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Institute of Rock and Soil Mechanics (since 1958)

¢ Leading R&D institution in
geomechanics and
geotechnical engineering

¢ Mission: providing
geomechanical
knowledge, assessments
and solutions for the
nation’s complex and
FOAK geotechnical
projects,
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CO, Geological Storage Group

» 13 researchers + 20 technicians + 22 students

» Scope: CGUS-associated THMC process, safety assessment
and monitoring
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CCUS and CGUS
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£ 1 #) B Biological Utilizations
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CO, Biological Utilization Technologies
Source: ACCA21, 2014)
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Wk AR 53
Geological Utilization and Storage (CGUS)
Field & J& A7 3% Technologies # A
Enhanced Oil Recovery, CO,-EOR, &4k Rk
Enhanced Coalbed Methane, CO,-ECBM, 3E¥t & A

Energy
Production Enhanced Gas Recovery, CO,-EGR, &4 K A

Enhanced Shale Gas Recovery, CO,-ESGR, /&R & A

Enhanced Geothermal Systems, CO,-EGS, 3% & ¥, # £ 4

Mineral Enhanced uranium leaching, CO,-EUL, &% K44
Resources

WIRTF A Enhanced water recovery, CO,-EWR, 3.7 3KK
Geological

Storage Depleted Hydrocarbon Fields, #3554 @
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Overview F 2
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CGUS Capacity #g A AMHF5E

CO,-EOR and storage capacity 5R4RKiH
(Ning Wei, Xiaochun Li, 2015)

Metz B, Davidson O, 2005 o
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CGUS Capacity 3R A A6 AE=Z
CO,-ECBM ZEFEE S (Ning Wei, Xiaochun Li, 2015)

3k
China 4 & I o
Storage capacity: 11.4Gt (50%) i SR
. Additional CBM: 508 Gm? (50%) \,;-«\.,;ﬁ\.\ﬂ
Xinjiang 7 5& T,
2.1 Gt (50%) e F N
63 Gm? (50%)




CGUS Capacity g AR A5 E
CO,-EGR 5K (Ning Wei, Xiaochun Li, 2015)
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e Capacity: 4 Gt (50%)

e Additional NG: 64.7 Gm? gas (50%)

Xinjiang #7585
0.67 Gt (50%)
2.8 Gm? (50%)
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CGUS Capacity i #| A 69H F 5=
CO,-EGS #E55H#A R 48 (Ning Wei, Xiaochun Li, 2015)
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Heat
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sediments

Hot granite
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Source: http://geothermalworldwide.com/egs.html

China: &= [F Xinjiang
e Capacity: 2.9Gt (50%); e Not evaluated

e Production: 5.8e6 GJ (50%)
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CGUS Capacity & #) A 85 5=

CO,-ESGR #§R T A (Ning Wei, Xiaochun Li, 2015)
Based on US-DOE methodology (Goodman, Hakala et al. 2011)
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CGUS Capacity & #) A 85 5=

Based on aquifer storage methodology
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| (Ning Wei, Xiaochun Li, 2015)
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+® Production: 1.77 Mt of uranium (50%)

Xinjiang
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® 321.6 Mt (50%)

CHINESE ACADEMY OF SCIENCES




CGUS Capacity #/i

CO,-EWR HFFEXKK (Ning Wei,
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Wi #| ) #1375 52 CGUS Capacity

(Ning Wei, Xiaochun Li, 2015)

P50 onshore storage P50 products

capacity (Gt)
China| X]J | XJ/CN Units China| X]J
EOR 48| 2.73 | 0.57 Oil (Gt) 1.44 | 0.89

E/[CB 114 2.1 0.18 | CBM(Gm®) | 508 | 53

EGR 4.0| 0.67 0.16 |Nat.Gas (Gm’)| 64.7 | 2.8

ESGR| 69.3| 16.6 0.24 [Shale Gas(Gm°) 11683| 2801

EGS | 29| - i Geoth. (G]) 5'8?0 ;
EUL 0.16 0.05 0.31 | Uranium (kt) | 780.0| 321.6
EWR | 2417 | 1072 | 0.44 | Water (Gt) | 3143 | 1715

Sum | 2510 | 1097 0.44

Tech.

