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A Pop Quiz




500 MW coal plant, 90% CO, capture,
Levelized cost of electricity (COE) =

115 99 135

$/MWh $/MWh $/MWh

Plant A? Plant B? Plant C?

Answer: All three plants are the same. But studies employed
different costing methods and (a few) different assumptions




® Despite many recent studies on the cost of CO,
capture and storage (CCS) at power plants, there
remain significant differences in the costing
methods (as well as key assumptions) employed by

different organizations that are not readily apparent.

Such differences contribute to confusion,
misunderstanding and (in some cases) the
mis-representation of CO, abatement costs,
especially among audiences unfamiliar with
details of CCS costing.




Audiences for CCS Cost Estimates

Government Industry NGOs

Policymakers Vendors Environmental

Analysts A&E firms Media

Regulators Plant operators Academia
R&D agencies Venture capital Foundations
Tech developers

R&D organizations

Some of these groups are also sources of cost estimates




Cost Estimates for CCS
(and other technologies)

Technology Policy
Assessments Assessments

- R&D priorities - Legislation
- Capital investments - Regulation
- Marketing - Advocacy




A Hierarchy of Cost Estimation Methods

® Ask an expert
® Use published values
* Modify published values

® Derive new results from a model

®* Commission a detailed engineering study




. IPCC Special Report on CCS

. Rubin, et al., Energy Policy

. EPRI Report No. 1014223

. DOE/NETL Report 2007/1281
. MIT Future of Coal Report

. EPRI Report No. 1018329

. Chen & Rubin, Energy Policy

: ENCAP Report D.1.2.6

. IEAGHG Report 2009/TR-3

. EPRI Report No. 1017495

. Carnegie Mellon IECM v. 6.4

. UK DECC, Mott MacDonald Report
. Kheshgi, et al., SPE 139716-PP
. DOE/NETL Report 2010/1397
. DOE EIA Cost Update Report

. OECD/IEA Working Paper

. Global CCS Institute Update




Increased cost of electricity ($/MWh)
Cost of CO, avoided ($/ton CO,)

Increased capital cost ($/kW)
Cost of CO, captured ($/ton CO,)

All measures are relative to a reference plant without CCS,
whose performance and cost also must be specified




» Cost of CO, Avoided ($/t CO,)
(COE).. — (COE)

ccs reference

(t CO,/MWh) . — (t CO,/MWh)

CCS

® This is the most commonly reported measure of CCS cost

* |t should (but often does not) include the full cost of CCS,

l.e., capture, transport and storage (because emissions are
not avoided unless/until the CO, Is sequestered)

® |tis arelative measure that 1s sensitive to the choice of
reference plant without CCS
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How consistent are underlying
costing methods ?




EPRI (2009)

USDOE/NETL (2007)

USDOE/NETL (2010)

USDOE/EIA (2010)

Process facilities capital

Bare erected cost (BEC)

Bare erected cost (BEC)

Civil Structural Material & Installation

General facilities capital

Eng. & Home Office Fees

Eng. & Home Office Fees

Mechanical Equip. Supply & Installation

Eng'g, home office, overhead & fees

Project Contingency Cost

Project Contingency Cost

Electrical/I&C Supply and Installation

Contingencies—project and process

Process Contingency Cost

Process Contingency Cost

Project Indirects

Total plant cost (TPC)

Total plant cost (TPC)

Total plant cost (TPC)

EPC Cost before Contingency and Fee

AFUDC (interest & escalation)

Pre-Production Costs

Fee and Contingency

Total plant investment (TPI)

Inventory Capital

Total Project EPC

Owner's costs: royalties, preproduction
costs, Inventory capital, Initial catalyst and

chemicals, Land

Financing costs

Owner's Costs (excl. project finance)

Other owner's costs

Total Project Cost (excl. finance)

Total Capital Requirement (TCR)

No consistent
set of cost
categories or
nomenclature
across studies

IEA GHG (2009)

Total overnight cost (TOC)

ENCAP (2009)

UK DECC (2010)

