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INTRODUCTION

® Problem Statement:

>

>

Examining the implementation of retrofitting and sequestration
technologies on a 572MW coal plant in Shawville, PA for Carbon
Capture and Storage (CCS) and Enhanced Oil Recovery (EOR)
to make the project viable while reducing associated costs.

Motivations/Focus:
- Investigate the practicality of the stated problem statement

- We want to see if retrofitting an existing plant is more practical
and whether it provides greater incentivese

- Shorter implementation time — retrofitting vs. new plant

- Regional power plant/sequestration/utilization sites

- Legislations/policies

- Moving beyond conceptualization towards local application
- A comprehensive economic analysis — will this worke



The Beginning of Regulations

® In 2007, the Supreme Court ruled
that EPA must regulate
greenhouse gas emissions,
including CO2

® Case was decided 5-4

® EPA claimed that it lacked
authority under the Clean Air Act
to regulate carbon dioxide and
other greenhouse gases (GHGs)
for climate change purposes

http://www.supremecourt.gov/opinions/06pdf/05-1120.pdf

Supreme Court of the United States

Full caze  Mazsschusetts, ef al, Petitioners
name v. Environmental Protection
Agency, et al.

Docket 05-1120 &
nos.

Citations 545 U.5. 487, 127 5. Ct. 1438

Prior On writ of certiorari to the United
history States Court of Appeals for the
District of Columbia Circuit

Greenhouse gases are air polutantz, and the
United States Environmental Protection Agency
may regulate their emission




The American Clean Energy
and Security Act

® The American Clean Energy and Security Act(H.R. 2454) , @
cap-and-frade bill, was passed on June 26, 2009, in the House
of Representatives by a vote of 219-212. The bill originated in
the House Energy and Commerce Committee and was

intfroduced by Rep. Henry A. Waxman and Rep. Edward J.
Markey

® Bill currently under review in the Senate

Year Required GHG Emission
Reduction

http://en.wikipedia.org/wiki/American_Clean_Energy_and_Security_Act#cite_note-0



Cap and Trade

® Cap and Trade, also known as Emissions Trading is:

> an administrative approach used to control pollution by providing
economic incentives for achieving reductions in the emissions of
pollutants.

® Government sets a national limit (CAP) for emission amounts then
distributes to companies the rights (allowances) to emit gases (mainly
CO2). Companies are then free to buy and sell (TRADE) these
allowances. Entities that emit more will have to pay more, thus providing
them financial incentive to reduce emission.

Leftover
allowance
for sale

A\lwan%&';é
o

http://en.wikipedia.org/wiki/Emissions_trading#cite_note-0 e



Energy Sector in PA

® Why bother with CCS@e

> Largest source of GHG in PA

> In the year 2000‘:\*’r\h\is sector produced 116.2

MMtCO2 (equivalent), which is 37% of the
state’s emission
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Climate Change Acftion Plan

® States where Climate Change Action Plan are initiated

® Pennsylvania conftributes 1% of the world’'s CO2 emission and 4% of
the USA’s

In Progress
.Cumpleted

Climate Change Action Plan, Chapter 4 — Electricity Generation, Transmission & Distribution



Pennsylvania Legislation on CCS

On July 92, 2008, Governor Rendell On October 15, 2008, House BiIll
signed the Pennsylvania Climate 2200 was signed info law by
Change Act (Act 70). This act Governor Rendell. It requires
requires the Department of the Department of
Environmental Protection (DEP) to Conservation

prepare a Climate Change and Natural Resources (DCNR)
Action Plan to conduct

studies of carbon capture and
sequestration, and present its
findings fo

the Governor and the General
X=1agle]
by mid-to-late 2009.

et
>



House Bill 80

Climate Change Action Plan states that 3

implementation of the Carbon Capture
and Sequestration (C?ES) would be
supported via passage
of House Bill 80.

