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Economic Evaluation of CCUS projects

Aims of this presentation is to show: Z&# 45 H K-
How to calculate the cost of CCUS technologies
WA CCUS A

The cost range of CCUS technologies
CCUSHATE B
how economics can be used to decrease the total cost and
make decisions for CCS deployment - several type of early
opportunities for CCS deployment
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CCUS = CO, capture, geological utilization and geological storage
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> Introduction of CCUS
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> Methodology of economic evaluation
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> Application of economic evaluation
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Introduction of CGS

CCUS system

CO, Sources
(Shenhua PC Project)

_ _ m  CO, capture fiii%& 5~115US$/t
CO, capture+ compression +transportation m  Dehydration and compression 7k 5 K45
ST : TP ~10US$/t
(pipeline) + geolo_gu:al utilization and storage _ CO, pipeline transportation it
(CO,-EOR +Aquifer storage) 1~8US$/t
Cozﬁ%+ B4 +FEiaE + RAEEHE Aquifer Storage Ji/K /& 1~10US$/t

EOR cost 20~100US$/bbl
CGS = CO2 geologlcal utlllzatlon and storage = MMV &l 0.1~0.3US$/t

Revenue from production sales Y&z oil
80~160 US$/bbl
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> Methodology of economic evaluation
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Methodology of Economic Evaluation

CCUS economic evaluation - model for different components
> Technical-economic model includes two major parts: £ 5 $ AR AR AY 3= 2
@/\W\j/\_{{/\.
m Performance model £ AR (Equipment, operation and production
curve, i B ANJ1. BT 54, A= ii4:;  can be obtained
by empirical, semi-analysis, numerical simulation, and field data, 7=
thZenl s 70t BUERDANIL IS 17 55 B3R )
m Economic model £FFHEAL (empirical, budget, and financial account
, &y, TR, )
The performance model and economic model are decided by the phase of
CCUS projects and the purpose of economic evaluation
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Methodology of Economic Evaluation

The schedule of CCUS projects

Identify Characterize Prepare site Operate site Close site | [Post
candidate sites mf and evaluate ) =) =) mClosure ‘
site
Y% Screening/Characterization % Operation phase(20~50y) % Phase-Closure/Post-
(2~byears) -Storage Permission Closure(500~1000y)
-Site Screening -Site Design and Construction || - Site Closure Permit
-Exploration Permit -Site Preparation -Decommissioning
-Site Characterization -Injection/Post-injection -Site Closure Certificate
-Site Selection -Monitoring & Evaluation -Transfer of Liability
-Project plan and primary -Environmental Evaluation -Long-term monitoring
design and managing

The different stages will use different economic evaluation methodology.
T H A [F] B Bk B AN [F] ) 2251 0 b 7%
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Methodology of Economic Evaluation

CCUS economic model- technical components

» Economic model for CCUS includes

= CO, capture; CO, ffi4E

= CO, dehydration and compression; i 7K 15 % 4

= CO, pipeline transportation; & & ¥ii%

m CO, utilization and storage: CO,-EOR; CO, aquifer storage; CO,-
ECBM, CO,-EGR, and other geological utilization options; CO, 3 )57 F|
M 587 COBERAM; BUKBEFE. WMEHLZT. BRRAR
AN AR 5T A 2R 2
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Methodology of Economic Evaluation

Performance model

» Most of the literature has analyses that show
economics without projecting cash flow.

* Projecting cash flow allows revenues and costs to
change over time

 The effect of tax, inflation and other costs can be
changed over time
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Methodology of Economic Evaluation

Main framework of technical-economic model

Emission sources
l Equipment + operation and

Revenue from production

maintaining process

€O, captur(_e e —> CO, transportation —> 0O, st_ora_ge e
compression utilization

Net cash flow= revenue + carbon tax — capture & l _
compression cost — transport cost — storage cost — tax CO, Sink
FILE =2 +BRBR - 158 E 4 A - a3 A A - B AR
2B

: CO, carbon tax
Levelized cost = total cost/ the amount of stored CO,
[$/1]

S BRA BEE [$/1]

AN




Methodology of Economic Evaluation

> Net Present Value (NPV) $#3E

Cash flow is the cash received less the cash spent over
lifetime of CCS project. I &yt AW At I Rl A

