US 20240117505A1

a9y United States
12y Patent Application Publication o) Pub. No.: US 2024/0117505 Al

Trembly 43) Pub. Date: Apr. 11, 2024
(54) MODULAR ELECTROCATALYTICAL Publication Classification
PROCESSING FOR SIMULTANEOUS (51) Int. Cl
CONVERSION OF CARBON DIOXIDE AND <1 1 H
WET SHALE GAS C25B 1723 (2006.01)
C25B 9/19 (2006.01)
L : : : C25B 9/70 (2006.01)
(71) Applicant: Ohio University, Athens, OH (US) CI5B 15/071 (2006.01)
(72) Inventor: Jason Patrick Trembly, Athens, OH (52) U.S. CL
(US) CPC ... C25B 1723 (2021.01); C25B 9/19
(2021.01); C25B 9/70 (2021.01); C25B 15/021
2021.01
(21) Appl. No.: 18/536,930 ( )
(37) ABSTRACT

(22)  Filed: Dec. 12, 2023 An apparatus for converting carbon dioxide and natural gas

liquids 1nto other chemicals and/or fuels, comprising at least

Related U.S. Application Data one electrochemical cell, wherein the electrochemical cell

(62) Division of application No. 17/284.589, filed on Apr. reduces the endgthennic load associated with elgctrochemi-

12, 2021, now Pat. No. 11,885,031, filed as applica- 3 €O reduction. and a method for converting carbon

tioil No. jPCT US19 /58825j on jOct.jBO 2010, dioxide and natural gas liquids into carbon monoxide and

’ other chemicals and/or fuels, comprising converting CQO,

(60) Provisional application No. 62/752,538, filed on Oct. into CO and converting C,H, into C,H, at a temperature 1n
30, 2018. the range of 650° C.-750° C.

AIR IN

WNG
(CHy/CoHg) IN = <—= CO2 N

PNG. ~
CoHa, HoO OUT S —— C0.CO» OU

AIR QUT

CATHODE 1: COy+2e—CO + 0%
CATHODE 2: Op+le— 20~
ANODE: CoHs+O*—CoHy+2e



Patent Application Publication

Gap to be filled by
ethane exports
and rejection

Conversions & Expansions

New Builds
1 New Builds after 2020

Current Capacity
— Ethane Production Capacity Forecast

3,000
2,500
2,000

eatalen i
P

3
i

Apr. 11,2024 Sheet 1 of 24

e
T

LS TTCNTLYITL TLE LY T B,
it {1

R g
ma e e
SRR e e et il ggm e
SR S S R
Lt : w7, ..l-'-“t h.%

‘i"!"ﬁ
ary o
i)

.

A h:a:q,l.

RS

o

=
L 1)
relr

-

0 ,‘h%ﬁﬁﬂs&}m: LR

..' - T o3 it " Tl y 1. . o .. LI
il
N i

=

A M LY "", T .l. AR .‘, '|.';' Ak
R R
l‘* i el 3 o 1 '1"' : T

5 l e _"r..:' b |I"I A‘-u-z;:-:u!."ﬁ {JJ-.'. X -h.." - "ud‘l L,
N ”‘}"*"%% R
.

L e T

e

1]

L
o HE:

- a!#%ii*
&3

e

L
sk

R

i

i
2l SRR

T,

L

S IRt

] o :&
.
L]
i

e

%‘:- G q‘ N :

e b e St
i *ﬁéﬁi‘ o e &«QE*% !

i o S %;ﬁ%&.

. i

-.-i;l ) S

R
L o
Lt S R m.;};ﬁiﬁ

o,
L

ETHL H Sy oo
| = "o = o =
’E@[ i 2 ﬁ.ﬁ%@fﬁ e AN
e X

et
.
R

L L
: %‘éﬁﬂﬂa".fﬁ

e

T o

: S
ey m{%{? A
e St -.%5 R

LA
Lrslnthhai
"*:a"

;ﬁ:
oL
i)

— "&ﬂ,ﬁ}:ﬁf’f{%
S

1] 1l o

e
: B aﬁ- e
S

i
N

S
. %&%ﬁ‘*‘%‘%ﬁ o
:. "' i‘_‘_ .1.':‘:.':.._ W}'ﬁ ."lq- .'-_%i' -.l._ 4 ED I:S’J:T" 1] \I‘ﬁ "‘!;‘"H
2 ";‘-*1%‘" 1{1‘3& I e e
WL

5

L e

S

i
L TEN]

1,500

p/Idg spuesnoy |

‘ SR
3 L i”;‘\‘i@ﬁ% AR
12 e e
e E;i(ﬁﬁ Hh-.tr‘-‘fi“q-h"ﬁ . .%q?*-.,: ﬁ_’%!:-"-.. ﬁgﬁ
e i %

.

e ?%::

] p J:"‘.'Q 4%1%&1%%%%&%
i :ﬁﬁh "1"'% : . -

i

bl
o

AT LY
S
) .
e

s
GaEEY hﬁ i":';-'..:""'.'ﬁ

a %ﬂyﬁﬁ

AT

. e

Y,
i e
.'1.'5 5 }ﬂ-i?: F":E# 5L
1 ﬂﬁ*ﬁhﬁ%

US 2024/0117505 Al

2020

5
5

e
R

AT
e
J"f-n.:j-.ll- yﬁ

‘_’é:--"*‘%"' Y
SR s
o

=
a o

2018

TR

Ty L e

L i
e, )
AR

2017

L
Pl
-
e

2016

e

2015

2014



Patent Application Publication  Apr. 11, 2024 Sheet 2 of 24 US 2024/0117505 Al

CO PRODUCT
PRETREATMENT H, FRACTION

SYNTHESIS GAS - RESIDUAL GAS

(-'

il ’A‘
g

8 '

<

N

N
dAEEEE I ¢

lFlll

<

FIG. 2



JO0IA0
NOILYZIdNddvo4d

mq iiiiiiiiiiiiiiiiiiiiiiiiiii 1ON NO1108
= .

4311083y

US 2024/0117505 Al

- R R A R

54554004d

NOILVOIdldNd YNV

d444N4

ANANa
VNA vNA vNA 0334
U

d4ZINVHLIANEG

PN,

JOSSAHdNOD X04d d102

] .
kX u.....n.u ) P a >
t i g

R T R 2
dHE ety WL TIR AT
e i 7 ....wm....,... ,....u... __..“_H."...? A5 ..n_ww. ...n...m."..“.....
S [P R L) AL A A
gt i e v
. [ o s . Vit . i .
i T L i e
=, i \ R ) P
= e )
T 20 B dz. a .. 5 .L._....__. :
gk - . . u..
Lo , , i : 4 i
& : s - H 25
: ) 2 : ol gl
0 :
. Lot . : 7
: . .
15y o , ’ 233
T, i y
. .

