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Infroduction

Figure 1. U.5. Greenhouse Gas Emissions by Gas, 1990-2014

» According to the Environmental Protection 8000 Y = T = Nitfous axlde
Agency (EPA), COz2 is the major contributor
to greenhouse gas (GHG) emission in the US
and worldwide, phenomenon that s
considered responsible for global warming
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» Carbon Capture & Storage (CCS) is
considered as one of the main actions
to be implemented to mitigate climate
change effects (IPCC, 2014).
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Intfroduction

Geological Storage of CO2

COscaptured P ®» Main types of formation reservoirs to consider

B ines as a potential CO2 storage site:
e _ OO fcnd o gl rnator 1) Coal beds.
iﬂl‘h ' Eulied 2) Saline formations.
“W"ﬂ'* 1lco, ilco, Dageted 3) Basalts.
e 4) QOil & Gas reservoirs:

*W—/_“v » Conventional Oil & Gas Reservairs.
Salt cavems
» fUnconventional Oil & Gas Reservoirs (Shale).

d CCS is considered to be an expensive technique. The synergy with other commercial activities
(like oil & gas production) is essential for CCS deployment.

d CO2 injection for enhance oil/gas recovery (EOR/EGR) meets two main goals:

v Mitigate CO2 emissions to the atmosphere.

i v Increase hydrocarbon (HC) production and reserves.
TEXAS A&M\
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Infroduction

Shale Reservoirs:

O Shale reservoirs in general have: Figure ES-7. U.S. dry natural gas production by
. source in the Reference case, 1990-2040 (trillion

" LOW porOSITy' cubic feet)

= Ultra-low permeability. 50 History 2015 Projections

= Heterogeneous chemical composition.

Shale gas and tight oil plays

Tight gas

Other
Lower 48 offshore
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» Technology improvements achieved in the
last decades in Hydraulic Fracturing and
Horizontal Drilling have incredibly increased
HC extraction from shale reservoirs.
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Intfroduction
Motivation

= Contribute to the development of CCS techniques. By injecting
CO:2 for EOR/EGR, we can increase oil & gas production while
also taking CO2 molecules out from the atmospheric carbon
cycle.

» Shale reservoirs are playing a key role in HC production. These
reservoirs decrease their production in relatively short period of
time. COz2 injection in shale reservoirs would help to increase HC
recovery from these formations.

» Studies show that sorption processes have a great impact on CH4
production from shale reservoirs (Yu and Sepehrnoori, 2013) as
well as for CO2 storage in these type of formations (Kang et al,,
2011).

» Detailed comparison about different CO2 and CH4 adsorption
i TEXASA&M\ models on shale reservoirs have not been extensively covered.
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Intfroduction

Relevant Literature Review

» “Adsorption of CH+ and CO2 on gas shale and pure minerals samples”

(R Heller and M. ZObCICI(, 201 3) . ey LOD fests, dry conditions. Langmuir fitting.
COz2 2-3 times higher adsorption capacity than CHa.

» “CHsand CO2 adsorption in clay-like slit pores by Monte Carlo simulations™
(Z Jin and A. Firoozabadi, 201 3)— Molecular simulation. Langmuir fitting.

Cation exchange affects CO2 sorption.

‘Effect of H2O on CH+ and CO:z2 sorption in clay minerals by Monte Carlo simulations”

(Z_ Jin and A. Firoozabadi, 201 4) H20 significantly reduces CO2 and CH4 sorpfion.
CO2 may form multilayer adsorption at high pressure.
“Numerical study of CO2 EUR and sequestration in shale gas reservoirs”
) COMSOL simulation. Darcy’s law not applicable for flow in shales.
(H .Sun et al. ! 201 3) ) Knudsen diffusion, ordinary diffusion and dual-porosity model needed.
“Numerical study of flux models for COz2: EUR and potential COz2 storage in shale gas

reservoirs” COMSOL simulation. COz2 flow in shale fitted to different flux models
coupled with Langmuir adsorption model. Nano-pore have high impact

(N. Prajapati and P. Mills, 2014). in gas flux.
“H20 adsorption and its impact on the pore structure characteristics of shale clay”
(D. Feng et al., 2018). ey, Lab tests, N2 adsorbed in clays at different HR.
GAB model gives optimal fitting parameters for H20
i adsorption.

