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The context: Why the energy transition?
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World population by region, including UN projections
Future projections are based on the UN's medium-fertility scenario.
10 billion Qoeania
Africa
8 billion
6 billion
4 billion Asia
2 billion
South America
North America
0 Europe
1800 1850 1900 1950 2000 2050 2100

Source: HYDE (v3.2); Gapminder (v6); UN (2022) OurWorldInData.org/world-population-growth/ « CC BY



The energy trilemma

AFFORDABLE AND
CLEAN ENERGY
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Global energy outlook

Fuel composition of final consumption

Energy demand, EJ

600 New

Momentum

500

Accelerated

400
Net Zero

300

200

100

2019

2050

]
TUDelft

BP World Energy Outlook, 2022



Changing just one fuel type

- Natural gas provides 1500 TWh on-demand
energy in Europe, which is equivalent to

= 20,000,000,000 of the latest Tesla batteries

= 11,600,000 of the latest battery parks

= 200 large-scale hydro-electric storage
systems

* Unprecedented (human) costs and pressures
on natural gas supply in Europe
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Data from Equinor, 2019



Shallow and deep geothermal energy
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Heat
fields

35-80°C
1.000 - 2.000 m

100 - 180 °C
3.000 - 5.000 m

Heat, cold storage, electricity

Heat/cold
storage

Hydrothermal
system

hydraulisch gut
durchlassig

D

Petrothermal
system

ooog
oo

0o

N oo

oo e

Potable groundwater

Aquifer recharge

Saline aquifers

hydraulisch gering
oder nicht durchlassig

'"M.thinkgeoenergy.org



Seasonal and short-term hydrogen storage

Renewable
energy production

Energy
— demand

"\ H2

usage

Energy
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Heinemann et al., 2021




Carbon Capture, Utilisation, and Storage (CCUS)

: . www.europeanfiles.eu
Overview of existing and

planned CCUS facilities

Norway Sweden
1. Sleipner CO: Storage* 16. Preem CCS
2. Snehvit CO: Storage*

3. Morthern Lights*

The Netherlands

17. Porthos (Port of Rotterdam|*
18. Athos (ljmeond]

19. Aramis [Den Helder]

Republic of Ireland 20. Magnum [Eemshaven]*
4. ERVIA

Croatia
UK 21.iCORD®
5. Acorn® 22. C0: EOR Project Croatia®

6. Caledonia Clean Energy

7. H21 North of England*

8. Liverpool-Manchester Hydrogen Cluster
9. Net Zero Teesside*

10. Humber Zera Carbon Cluster®

11. Liverpool Bay Area CCS Project*

23. Bio-Refinery Project®

Italy
24. CCS Ravenna Hub*®

6 France Belgium
12 Lacg* 14_ Leilac
I * Project where I0GP members are invobed 13. DMX Demonstration 15. Port of Antwerp®
U D e I ft Projects listed in bold are in operation in Dunkirk®




Complex physics and less data

Caprock: Hydrogen plume

« Diffusion *  Fluid-rock

« Capillary leakage interaction

« Fracturing « Microbial activity

« Buoyancy « Dissolution &
pressure residual trapping

]
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Injection/production:

Injection &
production
well

P/T change
Multiphase
processes
Stress/strain
changes

H, - cushion gas:

Unstable
displacement &
uncrontrolled
lateral spreading
Gas mixing

Cushion gas- brine

Fluid-rock
interaction
Unstable
displacement
Dissolution &
residual trapping

>500 m to
surface

100 m

Structural geology:

« Fault leakage
« Farand near
field stress

changes
+ Reactivation
+ Overpressure

100 m

Heinemann et al., 2021
Amundsen & Landro, 2008



Proximity of location and intermittency of supply

UK Electricity Demand and Wind System Output
Winter 2010-2011
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Energy system integration
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Wind Power
BT Bl
L] 1gmass
T i
T conversion
I J 11 ]

Smart Energy -
System Control
Transmission and . Centralized Power and
Distribution \j\ Heat Generation
g \ |
Electrical Energy Storage . - - I. ‘ﬂ E
L)
‘ : l . .

Thermal

Energy Storage : Electric Car

Heat Pump Hydrogen Car
Gas Grid —
Hydrogen Electricity Grid
subsystem Heat Grid —

www.utwente.nl



Engagement with society
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Suddeutsche Zeitung
Fleuchaus & Blum, 2019




But we are not on track
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IRENA, 2022
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Geological reservoirs

N
X

Y
EY

= Geological heterogeneity is the key
control on fluid flow in a reservoir and
influences engineering and
management decisions

BUT
= Geological heterogeneity is multi-scale
= Geological heterogeneity is complex