NPV = z (Cproductwn + TaxC Cost' — Taxfmnual)/(l + r)t

» The levelized cost
Costye, = Y1, Costt /Mo,
Income;,, = NPV/M,,;




Methodology of Economic Evaluation

Economic model £ +4& A

CAPEX and OPEX
RENEBATHIY T A

Revenue from production
o #

Tax policy

B K

Net present value or levelized value
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Methodology of Economic Evaluation

Main framework of economic

CO, capture —>  CAPEX co, Ca?ture
0&M cOS
c €O, : > CAPEX
ompression Y 5| CO, compressor
l O&M cost
Transport | ] Diameter of N CAPEX Economic
scale pipeline 07 3 CO, evaluation
0O&M Transportation of CCUS
projects
—> CO,-EOR scale > Well L 5[ capEx
O&M
Oil price
CO, aquifer Well :
—> 2 —> —>  CAPEX
storage scale number v ——> C(;fo?g;ger




Methodology of Economic Evaluation

Different CO, capture technologies

Chemical 5 Cholamine, alkali solution,
. Absorption ammonia solution
Absorption :
Physical 5| NHD method, rectisol method,
Absorption fluoridized solution etc.
Temperature
Swage Separation|  |Gas Separation__ Polyphenyl ether,
polydimethylsiloxane
CO, Separation Membrane Gas 5 Polypropylene
and Collection Absorption
Microalgae Bio- Ceramic
solidification Membrane
AR AR T2 Packed Bed 5| Alumina, zeolite active carbon,
AR N AAS [H] Adsorption < etc.
Monolith s Carbon-coating substrate,
carbon/fiber monolith




Economic model of CCUS

a

CO, capture model

X.
Ci=Cit:| o
CAPEX ’ X.
i,ref
TCR, +OMC._-C
O&M cost Ceapure =—— o S
Scale 1Mt 10Mt 20Mt
Capital cost
(RMB/tone CO,) 573.14 455.26 424.77
Discount rate (i) 0.120 0.120 0.120
Levelized capital cost
(RMB/D) 73.1 58.1 54.2
Water consumption
(t H,O/t CO,) 55 55 55
Electronic cost

(RMBIt CO,) 62.7 62.7 62.7

Vapor cost (RMB/t CO,) 60.0 60.0 60.0
adsorption (RMB/t CO,) 1.0 1.0 1.0
O&M cost 129.2 129.2 129.2

In total 202.3 187.2 183.4 N

@Zﬁ%ﬂl}




Economic model of CCUS

CO, Compression cost

70 r
60
=50 | =@= Levelized Power (O&M_lev)
023 40 —- Levelized Capital (C_lev)
x Levelized O&M (E_lev)
= 30
3
O20
10 * *
O 1 ! | | !
0 10 20 30 40 50
Project Scale (Mt/a)

(price of electronic = 0.09US$/kW.h)

Relationship between levelized cost and

project scale

5 level compressor and pump for
the compression process

The total cost for CO,
compression is about 10~13
US$/t CO, for different scale and
e price.

KHSHIE AN 1905 45 22 3%
[FSEILCO, B 48, AL N
10~13 US$/t .

The energy consumption is really
huge.

REEHAME K
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Economic model of CCUS

CO, pipeline transportation

 Reynold’s number
Diameter of pipline Re_( 4x1000 j m
24 x3600x 0.0254 ) tuD
1
i s Iteration
2 - - -
(32xF sz)(moo) « Manning Coefficient
1 24x3600 -
~0.0254 AP F - 1
' 1t2><p><()><106 f 1
L 6.91 (1287
4| -1.8log,, +| =£D
1000 _ Re 3.7
parameters symbol  per unit parameters symbol per unit
pipeline diameter D in pipeline r oughness factor £ ft
CO2 mass flow rate m tones/day pipeline length L km
Average pressure P Mpa co2 temperature T T