Direct materials

EPC costs

Pre-licencing costs, Technical and design

Labour and other site costs

Owner's costs

Regulatory + licencing + public enquiry

Engineering fees

Total Investment

Eng'g, procurement & construction (EPC)

Contingencies

Infrastructure / connection costs

Total plant cost (TPC)

Total Capital Cost (excluded IDC)

Construction interest

Owner's costs

Working capital

Start-up costs

Total Capital Requirement (TCR)




Category USDOE/NETL (2007) USDOE/NETL (2010) EPRI (2009)

Fixed O&M Operating labor Operating labor Operating labor

Maintenance —labor Maintenance —labor Maintenance costs

Admin. & support labor Admin. & support labor
Overhead charges (admin &

Property taxes and insurance support labor)

Variable O&M Maintenance — material Maintenance — material Maintenance costs
(excl. fuel)

Consumables (water, chemicals, etc.) Consumables (water, chemicals, etc.) Consumables (water, chemicals, etc.)

Waste disposal Waste disposal Waste disposal

Co- or by-product credit Co- or by-product credit Co- or by-product credit

CO2 transport and storage CO2 transport and storage CO2 transport and storage

Category IEA GHG (2009) UK DECC (2010)

Fixed O&M Operating labour Operating labour

No consistent
Set Of COSt maintenance (additional labour, spares

Indicative cost Planned and unplanned

Administrative and support labour | and consumables)

Categorles or Insurance and local property taxes | Through life capital maintenance
n0men0|atu e Maintenance cost

aClross StUd |eS Variable O&M | Consumables (water, chemicals, etc.) Repair and maintenance costs
(excl. fuel)

By-products and wastes disposal Residue disposal and treatment

CO2 transport and storage Connection & transmission charges

Insurance

CO2 transport and storage

Carbon price




USDOE/NETL USDOE/NETL EPRI IEA GHG UK DECC
(2007) (2010) (2009) (2009) (2010)

Preproduction Preproduction
(Start-Up) costs (Start-Up) costs

(None) Feasibility studies (None)

Working capital Prepaid royalties Obtaining permits

. Arranging
Inventory capital | Inventory capital . .
financing

Financing cost Initial catalyst/chem. | Other misc. costs

[

No consistent set of cost categories
or nomenclature across studies




How consistent are key
assumptions ?




Choice of power plant and CCS technology
Process design and operating variables

Economic and financial parameters
Choice of system boundaries

Time frame of Interest

The choice of key assumptions can have a significant
Influence on study results. For example . . .




—
i

9.
8.
7.
0.
D.
4.
3.
2.
1.

Assume
Assume
Assume
Assume

nigh power plant efficiency
nigh-quality fuel properties
ow fuel cost

nigh credits for CO,—EOR

Omit certain capital costs
Report $/ton CO, based on short tons

Assume
Assume
Assume

ong plant lifetime
ow Interest rate (discount rate)

nigh plant utilization (capacity factor)

Assume all of the above !
... and we haven’t yet considered the CCS technology!




Parameter

USDOE/NETL
2007

USDOE/NETL
2010

EPRI
2009

IEA GHG
2009

UK DECC
2010

Plant Size (PC case)

550 MW (net)

550 MW (net)

750 MW (net)

800 MW (net)

1600 MW (gross)

Capacity Factor

85%

85%

85%

85% (yr 1= 60%)

varies yearly

Constant/Current $

Current

Current

Constant

Constant

Constant

Discount Rate

10%

10%

7.09%

8%

10%

Plant Book Life (yrs)

20

30

30

25

32-40 (FOAK)
35-45 (NOAK)

Capital Charge Factor

no CCS

N/A

w/ CCS

N/A

Variable Cost
Levelization Factor

no CCS

1.2089 (coal)
1.1618 (other)

-w/ CCS

1.2022 (coal)
1.1568 (other)

N/A: not available

Transparency of assumptions is critical for understanding




What about uncertainty,

variability and bias ?