= Heterogeneity is sparsely sampled and
inherently uncertain

SOLUTION
= Build the reservoir model

]
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Problems with uncertainty

________
- ~—
- s

= We perceive uncertainty in a biased way el
” Did we get AN
/s’ everything? AN

= We tend to be overconfident when

estimating ranges ; S

perceived
uncertainties

= Biases in data and/or our estimates lead

to narrowed ranges of uncertainty Definition of

/4
ll
/
! uncertainty
= Many reservoir models do not capture ! e
uncertainties properly \
\
= Missing out on key uncertainties can lead
to dramatic consequences

]
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A classical example of uncertainty and bias

How would you interpret this section?  Midland Vall;fI

This project is a collabortaion between Glasgow University and Midland Valley Exploration.
WWW.mve.com s,
Department of Geographical and Earth Sciences, The University of Glasgow, G12 8QQ & Midland Valley, 14 Park Circus, Glasgow, G3 6AX. (3

For more information tel: +44 0141 3305465 or email: clare@mve.com *
GX TECHNOLOGY
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Different geological concepts due to different experiences

axbansion
6% imversion
10%

inversion (singla
struchira)

11%

\ 5%,

salmud
diapifsm
o

strike slip/po
upfflower

2%

+15 yrs - thrust expertisa +15 yrs - extensional expartise
Bond et al., 2007



Even the “hard data” in a model is uncertain (and biased

Continuous log Discrete log Upscaled log
¢
‘ I
[ sand flag
B Cement flag Ringrose, 2008

TUDelft




A real reservoir model  Asingle grid block of

100 x 100 x 2 m contains
~ 5,000 t fluid and ~ 50,000 t rock
All with uniform properties

Several km




Reservoir modelling often is...

a slow and inefficient exercise in compromise

requiring us to lock in concepts early and hence
limits exploration of different model scenarios

a poor representation of a reservoir system
emphasising “matching” vs. “learning”
underestimating uncertainty

creating big models that are precisely wrong

often resulting in two things we don’t understand
— the reservoir and the model

]
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If you can’t draw it, don’t model it

Vegetated
former bars

Overbank
deposits

Channel deposit

= If you can draw your geological concept then you understand what you are trying to build
= If your model looks nothing like what you drew then it's probably wrong

= Another geological concept means another (possibly very different) model



Capture heterogeneity and connectivity

ivi P tivit
= Magnitude of heterogeneity Good connactivity oF" connetivy
= Scale of heterogeneity
= Degree of connectivity
= Complexity of flow paths
N A
TUDelft

Larue and Hovadik, 2006



Prototype reservoir models from geological sketches

Tafel XVIIB
SANTIS

(Alpstein)

Hypothesis: Is it
possible to create
reservoir model
prototypes
interactively, rapidly
and intuitively to
analyse how geology
influences reservoir
flow at multiple
scales?

]
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Al Heim, Geologic der Schweiz Bd. I Verlag von Chr. Herm. Taudwnitz, Leipzis



map view

cross-section

m o

Sketch-based

coordinated
modeling

3D model

Interfaces &
Modelling (SBIM)

Enabling technology:

<]

FLOW CAPACITY/STORAGE CAPACITY
——Heterogeneous Properties —— Homogeneaus Properties
— -Homogeneous Displacement

1

=]

-3
W

Ny

FLOW CAPACITY
(=} (=] (=]
~ B o

\
W\
A
A\
\\ \
A\
\¥
N
N\
\

o
e
\
o
=
-

0.2 0.4 0.6
STORAGE CAPACITY

(2)
Surface Extraction
and Manipulation

()
Computation
Matural reservoir state
Connected reservoir volume
Well planning & eng

Maodel Calibration & ranking
Geomechanics
Seismics

Qil in Place

(4)

Characterization

Flow approximation,
diagnostics

(6)
Exploratory
Visual Analysis

- ’
Gridding

W Workflow

UNIVERSITY OF

CALGARY

Imperial College
London

]
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Gridding on-demand

Surface-based models

https://bitbucket.org/rapidreservoirmodelling/rrm/src/main/



Enabling technology: SBIM

Approximation + Storyboarding + Fast

Overall Form

Conceptual / Operator Marking

% . .
TUDelft

Content creation

(Walt Disney, Electronic Arts)
Car industry (FIAT)
Technical, Medical &
Science lllustrators

Botany

Medicine

Oil & Gas Industry > RRM




A paleoclandward paleoseawar d

Surface-based modelling and SBIM =S -
[[] carbonate cement
« (Geological heterogeneity is modelled as one or N> oo
more discrete rock volumes bounded by B ot
surfaces (“geological domains™) —=—=sT———u=
- Hierarchy of surfaces (faults, stratigraphy, E=

facies, diagenetic bodies...)

