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Carbon Capture Challenge

- Thetraditional pathway from

discovery to commercialization of Bench Research
energy technologies is long?, i.e., ~ ~1kWe
20-30 years.
. Technology innovation increases _
the cost growth, schedule slippage, Small pilot 3 : ; [ ial
" : <1Mwe | | | | pommercia
and the probability of operational ; 5 3 | Deployment

. 3
Pres_ldent S plan. requires that Medium pilot
barriers to the widespread, safe, 1-5MWe
and cost-effective deployn
CCS be overcome within

problems.2 | e
. , . Large Demonstrations (CCPI) 100+ MWe

-solventsisorbents  Large-Scale Field Testing
‘CLC(2016) ‘02 Membrane (2016) 5 — 25 MWe

Semi-works pilot Pilot-Scale Field Testing "Seivents ‘o, Membrane (2012)

. To help realize the President’s
0.5 —5MWe *0, Membrane (2011)

objectives, new approaches are 20-35 MWe
needed for taking concepts from

lab to power at low o | e 3
cost and With First commercial ' ‘
plant, 100 MWe 2008 2010 2012 2016 2020 2024

. CCSI will accelerate the

deve|0pment of CCS tech n0|ogy’ Source: Ciferno, “DOE/NETLs Existing Plants.”
from discovery through

deployment, with the help of
science-based simulations .

Deployment, >500

MWe, >300 plants

1. International Energy Agency Report: Experience Curves for Energy Technology Policy,” 2000

2. RAND Report: “‘Understanding the Outcomes of Mega-Projects,” 1988;

3. http://lwww.whitehouse.gov/the-press-office/presidentialmemorandum-a-comprehensive-federal-
strategy-carbon-capture-and-storage
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Risk Definition

« Stated Goal of CCSI Program is removing barriers to
widespread carbon capture within 10 years at minimum
cost and low risk

* Risk has many facets associated with negative or
adverse outcomes (undesired consequence)

« Always has a flavor of relative frequency (times per year)
or probability (chances in a thousand)

« Formal methods combine frequency and consequence to
make choices despite uncertainty in:

— Quality of information
— Completeness of information
— Detaills of physical complexity
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Facets of Carbon Capture Risk

* Risk perspectives vary depending on goals and objectives
(point of view)

 Risk of ...
— Not meeting 10-yr time compression schedule
— Environmental impacts from new processes
— Unacceptable COE impacts
— Interrupting reliable electric power

— Insufficient infrastructure to support capture/disposition

« skilled labor, land, CO2 distribution, raw materials, design and
construction services for specialty equipment

Each high-level risk measure can involve a
complex system of factors and interactions
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Decision Framework Architecture

1 Full Scale CC

S/ AN e
/RN

7//7/4R IR

o Production Portfolio / Capital vs O&M Penalty / Incentive / Subsidy /
Performance / Operability Costs / Econ Feedback Cap and Trade

»

Time

»

Technical Financial Regulatory

» Focus on merger of Technical and Financial risk components
» Adopt risk perspectives of power producer — ultimate technology customer
* Interpret all technical risk factors in financial business perspective
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Risk Analysis & Decision Making Framework

UQ Framework

Integration Framework

Pgretl\izilcee& Process Plant
ROMs Synthesis & Operations
Scale .
: . Design & Control
Simulation
Tools and Tools and
Tools and
Models Models
Models

Basic Data >/
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MultiTrack Strategy for CCSI Risk
Assessment

« Enumerate risk contributors for qualitative prioritization and tracking

» Define traditional development path using tailored Technology
Readiness Levels (TRL) and chemical process maturation cycle

» Functional Analysis of capture process performance vulnerability
— FMEA, Fault Tree, Bayesian Updating

» Interface both qualitative and quantitative performance attributes in
a comparative financial lifecycle analysis

* Propagate uncertainties into formal decision metrics affecting
Implementation

“Multitrack Strategy” is now growing towards integrated
decision analysis model
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Decision Making Framework

