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Setting the scene >> Technology >> Examples O
Our target objectives D g

» Most reservoirs in energy industry are:
— Between 1000 — 5000 m depth
— Results must be reconciled with logs

» MT — measurements are biased towards conductors (horizontal
current flow)

» CSEM - electric field biased toward resistors
» CSEM - magnetic field biased toward conductors
> = You want it ALL!

For > 1 km with CSEM depth you need > 100 KVA (resistivity dependent)



Setting the scene >> Technology >> Examples
How can Electromagnetics support the energy transition?

» Carbon storage
— Monitoring CO, injection
» Renewables
— GREEN energy — geothermal (exploration, monitoring)

» Towards ZERO footprint

— EOR - higher recovery factor - lower carbon
footprint/barrel

«



Setting the scene >> Technology >> Examples
How can Electromagnetics support the energy transition?

Carbon Capture Utilization, Storage (CCUS)
CO; capture Enhanced Oil
C02 reln]ectlon =2 # Recovery (EOR+)

s Wellhead

Geologic options for CO2 storage

Caprock

Miscible
zone

Unmineable
coal seams
Depleted oil and
gas reservoirs
Deep saline
Formations

C02 injection

This Photo by Unknown Author is ||censed under CC BY.

Geothermal Energy Productlon

Depth (m )

- Injection well

N Production well

1000 2000 3000 4000 5000 6000

Distance (m)

This Photo by Unknown Author is licensed under CC BY
© 2022 KMS Technologies >20 years of excellence in electromagnetic R&D 4
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https://creativecommons.org/licenses/by/3.0/
http://australiansolarquotes.com.au/difference-solar-energy-geothermal-energy
https://creativecommons.org/licenses/by/3.0/

Setting the scene >> Technology >> Examples
How can Electromagnetics support the energy transition?

» Carbon storage
— Monitoring CO, injection
» Renewables
— GREEN energy — geothermal (exploration, monitoring)

» Towards ZERO footprint

— EOR - higher recovery factor - lower carbon
footprint/barrel

«



Setting the scene >> Technology >> Examples o
Basic building blocks g

LEMI-701 LEMI-118 (AMT)

3-axis digital fluxgate
magnetometer

KMS-831

LEMI-120 (MT)
Low-frequency sites
Reference for basin deptt

E Receiver node

© 2022 KMS Technologies >20 years of excellence in electromagnetic R&D 6



Setting the scene >> Technology >> Examples
Controlled source EM improves accuracy

A

Transmitter

Current

Downhole
receivers

. Transmitter location

Shallow borehole sites
n—. Surface receiver node

Modified after Hoerdt

© 2022 KMS Technologies

>20 years of excellence in electromagnetic R&D




Setting the scene >> Technology >> Examples
Controlled source EM gives sharper pictures

MT

CSEM

«

Depleted oil reservoir

!

Sandstone

‘1' Siltstone/sandstone

© 2022 KMS Technologies >20 years of excellence in electromagnetic R&D 8



Large surface source

Setting the scene >> Technology >> Examples

Transmitters since 1981... as KMS since 2015
Azerbajian, USA, Germany, Turkey, South Africa, China, India, Australia, Indonesia, Ireland, Israel, Italy, Saudi

Arabia, Thailand, Mexico, Japan

«

© 2022 KMS Technologies >20 years of excellence in electromagnetic




Setting the scene >> Technology >> Examples O
CSEM instrumentation D\

TRANSMITTER STATION Active EM instrumentation

™ — Layout (CSEM)
- Generator

/
i W RECEIVER 2 W
= LT A
,fl‘vls-szqk@i ~ ﬁx i

TRANSMITTER ‘WW

S

RECEIVER 1
'Z to «
Sk 7 /¢ 5
g %‘/ m - Ey ‘){ i 4)5
3 ﬁ" i Jdc = I
oo ’ Ex
\\\\ KMS?SZOairIoop Aot -
b ol
\
'\
N\

© 2022 KMS Technologies >20 vyears of excellence in electromagnetic R&D 10




Setting the scene >> Technology >> Examples
MT and CSEM system- Saudi Arabia

KMS CSEM Array System

!
|

v Technologies

Innovating Solutions
— S

KaS-820 Quick-Reference

© 2022 KMS Technologies >20 vyears of excellence in electromagnetic R&D
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Setting the scene >> Technology >> Examples
CSEM instrumentation in Saudi

GENRATOR WATCH

=
e

G
( &5 KMS-820 Acquisition System

P suraca @ swpaca

[1]| © piscomect | @ Recomect @) Gt hesder 4 sueamingon & Sueuming ot
MTwindow Advanced view Transmiter control  Reservor montomng.