1 TEXAS A&GM
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Research Objective

» Simvulate both, gas flow from the induced fracture to the
shale particle surface and adsorption processes in order
to get a better understanding of what happens in
subsurface when COz2 is injected.

» The focus of this study will be on modeling CO2 and CHa4
sorption mechanisms in shale drained maifrix.

| TExas A&M\
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Research Methodology
System Description

: 1 Confinuity equation:
Main parameters vies
Assumptions: Permeability (m?2) 1.0E-19 dp
ldeal gas behavior. Rock density (kg/m3) 2560 — 4. (,0- u) =0
Single-phase gas flow. Rock compressibility (1/Pa)|1.0E-05 ot
Constant reservoir T. Tortuosity 4 iy "
. - * Initial Condition
Constant rock compressibility. Refg‘r’ggsnr?;eerrog:rﬁ (K) 32503
:’Sr?c;r;?)l(olc R cgeneous Molecular Diffusion (cm?2/s)| 1.0E-08 Pm'i (X’ y’t)t 0 Pt
, Initial Pressure (Pa) 2.5E+06 . P
/ Injection Pressure (Pa) |1.0E+07 Boundar, () Conditions
/ ~ *Sun et al. (2013) (pu),,, = 0
V(pu)m,i . O

- g

+— W COMSOL Settings:

- Transport of Diluted Species in
Porous Media module.

i '“ & B
- Time dependent PARDISO Solver

& - Tolerance Factor: 0.1

- lterative Steps: 5

g 200m g

TEXAS A&M' . Production well glnjection well(inject CO,)
KINGSVILL Fime * Sun et al. (2013)




0 (P- ¢m + Pq- (1 _ ¢m))

Wilke Model: 1
N.=-D, _.VC Dein = 57
! j

)

j=1
J=i

Wilke-Bosanquet ModleL:

Ni:(_Di,ef‘f'VCi) Dl :Dl + =
i,eff

ei,m

& doore 8RT
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Research Methodology

= Shale matrix Specie Mass Balance

+ V. (p.U,)m’,' =0

ot
For CH4, £=1.
For CO2, i= 2.
= PiMi P =X-.P .—'DSMiX
ZRT ' Pai =
Adsorbed gas density
» Flux Model:

Governing Multiphysics Equations

» AdsorEﬁon Models:

Monolayer > ‘
Adsorption = Langmuir ISotherm.:
VL,i' Bi' Pi 1
Qadsi = 7 . 5 B; =
! 1 + Bi' Pi PL,l

Noft restricted to

formation of = Frevndlich Isotherm:

Monolayer / Does not approach

P N o Henry's Law at low
conceftration

Qads i — KF

Brunauer-Emmett-eller (BET) (sotherm:

qs- PpET- (Pi/ps)

Multiloyer s ;=
Adsorption Tadst (1 - (P,/P)) [1 + (Pggr — 1) (PL/PS)]
| s *. Cpgr. ( /C)
E d -
coxnpcrgfws’rfoﬂlgﬂ = ads; ( N (Ci/C )> [1 + (Cger — D). ( l/Cs)]
qsatmono MONGyey; * ( MUltiheq * X)

GAB Isotherm. =

Feng et al. (2018) s (1—(kmu,tiheat. ))[1+(Cmonoheat —1)-(|<mumheat X)}



Results and Discussion ~ LT o
° ° ° N == Diffusion | 1808 o be
Langmuir Adsorption + Wilke Flux model — £ ™
. — >
VL . B.. P: : N !
gLt _ 1 s R
qads l — 1 B P -|— NI = — DeI m 'VCI Dei,m _# Pinjection}y A
) . . ) J . trix
+ t=ol }j;}[/u) cl :
Injection Time = 30 days Concentrafion vs. Time
I ‘ ' mH I I I mol/m? 1800 I I I
tr Tas i A 17x10° 1700F
0.8 X 08 x10° 1600
0.6 ] 06 16 1500 |
oak 0.4 . 1400
0.2F ] 0.2 . Eﬂ 1300
ok 1 ok 1.2 E 1200
02} 1 02 1 E 13@2
0.4F ¢ -0.4 0.8 g a0o0
-0. -0.6 ﬁ 800
08 ¢ o8 o8 = 700
¢« -l 0.4 g 600
; ; . lwaoo ; : : ; . lwaoo s 500
. . . Y 400
Injection Time = 90 days 300} ]
. T T m . . . . . 200 -
| molfr 1k | mol/m? 100 F -
A1.7x13c Al.?)-(l_g3 gl 1 1 !
x107 08r *10 0 50 100 150
1.6 06F 1.6 Time (d)
e 14 .
Langmuir parameters
1.2 ol 1.2
1 02t 1 VL CHa Langmuir volume of CH4 (std.ftA3/kg) 1.27E-02
0e Y 08 VL coz Langmuir volume of CO2 (std.ftA3/kg)  3.31E-02
-0.6
06 o8 06 PL CHa Langmuir pressure of CH4 (psi) 694.7
0.4 0.4 PL co: Langmuir pressure of CO2 (psi) 409.6
W 400 L W 400