Financial Risk Model

Only numbers in BOLD biue are user selectable

Sensitivity Analysis

o
Aevenve - NPV ($) 3442250773 3447.250.773
Total Operatiog Expenses - NPV (5) 49580381 §
Expese - NPV (5) 796116764 1125018228 '
Income Taues - W9 962191240 36120269 't
Tan Crodts - NPV (5) 068,966,722 287231376
Carbon Tases - NPV (5) 1.040.249.335 ss3601631 1
sex075.754 33401198

'8

Discounted Present Value of Net Receipts.

|
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Technical Readiness Level: TRL-5
TRL B Yes Have systeminterface {internal andexternal)
B Yes Doesthebreadboard have realistic interfaces? 0 9905 lee“hood

- tedr

lidated within a |aboratory environment?
Estimate Uncertainty Bounds
O S—— X
. 2 1
2 =23 -3
i :d throughtesting?
s e s |  nstratedinalaborstory environment?
w  w e
% -1
2 3 zed (targetlevelsmay notyet be set)?
3 ﬂT <=
111K 0
o 5 w1 2 3 a4 5 6 7 8 9TRL

Is the programmatic riskmanagement plan documented?

Has a configurationmanagement planbeen documented and implemented?
Has formal inspection of all componentsbeen completed?

Isthe draftTest and Evaluation Master Plan (TEMP) documented?

Is the draft SystemsEngineering Plan(SEP) completed?

I .

1

© w0 o

Uncertalnty AnaIyS|s (E6)

Model selection show Important variables

- €CSI UQ Engine

Expert Elicitation

Table S_Sample of qualitative _clicitation form for collecting expert opinion_on topical ris
1 |2 |3 ja |5 |skip

>3

are Effects / Lumts

Processes
al Stress /

Temp and Pressure Regime
Process Design
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Capture Effic
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Infrastructure
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Functional Analysis (E3)
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Technical Risk Approach: Evolves with

Maturity

Risk

Identification

Risk
Analysis

&

y\u

Tracking

Risk

Risk

Mitigation
Flanning

Y =

Risk
Mitigation

Plan Implementation
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Carbon Capture Process System: Sol
Sorbent

Clean Gas
to Stack CO2 to Sequestration
SHX-01
ADS-001
Prod_Cln Sal_Fsh MK Hot
. _|
[BRRE RN RN RRRERN! 51:I|_H'EEI|:
CYC-001 = A
l -
-3 17] K, ,]
CYC-002
TirnnEEnnnnEnnnn i e T B B D D [ N
ST_HK
ELE-Of1 1
CPRYODZ
ELE-Of2

H|||r||1||f|11|rf|11 S-ﬂl_l.l:‘ﬁh
SHX-02
— ST_1 2 Stage, Counter-currently connected
_—‘“».Q_ Bubbling Fluidized bed Adsorber +
GHX-001 LP Steam Moving bed Regenerator

‘ CPR-002
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Risk Analysis

Functional Carbon
Performance Loading
I
|
o Mechanical
Characteristics GI=YN
I
I | I I

' ' Erosion Particle Selectivit
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Technology Maturity

CCSI Technology Readiness Level (TRL) Questionnaire

TRL4: Has alab-scale testing of equipment (hench) been completed in simulated {controlled) environment?
TEL H TYes Hasacceptance testing of individual components been performed?

juny
<
b4

Does draft systemn architecture plan exist?

Droes technology demonstrate basic functionality i sunplified environment?

Have performance characteristics been demonstrated in a laboratory environment (henich)?
Droes prototype solve synthetic full-scale problems or process fully representative data sets?
Have low-fidelity assessments of system mntegration and engineering been completed?

MRL Yes Aremost system components available (laboratory surrogates in some cases)?
Yes Have designs been verified through formal mspection process?
Yes Have scalable technology prototypes been produced?
Have integration studies been started?
FRL Yes Have system performance metrics been established?

