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Background and Introduction

Roadmap for CCS Demonstration and Deployment in China,
released on Climate Change Conference in Paris, 2015

Gred/ o swoiuoljiu) §22 jo Juawholdeq

CCS Commercial
eployment

» New CO, capture technology with low energy consumption

» New CO, utilization and long-term safe storage .
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CO, Geological Storage
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CO, Storage and Two-Phase Flow in
Micro Porous Media

» Pore-scale » Core-scale
- Micromodel experiments - Visualization experimental
- CT Scan & Reconstruction Investigations by MRI
- Numerical Simulation on - Volume average simulation
- Multi-particles by CFD code - By CFD code (Fluent)
- LBM - TOUGH

i A 2 R R

/\

I (Xeop=Xsar)

B (XeozPXsar)

Coupling process: two-phase flow and exsolution/dissolution




Pore-Scale Experimental Setup

» The micromodel is visualized by an inverted microscope (Ti-E
Nikon series, 800 nm resolution) with a fluorescence module.

» Sample holder: high pressure chamber up to 15 MPa, 50 °C
> Flow rate Range: 103 uL/min~10% yL/min

0 pm +10nm

[ Behavior of SCP-CO, under high] S

| pressure with high resolution




Core-Scale Experimental Setup

» NMR system has a magnetic field intensity of 0.5 T
(21.3 MHz) and with a magnetic gradient of 0.03 T/m.

» Core holder: pressure up to 12MPa, temperature up
to 80 °C

| Quantitative onIine\
measurement with

high accuracy




2.1 SCP-CO, displaced water: wettability effects
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2.2 Water imbibition: wettability effects
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2.3 CO, Behavior: Exsolution

0.07 — . 1000
| —=— Solubility 40 C

0.06 | —5— Solubility 25 °Cc
||~ Density 40 °C
|—O— Density 25 °C

- 800

Mass transfer
Nucleation

- -y - -y

0.05 |

)

1
[o2]
o
o

0.04

.........

0.03

Denosity (Kg/m

Solubility(wt)

0.02
- 200

0.01

Bubble

0.00 . .
0 2 4 6 8 10 12

Pressure (MPa)

» CO, nucleation sites
are located at the
surface of pore wall

> Bubbles grow up into
the pore-body

> Exsolved phase
CO, bubble growth shows low mobility

CO, nucleation

7.37-3.95MPa, 40°C  40min(85.5KPa/min) 13



2.4 Ostwald Ripening

Shrinking small CO,
=P +2°/R Mass transfer bubble
of dissolved
CO,in
@ @
s Aaqueous phase
gl 1<C2

Constant pressure at 3.95 MPa for 4h in
case 1 (25 °C)

CO, component CO, mass
Bubblte Bubble concentration transfer in the
curvature pressure near the interface aqueous phase

» Thermodynamic driving force: Reduction of
surface free energy
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2.5 Effects of Chemical Reaction on Curves

Rock: Mineral dissolution "
effects on the transport:
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2.6 Effect of CO, Exsolutlon on 002 Storage

l (A) Without depressurization
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The Earth and geothermal energy

Crust\ 7"-;‘« Depth T(oC)
Mantle A
:{"/ W | Surface: <0.2 km Low: <90
Outer core . . A { -
/ -8 | Shallow: 0.2~3km Middle: 90~150
Inner core M = Deep: >3 km High: >150

Temperature » Geothermal resources in the
deep earth i1s more than 90%b!

Enhanced Geothermal System —
The future of geothermal energy

18



Enhanced Geothermal Systems (EGS)
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Challenges of EGS

> Small heat-recovery factors (/#&[EIZEE) found
In practice about 1-5% of the heat in the reservoir at
depth is recovered at the wellhead

» Need the approaches toward creating sites for EGS,
Including science and engineering to enhance
permeability and increase the energy recovery factor

Characterize the heat transfer and heat

conversion in EGS aim to improve the
energy recovery factor

20



Co,

—
— —+

3.1 Working fluids selection

Condenser/Gas Cooler

CU

A 2% - =—-=———___ 3
Turbine E
Coollng o

Q@

= h KIkg K

% E Power cycle of CO,-EGS is transcritical
5 = for low surrounding temperature
g reservoir £ gz 3
3 2 S
o
. _ 4
Supercritical for high  é———— 75

surrounding temperature
h, kd/kg K 21



Comparison between water/CO,-EGS

for small 15
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CO,-EGS may be appropriate for low recoverable heat energy, but
water-EGS perform better for large recoverable heat energy for given
well diameter, number of injection and production well and surrounding
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3.2 Heat transfer of SCP CO, In rock
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Granite(tt =&