HB 80 is currently under consideratio
and will involve CO2 indemnification
funds, providing sequestration and
transport pipeline facilities amongst

i 4
*x
*




PA’s Climate Change Action
Plan

® 52 recommendations to mitigate GHGs

Pennsylvania

Ginad Glomate (;'}//f/)/{/(' Aotion Poan
December l?‘/}. 2009

Climate Change Action Plan, Chapter 4 — Electricity Generation, Tronsmissi;m/& Distribution



PA’s Climate Change Action
Plan

® Electricity 5. Carbon Capture and Sequesiration in 2014
> Retrofitting existing coal plants using entail anime scrubbing
> Stimulus funds for CCS amounting to $3.5 billion
> Combining with federal funds results in at least $8 billion

> Loan guarantees for early-stage developments of CCS facilities
and infrastructures

> Funding for technical assessments of CCS potential in the state
> Investment tax credits to cover up-front capital costs
> Production tax credits over a specified period of generation

> Direct cost sharing of project development costs through
appropriations

> Streamlined permitting for generation and associated
transmission

Climate Change Action Plan, Chapter 4 — Electricity Generation, Transmission & Distribution



N
g

Ifj\i\re ma of the Cap-and-Trade

® Looking at both sides of the situation:

Pros Cons
Reduce CO2 emissions
Viewed as “greener”
Cleaner Air and Environment

Create jobs



POLICIES

® Dingell-Boucher — discussion draft
> Promising cap-and-frade program
- CCS Projects are responsible for leakages

- Certified projects allocated bonus allowances
from 2012 to 2025

- Equation goes like this:

Tonnes of CO. emissions avoided®) (bonus allowance value

(Average value of an emission allowance during the preceding year.)

- $90 per ton for early projects, eventually dropping
to $50 per ton

- Available for the first 10 yrs of operation

http://www.ccsreg.org/working_papers.html



POLICIES

x Stake Holders:

U.S. Department of Energy
Office of Fossil Energy

Mational Energy
Technology Laboratory



Shawville Power Plant Specs.

2 — 125 MW PC Boilers

SRS IOW [EWE -2 — 188 MW PC Boilers
kg/hr ton/yr
IN .

Coal 154131 1.414.000 *Inpuft: 3.3.9E]2 Btu/yr
Ar | 2210698 21,302,290 -Output: 3.2E6 MWh
Total: 2,364,829 22,716,290 °n=32.2%

out

Ash 191251 166,000 Flue Gas Composition
Flue Gas 2,345,704 22,550,290

Total: 2,364,829 22,716,290

mass flow rate mMass
kg/hr ton/yr percentage

392,132 3,403,902 15.1%
5,413 46,976 0.2%

By assuming a steady
state system, the flue
gas composition s

determined 793 6,885 0.0%

222,000 2,176,548 9.7%

1,581,262 15,503,132 68.7%
144,105 1,412,847 6.3%




MEA: Monoethanolamine
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CAP: Chilled Ammonia Process




Carbon Capture Comparison

Energy Input (MW) 1259 1259
Energy Output (MW) 258 335

Energy Penalty 11.7% 5.6%

Nin (% HHV) 20.5% 26.6%
Capital Costs (MM $) 446 6 651

O & M Cost (MM $) 96.7 227.5
Avoided Cost, $/ton CO, 57.06 77.97
Price (¢/kWh) : 14.99 15.44
Price Increase 57.3% 58.5%

Assumptions:

*90% CO2 capture rate (by weight) = 3.06 mm ton/yr
*Capital charge factor = 0.175 (DOE/NETL)
Annual Operating Time is 7888 hr/yr (90% capacity factor)




Storage and Transportation
with cost estimation

\') Geological CO2 Sequestration Opportunities in the MRCSP

N

( ) Carbon Storage Site Selection---Rose Run

(’ ) Transportation---Pipeline
( ) Models of CO2 Transportation and Storage Cost

( ) Future Work
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2.Carbon Storage Site Selection

---Rose Run

»Hydraulic Parameters
»The Rose Run Sandstone has a low seismic hazard risk rating, and injection is
unlikely to cause seismic activity unless injection occurs in a faulted interval. No
extensive faulting or fracturing is present in the study area.
»The containment unit of the Rose Run is approximately 1,200 ft thick and primarily
shale with very low permeability and porosity. Also, containment layers are diverse
and extensive. This suggests an excellent setting for long-term storage of CO2.