Apr. 11,2024 Sheet 3 of 24

i h
=

“FnT

ANVHL4N

Patent Application Publication



d¢ Old

10NAa0dd
ANVLOE-N

US 2024/0117505 Al

d4ZINVH 1440 d4ZINVH L1430 d4ZINVHL3-40 d4ZINVHL3-H0d

TON

L —
I
S
l  19Na0Yd

39dNS d444

Apr. 11, 2024 Sheet 4 of 24

==y % )~y )~

10Nd0™d 10Nad0dd
ANVLNG] ANVdOdd

10NJ0Y4 ~ AH3A ONILYIHL
INVHL3 7 INVHL3 INVHLI

10Nd0dd
INFOSVO 1VN

Patent Application Publication



Patent Application Publication  Apr. 11, 2024 Sheet 5 of 24 US 2024/0117505 Al

OLIGOMERIZATION (8.98 |\9||C\)/Iscf/d)
L EAN
- SOLVENT
COOLED
o OLEFINS COICOy CO»-RICH
, AN N SOLVENT
(560 ton/d) ~ 7 I
. |
WNG C ) | |
(100 mmscf/d) 7\
L SOE
£ AIR
7 (429 MMscf/d)
OLEFINIC
GASOLINE DEPLETED AIR

PNG
(80 MMscf/d)
OLEFIN
CHEMICALS
HYDROGENATION (1656 bbl/d)
WATER

FIG. 4A



Patent Application Publication  Apr. 11, 2024 Sheet 6 of 24 S 2024/0117505 Al

AIR IN

WNG

CH/CoHg) IN = : - <—— CO2IN

oHs > < COo
AN | —
L Li]
= 0O O
O Q Q
= — —
< <C <C
O O
CoHsg .
H

CoHa, HQOP(I;IL% <— ——> CO,CO, OUT

AIR OUT

CATHODE 1: CO2+2e—CO +0O*
CATHODE 2: Oy+4e—20~
ANODE: CoHg+O*—CoHy+2e

FIG. 4B



G Ol

US 2024/0117505 Al

NOLLNTOS HOIM
\
: £
=
e~
& NV
Z HOLVHINIOIY dN a1OH
3 () o3y
Q - SY9 334
B NOILO3S
: 431Y3IHINd ( Imo 4
«
NOILO3S
HOLYHOAVAS >d31009 >
NOLLNTOS N3 u
Y9440
438H0SaY

Patent Application Publication



Patent Application Publication  Apr. 11, 2024 Sheet 8 of 24 US 2024/0117505 Al

REBOILER REBOILER
CONDENSATE STEAM
MAKUP OXIDATION %L%CK
WATER ™| rAIR
5 o |z o
FAN oo DN STACK
L'MEEI%EJ L~ GYPSUM | RECLAIMER
STEAM
RECLAIMER
CONDENSATE
VENTj
24

CO, COMPRESSORS 23

DRYER

25 26

DRYER _| [ DRYER
STEAM CONDENSATE
_ 00
- 28— pRODUCT
CO, COMPRESSORS

FIG. 6



Patent Application Publication

Apr. 11,2024 Sheet 9 of 24

OLIGOMERIZATION

COOLED

OLEEINS
AIR (AN )
NV HEAT Y
EXCHANGER C
| IQUIDS-RICH NETWORK
NG & —

OLEFINS, CH4,
Hp, CO, CO;

US 2024/0117505 Al

AIR

NG

GASOLINE

WATER



Patent Application Publication  Apr. 11, 2024 Sheet 10 of 24  US 2024/0117505 Al

oS = [e| le| <mrmoIN

CoHpg ==

CATHODE

CoHy
H>O N

CH4 CoHg, HYO OUT <= ——> AIR (N2 /O7) OUT

CATHODE 2: Oy+4e—20~
ANODE: CyHg+0*—CoHy+2e

FIG. 7B



Patent Application Publication  Apr. 11, 2024 Sheet 11 of 24  US 2024/0117505 Al

- - - - - - - -
LO
<)
S
O
?—;3’
I_
=
L]
I_
=
3
1) OO
<:Z': -
= O
I_ I
L1 LL.
)
<
I_.ﬁLIJ
N
—1
=
-
N
- - - O - O - - O - -
- ) O [ O Lo I <) N  w

(%) ALIAILDT13S NOgHVD



Patent Application Publication  Apr. 11, 2024 Sheet 12 of 24  US 2024/0117505 Al

(7. W) ALISNIA 4IMOJ A3NddY

«© N cC < <
- - - o DD
<
-
-
N
_____ C:I)
po——
N
-
C:I) e =
= O
o
m —
-
©
<
-
cQ
N - - - -

(A) ADVLIOA 113D



US 2024/0117505 Al

Apr. 11, 2024 Sheet 13 of 24

Patent Application Publication

0L Ol

(98109p) B




Patent Application Publication  Apr. 11, 2024 Sheet 14 of 24  US 2024/0117505 Al

R R R TR e
. s .

%
S

<o bt

20 um

e

) ) =
""\'ﬁr NC-CL
]

el mﬂﬁ& %

20.8 MM

FIG. 11A

15kV WD

HV

1200x

i %*1;.-

B

T

S

R e, R L
L e L

.

Ch0 MAG




Patent Application Publication  Apr. 11, 2024 Sheet 15 of 24  US 2024/0117505 Al

1000

N
900

800

<
700

600

500

400
TEMPERATURE (°C)

300

200

100

(0

600
500
400
300
200
100

(Wo/S) 0



Patent Application Publication  Apr. 11, 2024 Sheet 16 of 24  US 2024/0117505 Al

(%) NOISHIANOD 9HD

20
18

O <I
e "w— -

12

1.00

0.80

0.60

j (Ascm™)

0.40

0.20

0.00

O -
o N

10
(0

(%) ALIAILD3T3S



US 2024/0117505 Al

Apr. 11, 2024 Sheet 17 of 24

Patent Application Publication

AIR IN AIR IN

AIR IN

s @@%

S = Py o Ay VL) %
s 2 e

=

nTatn W H rFd ey h gl - -Rrh
; m.....""."..mv“.“...,wq....“u.. R ....aw...uuw....u.....x..."... D ....L..m...,........ :
it ...-._1. iRt i, o ]

Fir,
A D
.,..

