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CO, Capture and Utilization Today

Point-source CO, capture and utilization deliver concentrated CO, streams for EOR.
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The Case for Integrating CO, Capture with Conversion \z/ |
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The energy cost of collecting, concentrating and purifying CO, is not free.

» Global CO, demand (80Mtpa) is met via extraction from geological reservoirs (e.g. Bravo Dome),
while anthropogenic sources exceed 18,000Mtpa.’

When natural supplies are exhausted, CO,

must be captured before use.

B Natural CO,: $20/tonne?
M Direct air capture: $1,000-
100/tonne?3
M Flue gas: $100/tonne?
el — | ® Capture: -85 kJ/mol
E§ % W‘;"mmm“ ® Compression: -12 kJ/mol
e S el O ® Transport Variable

1) “Accelerating the uptake of CCS: industrial use of captured carbon dioxide.” Global CCS Institute, 2015
2) Herzog et al. PNAS, 2011, 108, 20428-20433.  3) Joule, 2018, 2, (8), P1573-1594, 4) Image from NETL.gov
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Compressed CO, I_’erform_mg cat?IySIs on CO, capturec_i
+24 in solution avoids the process energies

; Pure CO
CO5 in 2 : :
flue gas +0 with capture and compression.
0 ( Ccarbon )
HO Carbonate |
j/ in solution A +H, (_Organics )
- & ’
/lj\ll 45 0/!%0 Methanol
SNTSNT Carbamate Reg 29
L in solution S/O/V_p -
80 . &47'01?5 \» ( Carbonates |
()L “NERATIONS
H 0 0 ' i % MgCO3
\© N Mg | L [18
4 P CaC0;
N &/N“‘ +Ca2t 179
i >
Relative free Reaction coordinate Degree of
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|
Image inspired by Stolarof, LLNL
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Photosynthesis has perfected reactive capture and conversion over millennia.

Light

Carbohydrates

http://www.amoebasisters.com/gifs.html



Nature Has Long-Perfected CO, Capture and Conversion \7/
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Biotin transfers anionic carboxylates in solution to grow fatty acids via the Calvin cycle.
™
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Products That Can Be Made From CO, pacmc
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carbonales and carbamaies Valorizing CO, introduces market drivers to implement CCS.
reduction of CO,

I
0=C=0 R-O-C-Or

* Numerous products can be made from CO,, but
reactive pathways are limited.

« All chemical reactions of CO, proceed via
nucleophilic attack on the central carbon or
electrophilic coordination to the oxygens.

* Historical efforts changed catalyst, reagent, T & P,
here, we are changing the CO,

carboxylations
Catal. Sci. Technol., 2014, 4, 1482-1497
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Condensed-phase reactions provide energy and cost benefits and new reactive landscapes.

» Same solvent used for both steps Like Biotin, catalysts can operate on captured CO,
» Catalytic with respect to solvent M92
0 o) @)
ACP _ ) [ /
H\N NfH j&; O/C\“N N.-fH

» Multiple products available by changing reagent feed H?\j‘ Mg?* H?T”
H

—— BCCP o, BCCP
» Catalysis at atmospheric (CO,) pressures Y Y

B CO, concentration >5 wt% in solution at 1 atm
B Potentially faster liquid phase kinetics

RO
» Potentially lower free-energy pathways R, H /éko
B Rehybridization complete, similar intermediates P L 2
B High dielectric provides stabilization for polar transition statesHny >M"+\ ) Pd
\—FI’Q L A0,
. 2
» Heterogeneous or homogeneous pathways viable Inner-sphere chelation Chelation of ”captured"

B Direct coordination to catalysts of “captured” CO, (L) CO, to metal surfaces
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Thermodynamics of Conversion (Hydrogenation) .
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Hydrogenation of CO, with H, is Exothermic but Endergonic.

Thermal Regeneration of CO, capture is endothermic. 10 E'M?
_ , 71 (b) Gas phase =
. 1003 3
» CO,(g)+H,(g) > HCOOH (I) 5 3 //W//a—'
- — t —
B DG° = 32.9 kJ mol §10° -
B DH° =-31.2 kd mol’ "o :
B DS°=-215J K mol" G103 oy
. lonic liquid
(1]
10 3

Base Makes the Reaction Exergonic T T T 1

CO, (g) + H, (g) + NH; (aq)> HCO, NH,* (aq) 0 0o 8 120

B DG°=-9.5 kJ mol
Pressures Necessary To Reach

= _ -1
® DR%=-64.3 kJ mol H, + CO, = HCOOH Equilibria*
B DS°=-250 J K mol

Water-lean capture

Hydrogenation of captured CO, is solvents are ILs!

downhill energetically. |
*Nakahara et al J. Phys Chem. A. 2010, 114, 3510-3515



The First Synergies of Capture and Conversion
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Noyori & Jessop noted enhancement in yield and rate when alcohols and amines are added.