Flooding Surface
Transgressive Surface

« Transport (petrophysical) properties within

geological domains are constant

- Equivalent to a grid-based approach but
petrophysical properties are constant within
geologically meaningful domains

Jackson et al., 2013 and Hampson et al., 2018

==
burrow (Ophiomorpha) —|

/
lamination defined by changes c.20cm
in grain size and mica content D




Stratigraphic rules for surface interactions
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R

Remove above
Remove above intersect
Remove below
Remove below intersect

NN

1

N/

Remove Above

Remove Above Intersect

A

Remove Below

Remove Below Intersect



From 2D to 3D: Interpolating between cross-sections

Input Sketches




From 2D to 3D: Extrusion along paths




From 2D to 3D: Contour lines

B ' Rapid Reservoir Modelling = x
File Windows Help
[ <@ @ PR P PB RA RAI RS RBI Width Length Height | Stratigraphy Regions Diagnostics )
4 % Cross-Section o
v VOLUME =+ Cancel Submit End  Resize boundary = Resize image Removeimage Selectllegmrs‘ Vertical Exaggeration ‘ f J W‘
~ STRATIGRAPHY : |
Surface 3 H"‘
Bl surface 4 =
] Surface 5
= Surface 11 [i=]
Surface 12 ikl
Surface 13 =
E Surface 14 E
=] Surface 15 Uﬂ
Surface 17 H_]
[ Surface 18 =
Top-View E
B i toiary || Ramceynensl ¥ Saioi Raaione || Werncal Exanerateon |F kiast uaiscroty o
1 i i i
-
< >
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NB: Exploring reservoir models through 3D printing

Model printed by PhD student Alex Patsoukis at Heriot-Watt University




Grids are generated on demand




Approximating reservoir dynamics with flow diagnostics

* Provides information

* Reservoir pressure

« Time-of-flight

* Reservoir partitioning

+  Well allocation factors

- Sweep efficiency

- Dynamic heterogeneity
* Very fast (order of seconds)

- Based on steady-state
approximations

]
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Moyner et al., 2015



A real-time RRM example

Rapid Reservoir Madelling - a X
File Windows Help
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RRM for the Northern Lights CCS Project

Central CO, storage hub for Europe A%i}f/_'
Shallow marine Johansen Formation /

|., c=
Test impact of multi-scale sedimentary \

heterogeneities on storage and approximate
CO, plume migration

Experimental design with 32 reservoir models

Flow diagnostics to assess pore volumes for
storage and PV injected at breakthrough for
each model and different well locations

Entire work done in a few weeks

Jackson et al., 2022

FAS5: cross-bedded sandstones with
abundant mudstone drapes

FA4: cross-bedded sandstones with sparse
mudstone drapes

I:‘ FA3: bioturbated micaceous sandstones

FAZ2: ripple cross-laminated heteroliths with
structureless and graded beds

. FA1: ripple cross-laminated heteroliths

—— Maximum Flooding Surface (MFS)
——— Transgressive Surface (TS)

200m — facies-association boundary

" v ¥ | bioturbation

| ripple cross-lamination

Figure 5



Example models

Jackson et al., 2022
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Initial sensitivity analysis and screening

Jackson et al., 2022
Pore volume (PV) _— Fl::r.e "uh_lumes Injected (PWVI) at breakthrough time :
MFE":“W _ (heterogeneity) x direction (Morth-South)
nogeneity)

dip extent of facies interfingering
aleng clinoforms

planform geometry

y direction {West-East)
elincform dip —
|

clincform dip
mud-drape continuity and extent in
heterolithic cross-bedded sandstones

mean lateral extent of carbonate-
cemented concretions in between
fransgressive surfaces

carbonate-cemented concretionary planform geomeiry
layers along transgressive surfaces
mean |ateral extent of carbonate-
cemenied concrefions in betwesn
|

lateral continuity of

lateral continuity of
i carbonate-cernented concretionary
transgressive surfaces layers along fransgressive surfaces
mean vertical spacing of carbonate-
cemented concrefions in between
fransgressive surfaces

{dinoform dip + planform geometry) +
{lateral continuity of carbonate-cemented

mad-drape continuity and extent in

concretionary layers along fransgressive surfaces heterolithic cross-beddad sandstones
dip extent of facies interfingering + mean lateral extent of carbonate-cemented mean verbcal spacing of carbonate-
along cinoforms concretions in between transgressive surfaces) + cemented concretions in between
~ (dip extent of facies interfingering along transgressive surfaces
ciinoforms + mud-drape continuity and extent n
bioturbation intensity

heterolithic cross-bedded sandstones)

{clincform dip
bioturbation intensity + bioturbation intensity)
effect of three confoundad

2-factor interactions

effect of one confounded
2-factor interaction

40 05 D 05 +10  +15  +20  +25
Percentage change i average responss

40 30 2 -0 D #A0  +20  +30
Percentage change in average response

%
TUDelft ... now design your full-field, full-physics simulations accordingly



Summary

= The energy transition is accelerating and
geoscience will play an important role

= We need to ensure that geological
uncertainties are properly considered and
iIntegrated with reservoir engineering
decisions

= Subsurface modelling outcomes will influence
large-scale energy system integration

= Shift from being initially precisely wrong to
being approximately right first, then proceed

]
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Thank you for your attention

Prof. Dr. Sebastian Geiger, FREng FRSE
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