* Heller and Zoback (2014)



Results and Discussion

o VL,i'Bi'Pi
Qadsi =1 g P,

+ N, :(_Di,eﬁ 'VCi) Diar f"“‘Jerei

Langmuir Adsorption + Wilke-Bosanquet Flux model

1

D, m S
EAAL
Injection Time = 30 days 1, Concentration vs. Time
' : : — sl 1800 T T . T
A 1.7x1 _ TA17x 103 1700 - - —
10° %103 1600 | e ]
1.6 1.6 1500 T
- - 1400t .
¢ 1l300f 1
12 1.2 = 1200 .
. . - 1llo0f .
£ 1lo00r —— [co2] | ]
0.8 0.8 g Q00 - .
g= 200 - —— [cH4] | ]
0.6 0.6 o
& 700 F .
0.4 0.4 g 600 [ .
W 400 W 400 é s00 - |
|hjeCTIOﬂ Time =90 days o ]
0d. B T
. . . x ) 200 .
a1 T4 17x 103 1Dg - i
x10° 0.8} 10° L . . . .
il | 0 200 400 600 800 1000
1.6 16 Tirme (d)
o 1.4 .
Langmuir parameters
1.2 ok 1.2
L 02 ) VL CHa Langmuir volume of CH4 (std.ftA3/kg) 1.27E-02
0s N 08 VL coz Langmuir volume of CO2 (std.fiA3/kg)  3.31E-02
-0.
. 06 o4 06 PL CHa Langmuir pressure of CH4 (psi) 694.7
L;‘ TEXAS A&M 04 -l 0.4 PL co: Langmuir pressure of CO2 (psi) 409.6
AITNESTING e o *Heller and Zoback (2014)




Results and Discussion
Wilke vs. Wilke-Bosanquet = adsomption Model

FI UX Mo d el Langmuir (Sotherm
. 1 1 1
N Dei m = . = —_ g H - ~e
N i B Del .m -VCI , n (Xj J NI ( DI ,Eff -VC| ) Di,eff Dei,m
}:1 Dij Dei m = ;
o n Xj )
5%
J=i
Wilke Flux model Wilke-Bosanquet Flux model
1800 | : : : 1800
1700 | 1700 F [ : —
1600 | 1600 — G —
1500 | 1500 | L
__ laoof __ laoof
& 1300 | g 1300 F
E 1200} E 1200}
- lloo0f - 1llo0f
E  1looof E  1looof — tcoz1 |
< 800 c 800 —lena |
= 800 | = 800 | .
= 700 = 7001
o 500 | @ 600
5 500 5 soof
Y 400 Y 400
300 . 300
200 | - 200
100} - 100}
|:| [l | 1 1 D 1 1 1 1 1
0 50 100 150 0 200 400 600 8OO 1000
Tirme (d) Time (d)

| = Wilke-Bosanquet flux is much smaller than Wilke flux
I TRAsASMN model (due to shale nano-pores).
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Results and Discussion
Freundlich Adsorption +

Qads,i = K. Pl

no 4

Injection Time = 30 days

i, | molfm? i mol/m?
A 17x10° A 17x10°
0.8 x10° x10°
0.6 1.6 1.6
0.4
1.4 1.4
ok 1.2 1.2
. 1 1
-0.4
0.8 0.8
0.6 0.6
0.4 0.4
; i .| '¥ 400 3 : : . | w400
. T T . . .
| molim? | molim?
A 1.7x10° A 1.7x10°
x10% x10%
1.6 1.6
1.4 1.4
1.2 1.2
1 1
0.8 0.8
0.6 0.6
0.4 0.4
¥ 400 . | 'waoo