Rull catalyst
B

CDE + ]—I2 HCDEH
Table 4. The Yield of Formic Acid after 1 or 10 h in the Presence
a) of Various Additivas0nr Cosals 0-C=0
Ru— H--H-OR Ru—H I'-I—DH = A hoBR
base addtive after 1h  after 10h
triethylamine THF 0.03 0.04
ROH H'?_'." CeHs 002 002
b) Ru—0O:CH =—= Ru—0:0M50=—== RuOR0+1HC OfH26
MeCN 0.09 0.13
H-.O 0.06 028
MeOH 0.09 0.54
DO,  Oo=C=m 005 076
¢) RysgH--H-OR RU—H;_Hyy OR Ry’%# OR 4 HCOH
CsFsOH 1.36 1.60

J. AM. CHEM. SOC. 9 VOL. 124, NO. 27, 2002,
Inorganic Chemistry, \/ol. 41, No. 6, 2002



Condensed-Phase Methanol Synthesis Exploits ‘*ﬁ/
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The same chemicals that capture CO,also promote conversion.

Pathway (a)

Step 1 Step 2 Step 3 Step 4
2RBNH, Ho 2H,
00, —>RNHCOO" ——» HCOO' RNH,;* — RNH-CHO ———=3 CH3OH
RNH;* -RNH, -H,0O -RNH,
carbamate formate formamide
Pathway (b)
Step 1 Step 2 Step 3 Step 4
NR : i ROH 2H,
CO, —2 5 ROCOO"  _~ o 000" R,;NH*——— HCOOR ——2-» CH4OH
R'OH HNR3* -H,0 -ROH
carbonate formate formate

ester

Addition of amine or alcohol additives to homogeneous catalysis promotes the
formation of methanol via formate ester and formamide intermediates.

Catal. Sci. Technol. 2018, 8, 5098-5103
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Probing Captured CO, Reactivity

Reduction of CO, Could be Catalytic With Respect to Capture Solvent, but alkylcarbonate or
carbamate reactivity had not yet been verified.

——=NMe

Inner here

RS il S
Ea, | ’ =P, | i H/Z, Py *Complex chosen to compare
ELP F|)Et2 ELP F|) ; e, /|E reactivity of alkylcarbonates to
e e L that of CO,

cis-RU(PNP),(H),  cis-Ru(PNP)y(H)(L)  trans-Ru(PNP)y(H),

Green. Chem. (2016), 18, 4871-4874.



Captured CO, and CO, Differ in Reactivity 7
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Alkylcarbonates appear to be reduced by Ru(PNP),H, via an inner-sphere reduction while CO,
goes through an outer-sphere.

309 CO, and [C;H,;0CO,] Reduction Rate Comparlson

[ ==NMe T=NMe |® MeN<
. Concentratlon vs Time, - o e
25 - iP l o ELP, l Wl H, | PEL
e Lcar onate “Ru.

1 [ ] A A o Et Pﬁj’@&b | T e’ | H
= AL AA A A A A A A A A HZeq onate 2 PEt
%%06 i A Aauaas s g é o o KVNMG KVNMG KVNMe
cE wasass B S REP e DBRLNP),(H)L)  trans-RuPNP)(H),
oE > 4 odBeBoccccccce ® o ¢ (] S e o ° ° °
E d5 1 a .‘ N N o 2 eq. CO, (1 eq. DBU)
§ g 4 i'.- +1 eq. CO, (2 eq. DBU)

2o
o403 -
© U e * Cis- ﬁﬂ F%?I})gf:leq bBU)
2 9., + + +1eq.CO, eﬁ DBU and Hexanol)
5 F‘ Sy = = k wm w trans-Ru(PNP
1 —_ +20 =+ ;k jZ ¥ "% % * T ® 2 eq. CO, (2 eq. DBU and Hexanol)
+ ok 2, * R A Cis- Ru(PNP)z(H)(X)
H A
0 M v v M e Formate
0 50600 1000000 1500050200002005000 2586000 386000 36000

Time (s)

» Only cis-Ru(PNP),(H), was consumed in the reduction of hexylcarbonate
» Free CO, consumes cis-Ru(PNP),(H)(L) and trans-Ru(PNP),(H),

» Rates of hydrogenation are faster, suggesting lower E_
Green. Chem. (2016), 18, 4871-4874.
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Captured CO, and CO, Differ in Reactivity

Alkylcarbonates may offer different free-energy landscapes offering potentially faster kinetics.

