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One of the largest engineering challenges of our time is finding technical solutions that permit the use

of our energy resources in a sustainable way. In order to achieve meaningful and positive change, new energy systems
must adhere to the triple bottom line of sustainability. This means that new technical solutions must be economically,
socio-politically, and environmentally sustainable, such that they can be rapidly adopted and accepted. The engineering
literature is full of a great many technical proposals for new energy systems, but it turns out to be quite hard to
objectively look at them all, see through the hype, and decide which are the best and most promising technologies in
which to invest our research and development dollars. In this talk, | will present a case study with the results of our
4 recent meta-study covering over 100 candidate electricity generation systems with carbon dioxide capture, in order to
determine which are the most promising classes of technologies. | will show how meaningful big picture conclusions can
only be made when using certain consistent standards and methodologies, and present some surprising results about
where we should be headed in the fossil-based power generation sector. Then, | will show how this methodology can be
extended to other kinds of studies, and make a call for energy systems researchers to change how they conduct techno-
economic analyses through a new standardization framework such that we can much more rapidly understand how each
study fits into the bigger picture. With these changes, we will be able to most effectively direct our research money and
effort to make the wisest decisions about how to develop our energy systems across Canada and the rest of North
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Triple Bottom Line of Sustainability

Fconomical Environmental Societal
= Capital = Greenhouse Gases » Public Acceptance
» Operating » Particulates = NIMBYs
= Supply Chain & Materials = Deforestation = BANANAS
» Job Creation / Losses » Land Use / Transformation = Health Impacts
= Profitability » Resource Depletion » Public/Employee Safety
= Loans/Financing = Water Consumption = Accidents
= Stockholders = Toxicity = Public Policy
= Uncertainty and Risk * Wildlife Impact = Electoral Politics
= Noise

£RIN _,;5 Download Slides at PSEcommunity.org/LAPSE:2019.0442



Big Picture — Adams Group Research Methods

Unit Operation Design

0 025 05 075 1 1.25 15

1.75 2
Time (hrs)

Air

Process Synthesis and Design

250°C 55°C, 50 bar
H,, CO, From sulfur removal
20 bar J Preheater

Interstage Interstage
Preheater Cooling Cooling..
A 2 o o

900°C

SOFCs | 1000:C

000-C SOFCs SOFCs
N~/ |

N~/
Depleted Air
525¢C, 1 bar j
Steam

Turbines | H.0, CO, 1050°C .

Oxidation
I 0,

Depleted Air To 110°C, 1 bar
Atmosphere

110°C, 19 bar
H,0/CO, to
Flash Drums

Process Optimization

> 67%
T 66%1
T 66%
< os%]
< 65%
g
g 64/0«’
&%63%1
'8 62% + : 16250
B Design (64.8%): ~13250
= 61% L 2300 O, 4250 Steam 10250 &
T 60% 47 7980 N ¢
s 8 & el L 6250 O &
. E 8 8 8 8 g & &ra250 & &0

T - - 2 © 8 o W@ &

N & 8 3 85 8 9
92% O, to ATR / kmol hr”' o

Process Modeling and Simulations

Economics, Policy,
and Environment (LCA)

- The World

Download Slides at PSEcommunity.org/LAPSE:2019.0442



Energy Return on Energy Invested (EROEI)
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Scale and Why It Matters

= At $50/tonne CO, emission tax (Canada Federal 2022 Minimum)
= Global CO, Emissions: 36 billion tonne / yr
= Global Tax Value: $1.8 trillion / year (2.4% of World GDP)
= Canada’s GDP: $1.5 trillion / year
» This is how the three tiers are linked in practice for Canada
» (For climate change at least)
= Key Tools for Chemical Engineers:

» Techno-economic analysis (TEA)
= Life cycle analysis (LCA)

Download Slides at PSEcommunity.org/LAPSE:2019.0442



Big Picture Motivation

» We have so many technology ideas for reducing greenhouse emissions.
= Which should we focus on now?

* Where should our money be invested?

= What should we do first, and then next?