© LOTEM-ong Offset Transed & Transmiter waveform
Cr—
£ (CSEM Controled Source Bef LOTEM bipolar (50%)
Rectangular sine wave
FSEM Focused Source 0 &
Bopolar (50%).
O TFEM-Time Frequency
[lomaseqence 1 3 0 1

e

Ll P Type here to search

Current video

>20 years of excellence in electromagnetic R&D
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Setting the scene >> Technology >> Examples o
Carbon capture applications D g

g
3 |\
s L
T
[}
5
T
5 il
. |
CSEM data
Baseline it
A Time(sec)10
o
L
AN
5 [ |
£ § S
3 || T
3
T
£
Depleted oil reservoir
1 Time(sec)10
Sandstone g
o
AN
[ \\
g \ Sl
e ||l A1ITN
3 U/
5
T
=
) Time(sec)10
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Setting the scene >> Technology >> Examples
CCUS: CO2 influence on resistivity

* @ normal brine salinity = fluids are
more resistive (6 -50 times)

* @ low salinity (< 5,000 ppm) = more
conductive

After Boerner et al., 2015

© 2022 KMS Technologies

>20 years of excellence in electromagnetic R&D
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Setting the scene >> Technology >> Examples

CCUS: What happens when we inject a current? !ﬁé .ﬁa?d

Slice: Electric field, z component att = %.969001 s (V/m)
X% v %y

A 1.018x1071°
%1078
et \ 5 40

1
w
wn

20

Lower Bakken

3 km x 3 km
1800 m deep

1 -20

. AN

: -60

-5
I T W20587x107%°
Fape7xt

N

© 2022 KMS Technologies >20 vyears of excellence in electromagnetic R&D 15
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,—physics
. ¢

>

[ We reservoirs W|th mu
Futur contmue - site qm

>20 vyears of excellence in electromagnetic R&D
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Setting the scene >> Technology >> Examples

CSEM feasibility workflow

11000

107" 10° 10" 102 10°
GR (GAPI) /R (2m)

Y

Input data
well-logs, geology,
seismic horizons;
additional surveillance

Overburden: R;:1.2 to 11.4 Om
R,/R,=1.1t01.4

© 2022 KMS Technologies

Cd

Rock physics
Determine reservoir
parameter variations

4

Feasibility
Link data with
variations

«

Field noise
measurements

Y

Define pilot
- 2-3 monitoring cycles
- BASELINE

¥

Evaluate / decide

v

Baseline survey

Induced voltage (mV)

v

transient response & noise

100 T T T
offset: 1 km ———
2km —
10 3 km —
4 KM —
1 P40m1 o
P40m2
0.1 g
.01 -
RMS ch 6 = dBz/dt
0.001 g
0.0001 RMS ch 6 = dBz/dt 40 s
1e-005
1e-006
12-007
1e-008 = 4 = =
0.001 0.01 o1 1 10 100

>20 years of excellence in electromagnetic R&D
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Setting the scene >> Technology >> Examples c
CSEM CO2 feasibility: Defining station spacing Ey-Ey s’

Brook Creek 3D Modeling Results (Tx Ey — Rx Ey) 150 m CO; injection radius

Rx spacings: 100 m 200 m 300 m
TxEx -Rx E

s 045
o
Sos 8 \ o
S
ot % 0.5
[a] -1F
0.5 15
1 . . . . 2
10° 10° 10’ 10 1d 10°

t (g
Receiver map view @‘. 00000 00

After Barajas-Olalde et al., 2021

© 2022 KMS Technologies >20 vyears of excellence in electromagnetic R&D 18



Setting the scene >> Technology >> Examples
CSEM CO2 feasibility: Defining station spacing dBz/dt

v:
Brook Creek 3D Modeling Results (Tx Ex — Rx dBz/dt) 150 m CO; injection radius