Permeabilty{mD)e Porosity(i}e Formation Fluid

] Pressure Gradient
. Depth ®lft)e | Thickness®” e Temperature
Regional Regionals [y (*FA00f )

Rose RunSandstones PRI | S0 | 00119 0410466
Undeting Shawvle Clareldphe | 7550 o150 13460 0430.46¢

(a)---Approximation values based on nearby deep well.
(b)---Approximation values based on regional summary data
(c)---Approximation values based on nearby deep wells or gas fields




2.Carbon Storage Site
Selection---Rose Run

Rose Run Formation

S N L APV e

Figure 4: Major Power Plant and the Rose Run Formation+
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2.Carbon Storage Site
Selection---Rose Run

Estimates on reservoir capacity were calculated to provide
some guidance on the amount of fluid that may be injected in
the target formations. These capacities are approximate
involving many assumptions, and more detailed modeling is
required to assess injection capacities. However, the methods
are suitable for initial investigations.

O Q = Vp hst Pco2
V, = Vp(Net:Gross)o ,
V,, = bulk aqguifer volume (km3),
Net:Gross = percentage of porous, permeable rock,
¢ = formation porosity (%),

h, = storage efficiency (i.e., fraction of pore volume that can be
filled with CO2 [%]),

Pcos = density of CO2 (700 kg/m3) and,

Q = storage capacity (Mt). /



2.Carbon Storage Site
Selection---Rose Run

High Porosity 14%

igh Net: Gross 95%
B i % ’ === Bazeline
A aseline h

) == High Porosity 14%
Low Porosity 8
=lr=High Met:Gross 95%

_/—v . / i | oy Met:Gross 50%

/;W Net: Gross 50% =i | owy Porosity 8%
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110 120

Reservoir Thickness (ft)




3 Transportation---Pipeline

1.

2.

Pipeline:
Scenarios for CO2 pipeline

Sp cial design consideration for CO2 transmission
system

Pipeline Transmission Cost Factors
Operating Experience with CO2 Pipelines
Pipeline Rights of Way Considerations

B D —

Basic Assumption

AT this stage, we consider one-to-one source-sink
matching only, that is , we look af transportation CO2
from one emission source or node to exactly one
injection site.



4 Models of CO2 Transportation and Storage

Cost

Calculation of Compressor &Pump Power requirements

Pinitial Pcut-off

3MPa (After /.38MPa
Capture) (After Compressor)

e Compression ratio(CR)
e CR=(Pcut-off/Pinitial) A(1/Nstage)

( 1000 ) mZ RIT. E,
: Woisl——————
Kinder . 24 %3600 Mn, A

Morgan

l\/ e Total combined compression power

requirement for all stages(kW)
Ws-total

/ Ntrain=ROUND_UP(Ws-

total/40000)

Pfinal

15.2MPa




Calculation of Compressor &Pump
Power requirements

To calculate the pumping power requirement for boosting the CO; pressure from Py ofr
(7.38 MPa) to Pgyq (15 MPa), the following equation has been adapted from [1]:

W, =

p

[’ 1000 *10 ]{ m(Pos = Poy oy )}

_ 24%36 P,

4

Wp=1.63E+03 (KW)




Capital, O&M,Levelized---
Compression & Pump

® Scenario One- ® Scenario Two-

40km 400km

> Ccomp=58.39E+06 /comp > Ccomp=52.52E+07

> Cpump =$1.88E+06 > Cpump =51.88E+06

> Cannual=(Ccomp+Cpump) > Cannual=(Ccomp+Cpump)
*0.15=1.54E+06 --- *0.15=1.54E+06 ---
CRF=0.15/year CRF=0.15/year

> Clev=0.5034 > Clev=1.3261

e



Capital, O&M,Levelized---
Compression & Pump

® Levelized Capital(Clev) ™ Levelized O&M(O&Mlev)
™ Levelized Power(Elev)

0.8047
|

0 0.5 |
¥ Levelized Capital(Clev) ™ Levelized O&M(O&Mlev)

~ Levelized Pgwer(Elev)




Recompression is often needed for
pipelines over 150 km (90 miles) in

length.
Same trend for
E_lev,O&M_lev
M Factor=0.04 _ICV, .
Oo& actor=0.0 and C_lev
7 00E+06
5.74E+06
6.00E+06
5.74E+06
5.00E+06
4.10E+06
4 OGE+06 4.06E+06
B S S | T X X
X  Cannual
2.46E+06 == O &Mannual
3.00E+06
X X X Eannual
2.80E+06
2.00E+06
X %
1.54E+06
1.00E+06 K % X
% v e
0.00E+OO T T T T T T T T 1
0 ) 100 150 200 250 300 350 400 450



Calculation for Pipeline Cost

--=- Diameter for Transportation

T=12 °C; Pinlet=10.3MPa; Poutlet=15.2MPa . : : o
Pave=2/3(Poutlet+Pinlet-Poutiet-Piniet/(Poutiet+piniery [ 1N PIP€line Diameter

Viscosity=1.06E-4=0.106cp; Density=930.56 km/m?3

D=10

Diameter Initial guess of pipeline diameter

Reynold’s Re= (4*1000/24/3600/0.0254)*m/ \
Number

(pi*v*D)

1

[6.91 ‘-"'11 (s/D)\"| ]

“{“ e e

_ Diameter for 400km is 16in.

