Paudel, G. Lander, S. E. Crawford, Y. Duan, “Effect of external stress on the
electronic properties of nitrogen vacancy center in nanodiamond for sensing
applications: a first principles density function theory study”, Nanomaterials,
(2023) to be submitted
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R. Shugayev, P. Lu, Y. Duan, “Near field Hong-Ou-Mandel sensing via superradiant
coupling of discrete fluorescent emitters”, Quantum Technologies for Critical
Energy Infrastructure summit(QuTCISS), ORNL, Jan.14-15, 2021

P. R. Ohodnicki, K. Chen, G. Dutt, E. Stewart (PIT), L. Kiani, M. Messerly, R.
Mellors (LLNL), S. Crawford, J. Devkota, Y. Duan (NETL), J. Gopinath (Univ.
Colorado at Boulder), “Robust Quantum Sensing and Distributed Analytics for
Critical Energy Infrastructure”, Quantum Technologies for Critical Infrastructure
Security Summit (QuTCISS), https://qutciss.ornl.gov, ORNL, Jan.14-15, 2021

H. P. Paudel, S. E. Crawford, R. A. Shugayev, Y.-L. Lee, M. Syamlal, P. Lu, P. R.
Ohodnicki, Darren Mollot, Y. Duan, “Quantum Information Science for Energy Sector
Applications”, TechConnect World Innovation Conference and Expo, June 13-15,
2022, Washington, DC

S. E. Crawford, H. P. Paudel, Y.-L. Lee, Y. Duan, “Overview of Quantum Information
Science Research at NETL”, PQI12022, Sept. 13-15, 2022, Pittsburgh, PA.

H. P. Paudel, S. E. Crawford, Gary, Lander, Y. Duan, “Electronic and optical
properties of NV center in diamond for sensing applications: first-principles density
functional theory and experimental approach”, APS March Meeting, Mar.05-10,
2023, Las Vegas, Nevada.

S Crawford, R. Shugayev, G. Lander, H. Paudel, Y. Duan, J. Baltrus, N. Diemler, J.
Ellis, K. Kim, P. Cvetic, “Controlled Encapsulation of Nanodiamond Qubits by
Metal-Organic Frameworks: Towards Enhanced Quantum Sensing”, TechConnect
World Innovation Conference & Expo, June 19-21, 2013, Washington DC

For more details, please visit our poster.




EY23 Work \ S e
TLJ{Asoratory

* Complete model of nitrogen vacancy (NV) center sensing behaviors
in regard to stress sensing.

* Set up experiments to conduct optically-detected magnetic resonance
(ODMR) measurements using NV centers in nanodiamonds (NDs)
on CO, conversion applications.

* Conduct technology review and evaluate commercially available
solutions and provide an in-depth survey of hybrid quantum-classical
sensing networks with a target for energy infrastructure applications.

* Demonstrate the effect of an external magnetic field in NV centers in
NDs
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