Rx spacings: 100 m 200 m 300 m
Tx Ex - Rx dBz/dt

100 10'
—6900Mm oo Ll T\
10™ R e O 10M
=
— 0l
€ | —100m €
n 1
=107 gi00m >10
———8300m ——7357 n
———8500 m ———7643m
i n 14 |———7929m
10"% | ———8900 m 10°F |—8214m
———9100 m ——8500m
m m
———9500 m ———9071 M
10’

—
—~
U7
~

16
1. T T T 1.2
1.2 1 1
0.8
T8 04
0.8 ¢
Rog 2 X 04 /\
£ 0.2 ] \
04 = ol r
0.2 02 v
0 0.4
-0.2 L L I I -0.6 L L
103 102 101 16 10 10°
t(
Receiver map view 00000 00 (]

After Barajas-Olalde et al., 2021

© 2022 KMS Technologies >20 vyears of excellence in electromagnetic R&D 19




Setting the scene >> Technology >> Examples
CSEM: acquisition layout

«

> MT Ce?wter bl Y& Miton R. Young
" k1 v i : i 4 Transmitter Position
— To measure the model's 4 ; iy . | TansmiterLe
baseline background resistivity ' i : ‘ ; | B Tiensriter 100m Bufer
. . b, # ! #  Line 1200-m CSEM
— 42 Stations, 600 m spacing & Wikl Line 2200-m CSEM
— Remote station near Grand P R B LR
FOI’kS, NOI’th Dakota “_ %) A Y : Line 75-m Buffer
> CSEM . . B ; e o EERC CBOG0077.Al
— 124 Stations, 200 m spacing lpu @0 0 s s RO 01 @ o
— Two transmitter sites (A & B), Line
400 A

— Time domain
— Varies waveform = > 700 sites

24 hours operation — 6 weeks
No equipment breakdowns
Real-time data upload for QA

Production: Pickups: 24, ,
deployment:16, fully recorded : MNREE 5 fmie
sites:17 / day — N

VVVY

) 0 05 1 kilometer

After Barajas-Olalde et al., 2021

© 2022 KMS Technologies >20 years of excellence in electromagnetic R&D 20



Setting the scene >> Technology >> Examples
North Dakota CO2 project: Acquisition options

» 24 hours operation for CSEM (versus Standard: Night — MT &. Day
CSEM)

— More routine less operational problems
— Generator stays warm

— Electrode pit remain stable

— High production rate

— Q/Avia Cloud enabled receivers

» CON 24/7: Processing more complex as data must be demerged by
transmission cycle and then remerged with transmitter current

Receiver quality control

Electrode pits & power plant

Night operations

© 2022 KMS Technologies >20 vyears of excellence in electromagnetic R&D 21



Setting the scene >> Technology >> Examples
CO2 survey: acquisition workflow

«

Setup Transmitter

¢ Layout receivers

Verify transmitter Acquire data

VY

Harvest data

Quality Assurance

Move receivers

7

Move transmitter

V2

Break down setup

Recorder Web access box

© 2022 KMS Technologies >20 years of excellence in electromagnetic R&D 22



Setting the scene >> Technology >> Examples
CSEM: How do we quality control the data?

«

4 Transmiter Position

> HOW dO We QC data? o :‘“Céﬁte‘r‘r. ~‘ _ J Milon R. Young

—— Transmitter Line

— Large data sets (350) & o R
— Measurement error < 0.5% g :
— Processing error larger N
L f@--@..@..@..@..@..@..é..@..@..@..@.o‘o
— Inversion model smooth | | R
o v : |
» Avoid extra processing N R

4 -
ﬂ& ¢

» Calibrate against borehole
» 3D model match data

' 0 05 1 mile
h I

0 05 1kiometer

© 2022 KMS Technologies >20 years of excellence in electromagnetic R&D 23



Setting the scene >> Technology >> Examples c
CO2 acquisition: MT results. Quality Assurance RR & 3D model g

N

@ Cloud based remote reference \

MT individual receiver REAL time remote reference
o !
3 T £
£ i E
S : S .
z ' inversion | >
Z MISMATCH | - borehole |2
8w : T
£ i =
s £ _
13 ; - 5 E
g ,, N ‘é g £
< | £ <" S £
a a
H — g
.
g =i v T
P @ i £w T
ph @ T
8w :~ - % “ | be
- 2 , 2
£ © data ! ﬁ ) '
= model resp e g » -
.. —
3
10? 10" 10* 10" 10? 10° 10? 10 10?
Period (sec) Resistivity (ohm) Period (sec) Resistivity (ohm)