Thomas A. Adams |l Download Slides at PSEcommunity.org/LAPSE:2019.0442



Cost of CO, Avoided: Where do we invest $$$7?

Cost of Option 2 — Cost of Status Quo = Both should yield same product/service
GHG Emissions of Status Quo — GHG Emissions of Option 2 = Use Life Cycle emissions

CCA =

CCA (in 2016$US per tonne of CO, equivalents)
Build new NGCC plant instead of new PC plant (550MW)

Retrofit CCS onto existing 550MW PC and build
178MW NGCC/CCS to make up for lost power.

Demolish new 550 MW PC (unused!) and build new

550 MW NGCC, still paying off debts on PC plant 1

Build New 550MW NGCC w/CCS
instead of new 550 MW NGCC

50-75

5075

Displace regular unleaded gasoline with wood butanol
(experimental thermochemical route)

Displace regular unleaded gasoline with switchgrass
butanol (classic fermentation route)

Displace regular unleaded gasoline with corn ethanol




Fundamental Problem of CO, Capture and Sequestration

* Fundamental problem: * We need to go from low pressure to
separation of CO, and N, in flue high pressure
gases: * And there’s an awful lot of it (~7

+ We need to go from dilute to high million ton/yr per coal power plant).

purit
y TYPICAL COAL POWER FLUE EXHAUST, 1 BAR CO, PIPELINE LIMITS, 120 BAR
AL Sleipner
Morgan P
N, 0
< (o) _0QO
(&Ar) 68% N, (&Ar) 4% 3-5%
Report (see required reading). Acams & 0, 2% 0, <50ppm <50ppm
Barton, AIChE J (2010)
deVisser E., et al. Dynamis CO2 quality
recommendations. Int. J. Greenhouse Gas
Cont 2008 2 a70os co, 13% co, >95% 93-96%
Sizes from Angew. Chen. Int. £, 2010, 49,
6058 — 6082.
H,O 17% H,O <690ppm <Saturated
McMaster ; 2 ° 2 PP
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Post-Combustion Solvent-Based Capture

Sulfur Compounds

Pulverized Coal

| Limestone (Gypsum)
Exam
a p € Fly Ash . ———
— Ash Sulfur
Cleanup Removal
H,0,
COZ/ HZO/ COZ, NZ
N,, Ash, SO,
Coal o
co Pipeline £ S
co —2 co = Stquestration
. Boiler 2 ) B Ly
Air Absorption 1 atm Compress.
Heat
Steam H,0, CO, N,
Turbines
Stack
Power
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Post-Combustion Membrane-Based Capture

Flue Gas from
Upstream Combustion

Membrane Stage 3

Adir,

(Route 2)

Various configurations
Typically 2 or 3 stages
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[N o and & recovery
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Retentate Side . To Flue _ |
P gi(?pgonal Cut  [Route1 A > Rerenf S:di.-/
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£ A— : / cO co
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Condenser & Drum ! /I S \\ } Train
{Optional) ' III o TT’a-Q% gases (N;)
A 4 Il \\s\
Knockoyit I - S
'\}\?:t ;}i B T Captured Retentate Side \\\\
/ LN TG Liquid .
II ‘..‘:" § H COQ Parmeate Side Membrane Second COZ / N2
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I .

CO, / N, Membrane with
Vacuum Permeate.
Not Pure Enough CO,

- EmacC

Condenser& Drum !
(Optional)

\ 4
Knockout
Water

Thomas A. Adams

Membrane
Higher Purity CO,

(Route 2)
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Post-Combustion Solid-Based Capture

Solid Calcium Carbonate CO,-Lean Flue Gas To Flue Second Gas / Solid
Cycloned from rest of flue > Heat Recovery Separation to release CO..
gases el CaCOj; + Heat — CaO + CO,
\\*\\\\ COZ ,,,/
e —»| Heat Recovery |—<p
CaCOg, 1! ,/To Compression
Gases Cyclone " and Sequestration
CaO + CO, — CaCO, + Heat Sie R
\\\ . o "'4— Fresh CaCOs,
~~J._ Carbonation Ca0o Calcination Coal
Reactor Reactor oal,
D <€— Natural
e Gas, etc
T ozT ,L ____________ Need to burn
_ _ I “additional fuel for
Postcombustion Alr : NP Heat Recovery —» | ¢
Flue Gas Separation |
Unit  ~.