AN
_! mEm#%EE
® o b L 3
) T _:MPE. #—Z (H) Capr) El D é
2% | CO: i B E = -
ﬂ afl = P XLMX '— T T[

e | J’;‘;ND ¢ || J
CO2 M CET | TR e ‘ ig@ﬁf_

i35 RCOL K TR 23



Heat transfer of SCP CO, In rock

9.0 — T
= Horizontal Experiments
e Vertical Experiments
85 --- -qw=constant e Tw=constant 2
L s ]
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400
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/
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Heat transfer of SCP CO, In rock
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Coarse Rock fracture

Coarse granite fracture

N
™~ Load cell

;‘r’;«..f-
o078 L 1— Rock sample

Brazilian test
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Coarse Rock fracture

Reconstruction simulation model

10 10"
"

- 7'“ =constant

-----------------------------------

------ Parallel-plate fracture

5F = Rough fracture

3 A L A L A
100 200 300 400
Re

» The effect of enhanced heat transfer at developing region on
the overall heat transfer characteristic is more significant at
larger mass flow rates in a rough fracture

» The overall heat transfer performance in a rough fracture is
an integrated effect of channeling effect and disturbance
effect by the tortuous flow path 27




Coarse Rock fracture
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» Heat exchange is less efficient in a rough fracture
compared to flat fractures with equivalent permeability
due to the caused channeling effect
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CO, A S H A& P R EAB T IEEAL )=

—Transport phenomenon in micro-/nano-

pores in CO,-Shale gas exploitation
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» Effects of CO, enhanced shale gas recovery:
competition adsorption between CO,/CH,
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4.1 Blig 7 FEF1CO, MR FL B o Ix; bt

Adsorption of supercritical CO, in nanopores

T=300K
r=360K
i ROA AR

MD -+ Molecular Reconstruction —> Shale core experiment

FLEBR o FEfESEIa A R i B VLR AL P VIR LI E =
Molecular structure of the nano-pore of shale decides the
methane adsorption behavior




4.2 FEEHR B 7L N PR $L

Simulation of adsorption in a single kerogen pore
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kerogen pores

(with saturated natural pores)
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4.3 FEEMR AR FLBRIR /s s

Adsorbed and Free gas states in kerogen nanopores

D018 T — T

DOIGE
/4
Do14 | 3
| 9

0.012%
. DOlOje ¢‘% |
\

" -
- 0008 ’
0006
DOD4

D002+

0O00 L
90 01 02 03 04 05 06 07

PE
0016

Do14
0.012
l.\(ll(l' ’~
. u.oc-a#. J

Dons) " *

DODAH
0.002

0000 501 02 03 04 05 06 07
3

(a)ry, = 8.7A

HS

RS

=

6.5 11.0

TERANRFL PR IR EZEE 17

Density fields of methane adsorption

—e— Kerogen Pore

0.025
0,020
0.015
=
= oo
0,005
0.000 + - -
00 01 02 03 04 05 06 07
Py
0020 - ,
—e— Kerogen Pore
0.015
< R 9
v 0010f} fo
v
0.005-
000 s o1 02 03 04 05 06 07
Pe
(b)rp = 10.7A

glxz)= llm lhm —
P ( ) N=oor'—w0 N

JI

OOI I
0(50 01 02 03 04 05 06 07

Pu

0,025 ' _—
—e— Kerogen Pore
oo & <
" f--- Regular Pore,s = 1.9
0015
“ |
= 0010k ¢
Y
0.0D5-%
i S
005 o1 02 03 04 05 08 07
P
(¢)rp = 12.7A

L '(U"SN Xs.n) () Bistiasala; ')

4/3xr"

Zhou B, Xu RN, Jiang PX. Fuel, 2016

33




4.4 TIENAKFL RIS EE B

Adsorbed gas ratio in shale nanopores
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Nuclear Magnetic Resonance (NMR) experiments results for gas
content and adsorption in gas (CH,) bearing shale
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4.4 TIENAKFL RIS EE B

Adsorbed gas ratio in shale nanopores
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4.5 TTEPKFLERCO, TSR M

Competition adsorption between CO,/CH, In
Kkerogen nano-pores
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» CH,/CO, mixture adsorption in a single pore
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4.5 TERIRANAKFLBRCO, =T F B

Competition adsorption between CO,/CH, In
Kkerogen nano-pores
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Competition adsorption between CO,/CH, In
Kerogen nano-pores
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4 5T ERIRNAKFLFRCO, T F B

Competition adsorption between CO,/CH, In
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4.6 TIEANRFLBRIN P AL 2

Adsorption isotherms of shale samples
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Summary

» CO, Storage and Two-Phase Flow in Micro Porous
Media

» CO, Utilization and Heat Mass Transfer in Fractures

and Nano Pores (CO,-EGS and Enhanced shale gas
recovery)
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