1000

2000 -

Depth (m)

3000 . <

= 10000
R 9000
4000 - < 8000

5 /\,\;\ g < - 3000
'°91%8?85f)"‘7 2000
00
0 0.5\s (m) 1 1.5 2
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Setting the scene >> Technology >> Examples
CO2 acquisition: MT results. Quality Assurance RR & 3D model

Approximate location of Approximate location of
Center, N

Center, N

2D QUALITY ASSURANCE,

Met
ers [

£ 2 8 3 ¢ lg(p, m) o I e
Yo v v v vy
1000

00

3000
30
4000 -1 ®

T T
1000 2000

T T T
3000 4000 5000
Distance, m

After Barajas-Olalde et al., 2021
~ 2 reww wey nessuviy winmg renvu ey Resuvity iy -

© 2022 KMS Technologies >20 vyears of excellence in electromagnetic R&D 25



. Voltage (mV)

Stacked data

Magnetic field (dB/dt)

3000 w0
Time (s)

© 2022 KMS Technologies

induced voltage / V/im?

1e-12

1e-09

1e-10

1e-11

1e-13

Setting the scene >> Technology >> Examples
CSEM monitoring: CSEM Quality Assurance — Hz matched against log

* Data

—Inversion

0.1
time/s

-500

-1000

-1500

00

pth (

-2500

-3000

-3500

-4000

-4500

>20 vyears of excellence in electromagnetic R&D

~

—1 |nversion
——I Borehole
10 100 1000 10000

Resistivity (Ohm.m)

26



Setting the scene >> Technology >> Examples O
CSEM monitoring: CSEM QA - electric field matches log D g

Rx1Ey1,RMSE: 0.961%,CF: 0.231E+04

0.010000 T T 0 T T T T
field data —+— pscale log
calculated data model
a b
-500 [ 5
-1000
~0.001000
E -1500 |-
3
= =
° 2
g ¢
E g -2000
° Q
& 8
g N
£ m -2500
z N
0.000100 |- S
N
M
! -3000
SS
R
T
i -3500 |-
0.000010 L L -4 .
01 1 10 Eigenvalue

Time (second)

= RESISTIVITIES == THICKNESSES
RO1 RO3 RO5 RO7 RO9 R11 R13 R15 R17 R19 R21 R23 R25 R27 R29 R31 TO1 TO3 TO5 TO7 TO9 T11 T13 T15 T17 T19 T21 T23 T25 T27 T29 T31
mPl mP2 P3 mP4 mP5 P6 ®mP7 ®mP8 ®P9 ®mPI0 mP1l mPI12 mPI13
mpi14 P15 ®Ple P17 P18 HP]9 Ep20 Hp2] Mp22 EP23 EP24 P25 P26
P27 P28 P29 P30 mP3] mP32 mp33 mp34 mp35 mP36 mP37 mP38 P39
m P40 P41 P42 mP43 mP44 mP45 mP46 mP47 mP48 P49 P50 P51 P52
P53 P54 mP55 mP56 P57 mP58 mP59 P60 mP61 mP62 mP63 mMP64

© 2022 KMS Technologies >20 vyears of excellence in electromagnetic R&D 27



Setting the scene >> Technology >> Examples
CSEM monitoring: 3D anisotropic model to QC data

U~

* Model response

match datainall % 10?
C.Ompon_ents ) Tx1: 120(A, 11038.6 1
* (in)consistencies 104 | - -
points to flaws Electric fields
: Ey-field
in workflows Ll ERiRaarerrrrea s iy
e RESULT:
reduced £ 107
processing,
more data 10%
: 1q° 1072 0’ 10° 10
driven processes
10° S Gl
“““““““““““““““““““ -~\\ ch5
E 107 1

Magnetic field

10-4 il i A | H ki
1073 1072 10 10° 10"
t(s)

© 2022 KMS Technologies >20 vyears of excellence in electromagnetic R&D
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Depth (m)