* For China, 2.5Tt capacity, aquifer storage/EWR accounts for 96%
* For XJ, 1.1Tt capacity, aquifer storage/EWR accounts for 96%
wg: * XJ has diverse CGUS options except EGS
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Aquifer storage/EWR suitability & & %

(Lietal., 2007)
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Overview F 2
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Ongoing CGUS Projects in China

Shenhua Ordos CCS Project AN PetroChina Jilin Oilfield EOR Project
) Industrial separation + aquifer (. Industrial seperation + EOR |
1 00kt/a = 260kt/a [ ,

%
§ 0nEC
ﬁﬁ- JI f\b )

Sinopec Shengli Oilfield EOR Project
Post combustlon capture + EOR

A2

J 1905
EK B

PETROLEUM

Yanchang EOR Project
Industrial Separation + EOR
40kt/a

Jinbian e

CUCBM CO,-ECBM Pilot Tests Ly b
o ﬁa;-: Post combustion capture +ECBM p —

1kt/a




Technical readiness levels
TRL-modified after US-DOE methodology

TRL DOE-FE Definition Different Stage
1 |Basic principles observed and reported (/7 # 38 )| Conceptual study
Technology concept and/or application
2 i o%lmul at e% (5 KA /g Conceptual study
Analytical and experimental critical function
3 | and/or characteristic proof of concept () 7t % &) Conceptual study
Component and/or system validation in a
4 laboratory environment (52 1 & 124E) Laboratory Scale
Laboratory-scale similar-system validation in a
5 relevant environment (55 30 % I0iE) Laboratory Scale
Engineering/pilot-scale, prototypical system :
6 demonstrated in a relevant environment (£ %ix%) Pilot scale
System prototype demonstrated in a plant
7 environment (¥ 8] X 3%) Demo scale
g | Actual system completed and qualified through Full-scale
test and demo in a plant environment (T k- 5X %ﬁ‘) demonstration
9 Actual system operated over the full range of Full-scale
expected conditions (b 5 f]) demonstration
: = b M Commercial
2 10.,., | :A:ctuzil ?}:stem at commercial scale (7% 1L 4 )) process

L - L
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TRLs and uncertainties

Technology capse::)il:c;g(eG 0 Products Outputs :'IITJ:;; {1:
EOR 2-20 Oil (Gt) | 1-1.44 0.3-043 | 7
ECBM 9.9-11.4 |CBM (Gm®) | 508-13470 | 0.10-2.7 | 5
EGR 1-20 Natural Gas (Gm?®) 1-65 0-0.013 6
ESGR 1.8-69.3 |Shale Gas (Gm®) | ?-11683 | ?-2.34 | 2
EGS 3-7862 | Geothermal (G]J]) | 5.8E+06 ? 3
EUL 0.16 Uranium (kt) 780.0 ? 9
EWR 2417 Saline Water (Gt) 3143 1-? 6

* EUL, potential at depth? EOR and EWR LS demo;
« ECBM stagnant, pilot test for key technical breakthrough
* EGS. ESGR with high uncertainty, basic research
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Overview F 2

» CCUS Technologies o COM M HHBFEHAMS
« CGUS Capacity o COMmAI R HH A 5=E
* Technology maturity ° H A

* Sink-Source Matching ° JRICILEL

e Technical-Economic model ® CO,-EORFL AR 22 54
for CO,-EOR o EL
+ Conclusions
4’@*4%5?63‘3516127]-?—@71.%
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Sink-source matching and contribution

Joint work with PNNL

CO, pipeline and injector wells
used during the subsequent
decades of full plant operations

CO, pipeline and injector wells

uzed during the first decade of
Initial CO, pipeline and injector full plant operations
Legend well used during plant start up
and validation phase
COz Sources p

N\ Gas Basins
% oil Basins
- Coal Regions

5% Deep Saline Formations

=3
et

» " i ' T
R

3

W Matching and cost estimations
'NT'CT:; * Cost: capture + compression + transport + storage - income



Sink-source matching and contribution

$250
DSFs
¢ Coal basins
200 o
5 Oil Fields
Gas fields g
. $150 &
S $100 g
& o
7 $50 - 55 ~ o o e
o p
@)
$0
$50 &
-$100
0 500 1,000 1,500 2,000 2,500 3,000
Cumulative Supplied CCS Capacity, MtCO,/y

« Contribution: likely more than 1Gt/a, impossibly more than 3Gt/a
* Median cost: 50-60USD/t

+m * Low cost: lots of early opportunities for demonstrations
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Overview A 2.