CO2 viscosity in pipeline Pa-s location factor Fl

© T

coz density in pipeline kg/m? terrain factor Ft




Economic model of CCUS
AR

Empirical method-example from D L. McCollum

Pipeline capital cost C,,, =9970 MP35 5 | 013
Total pipeline capital cost
(modification of location and terrain) Coota = FL XF xLxC,
annualized pipeline capital cost C,..i =Cyu X CRF
Annual O&M Cosls O8"|\/Iannual :Ctotal X O&Mfactor
Capltal cost Cannual +0& I\/Iannual
Capital recovery factor CRE — i(1+ni)n

(1+i) -1
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Economic model of CCUS

400
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Project Scale(Mt/a)
=100 --200

400 =600
=800 =e-1000
1200

\\" 3

0 5 10 15 20

(FL=0.8and FT =1.30
(assumed as an
approximate average of all
terrains)

(FL=0.7and FT=1.30
(assumed as an approximate
average of all terrains)

Relationship between CO, transport distance
and levelized cost

Project Scale(Mt/a)




Economic model of CCUS
Empirical method-example from D L. McCollum

C02 /*'I‘)\j%$ QCOZ/weII = CO2injec . h 8 (Pdown o Pres)
/E)\fti: %& |\Iwell —
QCOZ/WGII
B R K, = (kh xK, )0-5 - (kh x 0.3k, )0.5 ENIR Tres = Tsur +dx (Gg /1000)
CO, 2 3 7 M CO,ijec =0.0208%x CO,, ity FAE A p - (Piour + Poos)
inter 2
\ ka
C02 Vi Z’Y& Jri Co2m0bi|ity - — j:}: /EE E: 77 I:)down = I:)sur + I:)grav o AI:)pipe
Py X9 xd s _ mx1000 h |
CO, ENJE P =% CO, B Vire = 54,3600x N/ P o
JBE K 47 4 AP, = (psur xgxF xdx Vpipez)/(Dpipe X 2 % g)/lO6
TTEGRE Assume Py, —> Q&N —> P down — Int(N)
T

HRLE



Economic model of CCUS

CO, aquifer storage

The flow rate of CO, that is delivered to the injection site and the injection rate per well ->
Injection well number->the capital cost of equipment->O&M cost-> Levelized costs of CO,

Capital cost of injection equipment:
Cequip = Nuwenr X {49,433 X [m/ (280 X N,,¢)]°°}

Drilling cost : Cg; = Nye X 108 X 0.1063g0-0008d
Capital cost of site junction : 43,600-(7389 /(280n))*°
Total capital cost:  Cyyy = Cgie + Cogip + Carin

O&M cost: O&M costs due to normal daily expenses (O&M ), O&M costs due to
consumables (O&M,,,..), O&M costs due to surface maintenance (O&M,, ). O&M costs
due to subsurface maintenance (O&Mp..r)-

Cost has been scaled up into year 2005% .
O&My,ity = Ny X 7,596

. O&MCons = NWeII X 20,295
« O&Mg, =Ny X {15,420 X [m/ (280X N, )1°°}
* O&M_ e = Nyer X {5669 ><(d/ 1219)} i\

N
@ KNl & Mlstre % lvbjcat ShaZdirk of %\



Economic model of CCUS

CO, aquifer storage

(ee}
o

80

=70t =70 1
g . 2
S 60 = 60 *
€ 50 = 50
= =
S 40 S 40
$ 30 i 830
v 20 =% > § 20
2 10 g 10 Lq — >
© 0 0

0 5 10 15 20 0 5 10 15 20

Injection scale (Mt/a) Injection scale (Mt/a)

Relationship of CO, storage cost and storage scale  Relationship of CO, storage cost and storage scale
The typical parameters of Ordos basin The typical parameters of Bohai bay basin
(injection well: pressure control well=1:0.5, (‘injection well: pressure control well=1:0.5,
permeability of reservoir 10mD) permeability of reservoir 100mD)




Economic model of CCUS
.........................................

Assumed CCUS L, Oil production i
production curve Purchased, : !

e —— ; recycled CO, and
i ”| product production — Recycled CO, cost |

Incremental oil recovery and by single phase i

g CO, storage capacity »|  Purchased CO, cost

Oil field properties: N
00IP prop Cost model of single phase > CAPEX
(well drilling & completion,
Pattern area " connection, and anti- | 0&M cost
Net thickness of erosion) g
“payzone”
Permeability Discount rates
API gravity Royalties& Tax rates
Viscosit production recovery and Incentives
Sty 7 CO, storage capacity
Porosity
Residual oil saturation Economic of single
Well pattern phase <
CO, loss ratio Assumed production curve of
and so on. multi-phase CCUS project —
e Economic of multi-
The cost model mainly follow the economic model by - ) " 7 phase CO,-EOR project

McCoy 2008, but with different performance model.