iRy el e e Tl e
F T e

A

Fr e

=T L
i e L

T o W
A e

[
ne By | L

= [
e oe]

iR
D X)) NN\

R




Patent Application Publication  Apr. 11, 2024 Sheet 18 of 24  US 2024/0117505 Al

SCREEN PRINT GDC +
POREFORMER ON S¢SZ
MEMBRANE

SINTERED AT
1350 °C IN AIR

POROUS GDC
SCAFFOLD

CO-NI ALLOY INFILTRATE ON
GDC SCAFFOLD

REDUCED AT
400 °C

HCP CO-NI
ALLOY

HIGH-TEMPERATURE
REDUCTION (650-750 °C) OF
CO-NI ALLOY

REDUCED USING
3-100 VOL % CO;
BALANCE N,

HCP CO-N AT
OPERATING |
TEMPERATURE |

r— == ="

CO2 OXIDATION TGA
ANALYSIS AT 650-750 °C

COADDITION | 1 |
TO AVOID ALLOY | OE%N%JEMN?O :
OXIDATION | 1 |

OPTIMIZED CATHODE
FABRICATION AND OPERATING
CONDITIONS

FIG. 13




Patent Application Publication  Apr. 11, 2024 Sheet 19 of 24  US 2024/0117505 Al

SCREEN PRINT GDC +
POREFORMER ON CATHODE
SIDE OF MEMBRANE

POROUS GDC
R0k ate [ SCAFFOLD FOR
CATHODE

SCREEN PRINT LSM/LSM-GDC
ON ANODE SIDE OF
MEMBRANE

SINTERED AT
1100 °C IN AIR CO, RED ANODE

-

CO-NI ALLOY INFILTRATE ON
GDC SCAFFOLD

I r

BUTTON CELL SEALED ON
ALUMINA TEST ASSEMBLY
AND CURED

650-750 °C IN
REDUCING ENVIRONMENT HCPC%E&Q%LOY
(CATHODE)

L -

BUTTON CELL READY
FOR TESTING

FIG. 14




Patent Application Publication  Apr. 11, 2024 Sheet 20 of 24  US 2024/0117505 Al

SCREEN PRINT GDC +
POREFORMER ON ANODE
SIDE OF MEMBRANE

POROUS GDC :
SCAFFOLD FOR |
I

SINTERED AT | |
|
. ANODE

1350 °C IN AIR

SCREEN PRINT LSM/LSM-GDC
ON CATHODE SIDE OF
MEMBRANE

e-ODH CATHODE

|

|

|

| |
L

LSF INFILTRATE ON GDC

SCAFFOLD
SINTERED AT | | l
100°CINAR [ 1 ANODE
BUTTON CELL SEALED ON
ALUMINA TEST ASSEMBLY
AND CURED

BUTTON CELL READY
FOR TESTING

FIG. 15



Patent Application Publication  Apr. 11, 2024 Sheet 21 of 24  US 2024/0117505 Al

0.0~ 1.0
0. ‘ 0.9
0.3 0.7
0.4 CARBON ‘ 0.6
105

NO CARBON
' DEPOSITION ' '0-1
0.0
5 0.6 0.7 0.8 0.9 1.0

O

FIG. 16



Patent Application Publication  Apr. 11, 2024 Sheet 22 of 24  US 2024/0117505 Al

SCREEN LSM/LSM-GDC ON
CATHODE SIDE OF
MEMBRANE

SINTERED AT
1200 °C IN AIR

5
—
L
O
-,
L
L — — — 1

SCREEN PRINT LSF CATALYST
ON ANODE SIDE OF
MEMBRANE

SINTERED AT
1100 °C IN AIR

>
=
O
-,
Tl

BUTTON CELL SEALED ON
ALUMINA TEST ASSEMBLY
AND CURED

BUTTON CELL READY
FOR TESTING

FIG. 17



Patent Application Publication  Apr. 11, 2024 Sheet 23 of 24  US 2024/0117505 Al




Patent Application Publ

120.00%
105.00%

90.00%

CO, SELECTIVITY <> C,H, YIELD

16.00%
14.00%

ication  Apr. 11, 2024 Sheet 24 of 24

ALIAI

3145

=
PR

H 3

e %ﬁ%

SR iR
S e

g
BTN

feet!

. : ":\-.' AT
L 'l e e

Sy HLTIE

e

i : T !
{—riT o Lo L L o ; 3
S E 1
2 %f{.‘-::i!niiﬁﬁt

i
b 1 LR

R

4 E:
e e e Y T R e e i L e P ey e = -

L%

nh"?;ﬁfn%xﬁr r.
5 !q:j:lih; K

L)
r
i Lo,

LA

RS

T e LR e S
....:ﬂ{. 3 '..'uﬁh"s‘ HE ""' i
e At e

& i
o 2

1‘@*’!.‘1.‘_5:"&";;‘_1-
R

R A

SREEEE
L1
e
NPy
.w-'-'::-'ﬁ‘%-‘-ﬁ e

N

A :"-.h "'ﬂ- :‘ﬂ-‘ i

a

T

e

:I!:l."i 1":""

5 Tl e

LA e
R

R
1&%*3,1%
I

!
AER L

=
| FH
ik

geteriiaTal "'.F_'H_\_.:_'\.. o
) T

)

L
L

Lo

e

e o
e

HLE,

d'131A ANV NOISE3ANQD

v i LY
S
A T A 1

chitr

s

AR ﬁ!t; o
AN e LR e L "-1;'.&*'-
IRty *ﬁ%ﬁﬁﬁ S

i

T, e T
apes 5 ] BT SR Rt
ELAE ﬂ.tﬁ..cr.i&'if‘%:. '-%:‘tﬁ}ﬁﬁ:ﬁ% e

AT e

: ﬂ;‘ﬁ ;

._ :\.'l::'!' 2 Tu
I

e s R AL
Pl

HE

Mﬁ.

) b
:h“-;-aﬁ#z"i* ;

US 2024/0117505 Al

T

H

0.75

ol
12 EEk

S

: ;._:h'-c
d.":'s-ﬁ H
SR e !ga_:-" bt

lﬂm{ﬁ%ﬁg

\.EE."J-&E! i

0.5

LSF 1

PSR
LT A b AT ol
e

SRR

0.25

e
el

L

R TES e
e

Ll
e
O

"'*-'z!"'i .,Z_'-'*r. =
If : ﬁh"‘ﬁé i

S

M g T bt

s 5\'},‘%
el
A

BN T

FIG. 19

0.75

wissR

CURRENT DENSITY (mA/cm?)

bt

e

0.5

LoSF O

0.25

N

0.1

B v v

i

A
]

?'i
B

YSZ



US 2024/0117505 Al

MODULAR ELECTROCATALYTICAL
PROCESSING FOR SIMULTANEOUS
CONVERSION OF CARBON DIOXIDE AND
WET SHALE GAS

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of the filing date

of U.S. Patent Application Ser. No. 62/752,338, filed on Oct.
30, 2018, the disclosure of which 1s incorporated by refer-
ence herein 1n 1ts entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under DE-FOA-0001940 and DE-FOA-0001849 awarded

by U.S. Department of Energy. The U.S. Government has
certain rights in the mvention.

