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Overview ii IRIS

> Differences with storage
> Physics: miscibility, dispersion, temperature
> Enhanced Oil Recovery
> Enhanced Gas Recovery

> Concluding remarks
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Introduction

ii IRIS

CO;, EOR is a great way to utilise the energy of compressed CO»
stream and it’s ability to recover CO,.
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Introduction ii IRIS

CO;, EOR is a great way to utilise the energy of compressed CO»
stream and it's ability to recover CO5. Pure CCS is technically a
waste of this energy.

Yet technical questions need to be looked upon and me might need
to look at big picture!
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Introduction ii IRIS

CO;, EOR is a great way to utilise the energy of compressed CO»
stream and it's ability to recover CO5. Pure CCS is technically a
waste of this energy.

Yet technical questions need to be looked upon and me might need
to look at big picture!

CO;, requirement for EOR is not constant with time: CO, will
breakthrough and need to be recycled
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What are those physical phenomena? ii IRIS

Transport phenomena Compositional aspects
> Viscous forces
> Diffusive forces
> Gravity forces
> Capillary forces
> Mobility control
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CO, specific aspects
> Three non-aqueous phases
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What are those physical phenomena? ii IRIS
Transport phenomena Compositional aspects
> Viscous forces > Swelling of oil
~ Diffusive forces > Condensing / vaporising gas
drive

> Gravity forces
> Miscibility development -

IFT effects
> Miscibility in water

> Capillary forces
> Mobility control

CO, specific aspects
> Three non-aqueous phases

> Chemical interaction with
reservoir rock

> Supercritical behaviour
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What are those physical phenomena? ii IRIS
Transport phenomena Compositional aspects
> Viscous forces > Swelling of oil
~ Diffusive forces > Condensing / vaporising gas
drive

> Gravity forces
> Miscibility development -

IFT effects
> Miscibility in water

> Capillary forces
> Mobility control

CO5 specific aspects )
2P P Rock properties
> Three non-aqueous phases .
o _ ) > Reservoir
> Chemlc.al interaction with compaction /dilation
reservoir rock )
o _ > Sealing faults
> Supercritical behaviour . .
> Cap rock integrity
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What those phenomena mean for EOR?
Compositional aspects:

ii IRIS
> CO, may evaporate hydrocarbons into mobile CO5,-rich phase;
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What those phenomena mean for EOR? 1i IRIS

Compositional aspects:

> CO, may evaporate hydrocarbons into mobile CO5,-rich phase;
> Qil viscosity reduces with dissolution of CO; ;

> Qil formation volume factor increases by 40-70% due to oil swelling
with dissolution of CO»;
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> Qil formation volume factor increases by 40-70% due to oil swelling
with dissolution of CO5;

> Interfacial tension on the oil-water contact reduces in the presence of
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Miscibility in water:
> COx5 is soluble in water - much higher solubility than for methane or
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Compositional aspects:
> CO, may evaporate hydrocarbons into mobile CO5,-rich phase;
> Qil viscosity reduces with dissolution of CO; ;

> Qil formation volume factor increases by 40-70% due to oil swelling
with dissolution of CO5;

> Interfacial tension on the oil-water contact reduces in the presence of
CO5 in both phases.
Miscibility in water:
> COx5 is soluble in water - much higher solubility than for methane or
nitrogen (additional safe storage);

> CO, dissolution in water increase aqueous viscosity and density.
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What those phenomena mean for EOR? ii IRIS

Compositional aspects:
> CO, may evaporate hydrocarbons into mobile CO5,-rich phase;
> Qil viscosity reduces with dissolution of CO; ;
> Qil formation volume factor increases by 40-70% due to oil swelling
with dissolution of COy;

> Interfacial tension on the oil-water contact reduces in the presence of
CO5 in both phases.
Miscibility in water:
> COx5 is soluble in water - much higher solubility than for methane or
nitrogen (additional safe storage);
> CO, dissolution in water increase aqueous viscosity and density.
Chemical interactions:
> Chemical reactions with CO, may increase permeability in sandstones
by 5-15%, in carbonates and dolomites by 6-75%. . .
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What those phenomena mean for EOR?

ii IRIS

! I I COy; injection significantly increase precipitation of heavy
hydrocarbons like asphaltines - this must be investigated.
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Evaluation of CO, injection

To evaluate applicability of the CO5 to particular field an analytical
package like SWORD could be used

ii IRIS
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EOR: analytic screening. Expert system ii IRIS

Welcome, Ext user!