Setting the scene >> Technology >> Examples o
Geothermal reservoir monitoring: a priori s

Complex reservoir boundaries (seismic)
difficult log

Resistivity (ohm.m)
0 1 2 3 4

600~ . 62415

200 -+

400 -

600

800

1000

1200 -

1400 -

ROO0

1600
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Setting the scene >> Technology >> Examples

Geothermal reservoir monitoring: 3D Feasibility D\
— Feasibility workflow for reservoir monitoring 3D model + sensor + noise + acquisition simulation
-10
Target objectives _— | Build 3D model | 10 \ T T
reservoir = measurements o\ \
otRS .
p> 10" F |
Input data: s | Verification of 3D modeling LAYOUT ___.‘\
- well log data - BT Tx: 300 A, 400 m % Induction coil #1
- geologic information ] 10 E
- seismic horizons 4 “Sm‘\’t"e S Air loop #1
- noise measurements Define target variations A\ S
- fluid substitution * %10 Tnducti 52
" - add wells as available > nduction col
NOISE field data Re 3
Cey; S u
\ b@/- % 10
£
i Analyze results s .
Noise data analysis: i L[ Airloop #2
- noise level, spectra _ l 10 ¢
- sensor analysis
- various test acquisition Survey layout, sensor choices, 16
sensor parameters, 10
survey plan Reservoir top from seismic horizon 10 10 10
L Time(s)

3D CSEM response & noise spectra
100

offset: 1 km
k

W

ction

Induced voltage (mV)

10 " " L
0.001 0.01 0.1 1 10 100
Time (s)
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Setting the scene >> Technology >> Examples
EOR monitoring: water flood
T e R TRRINCUIRE Thk T AL

i) e /
’ ‘\p/. ,;"‘ Y |

/Nl

PReceivers

"

;.\ W/,
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Setting the scene >> Technology >> Examples O
EOR monitoring: water fl D g

W e
y

*

Receiver at water injection site

"E— e ey e ————
= Pre-injection
~— Post-injection

10°%). 11

AMpITUIE (MV)
3
-

Time lapse variation 1

107, 7
Reservoir influence :
: 10'5L e e e SR e 1
Overburden: R;,:2.5QOm to 10 Om W o e o v
va Rh: 1.1 t°1.2 < ) 100y —————vy ———v—~ey e ]
| 80 J
).
40
Rih: 3 Qm to 6.5 Om ~IF

R,/ Ry =1.1

Time lapse variation
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Setting the scene >> Technology >> Examples O
EOR monitoring: 195 channel monitoring system D\

RESERVOIR MONITORING

ARRAY Electromagnetics

. 195 channels, wifi, wireless or LAN
. 3C magnetic field (DC to 40 kHz)

. 3C microseismic

. 2C electric fields

*  Shallow borehole (microseismic/EM)

2015 CSEM transmitter test

100 KVA transmitter up-scalable
Flexible input. (DC to 3 phase AC)
*  Array system integrated

© 2022 KMS Technologies >20 vyears of excellence in electromagnetic R&D 33



Setting the scene >> Technology >> Examples
EOR monitoring: Raw data example: microseismic/EM monitoring

#* KMS Technologies (c) 2016 (rev. 2016.04.01)

[ ]
HE,/, & Ew B @ &
NOO1

3000 E
2000 X
>
1000
E 0 Channels read
-1000 samples El L:J
-20020 E+6° T T T T T T T OTR2DE+sT T T T T T T TTR2oE+sT T T T T T T T2 EyeT T T T T T T T T2 0E+ =
1.0E+4 N002
L 5000 Ey Channels plot
5 samples |CJ
B 00£O:+6' R R A = - =S - ¢] =2
2000 NO003 Channels
1000 H Auto Scale
> 0 Z
E
| -1000 I _Scale
samples X
20 Fg———————————— e 3 OE§ 30+ min__ max
Chi |-1000 ~|[ 1000 |"|
004/005 2 b4
o GeOphone X Ch2 |-1000 GJ 1000 EJ
% Ch3 |-1000 @ 100¢ @
- -1000 (A 1000 (~)
100 samples . |>:’| L:J
D 2T ] - -1 < - S S e s S | ¥ A §) Chs |-1000 |E’| 1000 |E/|
500 006/007 che [wo | (3]
00 Geophone y S S
> 200
| E 100 DC level auto
0
-100 samples DC level
2% E+6° T T T T T T T20E+eT T T T T T T T T2oE+eT T T T Tt T T T T2oEyeT T T T T T T T 20 E+ l:l
| 0
| 4100 Geophone z
-200
> " L
| 2300 MMWM Bl ’
| -400
| -500 samples
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Setting the scene >> Technology >> Examples
EOR monitoring: Monitoring: Data