FIELD OF THE INVENTION

[0003] The present invention generally relates to conver-
sion of CO, and wet shale gas, and to an electrochemical
platform for such conversion.

BACKGROUND OF THE INVENTION

[0004] This section 1s mtended to introduce the reader to
various aspects of art that may be related to various aspects
of the present invention, which are described and/or claimed
below. This discussion 1s believed to be helpiul 1n providing
the reader with background 1information to facilitate a better
understanding of various aspects of the present invention.
Accordingly, 1t should be understood that these statements
are to be read 1n thus light, and not as admissions of prior art.
[0005] Carbon monoxide (CO) 1s an important industrial
gas used 1n manufacturing bulk chemicals. The vast majority
of CO (>90%), 1s converted mnto chemicals such as methanol
when 1n the form of syngas with H,. However, industrial gas
suppliers including Praxair, Linde, Air Liquide and Air
Products, competitively produce bulk CO for the chemical
industry. Although public information regarding the bulk
U.S. CO market 1s limited, the present inventor estimates
major industrial gas suppliers generate 300-400 MMsct/day
CO with an annual market value of $1.24-1.66 billion. The
bulk CO market 1s growing as both Praxair and Air Products
are adding 13.5 and 6.5 MMsci/day CO production facili-
ties, respectively. Bulk CO 1s used in the production of
several important chemical precursors such as phosgene and
commodity materials via carbonylation including aldehydes,
ketones, carboxylic acids, anhydrides, esters, amides, 1mi-
des, carbonates, ureas, and 1socyanates. Further, high purity
CO (>99.99%) 1s used 1 electronics manufacturing. Further
growth of the bulk CO market 1s expected as a significant
amount ol chemical manufacturing returns to the U.S. due to
low hydrocarbon pricing from unconventional gas reser-
voirs. As CO production costs are highly sensitive to capital
costs, most commercial CO production facilities have pro-
duction capacities greater than 5 MMsci/day. CO manufac-
turing 1n the U.S. consumes upwards of 200 billion standard
cubic feet of natural gas annually.

[0006] Industrial bulk CO 1s produced by separating CO
from syngas (containing H,) typically generated via steam
methane reforming (SMR) using natural gas as the feed-
stock. Various separation technologies are used including

Apr. 11,2024

cryogenic separation (1.e. cold box), pressure swing adsorp-
tion (PSA), membrane separation, and ammonium salt solu-
tion absorption. Design of the system i1s highly dependent
upon feed gas composition and typically natural gas con-
taining <1 vol % N, 1s used. Some limited use of membrane
separation 1s used in facilities producing <0.5 MMsci/day
CO. However, as CO production cost 1s highly dependent
upon process capital (80-85%), larger production {facili-
ties>5 MMsci/day are pretferred [“HyCO Praxair Interview,”
14 Jun. 2018]. The cold box process, shown in FIG. 2,
causes partial condensation of CO from H, at cryogenic
conditions.

[0007] This process typically generates bulk CO (98-99
vol %) and H, (97-98 vol %) products. Betore undergoing
cryogenic separation, the CO-containing feed gas 1s first
treated to remove carbon dioxide and water. The feed gas 1s
compressed to pressures (24-35 bar) which allow tempera-
tures to be reached to cause partial condensation of CO
(=130 to 106° C.). The cryogenic partial condensation cycle
consists of flashing and heat exchange which yields a CO
product from the CO/CH, splitter [Ullmann’s Energy:
Resources, Processes, Products, vol. 2. 2015; and H.
Gunardson, Industrial Gases in Petrochemical Facilities.
Marcel Dekker, Inc., 1998]. The compression/expansion and
high degree of heat integration required for this process
make 1t capital intensive with CO pricing sensitive or
process scale. If greater CO purity 1s desired, a hiqud
methane wash unit operating at —180° C. 1s used [Ullmann’s
Energy: Resources, Processes, Products, vol. 2. 2015; and

H. Gunardson, /ndustrial Gases in Petvochemical Facilities.
Marcel Dekker, Inc., 1998].

[0008] Additionally, the U.S. has seen tremendous growth
of natural gas liquids (NGLs) supply over recent years, due
to the development of unconventional resources. The major-
ity of the new NGL capacity comes from natural gas
producing plays (Utica and Marcellus shale) and associated
gas from tight o1l production (Eagle Ford and Bakken shale).
The processing of natural gas into pipeline-quality dry
natural gas 1s complex/costly and involves several processes
to remove o1l, water, acid gases, and NGLs. NGL recovery
1s a capital and energy intensive process utilizing cryogenic
distillation requiring stages of compression/expansion with
high degrees of heat integration. C,H,, which 1s the most
abundant NGL component, 1s the major feedstock to the
steam cracking and petrochemical industry. FIG. 1 shows
current and future U.S. C,H, production and conversion
capacities, demonstrating a significant oversupply of C,H...
Midstream gas plant production of C,H, has increased
annually for 12 vyears.

[0009] To address the gap between C,H, supply and
capacity, natural gas processors reject C,H, at the separation
facility sending 1t to the natural gas pipeline for sale.
Although C,H, rejection 1s usetul 1in eliminating the costs
associated with cryogenic separation, 1t results 1n overall
revenue loss as ethane typically sells at a small premium 1n
comparison to natural gas. In addition, C,H, rejection 1s a
limited management technique as pipeline-quality natural
gas must be delivered at a suflicient hydrocarbon dew point
temperature to prevent condensate formation at pipeline
pressure. In recent years, interstate pipeline operators have
begun to more closely monitor and enforce dew point
temperature specifications to prevent operational 1ssues,
further restricting this C,H, management technique. Re-
injection of C,H, 1nto o1l wells 1s another potential market;
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however, the majority of new C,H, production either does
not possess sullicient mid-stream gas separation capacity
(Bakken shale) or well re-injection capacity (Utica and
Marcellus shales) to make this a viable option. Finally,
significant exportation of C,.H, 1s a limited management
route as the majority of new C,H, capacity 1s not located
near U.S. coasts. Although new C,H, conversion capacity 1s
coming online 1n the U.S., this new capacity will be unable
to keep up with C,H, production providing a window of
need for new technologies such as the proposed electro-
chemical processing method.