%



Capital, O&M,Levelized Costs for
CO2 Transportation

------ CMU Correlation
® LCC and O&M

N LCC=B*D1'O35*LO'853*Z
el -
> D=Diameter ininch

> L=Length in miles
> z=regional weights (Midwest=1.51€
O&M =5000/miles

Source: 1.McCoy,Sean.2006. Pipeline Transportation of CO2 -Model Documentation and lllusirative Results, Carnegie Mellon University
Manuscript . 2. Heddle, Gemma,Howard Herzog & Michael Kleet.2003. The Economics of CO2 Storage



Cost (9)

Capital, O&M,Levelized Costs for
CO2 Transportation
------CMU Correlation

Transportation Cost as a Function of CO2 Pipeline Length

1.35E+08
1.30E+08
1.25E+08 O 124E+08
1.20E+08
1.15E+08
1.10E+08 O 1.12E+08
1.05E+08
1.00E+08

o EOE407 O 9.80E+07
9.00E+07
8.50E+07
8.00E+07
7.50E+07 O Land Construction Cost
7 O0E+07 O 7.29E+07

6.50E+07
6.00E+07 (O—6-04E+07 =.w Annualized Transportation

5.50E+07 Cost:LCC*CRF+O&Mcost

+
328;8; QO 4.71E+07 X O&M cost

4.00E+07
3.50E+07
ey O 2.84E+07

2.50E+07
1.78E+07
2 00E+07 1.09E+07 | |/|:+U/] K4E+Q7

1.50E+07 +—m— Wﬁ@ﬁ&éﬁ&ﬂé?‘(m
_ d/»

()
1.00E+07 T.75E+08 n — A 4 ]

5.00E+06 —;62—1-599—7—7—5999—%2500—0—815—0—0—
0.00E+00 ;: 46500%( P D D < 1250000

125000 50 310000 100 150 000 250 300

A —2BTEHOF—

Pipeline Length (miles)



Capital, O&M,Levelized Costs for
CO2 Transportation
------ CMU Correlation

Transpor’ra’rionﬁCost as a Function of CO2 Pipeline Length

o

- Levelized Transportation Cost

Cost ($)
N W N~ 0 oo N ™ 0
o)
o
‘1
o
@
.




Total Annual CO2 Cost---Power
Consumption+Transporatation

3.50E+07

3.00E+07

2.50E+07

2.00E+07

Cost (9)

1.50E+07

1.00E+07

5.00E+06

Total Annnual Cost as a Function of CO2 Pipeline Length

Levelized=10.13
*
& 2.87E+07
@ 2.65E+07
@ 1.94E+07
@ 1.73E+07
1500407 + Total Annual CO2 Cost as a functionn of

Pipeline Length

@ 8.99E+06

Levelized=2.02



Storage and Transportation
with cost estimation

\Q) Geological CO2 Sequestration Opportunities in the MRCSP

O Carbon Storage Site Selection---Rose Run

O Transportation---Pipeline

O Models of CO2 Transportation and Storage Cost

.

O Future Work



2.Carbon Storage Site Selection

---Rose Run

»Hydraulic Parameters
»The Rose Run Sandstone has a low seismic hazard risk rating, and injection is unlikely
to cause seismic activity unless injection occurs in a faulted interval. No extensive faulting
or fracturing is present in the study area.
»The containment unit of the Rose Run is approximately 1,200 ft thick and primarily shale
with very low permeability and porosity. Also, containment layers are diverse and
extensive. This suggests an excellent setting for long-term storage of CO2.