Wilke-

N, :(_Di,eﬁ 'VCi) Oiar  Dam D

Bosanquet Flux model
1 1 1

= +

B 1

ei,m

M-

j=1
J#i

Concentration vs. Time

Concentration (molfm~3)

12800 T T T T
1700 | A —
1600 —

1500 F
1400 |
1300}
1200
1100}
1000 |
oo0 b
800 |
700}
6001
S500F
400 <
300t
200 F
100

D 1 1 1 1
0 200 400 600 200

Time (d)

—— [CO2]
—— [CH4]

L1 1 I (N N N (NN N N NN (NN N N B L

Freundlich parameters

KF.CH4  Freundlich adsorption constant for CH4 (mol/kg) 1.105E-04
KF.CO2  Freundlich adsorption constant for CO2 (mol/kg) 6.145E-05

ch Freundlich adsorption exponent for CH4 2.114

neos Freundlich adsorption exponent for CO2 1.503

* Computed with data from Heller and Zoback (2014)




= At 90 days of Injection:

Qads,i =

Adso

VL L

1e=90d.

Langmuir Adsorption model

| mol/m?
A 17x10°
x10°

16

mol/m?

A17x 10

Freundllch Adsorp’rlon model

mol/m?
i s 1k

. | [CO2]

Results and Discussion

Langmuir vs. Freundlich
iphon model

1+B-.P-

Qads,i = KF Pl /n

= Flux Model:

Wilke-Bosanquet

Longmuw Adsorp’rlon model

Freundlich Adsorphon model

Concentration (mol f m~3)

1800

1700 F
1600 |
1500 F
1400 |
1300
1200 F
1100
1000 |
900
800
00
500 |

s00p /

400

300
200
100 |

0

— [co2] | ]|
—— [cHa] | |
1 1 1 1 1
0 200 400 500 800 1000
Tirme (d)

» After aprox. 800 days,

results.

1800

1700 |
1600 |
1500 |
1400 |
1300 |
1200
1100 |
1000 |
900 |
800 -
700 |
600 -

500 |

Concentration (moljm~3)

400

300
200
100

0

both models provide similar

0

1 1
500 1000
Time (d)



Results and Discussion

Langmuir vs. BET

Adsorption model

VL,l'Bl'Pl
1+ B;. P,

Qads,i =
= At 500 days of Injection:
Langmuir Adsorption model
ime=500d.
" 1.2 ‘ I I I rrolim?® 1.2 K ‘ I I roljm?
1k ,A1.7x123 1k ,Al.zu-lcéga
0.6 [COQ] 0.6
. . .774000'£l B2 ‘ . vaooO'a
BET Adsorption model
500 d.
" ‘ 1 mol/m? il ' ' I ) mol/m?
1A 1.7><1§)3 | A 1.)7(:;93
.| [CO?] 5
¥ 400 : : ¥ 400

Qads,i =

= Flux Model:

Wilke-Bosanguet

qs- Pggr- P;

=i+ e —0 ()]

Langmuir Adsorption model

BET Adsorption model

1800 . . . : 1800
1700+ — 1700
1600 - A 1600 | —
1500 - - . 1500 | -
_ laoop . 1400 —
¢ 1300F 4 @ 1300r -
E 1200 4 E 1z200f
= 1100f {1 3 1lo0f
E 1000t — [coz1 |1 £ 1ooof — [CO2]
g 900 - 4 g aon -
S soof —[eHal 0 2 goof _femal
£ 700 4 £ 700f
¢ s0OF 1 ¢ so0f
g 500 4 o S00
(%] [
400 <~ - 200 |-
300} g 300 |
200t . 200 |
100 - . 100
D | | | 1 | D 1 1 1 |
0 200 400 600 800 1000 0 10000 20000 30000 40000
Time (d) Time (d)
S, Cha BET Isotherm saturation capacity for  5.433E-
gs CH4 (mol/kg) 03
BET Isotherm saturation capacity for  1.155E-
BRET Qs o2 CO2 (mol/kg) 02
ara VmeteYS PBET, CH« BET adsorption pressure of CH4 26.7
P PBET, cO2 BET adsorption pressure of CO2 43.8
* Computed with data fromPS' CH4 Saturation pressure of CH4 (psi) 2500
Heller and Zoback (2014)  Ps. co2 Saturation pressure of CO2 (psi) 1100




Conclusions

» Comparison of flux models shows that Knudsen diffusion has a
great relevance in gas flow due to presence of nano-pores in
shale matrix.