[0010] C,H, and other NGLs are separated from natural
gas (1.e. CH,) via a turbo-expansion process (FIG. 3A)
combined with external refrigerant to recover approximately
80% of C,H, contained in natural gas. This processing 1s
particularly important for WNG to prepare 1t for transport in
interstate pipelines. First, the raw natural gas 1s compressed
and treated to remove acid gases (H,S, CO,, etc.), typically
via a monoethanolamine (MEA)-based absorption unit to
produce the sweet gas, which 1s then dehydrated using
triethylene glycol (TEG). Following dehydration, the gas
enters a cryogenic separation unit where NGLs are recov-
ered. Cryogenic separation 1s accomplished via heat inte-
gration and expansion of the gas causing 1ts temperature to
reach -90° C., before entering the demethanizer. In the
demethanizer, a bottom liquid NGL stream (C,+ mixture)
and top methane-rich stream are produced. If further sepa-
ration of the liquid NGL stream 1s desired, a fractionation
train (FIG. 3B) 1s used 1n generating separate ethane, pro-
pane, and C; streams.

[0011] Ethane, which 1s the most abundant NGL compo-
nent, 1s the major feedstock to the steam cracking and
petrochemical industry. FIG. 1 shows current and future
U.S. ethane production and conversion capacities, demon-
strating a significant oversupply of ethane. To address the
gap between ethane supply and capacity, natural gas pro-
cessors reject ethane at the separation facility sending 1t to
the natural gas pipeline for sale. Although ethane rejection
1s useful 1n eliminating the costs associated with cryogenic
separation, 1t results in overall revenue loss as ethane
typically sells at a premium 1n comparison to natural gas. In
addition, ethane rejection 1s a limited management technique
as pipeline-quality natural gas must be delivered at a hydro-
carbon dew point temperature that prevents condensate
formation at pipeline pressure. Over recent years interstate
pipeline operators have begun to closely monitor and
enforce dew point temperature specifications to prevent
operational issues, further restricting this ethane manage-
ment technique. Re-injection of ethane into o1l wells 1s
another potential strategy; however, the majority of new
cthane production either does not possess suflicient petro-
chemical processing capacity (Bakken and Utica/Marcellus
shales) or well re-injection capacity (Utica and Marcellus
shales) to make this a viable option. Finally, significant
exportation of NGLs 1s limited as ethane pipeline capacity in
these areas 1s significantly lower than production.

[0012] The issue of ethane rejection/reinjection 1s inten-
sified 1n areas such as the Utica and Bakken shale plays, as
these reservoirs produce natural gas with sigmificant C2+
content (Table 1) and are not geographically located within
areas possessing significant petrochemical processing
capacity. The Utica shale, especially 1in Eastern The present
inventor, has seen significant development over the past 7
years and generates over 2 TCF of gas annually. The
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Appalachian shale basin (Utica and Marcellus shales) pos-
sesses sullicient gas processing capacity; however, limited
cracking capacity is located in the region leading to most of
the separated ethane feedstock being transported to the Gulf
Coast for processing. The conversion of ethane to ethylene
and subsequent derivative chemicals represents a vast value-
chain, causing this economically impoverished region to
lose critical jobs and associated creation of wealth. Simi-
larly, the limited cracking capacity in the Bakken inhibits
this region from realizing the full economic potential of its
vast unconventional hydrocarbon resources.

[0013] To address this 1ssue, cost-eflective modular gas
separation technologies which may be implemented at the
well head are desired. Current cryogenic gas separation
technologies will not be cost-eflective at individual well
head gas throughputs because of technical limitations in
scaling down the process. Furthermore, modular method-
ologies which directly convert NGLs into more value-added
intermediates or materials (such as chemicals or fuels),
without need for prior separation, would be the most advan-
tageous as such technologies would reduce flaring of asso-
ciated gas from o1l wells and alleviate mid-stream gas
separation bottlenecks.

TABLE 1

Utica Shale and Bakken
Associlated (Gas Composition Ranges

Component Utica Shale Bakken
CH, 56-77 mol % 48-74
mol %
C,Hg 17-40 mol % 13-20
mol %
Ciey 4-14 mol % 13-35
mol %

SUMMARY OF THE INVENTION

[0014] Certain exemplary aspects of the invention are set
forth below. It should be understood that these aspects are
presented merely to provide the reader with a brief summary
of certaimn forms the invention might take and that these
aspects are not intended to limit the scope of the invention.
Indeed, the mnvention may encompass a variety ol aspects
that may not be explicitly set forth below.

[0015] One aspect of the present imnvention 1s the devel-
opment of cost-eflective technologies which convert CO,
into valuable products which offer a more sustainable carbon
lifecycle over conventional methods. A first step towards
developing CO, reuse technologies 1s to 1dentity method-
ologies that are compatible with the current energy inira-
structure and offer synergisms between two or more energy
sectors. In part, this disclosure describes an intermediate
temperature solid oxide electrolyzer cell (SOEC) technology
that simultaneously converts CO, mto CO and separates
C,H, from WNG using electrical power, which offers lower
CO, lifecycle emissions when compared to the current
conventional cryogenic separation pathways. It 1s antici-
pated that the invention described herein may: (1) Identify
new Co—Ni electrocatalyst which offer cost eflective/se-
lective conversion of CO, to CO at mtermediate tempera-
tures; (2) Identify new e-ODH electrocatalyst which offer
cost eflective/selective conversion of C,H to C,H, at inter-
mediate temperatures; (3) Demonstrate process feasibility;
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and (4) Identify the most competitive process integration
schemes for conversion of CO, from coal-fired power
plants.

[0016] Impacts from successiul development of the tech-
nology include increased U.S. environmental responsibility
within the power generation, oil/gas, and chemical manu-
facturing sectors. Reduction mn CO, emissions from the
production of CO and separation of C,H, by the proposed
process are approximately 13.5 and 7.1 MMton/yr, respec-
tively.

[0017] The proposed technology has utility for at least
three industry sectors, including fossil-based power genera-
tion, oi1l/gas industry, and chemicals manufacturing sector.
Specific utilities the process described herein offers include:
(1) Provide fossil-based power plants a means of economi-
cally converting a portion of their GHG emissions into
valuable products to offset carbon capture costs; (2) A
modular means to selectively remove C,H, from WNG,
addressing C,H, oversupply and separation bottleneck fac-
ing the U.S. natural gas industry; and (3) A synergistic
source of bulk CO to support the growing chemicals manu-
facturing sector.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The accompanying drawings, which are incorpo-
rated 1n and constitute a part of this specification, illustrate
embodiments of the invention and, together with the general
description of the invention given above and the detailed
description of the embodiments given below, serve to
explain the principles of the present ivention.

[0019] FIG. 1 1s a graph of current and future U.S. ethane
production and conversion capacities.

[0020] FIG. 2 1s a schematic of bulk CO production using
a cryogenic partial condensation process.

[0021] FIG. 3A 1s a schematic of a turbo-expander process
for C,_ separation from CH,.

[0022] FIG. 3B 1s a schematic of a NGL {fractionation
train.
[0023] FIG. 4A 1s a schematic of a CO, reuse process 1n

accordance with the principles of the present invention.
[0024] FIG. 4B 1s a schematic of a SOEC for simultaneous
CO,/WNG conversion 1n accordance with the principles of
the present invention.