PermeatiltmD)e Porositfile | Formation Fid
Pressure Gradient

Depth Pt ckness ¥ | Temperature
! ' i (100}

(a)---Approximation values based on nearby deep well.
(b)---Approximation values based on regional summary data
(c)---Approximation values based on nearby deep wells or gas fields



2.Carbon Storage Site Selection-
--Rose Run

Rose Run Formation

S S T SR e

Figure 4: Major Power Plant and the Rose Run Formation+




2.Carbon Storage Site Selection--

© ®©® ®©® © @®

®©@ ®

-Rose Run

Estimates on reservoir capacity were calculated to provide
some guidance on the amount of fluid that may be injected in
the target formations. These capacities are approximate
involving many assumptions, and more detailed modeling is
required to assess injection capacities. However, the methods
are suitable for initial investigations.

O Q = Vp hst Pco2
Vi, = Vp(Net:Gross)o ,
V,, = bulk aqguifer volume (km3),
Net:Gross = percentage of porous, permeable rock,
¢ = formation porosity (%),

h,; = storage efficiency (i.e., fraction of pore volume that can be
filled with CO2 [%]),

Pcop = density of CO2 (700 kg/m3) and,

Q = storage capacity (Mt). /



2.Carbon Storage Site Selection-
--Rose Run

Reservoir Capacity (Wit)

High Porosity 14%

igh Net: Gross 95%
Baseline

Low Porosity 8%

[ |
.

V//Low Net: Gross 50%
0‘ ol

110 120

Reservoir Thickness (ft)

=== Raceline

== High Porosity 14%
=lr=High Met:Gross 95%
i | owy Met:Gross 50%

e | 0wy PoOrosity 8%




3 Transportation---Pipeline

1. Pipeline:
1. Scenonos for CO2 pipeline

2. Special design consideration for CO2 transmission
system

3. Pipeline Rights of Way Considerations

2. Basic Assumption

At this stage, we consider one-to-one source-sink
matching only that is , we look at transportation CO2
from one e



4 Models of CO2 Transporiation and Storage
Cost

Calculation of Compressor &Pump Power requirements

Pinitial Pcut-off Pfinal

435 psi (After 1070 psi 2200 psi
Capture) (After Compressor)

e Compression ratio(CR)
o CR=(Pcut-off/Pinitial)A(1/Nstage)

( 1000 ) mZ RT, .
o = —— |
Kinder o 24 %3600 Mn, s

Morgan

\/ e Total combined compression power

requirement for all stages(kW) %

Ws-total

Nirain=ROUND_UP(Ws-
total/40000)




Calculation of Compressor &Pump
Power requirements

To calculate the pumping power requirement for boosting the CO; pressure from Py ofr
(7.38 MPa) to Pgyq (15 MPa), the following equation has been adapted from [1]:

.

[’ 1000 *10 ][ (P — P oy )}

_ 24%36 pm,

Wp=1.63E+03 (kW)

W, =

p




Capital, O&M,Levelized---
Compression & Pump

® Scenario One- ® Scenario Two-

132000ft 1320000ft

> Ccomp=$8.39E+06 /comp > Ccomp=52.52E+07

> Cpump =$1.88E+06 > Cpump =51.88E+06

> Cannual=(Ccomp+Cpump) > Cannual=(Ccomp+Cpump)
*0.15=1.54E+06 --- *0.15=4.06E+06 ---
CRF=0.15/year CRF=0.15/year

> Clev=0.5034 > Clev=1.3261

>



Capital, O&M,Levelized---
Compression & Pump

® Levelized Capital(Clev) ™ Levelized O&M(O&Mlev)
™ Levelized Power(Elev)

0.8047
|

0 0.5 |
* Levelized Capital(Clev) ¥ Levelized O&M(O&Mlev)

~ Levelized|Power(Elev)




Recompression is often needed for

pipelines over 475200ft (90 miles) in

length. Same trend for

E_lev,O&M_lev
and C_lev

O&M Factor=0.04

Annual capital cost $/yr

7.00E+06
5.74E+06
6.00E+06
A A A 574E+06
5.00E+06
4.10E+06 R
4.00E+06 A A A X N S
4.06E+06
2.46E+06 2.80E+06 X Cannuadl
3.00E+06 =il— QO &Mannual
X X X
A A A Eannuadl
2.00E+06 +—t54F+06——— 1.08E+04
X X 7.46E+05
1.08E+06
1.00E+06 ZTTET I = u
. 05 - ./
0.00E+00 . . . . . : :
0 200000 400000 600000 800000 1000000 1200000 1400000