Economic model of CCUS

CO,-EOR model

Major parameters for deterministic economic evaluation

Water pump
Water source |
Extra
Water Water
Power, CO, pump
Q
% A co,
= I\I Compressor
e CO, flow co,
N/ (o)
-~
“ Fluid [ —
S < Power
- -
I l I l Water
CO, pump Gas/Water/Oil
2 CO, Injection Wells Separator
e

aVa a \
JU JV \ U

Cal

[ 2

o
Al 8
o

-
- >
Py Power
Total well
€O, Flow EOR Module

Producing Wells

sg€ssment alway
China, A

s P R Wi e

Recycled water

Crude QOil
for sale

Schematic map of CO, EOR activities, modified

S use statistic data
ustralia,Geological, Storage,of .C

Project Parameter

First purchase Oil Price ($/STB)

CO, Purchase Price ($/t)
CO, recycling Costs($/t)
Discount Rate (%)
Ratio of New wells to original wells
Other O&M Costs ($/bbl)
Amortized CAPEX($/bbl)
EOR project lifetime (year)
HCPV injected
Ratio of CO, to water
Operating Monitoring & Verification ($/a)
Closure Cost ($)
Taxes & Royalties
Royalty Rate (%)
Severance Tax Rate (%)
Ad Valorium Tax Rate (%)
CO, Tax ($/tonne)
Real Escalation Rates
Oil Price (%/year)
CO, Tax (%/year)
CO, Cost (%/year)
CO, Processing O&M Cost (%/year)
Lifting O&M Cost (%/year)
M &V Cost (%/year)
Lease O&M Cost (%/year)
Capital Cost Escalation Factors
Drilling & Completion
Production Well Equipment
Injection Well Equipment
Production Lease Equipment
CO, Processing Equipment
Producer Breakdown
Existing Producers

New Producers
Producer Workovers

Deterministic Value
90.0
50.0
23.66
12
0.15
Calculated by model
Calculated by model
12
0.5
11
Calculated by model
0

12.5
5.0
2.0

0.00

N N N N N O DN

N NN NN
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Economic model of CCUS
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Economic model of CCUS

<-80US$/bbl
>-80US$/bbl
>-40US$/bbl el
>0US$/bbl
@ >20USS$/bbl

M ——— - — '.i
The profitable CO,-EOR are mainly located in the east part of China, Songliao, Bohai Bay, Subei, Nanxiang, and some
very small oil field in Sanshui basin.

ONNORNOIN




Economic model of CCUS

CO,-EOR example _ _
$14,000 - ‘ venue Value of Federal Incentives for CCS-Enhanced Oil Recovery

(Up to 100 million tons per year, no incentive )
$12,000 - -~
A N
/1 I
$10,000 - A N\
—— \
g
/ \
8,000 - ;
’ A , \
/] 'Y

&® |
§ $6,000 /l N
g /] N\
£ $4,000 - | N
= N\
S A

$2,000 -

$0 TS T T T T T T T T
> 2 > 2 2 2 2 2 > >
o Z o o o o 7] 7] o 7
= o > o % %o % % % 5
-$2,000 -
mmm Federal CCS-EOR Tax Revenue Outlay mmm Federal CCS-EOR Incentives
= =Annual Net Federal Revenue =>=Net Revenue of Enterprise($M)

The revenue from CO2-EOR is limited for the following reasons
* Most revenue are for Federal tax; very high crude oil tax;

« Complex geological structure and heavy oil, high CO,/oil ratio and low recovery of crude oil;
* No incentives for CO,-EOR projects;




Outline

> Application of economic evaluation
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Application of Economic Evaluation