[0025] FIG. 5 1s a schematic of a cuprous ammonium salt
process for CO removal.

[0026] FIG. 6 1s a schematic of a supercritical coal-fired
power plant flue gas treatment train with CO, capture.

[0027] FIG. 7A 1s a schematic of a proposed e-ODH
process.
[0028] FIG. 7B 1s a schematic of SOFC for e-ODH of
cthane.
[0029] FIG. 8 1s a graph of an e-ODH anode product

carbon selectivities and ethylene yield.

[0030] FIG. 9 1s a graph of V- and power density curves
for the inventor’s SOEC for CO, electrolysis at 750° C. with
applied voltage of 0-2V. Cathode gas consisted of 50% CO,,
45% Ar, balance H.,.

[0031] FIG. 10 1s a graph representing XRD and oxygen
vacancy and deficiency (0) for La,_ Sr O, _; electrocatalysts
synthesized using modified Pechinni method with x=0-1.0.

[0032] FIG. 11A 1s a photograph representing LSF0.9/
GDC SEM/EDS cross section analysis.

[0033] FIG. 11B 1s a graph representing total conductivity
data for select LSF materials.
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[0034] FIG. 12A 1s a graph representing LSF0.9-GDC
anode e-ODH selectivities and C,H, conversion at 650° C.

[0035] FIG. 12B 1s a view of a cell test fixture to minimize
residence time.
[0036] FIG. 13 i1s a flow chart showing cathode infiltra-

tion/reduction methodology.

[0037] FIG. 14 1s a tlow chart showing co-based electro-
catalyst testing.
[0038] FIG. 15 1s a flow chart showing cathode infiltra-

tion/reduction methodology.

[0039] FIG. 16 1sa C—H—O ternary diagram with carbon
deposition regions.

[0040] FIG. 17 1s a flow chart showing anode infiltration/
testing methodology.

[0041] FIG. 18A i1s a microphotograph of LSFO.

[0042] FIG. 18B i1s a microphotograph of LSF1.

[0043] FIG. 19 1s a graph of conversion C,H, vield, and
selectivity of CO, and C,H, against current density for YSZ,
LL.SFO, and LSF1.

DETAILED DESCRIPTION OF TH.
INVENTION

L1

[0044] One or more specific embodiments of the present
invention will be described below. In an effort to provide a
concise description of these embodiments, all features of an
actual implementation may not be described 1n the specifi-
cation. It should be appreciated that in the development of
any such actual implementation, as 1n any engineering or
design project, numerous implementation-specific decisions
must be made to achieve the developers’ specific goals, such
as compliance with system-related and business-related con-
straints, which may vary from one implementation to
another. Moreover, 1t should be appreciated that such a
development effort might be complex and time consuming,
but would nevertheless be a routine undertaking of design,
fabrication, and manufacture for those of ordinary skill
having the benefit of this disclosure.

[0045] One aspect of the present invention provides a
process that converts CO, and NGLs (mainly C,H,) in wet
natural gas (WNG) into valuable CO and chemicals/fuels
respectively, using electrical energy. The conversion of CO,
and NGLs may occur simultaneously. This includes an
intermediate temperature solid oxide electrolyzer cell
(SOEC) process configuration that offers the technical fea-
s1ibility of producing CO and removing C,H, from WNG at
costs equivalent to current commercial processes, with sig-
nificant reduction 1n lifecycle CO, emissions over conven-
tional processes. Additional aspects of the present invention
allow for integration of the proposed process mto a coal-
fired power plant facility for direct utilization of CO,
containing flue gas to match current commercial CO pro-
duction and NGL separation costs.

[0046] In general, the present inventor’s proposed CO,
reuse process ivolves the reduction of CO, and conversion
of NGLs (C,Hg) contained in natural gas using electrical
power to generate valuable CO and chemicals/fuels. A
simplified process flow diagram for the concept 1s shown 1n
FIG. 4A. The process 1s based on an intermediate-tempera-
ture (650-750° C.) solid oxide electrolyzer stack design.
This particular embodiment was selected to take advantage
of commercial solid oxide fuel cell (SOFC) platform tech-
nology (although others may be considered, used, etc.). This
process concept addresses challenges associated with CO,
reuse processes through a host of innovations including: (1)
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Producing multiple value-added products (CO and chemi-
cals/fuels) increasing process economic potential; (2) Uti-
lizing SOFC technology operating at intermediate tempera-
tures (650-750° C.) relaxing C and O bonding to reduce
overall process energetics; (3) Ability to integrate into
multiple existing/new fossil power cycles (PC, 1IGCC, or
NGCC, Alam power cycle), refinery, or oil/gas field opera-
tions via SOFC platform modulanty; and (4) Addressing
C,H, oversupply and separation bottleneck facing the U.S.
natural gas industry.

[0047] An embodiment of the SOEC, shown 1n FIG. 4B,

includes two electrochemical cell designs (cathodelmembra-
nelanode) which are used to reduce the endothermic load
associated with electrochemical CO, reduction (dH,,q-- ~:
+283.7 kl/mol). Electrochemical half-cell and overall reac-
tions associated with the proposed concept are shown in
Equations 1-6. The first electrolyzer cell [Co—N1/GDC (Eq.
DIScSZILSF-GDC (Eq. 2)] simultaneously converts CO,
and C,H, mto CO and C,H, reducing CO, reduction endo-
thermicity (Eq. 3; dH-,5- ~: +179.0 kl/mol). Cell 2 (Eq. 6)
|ILSM/LSM-GDC (Eq. 4)IScSZILSF-GDC (Eq. 5)] oflsets
both the voltage and heat requirements of Cell 1 (Eq. 3),
while converting additional C,H, into C,H, and generating
heat (Eq. 6; dH-,- ~: =103.7 kl/mol). This two-cell com-
bination dramatically reduces the endothermic heat load
required for CO, reduction by ~75%, while lowering applied
voltage required for CO, reduction. Alkenes (C,H,) gener-
ated at the anode may then be converted to chemicals/fuels
(Eq. 7) using commercial oligomerization catalyst technol-
ogy, vielding multiple valuable streams (CO, chemicals/
tuels, and pipeline quality natural gas (PNG)).

