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Adapting to Changing Role

All time system demand peaks

Fossil energy power generation is needed now 70000 OR0 12000
and in the future, but its role is shifting from 65000 V) o
baseload operation to fulfilling dispatchable < 60000 oy S
power needs in regions of the United States. S sson I
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Novel sensors and controls will help to increase efficiency, oo | b Y= Ve Y ')/,-I v =
minimize emissions, and reduce operating costs of 35000@ SO PP OSSOSO g;» o
existing power generation technologies under this S &Q@@”Q@ &~ @“ o RGOt
increased load following role; and help enable next P P \‘"\W iy \‘”\%\‘b\ \N&@\Q &
generation power systems with high efficiency and greater e ) i st ) - 5o e i Gt Frecst 1
operational flexibility.

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 l/

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
* Fireside 2500°F (1370°C) +

* Ash /slag / SOx

Meas. Challenges

* Tube temperatures / flow (cycling)

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

* Temperature / species dist. Inside

boiler
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Subterranean chemistry

monitoring

* High pressure brine

Meas. Challenges

* Saltsin water

* Wellhead measurement

 Downhole
measurement

Chemical Looping

* >1000°C
* Pressurized
* Erosive

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




Research and Innovation Center Core Capabilities  |[N=[MIEWA
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APPLIED MATERIALS SCIENCE & ENGINEERING

Developing and deploying affordable,
high-performance materials designed for

severe service applications.

DECISION SCIENCE & ANALYSIS
Utilizing multi-scale computational

approaches to provide in-depth objective
analyses in support of the DOE mission.

SYSTEMS ENGINEERING &
INTEGRATION

CHEMICAL ENGINEERING

Pioneering efficient energy conversion systems
that can enable sustainable fossil energy
utilization.

SUBSURFACE SCIENCE
Enabling the sustainable production and use of fossil

fuels through engineering of the subsurface.

Accelerating technology innovation, development and deployment to enable new clean energy technologies to gain market acceptance.
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Technology Development Pathway

An Active Porifolio from Concept to Market Readiness

COMMERCIALIZATION . -

Technology available
for wide-scale market use
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1 Scale

% Technology Confidence
1 Investment
1 Private Sector Cost Share

DEMONSTRATION

System demonstrated
in operational environment

Y MATURATION

SYSTEM TESTING

System performance
confirmed at pilot-scale

RIC DEVELOPMENT

— Technology component

validated/integrated
focus

DISCOVERY

Concept identified/proven at
— laboratory-scale

TRL 1-3
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Overview of Adv Sensors & Controls FWP N=|NATIONAL
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« High temperature optical fiber sensors (Tasks 21-25, 32, 33)

« SAW sensors for gas sensing (Task 26)

« Raoman Gas Analyzer (Task 41)

 LIBS for Subterranean Chemical Sensing (Task 71)

 In-Situ Temperature Measurements via Reactive Particles (Task 47)

« Controls
« Agent-Based Controls for Power Systems (Task 51)

« Techno-Economic Analysis
« TEA of Sensor and Control Technologies (Task 64)

« Cybersecurity and Novel Concepts
« VLC - Alternative to WiFi (Task 81)

« Al-based approach for screen and design of funct. materials for harsh env. (Task 86) new
« Quantum sensors for fossil energy (Task 87) new
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Developing materials W | Functional
and sensing B | nanomaterials
approaches to | -

develop a fiber-based
sensing concepts that
can provide spatially
resolved chemical
species and
temperature
measurements from
an optical fiber at
above 800°C

Commercial and novel
multipoint interrogation

Material
modeling

| Fossil energy relevant gases

7
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Multipoint Boiler Tube Temperature Monitoring N=

Measure temperatures from every tube TL
» Expected spatial resolution 1 inch (200 ft long)
» [dentify local hot spots on tube wall
* Spot maldistribution of steam flow at low power

 Other application locations possible

— -
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» Gold-coated silica fiber possible: <1200°F (650°C), air

Apply commercial
optical fiber readout

instrument (silica fiber)
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Task 32. Field Demonstration of Distributed Temperature Measurement with Optical Fiber
for Fossil Energy Power Generation Applications
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- Preparations were completed for a pilof-scale field
test of distributed temperature sensing
» gold coated SMF fiber 5 meters long

