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This project was funded by the U.S. Department of Energy, National Energy Technology Laboratory, in
part, through a site support contract. Neither the United States Government nor any agency thereof,
nor any of their employees, nor the support contractor, 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, frademark, 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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« An efficient system is crucial fo achieve the _ |
mid-century climate goal. | TRANSPORT OVERVIEW |

 Pipelines are the most viable means of ~- = B _
transport even though small-scale | ol = O oufier storage

transport is possible by truck, rail, and ship. e ~
« About 5,400 miles of transport pipelines :

exist in the U.S.

 Significantly more transport infrastructure is
to be built over next few decades.

- Safety and integrity of the system are the
key.

To geological storage

https://www.globalccsinstitute.com/archive/hub/publications/191083/fact-
sheet-transporting-co?2.pdf
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Customer-Based Learning on Natural Gas Pipeline E'@ET,';%';:AL
Monitoring Practice T

(Energy I-Corps Industry Interviews)

“Requlatory compliances are the major drivers for inspection. The inspection process is a time
and labor-consuming process. If any fault happens and goes to leak, it can be a lot of fines.
Sometimes, need to pay for local properties as well.”

“Over the last 10 years, the whole "Lack of (trained) personnel is the biggest
environmental concerns, including challenge in the industry.”

methane emissions, are becoming much “10 miles long pipe may cost $75k (+$40k
more common. So, if you can find that city area) on loop closure survey, ~$150k -
leak the day after the occurrence, so $250k on pigging, and >$250k for hydro
much beffer.” pressure test.”

“Localization of leaks is a big problem.”
“Shut down of pipes is needed for some
cases.”

Existing practice for monitoring pipelines is complex - time and labor consuming and costly.
The operators intend not to locate the leak or fix unless it is catastrophic.
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n1 * A robust fransport system
MI incorporated to the capture

CO: CAPTURE
(INDUSTRIAL)

o and storage sites.

« No or minimal disturbance on
the mass flow during
monitoring/ inspection.

TRANSPORT STORAGE

https://www.catf.us/wp-content/uploads/2021/03/CATF-SCALE-

CO: CAPTURE (AIR) .
Act-Fact-Sheet-03.12.21.pdf « Alert before failure happens to

pipeline and redgce economic and
Coating environmental damages.
Materials __amiiin
S | sensor An advanced sensor system having remote, distributed, real-time,
N and continuous monitoring capability as well as integrated with
ety artificial intelligence methodologies may help improve the

& Sensor

Interrogation reliability, safety, and operation efficiency of infrastructure.
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Long-Distance Distributed
Optical Fiber Sensors Advanced

. , Electrochemical Sensors
Imperfectionsin fiberlead to Rayleigh

backscatter:

Geospatial
Attributes Targeted Function

Injected Laser Light

Temperature, Strain,
Gas Chemistry
Low Cost Per Sensor | (CHs, CO,, H,0, H,,

“Node” etc.) Early
Corrosion Detection

Linear Sensor
Distributed Optical Adjustable
Fiber Sensors Distance and
Resolution

Backscattered Light

Rayleigh backscatter forms a permanent
spatial “fingerprint” along the length of
the fiber.

Temperature, Strain,
Gas Chemistry
(CH,4, CO,, H,O, H,,
etc.) Early
Corrosion Detection

Passive Wireless Sensors
Passive Wireless

Y{t) || probe pulse Sensors Point Sensor

t
Humidity,
Riectnd s >>> Advanced Corrosion Rate,
Electrochemical Point Sensor Moderate Pitting Corrosion

Sensors Monitoring

yit)

Synergistic sensor platforms with complementary cost, performance, and geospatial characteristics are being
developed with i i i i
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Distributed fiber-optic sensor network for sensing the corrosion onset
and quantification.

ST et . Hunglred§ of sensors are
Interrabatorihal o possible in one cable for

multi-parameters.