Cathode 1: CO,+2e——CO+0*~ Eq. 1
Anode: CSHA+0,—-—C5H,+H,0+2e™ Eq. 2

Overall 1: C2H5+C02ﬂCO+C2H4+HEO; E?‘DGG ok

0.09V Eq. 3
Cathode 2: 0,+4e —20%" Eq. 4
Anode: C,H+0*—=C,H, +H,0+2e” Eq. 5
Overall 2: CoHg+0.50,—CoH +H50; Eqgge 0 0.94V Eq. 6
Oligomerization: 4C,H,—C.H, . Eq. 7

[0048] To assess the economic potential, the present
inventor modified its existing SOFC and CO,, capture Aspen
Plus simulations to develop a process scheme to maximize
CO, reuse [1. Tamim, D. J. Bayless, and J. P. Trembly,
“Modeling of a 5 kWe tubular solid oxide fuel cell based
system operating on desulfurized JP-8 fuel for auxiliary and
mobile power applications,” J. Power Sources, vol. 221, pp.
387-396, January 2013; T. Tamim, D. J. Bayless, and J. P.
Trembly, “Modeling a 5 kWe planar solid oxide fuel cell
based system operating on JP-8 fuel and a comparison with
tubular cell based system for auxiliary and mobile power
applications,” J. Power Sources, vol. 245, pp. 986-997,
January 2014; and R. Garlapalli, M. Spencer, K. Alam, and
1. Trembly, “Integration of Heat Recovery Unit 1n Coal Fired
Power Plants to Reduce Energy Cost of Carbon-dioxide
Capture,” Appl. Energy, vol. In review]. The study assumed
a WNG throughput of 100 MMsci/day with a C,H, content
of 20%/balance CH,. Using results from the Aspen Plus
simulation, a preliminary process economic study for con-
verting CO,, into CO and C,H, into gasoline was completed
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and breakeven required sales prices (RSP) were estimated.
Stack power requirements were estimated assuming SOECs
with 1 m*/cell operating at a current density of 0.5 A-cm™°
were used. Cell 1 (Egq. 3) was assumed to operate at an
applied voltage of 1.25V (0.85V to drive reaction and 0.4V
of additional Joule heating to supply energy for the reaction,
while Cell 2 (Eq. 6) was assumed to operate galvanically at
0.5V, yielding a total applied voltage of 0.75V/cell. SOEC
stack costs were estimated to be $300/kW, while the remain-
der of costs were determined using Aspen Icarus costing
software. A keep-whole contract method was used for the
WNG processing, while a CO, cost ($40/ton) was assigned
to CO, utilized from the carbon capture system at an existing
coal-fired power plant. CO, stripping capital/operating costs
were not included as these were considered part of the power
plant’s carbon capture system. Flectrical power was

assumed to be at a cost of $50/MWh.

[0049] Table 2 presents the estimated expense streams and
required selling prices (RSPs) for the proposed product
streams. The heating value for both products (CO and
gasoline) were lumped together to determine the RSP
($/MMBtu). The current quoted price for bulk CO 1s 34.50
$/MMBtu for purity ranging from (98.0 to 99.99 vol %),
while the price for gasoline i1s 26.31 $/MMBtu. The RSP for
the proposed process products are 14.35 $/MMBtu. The
primary reason for the large diflerences is associated with
SOEC stack power and separation estimates used 1n this
analysis. However, as long as the additional costs can be
kept under 23.75 $/MMBtu, the proposed process can
remain economically competitive (vielding 20% return on
investment) based upon current CO and gasoline pricing.
Thus, while 1t will be recognized by those of ordinary skill
in the art that prices, values, dollar figures, etc. recited above
and 1n Table 2 below are subject to change over time for
myriad reasons, the analysis provided herein demonstrates
the economic benefits of the mvention described herein.

TABLE 2

Techno-economic Summary

Parameter Value
Wet Gas Feed (MMsci/day) 100
Composition (vol %) 80-CH,
20-C,H,
Capacity Factor 0.95
Total Installed Capital ($MM) 192
Expenses ($/day)
Cost of Capital $57,810
Cost of CO, ($40/ton) $20,134
SOEC Stack Power ($50/MWh) $46,561
Thermal Losses ($50/MWh) $4,656
Utilities $25,726
Operating Labor $498%
Total Expenses $155,386
RSPs ($/MMscf) $14.35

[0050] Additionally, the process, which 1s based upon a
100 MMscit/day WNG throughput, would generate approxi-
mately 9 MMsct/day CO, which 1s mline with commercial
CO production facilities which range <0.5 MMsci/day
upwards to 20 MMsci/day.

[0051] Another aspect of the present invention includes
the ability to directly utilize flue gas as the CO, source for
CO production. The CO product from the electrochemical
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cell 1n this case will contain N, requiring removal to gen-
erate a bulk CO product. Due to the similarity between CO
and N, boiling points (-191.5° C. and -195.8° C., respec-
tively), cryogenic partial condensation cannot be used. To
remove CO from N,, a complex containing cuprous ammo-
nium salts of organic acids (CuAOC) 1s needed. CuAOCs

form complexes with CO as shown in Eq. 8.
[Cu(NH;),|"+CO+NH;(aq)—=[Cu(NH;);COJ|* Eq. 8

This type of process (FIGS. 3A and 3B) includes of an

absorber operating between 82-110 bar and 135-32° C. 1s
used to capture CO, where it 1s later released through
regeneration of the solution at 1 bar and 80° C.

[0052] FIG. 6 presents environmental control unit opera-
tions for treatment of flue gas generated by a coal-fired
power plant. Particulate removal has been assumed to have
already been completed. the present inventor will evaluate
integration of the proposed SOEC process upstream of the
flue gas desulturization (FGD) unit (Point-16), downstream
of the FGD unit (Point-21), and downstream of CO,, drying
unit (Point-22). Each location has 1ts own unique operating,
conditions and advantage/challenges as summarized 1n
Table 3.

[0053] Details of the present mnventor’s intermediate-tems-
perature SOEC-based CO, reuse process are described
above. The ability to utilize SOEC technology to electro-
chemically convert CO, 1into CO/O, or CO,/H,O nto syn-
gas/O, has been shown over recent years [F. Bidrawn, G.
Kim, G. Corre, J. T. S. Irvine, J. M. Vohs, and R. J. Gorte,
“Eihicient Reduction of CO2 1n a Solid Oxide Electrolyzer,”
FElectrochem. Solid-State Lett., vol. 11, no. 9, pp. B167-
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May 2017; and Pham, Wallman, and Glass, “Natural-Gas
Assisted Steam Electrolyzer,” U.S. Pat. No. 6,051,125].
However, challenges facing these applications are: (1) Large
applied potential and endothermic heat load (dH- 55
*283.7 kl/mol) associated with electrochemical reduction of
CO,; (2) expensive downstream gas-to-liquids conversion
technology needed to convert syngas into fuels; and (3)
single valuable product stream. Praxair has recently focused
on converting CO, mto CO utilizing a process based upon
theirr oxygen transport membrane (OTM) technology. To
partially alleviate potential/endothermic load 1ssues, CH,
was passed across the anode reducing endothermic heat load
by ~24rd and reducing potential required to initiate CO,
reduction [S. Allen, “Conversion of Waste CO, and Shale
Gas to High Value Chemicals.” July-2016; and J. A. Lane,
G. M. Chnstie, and D. P. Bonaquist, “Electrochemical
Carbon Monoxide Production,” U.S. Pat. No. 8,591,718
B2]. However, challenges associated with this process
include the high OTM operating temperature (850-1,000°
C.), generation of CO, emissions at the anode, and produc-
tion of a single valuable product stream (CO). Haldor
Topsoe (HT) 1s now offering a similar technology, named
eCOs™, which utilizes SOEC technology to generate on

demand CO as the single valuable product stream [H. T. A/S
(HQ), “Produce your own CO B’eCOs it’s betterleCOs|CO,
to COICO supplier|CO supplylCO onsite|lCO plant.” [On-
line]. Available: https://info.topsoe.com/ecos. [Accessed: 23
Jun. 2018]], though drawbacks with that technology exist, as
well.