Pipeline Length (feet)

e



Calculation for Pipeline Cost --
- Diameter for Transportation

Pinlet=1500psia; Poutlet=2200 psia;
Pave=2/3(Poutlet+Pinlet-Poutlet*Pinlet/(Poutlet+Piniet

Viscosity=1.06E-4=0.106cp; Density=930.56 km/m?3

D=10

Diameter Initial guess of pipeline diameter

Reynold’s  Re=(4*1000/24/3600/0.0254)*m/ \
Number

(pi*v*D)

1

1.11
4[ 1.8 logy, =|‘f‘_’1_|1 G f"] ”

|__ Re J

Joieieier o7 32000 WEHORMI  Diameter for 1320000 s 160

%



Capital, O&M,Levelized Costs for
CO2 Transportation
------ CMU Correlation

® LCC and O&M

N LCC=B*D1'O35*LO'853*Z
ammll .
> D=Diameterininch

> L=Length in miles e
> z=regional weights (Midwest=1.516

O&M =5000/miles

Source: 1.McCoy,Sean.2006. Pipeline Transportation of CO2 —Model Documentation and lllustrative Results, Carnegie Mellon University
Manuscript . 2. Heddle, Gemma,Howard Herzog & Michael Kleet.2003. The Economics of CO2 Storage



Capital, O&M,Levelized Costs for
CO2 Transportation
------CMU Correlation

Transportation Cost as a Function of CO2 Pipeline Length

Cost (S)
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Cost (9)

- N W ~ O O~ N 0 o

o

Capital, O&M,Levelized Costs for
CO2 Transportation---CMU

Correlation

Transportation Cost as a Function of CO2 Pipeline Length

6.577

.833

/ ; OQ\
3.8266
3.1432
4631

0.5729 1.4956

== evelized Transportation Cost




Total Annual CO2 Cost---Power
Consumption+Transporatation

Total Annnual Cost as a Function of CO2 Pipeline Length
3.50E+07

3.10E+07
A

A 2.87E+07
A 2.65E+07

3.00E+07

2.50E+07

[
2.00E+07 'y

A 1.73E+0/
1.50E+07 A1 2ER07 A Tofal Annual CO2 Cost as a
' functionn of Pipeline Length

1.94E+07

Cost (S)

LOOEHO07 76406 A 8.99E406

A
5.00E+06

0.00E+00

Levelized=2.02




CCS IN ROSE RUN(with EOR IN
COALFEX FIELD)

® TRAPPING MECHANISM

Hydrodynamic Trappling
Residual CO2 Trapping
Solubility Trapping
Mineral Trapping

vV V VvV VvV

® REACTIONS INVOLVED IN ERAL TRAPPING:

> CO,(gaseous) — CO,(aqueous)
> CO,(agueous) + H,O S H,CO;(aqueous)
® SOLUBILITY TRAPPING
> H,COs(aqueous) + OH CO5 (aqueous) + H,O

® IONIC TRAPPING

> HCOj (agqueous) +OH-
> C

CO;2 (agueous) + H,O;



CO, Injection Structural, Stratigraphic
Adsorption and Hydrodynamic Trapping

Residual CO,

Structural and Stratigraphic Trap Filling
Trapping

Hydrodynamic Trapping
Increased Storage Security

Residual CO, Trapping

£
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Q
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[=)]
I
Q
o
E
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% Trapping Contribution

Solubility

Dissolution :
Trapping

Mineralization

Secondary

108 100

Differences between various CO2 frapping mechanisms in geological
media: (a) operating timeframe, and (b) contribution to storage
security

SOURCE: CO2 storage in geological media: Role, means, status and
barriers to deployment, Stefan Bachu




Structural, FressUr

stratigraphy &

hydrodynamic
frapping Residual
CO2
trapping

Injection Injection
starts stops

' Trapping
security Machanism Increasingly Secondary
Duminance

olubility Increasmg Dacreasmg
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® Why EOR:

> Only 30-40% recovery is done by primary recovery (recovery due to reservoir
pressure), 15-25 % more oil can be recovered by EOR

® POTENTIAL OF EOR IN USA:

> CO2-EOR projects accounted for 3.1% of total Figure 2 - Potential Target for CO, EOR
crude oil produced in USA in 1998 Total Oilin Place in
> In 2005, oil production from CO2 -EOR was Target CO, EOR
approximately 237,000 bbls/day. Reservoirs= Remaining
146 Billion Mobile Qil,

30 Billion

Remaining
Immeobile Qil,

89 Billion V\

® MAKING CCS VIABLE:
> CCS with in EOR makes Carbon sequestration economically feasible.