Thomas A. Adams

~
~

™ Need High Purity Oxygen to prevent N, injection
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Pre-Combustion Solvent-Based Capture (IGCC)

prevent N, injection

Need High Purity Oxygen to 0 l
2

Steam l

H
CcO
Coal _— CO;
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Steam Cycle |e——
v
Electricity

WGS Reactors
H,O + CO = CO; + H»
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H>S Selexol or Rectisol Solvents

— 5 Capture H,S and CO, in
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H,/CO, Separation Principle

_ Water Gas
—_—
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V‘ | COz
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Compression &
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CO, captured at higher pressures
(>20 bar)
Much lower compression costs

Thomas A. Adams

Download Slides at PSEcommunity.org/LAPSE:2019.0442



Pre-Combustion Membrane-Based Capture

Oz Steam Membrane-enhanced WGS removes
H: H, as produced
CcO Shifts equilibrium to toward higher
Coal g CO, _ Water Gas conversion
— Gasification » Cleaning — Shift Increases CO, concentration for later
H>
H2 |—|‘2 l
Some CO; CO, G
“—  Membrane |e—— e H>S
Steam Cycle l[«—— Gas Turbine [ Absorzption —
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D SR

v CO, from H,
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Compression &
Sequestration Huge compression costs
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McMaster
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Oxytuel Combustion

Fuel combusted in N2-free flame

: Power Produced through
Diluted with C02 for thermal COZ/HZO Separatlon. Steam Cydes .
management via water condensation \
Very Large ASU . \ \
\ \ \ !
\ \ \ 1
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Chemical Looping Combustion

Hot, High Pressure Air  _ Hot, High Pressure
' ' ity Y~ CO, and H,O
Spins turbine for electricity 2 2 120 bar
Spent Air / To CO,
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Solid Oxide Fuel Cell (SOFC) Process

Requires ASU but only
for unspent portions -,
AN CO, to
Can also used cleaned Air O Pipeline
and gasified solid fuels —> ASU 2
! Compression
.': CO,, H,0 __.- Up to 20 bar
' SOFC Unspent fuel l T CO, = possible
Natural Gas Up to 20 bar CO,, H,0O .
» Anode »| Oxidation » Condensation
Air N lHZO
Cathode ! > A High Purit
+ Spent Air Can be catalytic V\/Igter Hny
] (Exhaust)

O= Migration
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Solvent-based Post-Combustion

Membrane-Based Post-Combustion

Solid-Based Post-Combustion

Solvent-Based Pre-Combustion

Membrane-Based Pre-Combustion

Oxyfuels

Chemical Looping

Solid Oxide Fuel Cells

L

bad

FMACC

CO,/N,

CO,/N,
CO,/N,
CO,/H,
CO,/H,
CO,/H,0
CO,/H,0

CO,/H,0

Low
Medium
Medium

High

Low

1 bar

Vacuum

1 bar

10-50 bar

Vacuum

1 bar

10-50 bar

1-20 bar

Pulverized Coal, NGCC
Pulverized Coal, NGCC

Pulverized Coal, NGCC
IGCC, pre-reforming NGCC
IGCC, pre-reforming NGCC

Gasified Coal/Nat Gas

Gasified Coal/Nat Gas

Gasified Coal/Nat Gas



Key Problems

= No systematic comparison between processes
» Everyone claims their own process is the best when compared against some other

= \Wide variation in assumptions, strategies and ideas.