A

0=C=0 AN h

0
, N N? i
o ,'/ \\ ’d -0__(_;.....0(;"3
S Il V4 \\ N
o0 AL /7 \ H
s -0 OCH3 , . ‘\_ .
() Y *
o - \
Ll ,/ \\
Q -7 \
() - \
- \
T \

N M L2 . .. \ “
- \\ .
R-0-C-O w e
+ CH,OH + *CO, O/ o"“~ocH,
N+
‘é..H + CH,0H
'0

>
Reaction Coordinate

Green. Chem. (2016), 18, 4871-4874.



In-Situ 13C MAS NMR Enables an Unprecedented View 7

of Speciation and Kinetics of Catalytic Reactions Northwest
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Operando catalysis supports proposed mechanism of hydrogenation.

(CHsCHz)oN
E II-:-ltB: g;?H1;t;3‘%0260 min 13 BCH,0 (CH3CHz):N
R ’ H™3COOEt CO. CHsCH20H CH,CH,OH

H¥*COO-

M“M.L . gt | W

NEt; + CH.CH,0H + 13002
+ H, + Cat.,170 °C, 45 min

- " PR Sy JA..J TR A ___....___-J W P,

e Pk

Ht ot 170, 30 ain *Results led to TCF
et L | project with SoCalGas

NEt; + CH.CH,0H + 13002
+ Hz + Cat., 170 °C, 15 min

—-———————-«-——»--«/lvv-l“m«a) h.__'l At S,

NEt; + CH;CH,OH + 13CO,
+ H, + Cat., 170 °C, 5 min

FUTSTPR ML&‘ PPty Lw
Cu/ZnO/Al,O,, EtOH, TEA, 120 °C, 30 bar CO,

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 O _ |
1 (ppm) Catal. Sci. Technol. 2018, 8, 5098-5103
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Designing Technologies With Capture and Conversion Pl
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Integrated Capture and Conversion of CO, to Methanol (ICCCM). TCF-19-17862

» Process configuration for the ICCCM technology
B Excess H, is then separated in a low-T flash drum and recycled back to reactor
B Liquid phase product from the H, recovery drum contains methanol, CO,-lean CO,BOL solvent, and water
B The non-volatile solvent is recovered in flash drums at lower pressure and recycled back to the absorber
B Methanol and water is pumped to a distillation column designed to produce methanol 99.6% purity

Treated gas co,

H Hydrogenation 5
=
=

o, B P |

Capture  Fmedbed 1,0 é

TP e BOL

co, __
(S0FC) |

C0O,-BOL BOL

CO,+ 3H, CH,0H + H,0

*Jiang et al. In Preparation, Patent pending



Advantages of Technologies With Capture and Conversion i,
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Integration provides cost and energy benefits.

» Energy saving features of the ICCCM process:
« Combined units of operation and solvent
* Hydrogenation of CO, to methanol is exothermic partially offsetting endothermic CO, release

» Heat recovered from the reactor can be used to generate low-pressure steam which can be used in other parts
of the process, and as a utility