TYPICAL CO2 EOR FIELD OPERATION
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Coalfex Field(ROSE RUN SANDSTONE)
Reservoir Model

® Assumptions
> Black oil reservoir
> Uniform & homogeneous

> No new wells are drilled(wells previously
drilled are reworked).

> Miscible displacement of oil by CO2 takes
place




Reservolir well models for CCS &
CO2-EOR




CO2 Injection in CCS
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CO2 Injection profiles IN EOR

dhiraj580.irf
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CO2 PRODUCTION FROM PRODUCTION
WELLS

dhiraj580.irf
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Production of Ol

dhiraj580.irf
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Water Production Profile

Default-Field-PRO dhiraj580.irf
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Pressure Changes in The Reservoir
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CO?2 injection over 30 years period

Default-Field-INJ dhiraj580.irf
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Results and ultimate recovery

® CO2 emission from from the plant-

> 3.34MMton= Total emission
> Captured CO2 -3.06MMton=54599.58 MMscf/year

® OOIP = 2207-2282 MSTB(12% of which has been
recovered by primary recovery)

® Cumulative Qil recovery after 10 years
> 406.614MSTB(18% of OOIP)

® Amount of CO2 injected per year
> 43859MMct

® Amount of CO2 produced per year:
> /33.35Mcf



Cost analysis FOR 10 YEARS period of
CCS W/O EOR

reworking on existing 181968.75(constant for .9098
wells 1 well)

operating & 111863.75 5.593
maintfenance costs

CO2recycle cost

CO2recycle O&M
cost

Lifting costs

G&A costs
MONITORING COST
total




OOMOMOMO,

®© ®

CCS with In CO2-EOR cost
analysis for 15T 10 years

Oil price=90S per bbi

Oll production=406.614 MSTB

Total income from oil production=36.595MM$
Total expenses over 10 years= 23.6396MM$

Capture cost =.00305%/scf
> Total for 10 years period=1664.946MM$

transportation cost=
Monitoring cost=

Tax incentives: 90% per ton for first 5 years and
50 $ per ton for next five years

> Total tax incentives for 10 years period=2408.00MM$
e



Environmental Health and
Safety

® Associated Hazards

> Induced Seismicity
Ground Deformation
Aquifer Intrusion
Reservoir Changes
Leakage

® Monitoring
> Pre-Injection
> Post-Injection

\%4

\%4

Vv

A4

Department of Energy \




Monitoring Tools

® LIDAR
> Monitor Ground Deformation

\

> Monitor CO2 Leakage

® Opftical Borewell Sensors
> Monitor in Reservoir Properties

® Water Monitoring
> Monitor Reservoir Geoc




Monitoring Partnership

Western Pennsylvania
Conservancy

Japan Aerospace
Exploration Agency



Geologic Hazards

*Regional Faults and Fractures
*Avenues for CO2 migration
Changes in reservoir
pressures may caused
subsidence or activation of -

faults

Earthquakes in NE United States and Canada 1990 - 2006

e ——————
MRCEP Saline Aguifer

CO; Sequestration Potenlial
eHE N 0D ‘ﬂ.
[ — —]

Saint Peter and Rose Run formations are other deep salne rock targets for carbon sequestration



Abandoned OIll and Gas
Wells

Department of Environmental Protection
Bureau of Oil and Gas Management
Abandoned & Orphan Wells

Abandoned Wells Orphan Wells

07/16/2008

PA DCNR



Reservolr Modeling

® Develop Monitoring
Network

@ Utilize abandoned
wells (reduced cost)

® If necessary, drill our
own monitoring wells
(expensive)

® Insert borewell sensors

> Sensors measure
reservoir properties.
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Water Quality Hazards

OR=1alaNY\e]alle
Department of
Environmental
Protection

® Leakage Hazard

> Changes in pH
can mobilize
heavy metals

> Impact regional
aquifers




Geochemical Changes
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Light Detection and Ranging
(LIDAR)

® Airborne Laser Swath
Mapping (ALSM)