= Solution: Meta-Study of ~100 published data points on those 8 processes.
» Convert to a standard basis of comparison

Thomas A. Adams |l Download Slides at PSEcommunity.org/LAPSE:2019.0442




Standards

* Size: 550 MW net, plant gate * Captured CO, at plant gate

 Nonfuel costs scaled with power  Pressure: >115 bar
law method p=0.9 L o
* Purity: >95 mol%
’ T'”}.e & Zlaiﬁ'; Q201 6I§IJS'?C t - Capture Rate: 90-100%
 Time: North American Plant Cos
Index * LCA: Cradle to Gate GHG
* Place: Purchasing Power Parity  Consistent NOx production where
Index neglected in original
e Fuel » Standardize cradle-to-plant-
« US Bituminous Coal #6 2016 Avg entrance life cycle impacts
Price « CCA: Cost of CO, Avoided
« US Conventional Average Gas Mix ' 2 .
2016 Avg Price « Same standard plant without CCS

« SCPC and NGCC US baseline std'’s

VAL LY /, Ao Y\
University ‘i" t MCC
‘ﬁg Thomas A. Adams |l Download Slides at PSEcommunity.org/LAPSE:2019.0442




Overall

* SOFC clear winner
for coal and gas

« NGCC w/CCS
excellent near
term solution

* No point in using
membranes!
* Oxyfuels / CLC

good coal
Intermediate step

Cradle-To-Gate-Exit Greenhouse Gas Emissions (kgCO2e/MWh)

400

350

300

250

200

150

100

50

X SCPC
O IGCC
0 COXY
& CMEM
A IGFC
x Cal

o CCLC
® NGCC
B NOXY
¢ NMEM

A NGFC

* NCLC

Natural Gas
SOFCs w/CCS

20

Thomas A. Adams |l

SCPC w/ CCS
Calcium-Looping
Capture

Coalbasedwith || i/ o
Membrane-based— A

CeS ::" X _________ ___________________ —— iGCC w/ CCS

Coat-Based 5 O O
Chemical Looping Lol X {
Combustion— - L.

.. l‘“D‘l ‘_.“\‘\ D D
NGCC WIC CS o
P ---------------- ﬁ B

i ™., Coalland Gas-
A “based Oxyfuels
N AN W/CCS

[ S Gasified Coal
SOFCs w/CCS

40 60 80 100 120 140 160 180
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Cost of CO, Avoided

-0
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80 / R
/! Aks'si
_ X Sweet Spot:
Q .
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b &
& AL ' solvent systems are the only
8 0 hnol b
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= b L= ..
2 éj"? S ﬁ " competitive.
20 .
: RS | Rest requires CO,/H,0 style
b
< : f‘A .1 power gen.
~ 0 / —
S y .
- ; I
. . [=] /
Special Point: 3 20 L ' :
Sp't hing | g | ' Negative CCA means:
witcning trom Coa % A“” “ SCPC + NGCC without CCS . .
: A 5 oeC © NGOG with CCS I Gas is so cheap in North
to gas w/o CCS -40 € 0 ooy - : : :
: coxy America, there is no point
No point to new coal ______ AL o CuEw § e : o usin | at all
at all in North B e e A I o CLC ° NCLG ; O using coal at all.
Americal vs. SCPC Baseline (w/o CCS)_| / % Cal |
ICa. I
-80 -
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Price Trends

26

24 Last Updated: August 31, 2018 o Crici
SourceS' Gas & Qil: US EIA,
22 | Coal 2011 and prior: US EI \nnual Energy Re of 2008

Coal 2012 and later: US EIA f coal and 1.31!.,lml for electric B Ol Cra
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Meta-Study Conclusions

* No point to building new coal * SOFC is best way to use coal
* (as long as gas prices stay low) * (Could be better than gas in Asian
* IGCC cannot compete with SCPC context. Asian study needed!)

* Calcium Looping unlikely to either

- Membranes not so promising FINAL RECOMMENDATIONS

« Coal: Only fictional membranes * Near Term: Use NGCC with CCS
could compete with solvents at the * Closest thing we have to
system level commercial

* Gas: At best competes with solvent Long Term: Use SOFCs with CCS
directly, maturity / lifetime issues

aside.