* Variability and uncertainty can (in principle) be
accounted for in costing methods, e.g., via parametric
(sensitivity) analysis, choice of parameter values,
and/or probabilistic analysis

Bias can arise in project design specifications and
choice of parameters and values for cost estimates

= Can be difficult to detect or prove
= Independent (3" party) evaluations can be helpful

Especially important for evaluating new or emerging
technologies, but often ignored or not treated rigorously
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* Need to Improve the consistency,
reporting, and transparency of

costing methods and assumptions
to enhance the understanding and
rigor of CCS cost estimates




A Path Forward




® Need for improved costing methods was affirmed
at a 2011 international workshop on CCS costs

®* An ad hoc Task Force was formed in fall 2011
to work on ways to:

= Harmonize methods of estimating and reporting
CCS costs

= Improve methods of characterizing the variability
and uncertainty in CCS costs (especially for new
and emerging technologies)

= Improve methods for comparing costs of CCS to
other GHG mitigation options




George Booras (EPRI)
John Davison (IEAGHG)
Clas Ekstrom (Vattenfall /ZEP)

Mike Matuszewski (USDOE)
Sean McCoy (IEA)

Ed Rubin (CMU) (Chair)
Chris Short (GCCSI)
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e

Postdemonstration CCS in the EU

Technical review: 2009/TR3

We examined in detail the power plant
and CCS costing methods developed or
used by four leading organizations
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A draft White Paper was vetted at
a 2012 CCS Co

st Workshop

—— . — -
[ ] 1 = -

~45 international participants from industry,
government, NGOs, and academia

E.S. Rubin, Carnegie Mellon Proceedings available at GCCSI website




Project Scope and Design

Nomenclature and Cost
Categories for CCS Cost
Estimates

Quantifying Elements of
CCS Cost

Defining Financial Structure
and Economic Assumptions

Calculating the Costs of
Electricity and CO, Avoided

Guidelines for CCS Cost
Reporting

| will briefly discuss the
two highlighted topics

TOWARD A ¢
OF COST EY
CO, CAPTUJ
AT FOSSIL |

MARCH 2013




® \With just a few changes to

Capital Cost Element
to be Quantified

Sum of All Preceding
Items is Called:

Process equipment

Supporting facilities

Labor (direct & indirect)
Bare Erected Cost
(BEC)

Engineering services
Engineering, Procurement
& Construction

(EPC) Cost
Contingencies: - process

eaCh Of the COSting methOdS proiee Total Plant Cost
studied, a common language [ErEEEr————

- Feasibility studies

and costing methodology can [EEE=E

= = - Permitting

I n deed be aCh I eved . - Finance transaction costs
- Pre-paid royalties
- Initial catalyst & chemicals
- Inventory capital
- Pre-production (startup)
- Other site-specific items

Here 1s what 1t would look unique to the project (such as

unusual site improvements,
- - transmission interconnects
I I ke for Capltal COStS " beyond busbar, economic

development incentives, etc.)

Total Overnight Cost
(TOC)

Interest during construction

Cost escalations during

construction

Total Capital
Requirement (TCR)




. and here’s what it
would look like for
plant operating and

maintenance (O&M)
cost 1tems

Representatives of leading
organizations have agreed
to move toward this
common nomenclature

Operating & Maintenance Cost
Item to be Quantified

Operating labor

Maintenance labor
Administrative & support labor
Maintenance materials
Property taxes

Insurance

Fuel

Other consumables, e.qg.:
- chemicals
- auxiliary fuels
- water

Byproduct sales (credit)
Emissions tax (or credit)

Sum of All Preceding
Items is Called:

Fixed O&M Costs

Waste disposal (excl. CO5)
CO, transport

Variable O&M Costs




®* Even with a common nomenclature
and common set of cost elements, b, o =
different assumptions and methods g -
of quantifying each cost item will

still result in different costs.

® Some cost items are amenable to guidelines (e.g., process
contingency cost adders); others are far more difficult to
harmonize (e.g., cost items “specified by the contractor™).