® Orbiting Carbon . Acqion Equipmen
Observatory (OCO)
> Launch failure February 24, R 1N |/ Greonhause Gasses
> $250 million loss Se
> 2010 - $170 million budget e | |-

approval sEr- l

> 2-year mission life i g msoon

® Greenhouse Gases s band Anteons

Observing Satellite (GOSAT)  japan Aerospace Exploration Agency
> Launched January 23, 2009

> Centimeter scale resolution
> 5-year mission life



Pennsylvania Land-use

Land Cover - Urbanization
ylvania

I BarrenHard-surface/Rubble/ Gravel
B Everacen Forest [ Wooded Suburban
10 0 10 20 Nhles [l Mixed Forest [ Herbaceous Suburban
Lo ™ S [] Decrduous Forest B Barven Usrban
[ Transitional [ Wooded Urban

[ Perenmal Herbaceous 7 Herbaceous Urban
[ ] Ammual Herbaceous

Pennsylvania Bureau of Forestry




Blomonitoring

® Trees are susceptible to
changes in soil pH

® +400,000 acres available for
reforestation

w¢dead and

'~ dying trees '_ <

> $3.23/tree

> 440 frees/acre

> 176,000,000 tfree potential et

> 80,000 tons of biomass created REiEzrau
- Harvest E_“—La : |

> Job creation




Monitoring Cosfts

LIDAR

Borewell Sensors
Biomonitoring

DEP Water Network
Total Costs

Monitoring Costs

CO:z2 Injected
(tons)

Total Costs ($)

1,612,274
80,000,000
336,000,000
0

0.10 0.07
3,366,000 3,366,000

13,348,000 9.440,000

0

0
568,480,000

0

+150,867,726

0.03
3,366,000

4,040,000




Should we do thise

Happy Earth Day
Problem Statement:

> Examining the implementation of retrofitting and
sequestration technologies on a 572MW coal plant in
Shawville, PA for Carbon Capture and Storage (CCS)
and Enhanced Oil Recovery (EOR) to make the
project viable while reducing associated costs.

Triple Bottom Line 3-B-L
=YoJ o] [<]
> Not in My Back Yard (NIMBY)
Planet
> Reduced output of Greenhouse Gases
Profit
> Expensive project




ECONOMIC ANALYSIS FOR YEARS O-10

Transportation Costs

Capture Costs

Tax Incentives
reworking on existing
wells

operating &
maintenance costs

Co2recycle cost

Co2recycle O&M
cost

Lifting costs
G&A costs

royalties

Income from Ol
Monitoring Costs

total

FOR COZ2 EOR

$31 million -310
0.003264 per scf -1746.04

$20 years 0-5 +2408
$50 years 5-10

181968.75(constant for -.6377
1 well)

111863.75 -10.06

700,000Per MMcf/d -5.13
1 per Mcf -.073

0.3per bbl -0.12

27965.9.2+0.2*(0.3per -2.04
obl)

12.5% of total ol -4.57
production

+36.59
292.5
77.42




Economic analysis OVER 30 years period

Co2 capture cost
Transportation cost
Tax incentives

Income from Qil
Production

reworking on existing
wells

converting production
well into injection well

operating &
mainfenance costs

Co2recycle cost

Co2recycle O&M
cost

Liftfing costs

G&A costs
royalties

Monitoring cost

fotal

. 0.003264per scf
3TMM

$90 years 0-5
$50 years 5-10

181968.75(constant for
1 well)

78391.25(constant for
1 well)

111863.75
700,000Per MMcf/d
1 per Mcf

0.3per bbl

27965.9.2+0.2*(0.3per
obl)

12.5%

8.7

-5232.1
-930
+2408

+36.59
-1.64
-0.31

-19.02

-5.131

-0.073

-0.12
-2.03

-4.57

-5562.5

-4,302.90




Final Conclusions

® The projé\c\ug economically feasible in
first 10 years

@ After that period, EOR incentives decline
and project runs in the red

® $46.87/ton CO, captured (30 year
levelized cost)




Future Work

@ Policies

> Pipeline fransportation

> Underground injection

> Long-term storage

> ETA:End of 2010
® Capture
® Transportation

> Focusing on many-to-many sources-to-sinks
matching

» Near sequestration sites VS electrici
consumers(cities)

» Competition among large CO2 source facilities
f? fs)eekdfhe best local sequestration sites before
others do

» CO2 transportation costs could raise electrici
prices even higher above the national average

electricity prices even higher above the
national average

® EOR/Sequestration
> Injection well