« A wide range of distributed
interrogation techniques
are possible.

+ Interrogation technique to

| be selected based on

o, A application.

» Incorporation of machine
learning/arfificial
intelligence helps to
enhance performance.

DOI: 10.3390/su11030818

Microwave-based sensors for plpellnes well-bore,
and boiler-tube monl’rorlng

Leak

Interrogator 0 Phase/pressure of flow, corrosion, temperature 0
................. -

7 N
7 N
l \ / A

Signal
pocesingons $ ||||l||||l|||| [
data analysis

SAW sensor array functionalized for
corrosion, chemistry, temperature

(Patented to NETL: No. US 11,113,594 B2) (US Patent App. 16/149,774)

-\

Antenna

Distributed fiber optic and wireless passive microwave sensors are attractive for infrastructure
monitoring (stability, reliability, harsh environment, remote).
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Distributed Optical Fiber Interrogator Development

Pipeline integrity monitoring based on various distributed fiber sensor systems.

Distributed optical
fiber interrogator

Backscattered light

Strain
Sensing information with location: e
» Leak detection B
* Flow monitoring
* Developing cracks/deformation }

* Temperature distribution along pipe (Cracks

* Seismic events/intrusion detection
* Remote monitoring

Technology

Rayleigh phase-OTDR
(optical time domain reflectometry)

Sensing
range
Kilometers

Fiber optic cable (km range)

Temperatu re

T

?‘

Spatial resolution

Meters

Vibration &

."Ir/"-

f-H
\1\,,_/’ %""

In-House NETL Distributed Optical Fiber Sensor Interrogators

Measurement

time
Seconds

L.
-
——_____
-
L.

acoustics

A

Target parameter

Acoustic/vibrations
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Gauge length

Spatial resolution
— =

Brillouin- OTDA
(optical time domain analyzer)

Tens of
kilometer

Centimeter
to meter

Minutes

Temperature
and strain

Rayleigh OFDR
(optical frequency domain reflectometry)

Meter to
kilometer

Millimeter
to centimeter

Seconds

Temperature
and strain

Multiple distributed optical fiber sensing platforms have been developed to enable

structural health monitoring of pipeline and other infrastructure.
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Pilot-Scale Test of Phase-OTDR Distributed Acoustic N=|NATIONAL
Sensing in a High-Pressure Natural Gas Pipeline T L R8RSRy

Installed flber acoustic sensor on
pipeline

B — - - L:l.‘l'. . . . 3 “
o7 800 psi, 5 ft/s S 900 DSI 10 fi/s ot 1000 psi, 15 fi/s . Vibration measurements_u 1
s? b % LabVIEW software
g 2,4 | | E . .
<2 £ Drop a stainless-steel hex nut on pipe
0 1 2 3 4 5 <0 0.5 L
Time (s) Time (s) Tlme(s) 0.3
100 " T . .
_5 AO.Z ‘-
o Induced leak s v
* Flow rate monitoring g, i
« Leak detection 3
« Third-party intrusion detection Tawl L R R
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Fiber optic-based distributed sensing technology integrated with advanced analytics including pattern and
feature recognition can convert large datasets to actionable information.

Fire

Big Data,
Machine Learning,
DeepLearning,

Distributed Fiber Optic Sensor Data
(Distributed Temperature, Strain, Acoustic, etc.)
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120 N, H, co 0,
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° ° ° 100 =
Thin Film Coated Sensing Elements Evanescent Wave Absorption-Based A
P Sensors = '
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Light source Detector b o\o 60 N,
a—— e 1. (1)=1,exp[— ye(2)CL
- 40 -
TR 17 0.3 20
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J\ o7 CH, Detection Limit:
0.0 ] <5%inN,
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Wavelength / nm ) 100 ~ 200 ~ 300 400  sb0
Time (min)