#; Applicability screening

Applic ity evaluation

> Fleld case input

Method Score | Viotations| User Reference intervals
» Applicabllity evaluation [ e o ]| Parameter Unit } Win | Wax | Gomiortoenter | Min | Max | omfortcenter } score
‘Gas injecton o788 o
» Reference intervals Deptn m 150 2000 1075|150 5000 2575 0552
‘Ghernial methods 0735 o
Permeabity md 100 2000 1050 1| so0 25005 0608
& Recovery factor estimation [— Py o
Thickness m s 2 s 2w 10| osee
4 Performance prediction Thermal methods o576 o
Temperature Celsivs o o 3 o o so|  oes
& Thermal recovery P — » 1 10 ss| 02 0 51| ossr
Pressure bar 0| 290 215 B 200 0854
i density kgim3 w0 8% a0 e 0 800 1
anisotropy fkvikr) 1) o001 01 0055 o001 01 0055, 1
Glay content 1) o oos 0025 o o3 015 0286
Sainty kgim3 o 2 10 o o 20/ oes7
Currft of saturation 1) 07 1 oss| o4 1 07 oes7
Highilow perm. rati 1 2 103 1 2 105 1
L
[E3 [E3
100 100
075 075
050 050
025 035
000 000
2 4 s [ w1 w0 2000 00 doe  sooo |
o = E = DA
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EOR: analytic screening. Worldwide database Jjj IRIS

Factor Estimation — Field Case Analysis

Permeability | Depth Oilgravity | Oil viscosity | Oil temperatur
(md) (m) (kgim3) (cp) (Gelsius)

+ Seftings

+ Database

» Cluster analysis

» Fleld case analysis
Distribution

4 Performance prediction

Mean recovery factor | Standard deviation | Confidence index

i o | mamoor e | Mt e
2 Polymer 3| 0.16 0.08 0.18
e :
" o | ou o0 o
m s

©SWORD, 2000-2012, All rights reserved © IRIS
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EOR: analytic screening. Analytical simulation Jj IRIS

Perfol tion — Advanced process input

Polymer Surfactant Nitrogen (miscible) CO2 (miscible) Hy Cyclic WAG

Minimum miscibility pressure (MMP)

¥ Use custom MMP
Fesidual oil

Molecular weight C3+ saturation, S
213.5000 kg/kmol 7] o
Qil volatile mole fraction 5 AP
0.33 (0-1)(@ o m
Qil intermediate mole fraction
0.28 (0-1)(@
Temperature 5., at MMP
60.00 Celsius !
MuP !
163 bar Maximum MMP Pressure
Custom MMP irnrniscibility

pressure, P

220.0 bar[7]

Residual cil saturation at MMP

0.03 (0-1)(Z

Producer

Maximum immiscibility pressure
150.0 bar[7]
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EOR: analytic screening. Analytical simulation Jj IRIS

Welcome, Ext user!

© Applicabliity screening Perfol

ction — Curve & cross plot

& Recovery factor estimation Simulation parameters | Plot-1

Ol recovery (fraction of OOIP) vs. Time

+ Reservor & fluid data Oil recovery (fraction of OOIP) (0-1) Show numeric data
040 Remove plot
» Advanced process input Remove all plots
» Curve & cross plot s @  WE2DCP-DPAR
» Contour plot @ __ co2-2D-cP-DP--
R
» Decline curve
030
& Thermal recovery
025
020
015
010
005
000
o 5 10 15 E) % EY E o

45 50
Time (year)
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Evaluation of CO, injection

As of the reservoir simulation:

ii IRIS

> Blackoil model may be used for quick evaluation of immiscible
process.

R. Berenblyum (IRIS)

&
CO; storage seminar, Indonesia

2N
December 10, 2012



Evaluation of CO, injection 1i IRIS

As of the reservoir simulation:

> Blackoil model may be used for quick evaluation of immiscible
process.

> Modern compositional simulations often allow lots of
functionality. It is important:
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process.

> Modern compositional simulations often allow lots of
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e Understand the physics of the process.
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Evaluation of CO, injection ii IRIS

As of the reservoir simulation:

> Blackoil model may be used for quick evaluation of immiscible
process.