» Aims of doing economics
» Assess the economic rang of CCUS projects

v CCUSHIA BTG B
» Assess whether the project is economically viable

v TIRRZ5HE

 Select technical components to optimize CCS system

v IEPRE H AR CCSHEAR

» Foundation for macro-scale evaluation-link technical and risk to
form feasibility study and macro-strategy study.

v VUL BRI R 5 R IBE & TR AT M WL MK 4347




Application of Economic Evaluation

Preliminary results of sources-sinks matching for China

= There are a number of potential e —

opportunities for low and even negative oCosl besihs .

cost storage options; qisp | ©Gas el 3
s (R ICCSH AR IANLIE; S oo W}
= The vast majority of storage potential is & [

offered by the large and high capacity  § o

deep saline formations at estimated ¥ /

transport and storage costs of less than %0

$1O/tCO ( without ca ture) o 0 500 1,000 1500 2,000 2500 3,000

u j( z’ éﬁCCSIﬁ E H/J :L_ELFHU % ij‘ﬁ}:&jg/f& ﬂ: Cumulative Supplied CCS Capacity, MtCO,/y

10USS(A 2 fili S i AS) FIT0USS$I. o
= However, the properties of geological Dahowski, Li et al, 2012

formation impacts the storage process
dramatically, including the technical and
cost aspect, further work should be done.

AN




Application of Economic Evaluation

t
NPV = z (Cproductwn + Tax% — Cost' — Ta""'fmnual)/(1 + 1‘)

. Reduce CAPEX F&{& [F G2 3 A\ — . Inc_rease CO, captu req #E}J[Hﬁ%
cheaper, more efficient equipment #—improve capture efficiency and

v g the scale effect
* Reduce OPEX [HRIZIT4I HTH- _
more efficient equipment, less Reduce CO, emitted FE{IRCO,#H

energy demand —improve process efficiency in CCS

. projects
» Reduce energy penalty FREETRIE . |norease energy efficiency ¥ inge

#£—use improved solvent, heat and M —heat and process integration

process integration « Increase production revenue 3
* Reduce Tax of CCUS projects;FEfik 7= 5,k 25- such as oil and gas
B production.

 Reduce discount rate; FEEHIZE . |ncrease Carbon tax B naRR:




Application of Economic Evaluation

Suitable aquifer sites with oil fields

e 4l CO L JRHE i A R E CO29HE pl A
250 350
300
200
250
5 150 S 200
2 g
% 160 % 150

w
=]

100
I I . I .
0 I 0o | o : ;
; WESE  EEEE | RKEH | BUKEH | BEbico2 | HER

HESE | fiEiER  RUKEH  BUKEH | TEficoz | HEH =

TR A BRE | BEARE | EHAE  conEHR GEAA E%s FRE | BERE | EHRE | CO2RAR

(RMB/T) (RMB/1) (RMB/1) (RMB/t) (RMB/T) | ZK(RMB/t) (RMB/t) (RMB/t) (RMB/1) (RMB/t) (RMB/t) | Z(RMB/t)
‘- EFJ]1 8573 73.91 60.96 220.61 115.28 15.28 |l§ﬁﬂ1 197.21 73.91 60.96 332.09 251.79 151.79

With high purity emission sources and EOR, the total cost of CCUS will be
much lower.

L EIREHEBUEFEOR, 1] FE{KCCUS T 1E [ 34K A




Application of Economic Evaluation
Early opportunities of CCS deployment

I
@ <-80US$/bbl
© >-80US$/bbl
O  >-40US$/bbl
O >0USS$/bbl

© >20USS$/bbl

|:] Not recommend QM//
- Very low suitability i

[ Low suitability

|:| Normal suitability

[T High suitability

| TR very high sitability LS

« High purity sources, including coal chemistry, methanol et al. Those high
purity sources have good proximity with storage sites

« The combination of high purity emission sources with CO,-EOR /aquifer
sites is an preferred pairs for early deployment of CCUS projects.

—d ). China,Australia,Geological,Storage,of CO2
bd5 I S AR e e S




Economic model of CCUS

The economic evaluation of CCUS enable us to analysis
o Cost and NPV of CCUS projects;
o The cost range of CCUS technologies;

o Low cost CCUS technologies with selection of
technical components and optimization of CCUS
system;

o Finding of early opportunities for CCS deployment.
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