Integration of fiber optic sensors with engineered functional materials enables gas sensing.
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Pipeline Corrosion Sensing and Early On-Set Detection (N
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Metallic Film Coated Optical Fibers

Optical Power-Based

] Je—

1.0E-09
™ Corrosion
1.0E-10 + Location End of >2000
) meter Fiber
2
g 1.OE-11 +

Natural gas containing
CO,+H.S saturated
with water

1.0E-12 +

Stratified liquid 2,028 2,029 2,030 2,031 2,032 2,033
Distance / m
----- Ref = | min water 2min pH2
——— 3min ~————4min e Smin
—— (min = Tmin = | Omin
=— | 2min — | Tmin — | 8min
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Strain-Based

Ni Coating Dissolution-Induced Strain Changes

Region of

S50 e e e s
215 220 225 230 235 240 245 250 255
Distance / m
——1 min —2 min ~———3 min ———4 min
——5min ——7 min ——9 min ——11 min
—13 min =15 min —20 min —25 min
———30 min ~———35 min ~———40 min 60 min

Corrosion can be detected and located along the optical fiber, which enables distributive corrosion monitoring

for long-distance pipelines.
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Passive Wireless Surface Acoustic Wave Sensors
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v(t) || probe pulse
t

yit)|  Reflected pulses )>> RS

-20
Av  Af A 0 540'
vo fo o o 20 E:

E _40 05—-60~
= 60

N -80 -80 -
Sensing _100
layer 120

00 05 10 15 20 25 30 35 40
Time (us)
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SAW Sensor Array for
Multiple Gases

[l 1o

~
!0

1.45

f

scan

= 415 - 445 MHz

12 3
Time (us)

Small (~5x5 cm?), Low Cost (~ $1.00 /device + antenna installed) ubiquitous wireless sensors deployed

externally and internally to the pipeline.

Target Metrics ~ 1 km interrogation distance in-pipe, cost <$2/m total (telemetry + devices).
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Passive Wireless Point Sensors for Pipelines = |NATIONAL
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Half Wavelength
Dipole Antenna

o o
704 © O 8—|J.m SAW :Silrwater
—~ 6.8- ™ o' |ZIF-8 (240 nm) -40 —— HCI (10* M)
- ) NaCl (1%)
© 6.6 - 0 ON 60
o 6.4 w Q2 O =
O ) an]
8 6.2 S & T 9
o 6.0 - & -100-
5.8 -120
5.6- |
2 3 4 5 6 7 8 1407 =
Time (hrs.) 0 1 2 3 4 Long Distance Interrogation
| . i N .
Time (ps) Inside Metal Pipes
Wireless CO, Sensing pH Sensing

Low-cost SAW devices are attractive sensors for monitoring CO, transport pipes at long distances.
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Conductivity & Corrosion Monitoring

Perforated Steel Plate

Platinum Wire
Electrodes . Nafion { Nl
AR { N
Steel Sample i {14 </ Memobrane -J )

(Working Electrode)
PTFE Body

W~

i |
i,x

Il

Top View Side View

» Capable of remote in-situ monitoring

» Capable of measurements in non-aqueous
phases

» Easy to install

» Successful field test

Electrochemical sensors for quantification of corrosion rates and environmental monitoring
(humidity, water content, etc.).
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NETL R&IC Capability: Sensor Platforms and Materials
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Advanced sensors for energy efficiency, safety,
resilience, and sustainability:

v~ Monitor systems and conditions

Improve performance & efficiency
Enhance reliability and safety

Temp, acoustics, chemical, gas, corrosion

Composite nano-materials, thin films and fiber
optics, sensor devices development

vV VvV X

Mulhple Sensor Platforms
Distributed Optical Fiber (OF)
Surface Acoustic Wave (SAW)
Electrochemical (EC)
Laser-induced breakdown
speciroscopy (LIBS)

Raman

Au/Si0, Coated
Sensing Element

ENERGY DELIVERY & STORAGE

Grid: Transformer, powerline
failure prediction, fault
detection, state awareness.