+ pilot scale pulverized coal combustion unit at University of 2-inch wide
North Dakota Energy and Environmental Research Center
(UNDEERC) heated bars

« Dry run of installation and testing in NETL laboratory simulate

: : : : . boiler tubes
 Installation of the gold-coated fiber into a 1/8 inch stainless
steel tube for protection

* |Included mechanical connection to a 30 meter section of 700
ordinary silica fiber which will be needed to reach the
confrol room at UNDEERC

« Tested through several temperature cycles up to 600°C using
the plate heater apparatus to check the temperature
sensing performance in comparison with thermocouples

« Custom postprocessing of data necessary to obtain
accurate temperature readings at the higher temperatures

* LabVIEW program developed to automatically post process

* Pilot scale test on hold due to COVID-19

—=— Calc_Temp_BM
—=— Calc_Temp_RT
—&— Calc_Temp_100
—=— Calc_Temp_200
——— Calc_Temp_300
—=— Calc_Temp_400
—=— Calc_Temp_500
—=— Calc_Temp_600

600

500

400

300

Calculated Temperature (°C)

200
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e
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Fast Raman Gas Analyzer N = |NATIONAL
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« Applications to power generation and chemical process control

* Prototype tested in pilot scale laboratory applications

| « Fast - 1 second measurement time

Ec” - « Species concentrations measured to 0.1%

— » Optical waveguide technology boosts Raman signal more than 1000X
* No recalibration needed in normal operation

» Seeking collaborative partners or licensees

22
",.,v .;
-

14000 | =—=Nitrogen
—Oxygen

No commercial technology ——Carbon Dioxide
—Methane

has this combination of E S
— 800D ethane
speed, accvuracy, and £ ——Propane
8

multi-gas capability. —:}rcirogen
ooovvarter

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

200 400  Pixel 500 800 1000
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Raman Spectroscopy of Gases
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All major species
simultaneously
(ho noble gases)

Measures difficult
gases: H,, N, O,
(they have no IR
transitions)

Easily distinguishes
CO from N,
(difficult for mass
spectrometer)

Operates at
process pressure




Task 41. Raman Gas Analyzer Field Testing and Development N = |NATIONAL
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« Continue technical LoE

mOTurOTlon Ond fleld - : RGAC ition Data-12/06/2018 Starti t12:31 PM PST

Tesﬂng Of The RGA, r ompositon Data- arting a )

an NETL developed, i

fast, on-line P “EE

instrument that 3

measures gas O

compaosition for AL S

smarter combustion, S | e ComonDioice

gasification, and § | e rivaooen

industrial process £ oaf 8§ Ninogen

operation g f AW
« Also applicable to ;

fuel reforming and 0:2F

hydrogen

production

NETL RGA prototype for field testing. ;.‘:2030 PM 12:40 PM 12:50 PM 1:00 PM 1:10 PM 1:20 PM 1:30 PM

* 1000 psi

. . Data from test at turbine OEM, showing fast response to
* Design for NEC Class 1 Div 2

composition change in NG fuel blend (with hydrogen)
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Task 47. In-situ Temperature Measurements via Reactive Particles [N=|NATIONAL
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« Developing multilalyer particles for injection into boiler with coal
« Temperature to be mapped from reaction pattern

« Asimplified testing apparatus was developed to assess the green
light emission from pyrotechnic core formulations

« Synthesized, characterized, and tested 15 different pyrotechnic
formulations

« Compositions contained a mixture of metallic fuel, oxidant, color source,
and binder

« Bright green color was obtainable with BaCl, colorant, high
8X|o|0nS (I)(CIO4) to fuel ratio (3:1), and any metal fuel tested (Mg,
0, or Sn

« Light from the formation of BaCl+ radical in gas phase
* Boric acid and copper sulfate are other potential sources of green light
« Performing dip-coating studies for the application of the
protective layers
« Used Mg spheres as representative substrate for inner core
* Needed to control reaction location of particles