The White Paper emphasizes the importance of
full reporting to reveal sources of cost differences




Tobk 8 Guidalines for raporting OC5 oost ossimpdors in prosankations

Powar plants withowt CO cophurs [reference basaline plants]

®* The Task Force developed =
a series of “checklists” of
essential data that should
be reported In:

(g

= Technical reports
= Journal/conf. papers
= Presentations

(in light of typical length constraints
for each medium)

‘
I

Seake and dafine referenca plont cosa




®* The complete
set of checklists
appear in the

White Paper
(Table D1)

Tkl D, Recommanded dioky ko be presenied in mports, popers, ond presankslons

Powmr plants without 00 caphurs: ireferencs /Bass line plants]

Basttery limits:

Fusd bypa fclozs of hard coal, lignia, gos)

Mpistura and ozh confents

LHY and HHY. [shota “os received”, dry maber, doy ond ash oal

Defnition of LHY

Power phant tps h.E. PF, BFB, CF8 or MGTC)

Seom paromalers |pressunes) emperaiares]

GT-chass |u.g. F-choess, H-closs]

Gasitar typa (for K300

Plant kooafion type [Immediale to port, inkond)

&mbiant condifions 150, ofher conditions]

Cooling veolar foooling fower or oaca throegh seoloke/ e woar)

e = || | == =

Plant capactty AW alacic]

Groas o defing boiler/GT size: dioss)

Mat

et aledric sfficlency ond/or haat rale [sake If based on IHY or HHV]

Ci, amissicns [par MW nat aleckicey o par MWh kel st f LHY or HHY)

Environmantal conirol regesamats fior major polksionis)

= = | =

In oddifion 1o tha albowe, for power plants with 00, copur

Plani capoctty lis tha botler/GT copocky or tha groes or med oulpet tha same as tha redesance planii

Type of concapt for power plost with C0 capture; a.g. postoombuestion, oxyual, IZCC wak
pem-combustion

Caphura edhaclogy [a.g. MEA&, odvanced aming, chilled ammania, Selaxol eic or solid absopion

da&-oq:llm proCass

Dialtvared caplured CCL:

Prawura, lemparatura

Perity requiraments anticipaied fat ket shoke #f suficient For tnareport in corbon el pipelines or
wips]

Caphured CO, par M¥vh met elocricity or par Mh heal [siata if LHY or HHY), or “oophwrs roke”™ (% of
prodecad CO,]

Capifl mass

Typa of plant, s.g. frstofoknd, Moo bnd

¥eor and cumency of cos amots

EPC, TPC or simiior:

Minimem iz o “lemp sum” oo, phes disfing

2 "Which major process units, buildings, consiruchion ond othar mojor cost ikme are incheded

2 isthod used, s.g.. "BPCT bids for major process unies, step-count exponanficl costing methaod, eic

Lo brookdowns if owiloblo

Cremar’s oo
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o Which major cost lems ame induded here; 6.5 own engrsening. planning and projec monoge-
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oz breakdoens if erailcbla

Confingencas

Project confingency (% of EPC, TPC wi'o contingamcics or similor]

Process confingency for novel processes [ induded)
(contined)

o || =




LCOE, $/MWh

T I T I T I T I ] I 1

IGCC IGCC USC PC USC PC NGCC NGCC
capture capture capture




m CO2 transport
and storage

W Fuel

m Variable O+M

M Fixed O+M
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m Capital
——  charges

IGCC USC PC USCPC NGCC NGCC
capture capture capture

Bituminous coal: $1.6/GJ (LHV), Gas: $7/GJ (LHV), Annual capital charge factor: 0.11
CO2 transport + storage: $6/t, 90% load factor




* Disseminate the White Paper broadly to the
technical and policy communities

Encourage adoption of the recommended costing
methodology and reporting guidelines by all major

organizations concerned with power plant and CCS
costs (including journal editors and conference
organizers)

Extend Task Force activities to other issues of
Interest, such as costing of new/emerging capture
technologies, costs for industrial processes, and
comparisons with other GHG mitigation options




The White Paper is available at no cost from:

EPRI:
<http://www.epri.com/abstracts/Pages/ProductAbstract.aspx
?Productld=000000003002000176>

GCCSI:
<http://www.globalccsinstitute.com/publications/toward-
common-method-cost-estimation-co2-capture-and-storage-
fossil-fuel-power-plants>

Also links from DOE/NETL, IEA, and IEAGHG websites.

Thank You

rubin@cmu.edu