Pipelines: Monitor corrosion,
gas leaks, T, acoustics to
predict/prevent failures. NG,
Hy, CO,,

U.S. DEPARTMENT OF

Distributed Optical Fiber Sensors
(Additively Embedded in Casing)

Distributed Optical Fiber
Chemical Sensors
(Embedded in Cement)
WELL CASING

FILL CEMENT = ~,_,1_*:

CEMENT WELL LUG H
FORMATION ROCK O
A 28

Silicon IC
.l Wireless Devices
in Cements

—

Subsurface: Wellbore integrity, failure prediction,
leak detection. Geologic storage of CO,, H,/NG, or
abandoned wells.

Turbines: Real-time fuel composition and
combustion temperature for improved
service life and efficiency.

GENERATION

Nuclear: Core
monitoring and
molten salt
temperatures for
reactor fuel efficiency

}M_

Current flow
Interconnect

Solid Oxide Fuel
Cells (SOFC): Fuel

anode

concentration i / electrolyte

and temperature cathode A
H Cell - —

grOdIenTS for Repeat Interconnect

improved lifetime ~ Unt
and efficiency.




NETL R&IC Facility: Sensor Preparation and Test N=|VAToNAL
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Custom sensor development reactors simulate: Reel-to-Reel Coating for
> Power generation and combustion systems . Optical Fiber Sensors
> Subsurface/geological environments Automated High Pressure =
> Pressurized gas and oil-based systems High Temperature (HPHT)

Reactors

_ Custem Sensor Develop ent Redctors

NETL has established capabilities and a number of well-equipped laboratories to enable new sensor material and
device research and development activities.
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NETL R&IC Capability: Technical Team ¥E ?ﬁgﬁ%ﬁm

Federal Staffs, Contract Scientists, ORISE Fellows, and External Collaborators

Dr. Ruishu Wright
Dr. Michael Buric

Dr. Jeffrey Wuenschell

Dr. Jeffrey Culp

Dr. Benjamin Chorpening Dr. Alexander Shumski

Dr. Dustin MclIntyre
Y Dr. Ki-Joong Kim

Dr. D , , : .
r. Omer Dogan Dr. Jagannath Devkota Dr. Scott Crawford University of Pittsburgh

Mr. Richard Pingree _ Dr. Paul Ohodnicki
Mr. Nathan Diemler Dr. Kevin Chen

Dr. Nageswara Lalam

Dr. Daejin Kim Carnegie Mellon University

Dr. Matfthew Brist :
. Midithew brister Dr. Krista Bullard Dr. David W. Greve

Dr. Hari Bhatta : : :
Pennsylvania State University
Dr. Sandeep Bukka Derek Hall

Highly interdisciplinary team consisting of sensor device and interrogator experts, materials
scientists, and data scientists.
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o It is critical to monitor CO, pipeline infegrity N
and leaks in real-time to predict failures,
reduce emissions, and increase efficiency.

/< Increase the technology readiness level of the "\

. Conventional pipeline monitoring techniques sensor technologies for low-concentration gas
are complex and are limited in capability to sensing and sfructural health monitoring.
identity failures before they occur. . Leverage sensors platforms, advanced

. Advanced sensor technologies are being materials, and data analytics methodologies
developed at NETL to enable low cost, low that being developed for Natural Gas pipelines
maintenance, distributed monitoring of for CO, pipeline-relevant parameters including
pipeline corrosion rates and gas stream stfructural health and gas chemistry.

chemistry in real-fime. The sensor fechnologies| |, artificial intelligence-enhanced sensor network
can support in-situ CO, pipeline monitoring

, with ubiquitously embedded sensors to achieve
\_ and leak detection. )| desired visibility across the energy infrastructure.

« Engage stakeholders including research
\_ institutes, industries, and regulatory boards. -
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