Load data (.kms)

¥

Select channel

A 4

Pre-stack
(Filtering)

\ 4

Stacking

'

Post-stack (smoothing)

\ 4

Plot the time-lapse

© 2022 KMS Technologies

Ori inalwdata

workflow

| Pre-stacked data
W/\\/WWMWW

ﬂiltering

*Harmonic Noise

Harmonic noise filters: Low pass filter
Power line harmonic : 50 Hz
threshold:3.00

*Smoothing

Low pass filter : time domain

Cut off frequency: 15 Hz

Stacked

Post-stacked data

~
\

wveraging filter: Recursive average = 0.01,T/2 smoothiny

o

, N\
Stacking
Trimmed mean
T/2 additional stacking
/

 Smoothing & time lapse
Recursive average filter
DC-level adjust

Courtesy A. Paembonan

>20 years of excellence in electromagnetic R&D
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AMPLITUDE

Setting the scene >> Technology >> Examples
EOR monitoring: Magnetic field sees water flood influence

Receiver above water flood at 2 km depth TN
30 % 7

%i/

§

: A——
0.1 mV RESERVO/IB\ CHANGES

\Zw)m_\/w

Receiver 200 mjaway at surface

Py

= =)

|
PERCENTAGE CHANGE

i
i-

Receiver 400 m away atsurface —

TIME 1 sec TIME 1 sec
Courtesy A. Paembonan
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Setting the scene >> Technology >> Examples

EOR monitoring: Field layout, time-lapse data results, 3D model explanation s’
I
= ??@? i ] . Field data
é : _ 30% —
o | b =
=
<
= = !
G—p
RESERVOIR CHANGES

Flooded area: 600 x 200 m

—— 1D flood, 1050

—— 1D flood, 2400
====-3D floodD 1050

::'!; ~~=---3D floodD 2200
j/ 5 y -----3D fioodD 2400
/ % /
i a \"
/ o /
J 5 //
[ /
J 2 |
/ 1 = / ~N
/i /
i 5 iy
A 1
02 \j,’ 1 02; &BZ/dt
04 HiH IR R R RS IR 044 S g
10? 10" 10° 10 10° 10" 10 10
time (s) time (s)

3D model response
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Setting the scene >> Technology >> Exampl
What \?vill the future look like? ol e g
» EM has contribution to make to the energy transition

» Fluid imaging requires EM

» Monitoring points to CSEM

» BUT we need results FAST (24 hours) & CALIBRATED



Setting the scene >> Technology >> Examples >> Future
Use the Cloud & Al/ML: the biggest time consumers

~

Reservoir monitoring workflow, approximate times & technical tasks

2-3 months 2-3 months

3-6 months

3D
Feasibility

Baseline
survey

Processing
evaluation

Log analysis * Receiver deployment ¢ Data merge
Upscale model * Transmitter setup * Processing
Derive 3D * Quality Assurance * * Evaluation
anisotropic model
Reservoir fluid variations
Derive 3D modeling task
Perform 3D modeling *
Analyze target variations *

© 2022 KMS Technologies

3-6 months 2-3 months

Repeat
Time-lapse
survey

Predictive
optimization

* 3D modeling *

* Noise merge

* Gen. synthetic data
* Processing

* Evaluate

¢ Transmitter setup

* denotes time consuming tasks

>20 years of excellence in electromagnetic R&D

3-6 months

* Receiver deployment e+ Data merge
* Processing
* Quality Assurance *  * Focus anomaly

2-3 months

* 3D modeling *

* Model adjustment
* Direct image

* Integration

89



Setting the scene >> Technology >> Examples
FUTURE:

Selsmlc & EM |
s Radde Use EM for monltorlng

>Integrate su

:=:>—'uu >

- > Integ rate Iand ;

Courtesy E. Gasperikova, 2012
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