» CCUS Technologies o COA M 53t AR AMS
« CGUS Capacity o CO¥Mm AR 545 5=
* Technology maturity o B AMRIKE
 Sink-Source Matching * JRICIL AL

* Technical-Economic model o CO,-EOR# K % 542 A
for CO,-EOR o L

e Conclusions
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B AAEAR Cost Evaluation of CO,-EOR

Water pump
Water source ]
Extra
Water Water
Power CO, pump
]
(=
o A co,
2 Compressor
n': CO, flow co,
L\ o
>
“ Fluid [ "
S < Power
™ - i -
CO, pump Gas/Water/Oil
2 CO, Injection Wells Separator

)

(-
- >
Recycled water
C Power
il
o well forsale.
CO, Flow EOR Module

Producing Wells

Schematic map of CO, EOR activities, modified from
report by NETL (2011)
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BAREFHERY F&F

Methodology of Technical-Economic model

-gl4 -q/4

Performance model 3ZARFEBY | Recovery efficiency
FRBERITE i [
ET=Em'Ea'Ed'Ev ! |

o K—Q/K/Vi 2KV o, =Vip, -1
EdEv:Vi,PV\m J.V' [1- 'PV]dV = > =

+ v i,PV
i.PV]pt (K —1) (K —1) -ql4 -af4
. : O
1,PV /@' Injector
apPv — (O Producer
E g EV o mee M, K
\V _Vi,PV _(EvEd )V l
d,pv E E a,Pv CALCULATE Vpq
A A vad =K/ (K - fd(K_1 }}2
E _ g Vapv:Vapy<l
abt = L0V, py>1 !
1-E CALCULATE E4E,
M = a,bt Using Koval method
_ E4E, = f(Voua, K
E,p — 0.4 (Vo K
E,, +0.4M'
a n INITIAL E, ESTIMATE ALCULATE Wz E. UPDATE
1+ M | c |,
/ Ea = Eapou WVova = VawaEa ! E4E, Eaold = Eanaw
5
6 Iy
Ve o Mat 034230,y —1) |
V,py +1 CALCULATE E,
' Using Claridge equations
M "_ M B M bt Ea.new = f(vpum M]
: (0.85-055E, 1, +0.25V, py )
(M—M,) l
P ER SRR NE T N FHRH Vi En, Evy +—YES " Eanon=Toou < NO
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BARABFEM FkF
Methodology of Technical-Economic model
Performance model FEA{=ES

30% +
1 Ggross = B0 mschd (Joffre-Viking 300 msciid)
- fCOZ,max" 03
25% -+
o
Q
O 4
=8 20%
= i
a@
o
S
2 i
b 15% -
o i
5
@
-_E 4
© 10% —+
= i
£
=
o | —&— Joffre-viking
5% | & ——Ford Geraldine
i —=- SACROC Kelly-Snyder
—e—Morth Purdy
D% T T T T I T T T T I T T T T I T T T T I T T T T I
0 5 10 15 20 25

Time Since Injection Start (years)

The production cure match production curve in field well.
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AR A Cost Evaluation of CO,-EOR

gggggggggg N Assumed CGUS Purchased, .| Oil production =& |
““““““““““ production curve recycled CO, and
o i STt ,| product production Recycled CO, cost
o ctn oo : by single phase B A !
- Incremental oil recovery $7CO, L. [A]
and CO, storage capacity W, &5 |  Purchased CO, cost !
IBXENTFE MISERRAS
L R Y T B
Oil field prop(?rtlfesE:l Cost model of single - CAPEX& A g A
OOIP IR TG E phase (well drilling & i _
Pattern area HIHER .| completion, connection, an O&M cost JE{TH4E
Net thickness of EE " d anti-erosion) > EJZZ!KL I°
“payzone” BATRRRAKERY ( it
Permeability j81EZ B D Discount rates
A!" gravity BE . ) Royalties& Tax rates
ViscosityffEPorosity L5 production recovery and Incentives
E »  CO, storage capacity ISR, Bk, B
Residual oil saturationf%:R fit S
HIEFIE
Well pattern+xy Economic of single phase
CO, loss ratiofRK=: Assumed production curve of BAIREE ST N
and so on. multi-phase CCUS project
A AN Z IS