> Modern compositional simulations often allow lots of
functionality. It is important:
e Understand the physics of the process.

e Concentrate on the governing forces and choose the tool which
can handle them correctly
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Evaluation of CO, injection ii IRIS

As of the reservoir simulation:

> Blackoil model may be used for quick evaluation of immiscible
process.

> Modern compositional simulations often allow lots of
functionality. It is important:

e Understand the physics of the process.

e Concentrate on the governing forces and choose the tool which
can handle them correctly

e Use simpler correlations that fit to the data and knowledge you
have rather than some 20-parametric model from which you can
determine only 1 parameter.
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Three HC-phase flow ii IRIS

Simulating lab scale results: building block for a pilot model

100 4

601 AL IR ao o v e

Oil recovery, %

o o pure CO2-rich
Simulation
30% PV CO2-rich+C0O2
Simulation
A 20%PV CO2-ich+CO2
-------- Simulation
>4 Pure CO2
O B — Simulation

T T T T T 1
20 40 60 80 100 120 140

PV injected, %

= =) E E E 9ace
R. Berenblyum (IRIS) CO; storage seminar, Indonesia December 10, 2012 13 /26



INTERNATIONAL RESEARCH INSTITUTE OF STAVANGER AS

Interaction with reservoir rock

ii IRIS

Simulating lab scale results: building block for a pilot model CT-scan

core measurements in DTU showed that carbonated water creates up
to 1cm long wormholes:
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ii IRIS

Simulating lab scale results: building block for a pilot model CT-scan
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Yet the injectivity into the core as a function of time decreased

core measurements in DTU showed that carbonated water creates up
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Interaction with reservoir rock

ii IRIS

Simulating lab scale results: building block for a pilot model CT-scan

to 1cm long wormholes:

Yet the injectivity into the core as a function of time decreased

core measurements in DTU showed that carbonated water creates up

CaCO3(S) + COg(aq) +H,O = Ca(HCO3)2
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Interaction with reservoir rock

ii IRIS
Simulating lab scale results: building block for a pilot model CT-scan

to 1cm long wormholes:

Yet the injectivity into the core as a function of time decreased

core measurements in DTU showed that carbonated water creates up

CaCO3(S) + COg(aq) +H,O = Ca(HCO3)2

Precipitation of CaCO3 and associated pore blockage dominated over
wormhole creation effect!
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Interaction with reservoir rock

ii IRIS

Simulating lab scale results: building block for a pilot model

Those effects were successfully modeled with STARS:

1

¢ \
0 1
g
3 |
z
2o !
3 — POr0Sity - Current 2009-01-01 (0.00 day)
e \ — s POr0sity - Current 2009-01-01.16110 (0.16 day)
° Y
—_—_—— = ==
0.
oo 20 40 6.0 80
Distance (cm) = - = = Q™
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Mobility control: Foam i IRIS

Simulating lab scale results: building block for a pilot model We can

simulate a large set of experiments at different conditions using the
same set of simulation parameters:

0.3
L 025ttty ;:: I
2 g
202 08
H =07
H H
Eoas g 08
£ o LH3 o LH6 gos © 0pp
e 01 + Blank test —— Simulation £ 04 O 000 O
5 g ——Tracer 203
Soal o LH1 o LH19
0.05 2 i ation _e thm 0.05 © :: T Blank test —_Simulation
A Tracer
[ 0 - 2300 - . 0.0 | — — —
0 10 2 30 4 50 60 0 10 20 30 4 50 60 0 10 20 30 40 50 60
Time, days Time, days Time, days

Courp=0.25wt %, Dpg=2.5cm  Cgr=0.25wt %, Dpjyg=3.8cm  Cgyrr=1.0wt %, Dppyp=3.8cm
Sw=100%, T=55°C
Questions regarding scaling those results up to reservoir level are
being looked upon
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Reservoir simulation: data

ii IRIS

Complex phase behaviour requires elaborate laboratory study

> Interaction between CO; and oil: miscibility development,
changes in phase properties (swelling), precipitation
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Reservoir simulation: data ii IRIS

Complex phase behaviour requires elaborate laboratory study:

> Interaction between CO; and oil: miscibility development,
changes in phase properties (swelling), precipitation