« Condensed product bypasses mechanical compression of CO,

CH-
Treated gas
H, _ CO, _

Hydrogenation 5

lsA' =

Cco, I ! CH,O0H J&¢

Capture ‘ Frgi‘?;rb'ﬂd H,0 é

LP o BOL
Co, __
(S0OFC) |
COy-BOL BOL
CO,+ 3H, CH,0H + H,0

*Jiang et al. In Preparation, Patent pending



Techno-economic Assessment (TEA) Reference
for Integrated Processes Like ICCCM fechnology | Proposed Technolosy™
- NGCC- SOFC-
Conventional Based
Based Flue
Natural Gas Flue Gas Gas
Integration enables competitive market pricing based Syngas® | (S50 MW) | v
with 45Q and renewable fuel standards. Capacity (millions of gallons " " »
MeOH /yr)
» Preliminary TEA performed on two different flue gas En;fgy inlto system (%, HHV) ==
atural gas .
sources: a 50 MW SOFC power plant and a 550 MW NGCC Hydrogen 774 832
plant, and baselined against a conventional natural gas-to- Steam _ 0.0 132 15.0
Electricity 0.4 9.4 1.8
mEthanOI plant' CO, concentration at inlet (mol %) NA 4.0 29.0
> H2 price set at SZ/kg CO, conversion in reactor (%) NA 70 70
H, consumption (mol H,/mol NA 31 11
1) Methanol from natural gas by the ICI copper-based catalytic process (PEP Yearbook, 2014). MeOH) . .
2)  Key modeling assumptions: 90% capture of CO, from flue gas, 5.3 mol/mol H,/CO, target at Equivalent work of capture/
. e . NA 43.9 354
reactor inlet, 120 °C reactor temperature, 25 bar reactor pressure, equilibrium reactor performance conversion (kJ./mol Coz)(3)
and methanol selectivity of 100%, reactor space velocity of 0.9 kg/h MeOH/ liter of catalyst, flue Overall energy efficiency (%,
gas compositions reported by ® and ° used for the respective SOFC and NGCC cases. 4 65.4 58.3 66.4
3) Carnot efficiency is used to convert thermal energy to electricity HHV)( )
4) Defined as heating value of methanol over total energy fed into the system (H,, steam and Production costs ($/gallon MeOH)
electricity). Carnot cycle efficiency is used to convert electricity to thermal energy. Raw Materials ©) 0.53 1.27 1.27
5) Current industrial price of methanol. H, price and 45Q carbon credit are set to $2/kg (DOE, 2015) Carbon Credits® 0.00 0.15 0.15
and $35/tonne CO, 1. Utilities 0.02 0.20 0.16
6) Based on Aspen Process Economic Analyzer. . .
tal 1
7)  Assuming 15% ROL Total Fixed Capital (3/ga 0.32 0.22 0.28
MeOH)®©
Minimum MeOH Selling 1.296) 1.89 5,05
Price ($/gal)?”

*Jiang et al. In Preparation, Patent pending
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Commercial Viability for Integrated Processes Like ICCCM Paas
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Reagent (H,) costs drive economics and market competitiveness.
H, cost sensitivity analysis

B SOFC 50MW W NGCC 550MW

b
w v e
L

3.39 323

» Given ~$1/kg H, both ICCCM processes compete with
current methanol market prices

» Q45 carbon credit ($35/tonne CO,) was considered in the
economics but additional carbon taxes could facilitate
economic viability

2.56

2.72
Current .
Market 2.05 1.89
Price "
1.39 _1.21 I !__J L |
s - | Tt
|
| | | |

; 3
Hydrogen Cost {5/kg)

(]

based on 15% ROI {S/gallon)
- E::‘ [ uv

ot

(=] w

Minimum Methanol Selling Price

» Hydrogen co-feed is expensive. However, in the ICCCM system hydrogen serves an indirect energy source to
drive the carbon capture process, versus steam or electricity.

» Modular distributed-scale processing platforms, which in turn could enable distributed applications, such as
the separation and conversion of CO, from landfill, waste-water treatment, and manure off-gas.

» Stranded hydrogen sources are also more likely to be co-sourced when considering distributed processing,
which could enable lower cost/ renewable hydrogen supplies in many applications.

20

*Jiang et al. In Preparation, Patent pending



Opportunities and Critical Challenges in Merging ‘*ﬁ/

CO, capture and CO, utilization. Roce st
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“Reports that say that something hasn't happened are always interesting to me, because as
we know, there are known knowns; there are things we know we know. We also know there
are known unknowns; that is to say we know there are some things we do not know.” *

» Known Knowns
B Catalytic with respect to capture solvent
B New reactive landscapes
B Adaptable to post-source, direct air, blue carbon sources
B Modular process with multiple product streams (change co-feed)

» Known Unknowns

B Chemical tolerance (oxidative then reductive environment)
Catalyst lifetime/tolerance of O, etc...
Logistics of delivering reagents and transporting products
Market size and emission reduction potential
Lifecycle of CO, produced products

» Unknown Unknowns
m ?

| 21

*Donald Rumsfeld




Barriers and Research Needs for Capture and Conversion ,,aciﬁc
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“Basic research is what I'm doing when | don't know what | am doing.” *

SR, U.S. DEPARTMENT OF Fossil

EN ERGY Energy

, U.S. DEPARTMENT OF Oﬁflce Of

f EN ERGY Science

» Market drivers and incentives 45Q

» US Department of Energy Leadership

» National Laboratory, academia Industry partnerships

» Process intensification

< - o
» Environmental Permitting T T

Low Carbon

» Capital Investment and Risk Abatement Fuel Standard

» NIMBY, NUMBY, BANANA, CAVE

nnnnnnnnnnnnnnnnnnn

22

*Wernher von Braun
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