* Needs research and investment now
» Best fossil fuel approach possible
* Translates well in foreign situations

Thomas A. Adams Il Download Slides at PSEcommunity.org/LAPSE:2019.0442



Expanding and Standardizing

Big Picture Lessons from Study

. Rather hard to do cross- ~QO(1,000-10,000) researcher-

: hours
comparative research of eco-
techno-economic analyses
(ETEAS)
 But the rewards of doing meta- Very useful society, business,

studies like this are significant and policy conclusions

* A standardization of ETEA
methodology for the field would
greatly amply the impact of each Individual studies would have

of our own studies greater influence

McMaster
University B8 t MCC . .
ENGINEERING 3&@2 Thomas A. Adams |l Download Slides at PSEcommuni ty.org/LAPSE:2019.0442



Proposal: Develop recognized standards for

oerforming TEAs and ETEAs

Base Case Status Quo For Comparison “Standard” power plants, “standard” refineries, “standard”
chemical processes, etc.

Life Cycle Analysis Methodologies Existing ISO standards, boundary definitions, impact analyses
assumptions, methods, etc.

Plant Sizing / Delivered Products Standard representative capacities and qualities

Metric Definitions CCA, NPV, efficiencies, HHV vs LHV, other assumptions

Cost Estimations Standard cost curves, approaches, and assumptions

Transparency and Verifiability Spreadsheets and models released open-access

Data Formats Open document formats, etc.

ANSI

n National Standards Institute

RN
50
we ‘»MACC



Example Use of Standards: Authors

PSE-3:
Fuels,
North America,

Large Scale &
Researcher Consults i
. Select.s approprla.te, Research
Defines ETEA standards scenario, assumptions performed
Study as Usual table and metrics
LA PSE : - NPVaIternate =$1.3 bin NPV PSE-3 ™ =$1.2bin
ve for | process systems engineer|ng : - CCAaIternate = $413/t0nne - CC PSE-3 — $4O 3/t0nne
- GHG, ermae = 4.2 tCO€ GHGper.; = 4.5 tCO.e
Non-standard metrics Metrics Computed
Paper Published. Models / also reported (special according to
spreadsheets / code released cases, etc.) Standard

to public database Thomas A. Adams I Download Slides at PSEcommunity.org/LAPSE:2019.0442



Example Use of Standards: Readers

NPVpge 5 = $1.2 bin LA PSE @
—- ‘ CCApge 3 = $40.3/tonne ‘ ‘ ="
GHGpge; = 4.5 1CO,e | %*ﬂjH =B
Reader studies Reader sees standard Reader downloads Reader considers
paper using PSE metrics, immediately files and data to other papers using
standard understood verify results the same standards

0= =

|II|“I|
: Reader easily

- incorporates

Reader rapidly standardized models

All standardized
research has high
impact and citations!

performs comparisons into own work
and research

Thomas A. Adams Il Download Slides at PSEcommunity.org/LAPSE:2019.0442



Standardization Committee

» Call for members and stakeholder input
* Go to http://PSEcommunity.org/standards
PSE Community.org

The World Community for Chemical Process Systems Engineering Education and Research

/ﬁ‘ HOME LAPSE v  PSE TECHNOLOGY TREE v  STANDARDIZATION  EDUCATIONAL MATERIALS v~  DISCUSSION BO

Standards for Techno-Economic Analyses and Eco- K&

Techno-Economic Analyses Books
Featureg
PSEcommunity.org supports the development of a uniform set of standards that are used when conducting
Techno-Economic Analyses (TEAs) and Eco-Techno-Economic Analyses (ETEAs) on chemical and energy process Highlig
systems. The standards would provide a uniform basis for comparing one process design concept to another Journal
across literature studies. This is currently almost impossible to do because each individual research study uses its LAPSE
own methods, assumptions, and definitions when performing analyses of proposed process concepts. However,
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each research study that conducted its TEA or ETEA adhering to this standard could be directly compared to
another other, using established procedures, with little effort. PSETe
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 We can learn a lot from eco- e Current culture of the field:

techno-economic meta studies . Hide models and code
e Critical for taking meaningful and « CYA.
near-term action on climate

change  Nonstandard methods

* Critical for policy and business * Not working toward common goal

+ See through the hype. » Goal: Make It as easy as possible
for others to use and understand
your research for societal benefit

* Join me!
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