BaCl,/KClO,/Sn®/Ethyl Cellulose

Ba(NO3)2/KCIO,/MgP®/Ethyl Cellulose/PVC

e
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Task 48. Ultrafast Laser Measurements for Power
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« Godal: Improve boiler
operation at varying

loads. .
- Objective: Provide e,
a laser-based e "‘5%!'"“ B

measurement of o e
species and/or {— .o i
temperature inside
a coal-fired boiler or
HRSG along a line of
sight with spatial
resolution better
than 1 meter and @
single point of
ACCess.
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Task 51. Development and Testing of Agent-Based Controls =INATIONAL
Ll'l_\

ENERGY
for Power Systems ECHNOLOGY
Model-Free Control (Agent-Based) :‘:;;j';‘:;m
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- Obijective: Develop and test the suitability of . Mut-agents emulate ineligent contrel
J p y A t dinate their behavior t hi Itiple objecti
Ogeﬂf-bGsed COHTI’O|S fOI’ power p|OﬂT . LE:S :ol‘lzzalﬁgo;a:aa:hiei;d :E?I‘;omrln(:ni:;in;vihr::‘raﬁs?a?\tji?np::ts on efficiency
applications L * .
« Benefitis in applications where the link between 2
actuation and result is difficult to model agenti liAgentz :
! [Current ' [ Current 2
« Through discussion with PacificCorp, the coal hE S iEmmm . == :m T
pulverizer subsystem has been identified as G CEeen (on o TR
having the potential to benefit from improved Two (2) agent controller P/ i g fully losed making

demonstrated on laboratory power

conftrols for more flexible operations

F. Pezzini, 0. Tucker, and K.M. Bryden, Turbine speed controlina direct-fired fuel cell hybrid system,
SUstainable PolyEnergy generation and Haffvesting—LEAP 2015, Savona, Italy, Septembeer 5, 2019, 10 pp 1

¢ AgenT_bgsed COHTrOlS Opp“ed TO The hOT Oir Ond Data from turbine speed control experiment utilizing two co-worker agents and two actuators that are fully
COld Qir inpu‘l’ S‘l're(] ms W||| provide improved closed (i.e., saturated) at nominal conditions, performed in the Hyper facility, using a real turbine.
control of temperature in the coal pulverizers ‘ ‘
during off-design operations and load ramping

Design of a cyber-physical system emulation of a power plant, focusing on the temperature control of the
pulverizer air temperature using two actuators, similar to the Hyper demonstration.

.S. DEPARTMENT OF




Task 71. Development of LIBS for Subterranean Sensing

Ob]j.ec.’rive.: Development,
opfimization and tesfing of a
dePonobIe miniaturized LIBS
system for subterranean chemical
sensing.

A miniaturized submersible
measurement probe was recently
completed.

Laboratory bench experiments
have shown the ability of this new
probe to measure several
elemental species in solution.

Field use of this device will require
the construction of a laser safety
shield/interlock system for outdoor
use

This task will address these
remaining issues and begin field
testing with the NETL-designed
miniafurized submersible
measurement probe
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HOpticaI )
Fiber, !
<1 km )

Power, data
Storage and
Processing,
Display, and
control

LIBS spectrometer

Demultiplexer.

_______________________________________________

ABOVE GROUND CONTROL UNIT 2019
R&D 100
Award
Winner

Laser Pulse

Nd/Cr:YAG Pulsed Laser

Returning LIBS
Emission

DOWNHOLE LASER MODULE
MONITORING WELL

Current subsurface probe design




Task 64. TEA Analysis: Forced Outages for Coal-Fired Power Boilers N =|NATIONAL
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Average annual forced outage hours for coal-fired units (2013-2017)

M Personnel Errors

M External (9000-9320)
W Generator

B Steam Turbine

W BoP

H Boiler

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

—
B
300
200
100
0

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
Unit Size

Source: NERC GADS PC GAR-MT,
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Task 64. TEA Analysis: Boiler Instrumentation Gap Analysis N= [NATONAL
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Focus on outages due to boiler problems - causes, sensing, tech gaps TLfiasorRrory

Boiler outage cause codes from
EV / GADS data
Fuel supply bunker to boiler
Piping system
Internals and Structure
Slag/Ash removal
Tube leak
Fireside slagging/ fouling
Misc tube problems
Air and Gas system
Control system
Overhaul and inspections
Water condition
Design limitation
Misc boiler