» Comparison of Langmuir and Freundlich adsorption models
shows that both models provide similar results. Small deviation is
found at low pressures. Therefore, it could be concluded that
Freundlich model could be used for modeling gas adsorption In
shale under conditions where the monolayer formation is not
guaranteed.

®» Sensifivity analysis proves that reservoir characterization has

i great importance for a correct simulafion of the flux model.
TEXASA&M\
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Conclusions

Possible Future Work

= BET adsorption modeling did not provide the expected
results. However, it should be considered that simulation
condifions were not exactly the ones necessary for
multilayer formation.

» This work can be extended by Including other
phenomena such as water effect on CH, or CO,
adsorpftion in shale. Laboratory tests in shale samples with
the aim of measuring the adsorption capacity at different
water content should be performed.

TEXAS A&M\
KINGSVILL
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Extra Slides:

Langmuir parameters

VL CHe Langmuir volume of CH4 (std.ftA3/kg) 1.27E-02 |
VL co: Langmuir volume of CO2 (std.ftA3/kg)  3.31E-02
PL cHa Langmuir pressure of CH4 (psi) 694.7
PL co: Langmuir pressure of CO2 (psi) 409.6

+
- VL’i. Bl' Pl

fadst = 71B, P,
4
P (psia)

» Assuming e

component jgg
partfial pressure: oo
230
200
150
100
50

l

q ads, co. (scf/ton)

25.0

)
o
o

o
o

o
o

o
o

0.0

100

P (psia) qads, CO2
(scf/ton)

675
550
400
300
230
200
150
100

50

20.60
18.97
16.35
13.99
11.90
10.86
8.87
6.50

3.60

Construction of Adsorption Set Database

» From experimental results from Heller and Zoback (2014):

Constructed
database

Langmuir adsorption
constructed isotherm

200

300

400

y = -4E-05x2 + 0.0526x + 1.5294
R?=0.997

500 600

P7(i0p Si) 800




Obtention of Freundlich parameters

Constructed Ln(Qads,COZ) = In(Kg) + | — | * Ln(P)
n
database
P (psia) Clads, cox Freundlich Linealization
(scf/ton) 3.5
675  20.60 T
550 18.97 2 ‘a
400  16.35 G5 @
300 13.99 = o
230  11.90 ~ 25 o
200 10.86 S oV =0.6653-1.2062
150  8.87 g R?= 0.9836
100 6.50 ’ ’ ’ o K
5 340 Linearization T . |
S .

+ )

Yn

6 7
Ln (P) (psi)

Qads,i — Kr. Pl

Freundlich parameters

KF. CH+  Freundlich adsorption constant for CH4 (mol/kg) 1.105E-04
KF.CO2  freundiich adsorption constant for CO2 (mol/kg) 6.145E-05
AU Freundlich adsorption exponent for CH4 2114
Nco:

Freundlich adsorption exponent for CO2 1.503




Obtention of BET parameters

Cownstructeo p.
l
. | i :
- (sg(f)ﬁ:on) Qads,i- 1- l/P
75 : ’ S
550 18.97 . . .
ATON L5 BET Linearization
300 13.99 0.09
230  11.90 = 008
200 10.86 < o y=0107x+00025 ®
150 887 e, A
100 650 . . R
= 1 Linearization Foos L
"= 0.04 .
5003 e =
S 0.02 o ®®
P ool | .
. Pgrr. ( ! / ) < o
i s-TBET PS 5 0 0.1 0.4 0.5 0.6 0.7
Qaagi = P. (Pi/Ps)
(1 - (P/F)) [1 + (Pggr — 1) ( l/ps)]
+ _ EedeFortzr BET parameters
= BET Isotherm satfuration capacity for CH4
- o Qs (mol/kg) 5.433E-03
Assuming o gs o BET Isotherm saturation capacity for CO2
SoTuroTion g (mol/kg) 1.155E-02
ressure (P ) . T SOp e R R . PBeT, CHe BET adsorption pressure of CH4 26.7
P 3 2 +r+,++ — — — - — = — 7 Peer. coz BET adsorption pressure of CO2 43.8
% 500 1000 1500 2000 Ps. Ch Saturation pressure of CH4 (psi) 2500
Pressure (P12) « Heller and Zoback (2014) Ps. co: Saturation pressure of CO2 (psi) 1100