> If mobility control agents are to be used lab studies are needed
as well
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Reservoir simulation: data ii IRIS

Complex phase behaviour requires elaborate laboratory study:

> Interaction between CO; and oil: miscibility development,
changes in phase properties (swelling), precipitation

> If mobility control agents are to be used lab studies are needed
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Reservoir simulation: data i IRIS

Complex phase behaviour requires elaborate laboratory study:

> Interaction between CO; and oil: miscibility development,
changes in phase properties (swelling), precipitation

> If mobility control agents are to be used lab studies are needed
as well

> Same goes for interaction with reservoir rock

Reservoir models must be tuned to reservoir data to yield reasonable
predictions
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Reservoir simulation: accounting for

IRIS experience:

ii IRIS

> COg solubility in aqueous phase (and change of it's properties)

R. Berenblyum (IRIS)

& E E E
CO; storage seminar, Indonesia

DA
December 10, 2012 18 / 26



Reservoir simulation: accounting for

IRIS experience:

ii IRIS

> COg solubility in aqueous phase (and change of it's properties)
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Reservoir simulation: accounting for ii IRIS
IRIS experience:

> COg solubility in aqueous phase (and change of it's properties)

> CO; diffusion through the aqueous phase

> Temperature gradient in the reservoir, reservoir cooling due to
cold CO; injection
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Reservoir simulation: accounting for ii IRIS

IRIS experience:
> COg solubility in aqueous phase (and change of it's properties)

> CO; diffusion through the aqueous phase

> Temperature gradient in the reservoir, reservoir cooling due to
cold CO; injection

> Geochemical reactions
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Reservoir simulation: accounting for ii IRIS
IRIS experience:

> CO; solubility in aqueous phase (and change of it's properties)

> CO; diffusion through the aqueous phase

> Temperature gradient in the reservoir, reservoir cooling due to
cold CO; injection

> Geochemical reactions

> Stress (pressure) dependent reservoir properties
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Reservoir simulation: accounting for ii IRIS
IRIS experience:

> CO; solubility in aqueous phase (and change of it's properties)

> CO; diffusion through the aqueous phase

> Temperature gradient in the reservoir, reservoir cooling due to
cold CO; injection

> Geochemical reactions
> Stress (pressure) dependent reservoir properties

> Compositional effects, dispersive mechanisms
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EOR: Why WAG?

ii IRIS

> Improved area and vertical sweep
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EOR: Why WAG? ii IRIS

> Improved area and vertical sweep
> Improved mobility control during gas injection
> Insufficient gas resources for gas injection

> Improved microscopic displacement
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EOR: Why WAG? ii IRIS

Improved area and vertical sweep
Improved mobility control during gas injection
Insufficient gas resources for gas injection

Improved microscopic displacement

vV V. VvV VvV V

Gas disposal
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EOR: Why WAG? ii IRIS
> Improved area and vertical sweep
> Improved mobility control during gas injection
> Insufficient gas resources for gas injection
> Improved microscopic displacement
> Gas disposal
> Attic oil

] = =
R. Berenblyum (IRIS) CO; storage seminar, Indonesia December 10, 2012 19 / 26

i
it
N
»
o)



INTERNATIONAL RESEARCH INSTITUTE OF STAVANGER AS

EOR: Why WAG? ii IRIS
> Improved area and vertical sweep
> Improved mobility control during gas injection
> Insufficient gas resources for gas injection
> Improved microscopic displacement
> Gas disposal
> Attic oil
> Cellar oil
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EOR: WAG

High mobility gas without any trapping
low water saturation

Two phase gas-oil
behavior

Impact of gas

saturation on 4

water mobility

Fluid viscosity and

density contrast
Trapping

of gas

>

Impact of water
saturation on

gas mobility

unswept oil

Impact of gas
saturation on

three-phase residual oil

Two phase water-oil

behavior
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T T T T T T T T T T T T T T
0 M0 0 AW 400 KO0 GO0 700 BOD GO0 00D 100 1200 1300 1400 1400

EOR PrOjeCt SEsEessstoscossmmspsbssenmssoseses == -

A compositional, dual porosity reservoir model accounting for various
(viscous, gravity, capillary, diffusion forces) transfer mechanisms,
solubility in water is constructed.

We account for changing porosity and permeability as a function of
pressure.

Geochemical reactions are incorporated.