. DEPARTMENT OF
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100,000

80,000

60,000

Boiler Forced Outage Hours (MWh)

40,000

20,000

Tube leaks cause forced outages for coal boilers at more than 10x
the rate of next highest failure

M Tube Leak M Fuel Supply Bunker to Boiler
M Piping System M Internals & Structure

m Slage/Ash Removal M Fireside Slagging/Fouling

B Misc Tube Problems M Air & Gas System

B Control System B Overhaul & Inspections

B Water Condition B Design Limitation

B Misc Boiler

Small (<300 MW) Medium (301-500 MW) Large (>500 MW)




Task 86. Machine Learning-Based Theoretical Approach for Screening and
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Design of Functional Materials for the Harsh Environment Applications
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« Establishing a machine learning-based model architecture to boost the development of gas
sensor mafterials that function in harsh environments: challenges:

* Lack of systematic approach to predict sensing properties of material candidates other than at ambient conditions

* Machine learned prediction of the response signals for sensing materials at various operating conditions; specifically
at high temperature

.y . . Machine Learning
« Initiated to build a database of sensor materials: Model
Material Bank T Development — Model - Mat'erial - SeNSing Properties
« Currently setting up a list of materials applicable as (Relis on Ealuation ~ Design at Operating
opgcol gosk.?ensors; mainly focusing on metal oxides Stat'st'ca’) Conditions
and perovskites il —
« Data minin% the = mechanic/electronic/opftical l .
properties for the materials in the list will be conducted Functional Sensing
using “Materials Project” (open access web database) Materials
« Unavailable physical properties from Materials Project | - Material Bank s
and other resources will be calculated, and will be  Calulationsof Material (Crysta structures,
combined with collected properties Propertis e s e
. II\AoTerioI borgjlg v%(ill be finalized to proceed for machine Literatures Opicl Propertes
earning prediction
In-house Other Material

Experiments  Databases

U.S. DEPARTMENT OF
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Task 87.0: Quantum Sensing for Fossil Energy Applications
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Objective: Use quantum sensing
marterials, quantum optics, quantum
computing, and quantum sensing
methodologies for realizing
unprecedented performance in
advanced sensing instrumentation for high
priority FE applications, with at least an
order of magnitude improvement as
compared to classical counterparts within
acceptable costs.

Review of QIS relevant to FE complete,
submitting for publication
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Duan, JSSC, 2017
(DOI:10.1016/j.jss¢.2017.09.016)
Jia, RSC Adv, 2017
PP & c‘ (DOI: 10.1039/C7TRA06542F)
. 1

% @ Harsh environment 8 L)
Various gas conditions « )

Paudel, Nano Lett. 2012
(DOI: 10.1021/n1203990c¢)
Paudel PRB, 2018
(DOI:10.1103/PhysRevB.98.075428)

...........

Q00000000

Y 4 1, Optical
Sensing
Materials =48

- L2+
318 b = LaMnO, Bulk
. a| o v — Bulk w/defects
.......... oo o /
\ 3 o —rrS g g 406+
\ 2 / L ]
AN & . 7
B 295 Y “36 o o
Wavelength (nm) oy 2. wmoz» mn‘-? . o 0 2 4
Schultz, JPCC, 2015 Duan, JSSC, 2017 Lee, PCCP, 2012 Lee. NETL. 2018
(DOI: 10.1021/jp512391f)  (DOI:10.1016/}s5¢.2017.09.016)  (DOI:10.1039/C1CP22380A) Jia, AIChE, 2018, Pittsburgh PA
Schultz, Proc. of SPIE, 2015 Jia, RSC Adv, 2017 Lee, PR Appl, 2017 (hnps:'//alchel.confe;(.com/ai:he/2018
(DOI: 10.1117/12.2188924) (DOl 10.1039/C7RA06542F) (DOI:lO.ll:gi:lgg;evApphed. Jmeetingapp.cgi/Paper/531666)
Schematic of mechanism of an optical hydrogen sensor and related finishing/ ongoing projects in NETL

FWPs.
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Pause for Questions

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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