Have design requirements been denved from system requirements?
Have initial cost drivers been identified?

Are soaling studies and architecture diagrams completed?

Has a formal risk management program heen witiated?

Has project risk management heen integrated with project management?
Have functional requiremnents been finalized?

oW W W m W W T T W v
-
o
B

Has performance of components and mterfaces between components been demonstrated (hench)?

1 kW

Technology Readiness Level (TRL)
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9 | Commercial operation in relevant environment

8 | Commercial demonstration, full scale deployment in final form 650 MW

7 | System prototype in an operational environment > 100 MW

6 | Fully integrated pilot (prototype) tested in a relevant 10 - 50 MW
environment

5 | Component validation in relevant environment (coal plant) 1 MW

4 | Component validation tests in laboratory environment 1 kwW

3 | Analytical and experimental critical function proof-of-concept

2 | Formulation of application

1 | Basic principals

EPRI 2011 & GAO 2010

Lawrence Livermore
National Laboratory

0.9846

TEL 1z Technology Readiness Level
MELis Manufactunng Readiness Level
PEL iz Programmatic Readiness Level
31z for software

His for hardware

Biz for both software and hardware

TRL Likelihood Estimated uncertainty bounds
" n k Estimate Uncertainty Bounds :
] ¢ - k n— M
Li=fl;np) = (,)p"a-p) :
Process 1 - B o 5
° 3 - 1 2 3 a 5 6 7 8 9 YRI?

123456789
Process 2

CCDF
02 08
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123456789
Process 3

CCDF
00 08

1234567809
TRL
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COE ($/MWh)

300
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Financial Risk Model

Risk attribute propagation through a financial balance sheet that
incorporates variable lifecycle costs and other factors related to
carbon capture

lllustrates information flow from qualitative risk factor assignment
and UQ from other CCSI tasks into familiar decision metrics like 30-
year net present value

Provides sensitivity measures for determining which factors are
most critical for ensuring the successful adoption of carbon capture
technology

Provides means for weighing relative merits of improving carbon
capture technology and determine which factors (e.g., carbon
capture percentage, capital costs, operating costs, parasitic power
losses, etc.) are most important contributors to financial risk

lllustrates concepts of probabilistic decision making that are less
familiar to power production industry
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Preliminary Risk Analysis

- - Only numbers in BOLD biue are user selectable - - -
Technical Risk Results . Financial Risk Model
e R e
3 Z o G “ )
CCS Parasitic Power Requirements (MWe) “Total Reveswe - NPV ($) 1,447.250,773 3447,250,773
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1200

assumption Comparison of marginal distributions on

the financial risk model results (NPV) (line
represents uniform, while the histogram
represent non-uniform)
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Risk Evaluation Summary

« The technical risk approach is designed to provide increasing
reliability of the system as details mature

— ldentifies vulnerabilities and their relative importance

— Suggests prioritized areas for additional R&D, functional
analyses, or design improvements

« TRL provides baseline to traditional development scales and
can be tailored to track independent components

* Qualitative risk factor elicitation provides perspectives on
completeness and quantifies stakeholder confidence

- Financial lifecycle analysis provides monetized business
context in which to evaluate the effects of complex physical
systems

Ultimate Value

 Diagnostic risk evaluation can direct further simulation and
experimental studies for optimum risk reduction

« Fully integrated framework will support technology
comparison
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R&D Analysis Team Members

« Los Alamos National Laboratory
— Bruce Letellier bcl@lanl.gov
(505) 665-5188

— Brian Edwards
— Rene LeClaire
— Crystal Dale
« Lawrence Livermore National Laboratory
— Ed Jones
« Pacific Northwest National Laboratory
— David Engel
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Disclaimer

This presentation was prepared as an account of work
sponsored by an agency of the United States Government.
Neither the United States Government nor any agency thereof,
nor any of their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that its
use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise does not
necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government
or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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