Importance of different effects is studied, different injection scenarios
evaluated.
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R. Berenblyum (IRIS) CO; storage seminar, Indonesia December 10, 2012 21 /26




INTERNATIONAL RESEARCH INSTITUTE OF STAVANGER AS

EOR Project ii IRIS

704 Huff and puff with CO2 worked WAG is rather efficient in
very well for the segment. CO2 controlling gas phase mobility.
was forced into the matrix Recovery is higher than of water

60 | displacing oil. Each next cycle or CO2 alone
brought CO2 furthey in to the

a matrix
o
E 501
x* Waterflooding is rather efficient recovering due to
IS cap.forces. It recovers around 50% of oil from the segment.
[}
= 40
=
°
<
a Carbon dioxide injection do not show any recovery within
3 7 1-1.2 PVI due to high mobility and breakthrough the
g fractures. Our experiments confirm the results - recovery
z achieved after flushing more than 3-4 PV. co2
S 204 HNnP
E WAG 1:1
3
o

10+

0
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EGR: Pressure support

ii IRIS

CO3 can be injected (re-injected) into gas reservoir for pressure
support
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Gravity stable injection downflank to avoid breakthrough

R. Berenblyum (IRIS)

& E E E
CO; storage seminar, Indonesia

DA
December 10, 2012 23 /26



EGR: Pressure support 1i IRIS

CO3 can be injected (re-injected) into gas reservoir for pressure
support

Gravity stable injection downflank to avoid breakthrough

Contamination of the produced gas with the CO5 is the main risk
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EGR: Pressure support ii IRIS

CO3 can be injected (re-injected) into gas reservoir for pressure
support

Gravity stable injection downflank to avoid breakthrough
Contamination of the produced gas with the CO5 is the main risk

In case of antropogenic CO» stream impurities may provide additional
challenge...
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EGR: Pressure support ii IRIS

CO3 can be injected (re-injected) into gas reservoir for pressure
support

Gravity stable injection downflank to avoid breakthrough
Contamination of the produced gas with the CO5 is the main risk

In case of antropogenic CO» stream impurities may provide additional
challenge... or benefits...
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EGR: Pressure support ii IRIS

CO3 can be injected (re-injected) into gas reservoir for pressure
support

Gravity stable injection downflank to avoid breakthrough
Contamination of the produced gas with the CO5 is the main risk

In case of antropogenic CO» stream impurities may provide additional
challenge... or benefits... or both
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EGR: Hydrates

ii IRIS

> Thermal stimulation (energy)
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EGR: Hydrates ii IRIS

> Thermal stimulation (energy)
> Depressurisation (loss of productivity)

> Inhibitor injection (environment, costs)

> Gas exchange:
e ca. 60% methane could be released
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EGR: Hydrates ii IRIS

> Thermal stimulation (energy)
> Depressurisation (loss of productivity)

> Inhibitor injection (environment, costs)

> Gas exchange:
e ca. 60% methane could be released

e Heat of forming CO, hydrates > energy consumption of CHy,
dissociation
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INTERNATIONAL RESEARCH INSTITUTE OF STAVANGER AS

CBM:

ii IRIS

> CO3 can significantly increase recovery of methane from coal
beds
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INTERNATIONAL RESEARCH INSTITUTE OF STAVANGER AS

CBM:

> CO; can significantly increase recovery of methane from coal
beds

> Presence of Nitrogen reduces the recovery potential

> Significant volume of CO» was shown to absorb prior to
extended gas recovery
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INTERNATIONAL RESEARCH INSTITUTE OF STAVANGER AS

CBM:

ii IRIS

> CO; can significantly increase recovery of methane from coal
beds

> Presence of Nitrogen reduces the recovery potential
> Significant volume of CO» was shown to absorb prior to
extended gas recovery
CO5 could also release gas dissolved in water in some of formations.
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Concluding remarks

ii IRIS

Both EOR and EGR may be technically and economically feasible
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Concluding remarks
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Both EOR and EGR may be technically and economically feasible

It is important to study and verify especially compositional variations
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Concluding remarks

ii IRIS

Both EOR and EGR may be technically and economically feasible

It is important to study and verify especially compositional variations
There are other questions remaining:

> CO» source (volume required is varying with time) and costs
> Materials, capacity

> Legislation
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