The cost model mainly follow the economic model by McCoy 2008, but with
different performance model. # R4 A 7 [
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BAREFHER F&F

Methodology of Technical-Economic model

» Net Present Value (NPV) 4314

Cash flow is the cash received less the cash spent over lifetime o
f CCS project. FL2 7 7 K 3 8 AR A
T

NPV = Z (C;roduction + Tax(t:‘ - COStt — Taximnual)/(l + T)r
t=1
» The net cost or net income

T
COStnet = ZNPV/MCOZ
t=1

> Economic model % 542 A
1.  CAPEX and OPEX

v TN G ZAT Y37 37 A

2. Revenue from production

Y & -1

3.  Tax policy

v BDKEBUR

4. Net present value or levelized value

TEN VS IART R A

CHI



Methodolo

BAREFHERY F&F

Tax model itz

$|

In

Eﬂ)f Technical-Economic model

No. Content Oil industry Context US.case Low case (CN) Highcase(CN) Description
(1) Wellhead oil price USD/bbl 100.0 100.0 100.0 Predicted by IEA report
(2) Less: royalties (3)+(4)+(5) USD/bbl 17:5 21.7 21.7
(3) Mineral compensation 1.2 1.2 About 1.2% of oil price
tax
(4) Resource tax (1)x 5-10% USD/bbl 5.0 5.0 Changed to 5-10% in 2011 in China; 5%
is used in cost analysis
(5) Oil special revenue tax [(1)=55] x f—a USD/bbl if,a 15.5 15.5 Current tax policy
or windfall tax
0%, 0.0 0.0 Wellhead oil price (1) less than
55USD/bbl
20%, 0.0 0.0 Oil price (1) ranges from 55 to
60USD/bbl
25%,0.25 0.0 Oil price (1) ranges from 60 to
65USD/bbl
30%, 0.75 0.0 Oil price (1) ranges from 65 to
70 USD/bbl
35%, 1.5 0.0 Oil price (1) ranges from 70 to
75USD/bbl
40%, 2.5 15.5 15.5 Oil price (1) greater than 75
(6) Production tax or ad 5.0 2.0 125 About 2-12.5% of total oil price in
valorem tax China
(7) Total tax (2)+(6) USD/bbl 225 23.7 34.2
(8) CO; purchase costs USD/tCO, 17.5 17.5 17.5
9) CO; recycling costs USD/tCO, 12.0 12.0 12.0 Calculated by NRDC group (Qian, 2012)
(10)  Other O&M costs USD/bbl 8.0 8.0 8.0 Calculated by NRDC group (Qian, 2012)
(11)  Amortized CAPEX USD/bbl 4.0 4.0 4.0 Calculated by NRDC group (Qian, 2012)
(12) Total costs and tax (7)+(8)+(9)+(10) USD/bbl 64.0 65.2 75.7
(13)  Net cash margin (1)-(12) USD/bbl 36.0 34.8 24.3
(14) Income taxes ((1)=(12)) x 25% USD/bbl 12.6 8.7 6.1 35% of net cash margin in U.S. and 25%
in China
(15) Net income (13)—(14)+(16)+(17)+(18) USD/bbl >26.9 26.1 18.2
(16) Additional incentives usD/tCO, 3.5 0.0 0.0 Additional tax credit for storage of
anthropogenic CO; in U.S.
(17)  Severance tax USD/bbl Yes No No There is no incentives for EOR in China
reduction/extension
(18)  Other EOR tax and Yes No No

incentive
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Cost curve of onshore CO,-EOR in China
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Net income of onshore CO,-EOR in China
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Conclusions

* China has a great CGUS capacity, diverse options, and
application prospect

* Large-scale demonstration of EOR and EWR technically
feasible now, especially in Xinjiang

* Xinjiang also has a big ECBM, EGR and ESGR
potential, more challenging due to insufficient research
and/or timing
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