TABLE 3

Inteoration Location Conditions and Advantases/Challenges

L.ocation

Pre-FGD
(16)

Post-FGD
(21)

CO- Product

(27)

B170, September 2008; L. Zhang, S. Hu, X. Zhu, and W.

Yang, “Electrochemical reduction of CO2 1n solid oxide
clectrolysis cells,” J. Energy Chem., vol. 26, no. 4, pp.
593-601, July 2017; Y. Xie, J. Xiao, D. Liu, J. L1y, and C.
Yang, “Flectrolysis of Carbon Dioxide m a Solid Oxide

Electrolyzer with Silver-Gadolintum-Doped Ceria Cath-
ode,” J. Electrochem. Soc., vol. 162, no. 4, pp. F397-F402,

January 20135; 7Z. Zhan, W. Kobsiriphat, J. R. Wilson, M.
Pillai, I. Kim, and S. A. Bamett, “Syngas Production By
Coelectrolysis of CO,/H,O: The Basis for a Renewable
Energy Cycle,” Energy Fuels, vol. 23, no. 6, pp. 3089-3096,
June 2009; A. Maeda, K. Watanabe, T. Araki, and M. Mori,
“Measurement and Numerical Simulation of Temperature
Distributions of a Micro-Tubular SOEC during H20/CO2
Co-Electrolysis,” ECS Trans., vol. 78, no. 1, pp. 3113-3121,

Operating Conditions

Comp: Flue gas
(~& vol % H-50)
Temp: 153° C.
Press: 1.1 bar

Comp: Flue gas
(~15 vol % H-,0)

Advantages

Lower H,O content

Better thermal integration
Will lower CO, capture

COsts

SO2 already captured

(some polishing may be

Challenges

Will require
SO,/H>0/05 removal
before CO- reduction
Will require SO,
removal

Will require H,O/0O,
removal before CO,

Temp: 56° C. necessary ). reduction
Press: 1.1 bar Will lower CO, capture Lower thermal
costs integration
Comp: CO5 No SO, processing Lower thermal
(~1.5 vol % H,0) needed integration
Temp: 30° C. Will offset CO, capture Utilizes already
Press: 2.0 bar costs captured CO,
[0054] The present mventor’s SOEC process advances

beyond these previous electrochemical CO, reduction con-
cepts by utilizing intermediate-temperature operation (650-
750° C.) and utilizing an mmnovative two cell design (FIG.
4B) which generates multiple valuable product streams.
Advancements the process include: (1) Intermediate tem-
perature operation allowing for selective conversion of C,H,
in WNG mixtures; (2) Two cell design which reduces CO,
reduction endothermic heat load by ~34™ and reduces
potential to mitiate CO, reduction; (3) Produces multiple
valuable product streams (CO, chemicals/Tuels, and PNG)
while generating little to no additional CO, emissions; and
(4) Synergistically addresses key energy sector challenges
including carbon capture costs and C,H, oversupply.



US 2024/0117505 Al

[0055] As shown 1n Table 2, these advancements yield
more favorable process economics in comparison to current
state-of-the-art CQO, reuse processes, increasing the likeli-
hood of a new successful CO, reuse technology.

[0056] Additionally, to address industry’s need for better
NGL management, and in another aspect of the present
invention, the present inventor developed a modular elec-
trogenerative oxidative dehydrogenation (e-ODH) process,
shown 1n FIG. 7, which directly converts NGLs contained in
WNG at the well-head mto fungible fuels and pipeline-
quality natural gas. In this process, NGLs contained in the
well head gas are selectively converted into alkenes and
byproduct electrical power using a solid oxide fuel cell
(SOFC) module, followed by upgrading of the alkenes into
gasoline range hydrocarbons and pipeline-quality natural
gas 1n an oligomerization reactor. The primary e-ODH (other
C-* alkanes are converted as well) and oligomerization
reactions are shown in Equations 9-11 and Equation 12,
respectively. The SOFC open cell potential (E) for Equation
11 at 700° C. with a feed containing 35 vol % ethane 1s 0.861
V.

Anode: C,HA40O,—C,H, +H,0O+2e— Eq. 9
Cathode: O,+4e—20,— Eq. 10
Overall: C;H+0.50,—C,H,+H,0 Eq. 11
Oligomerization: 4C-H,—CiH ¢ Eq. 12

[0057] Advantages offered by this e-ODH process include,

but are not limited to, the following: (1) Modular operation
at the well-head site providing a significantly lower capital
and operating cost compared to steam cracking and
advanced NGL conversion technologies; (2) Selectively
converts NGLs contained in well-head gas without need for
prior gas conditioning or separation and eliminating the need
for energy intensive cryogenic separation; (3) Produces
gasoline range hydrocarbons, pipeline-quality natural gas,
and electrical power as products; (4) Utilizes existing SOFC
and oligomerization reactor technology minimizing com-
mercial adoption and market entry risk, and (3) Alleviates
mid-stream gas separation capacity bottlenecks and reduces
gas flaring and associated CO, emissions from associated
gas.

TABLE 4

PNG Composition Specifications

Minimum Maximum
Component (mol %) (mol %)
Methane 75 None
Ethane None 10
Carbon None 3
Dioxide
Diluent None 5
Gases

[0058] Operating specifications for the e-ODH process
have been developed based upon natural gas pipeline com-
position specifications in conjunction with current ethane
separation costs charged by midstream processors such as
MarkWest Energy Partners, Kinder Morgan, Blue Racer
Midstream, etc. Performance specifications include e-ODH
conversion criteria (product selectivities and ethylene yield)
and anode overpotential. These properties assist in deter-
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mining the ability of the product to be sold as pipeline-
quality natural gas and overall operating costs for the
proposed separation/conversion scheme. The solid oxide
platform consists of a cathode-supported cell design com-
posed of commercially available SOFC cathode and elec-
trolyte materials. Dimensions for the cathode-supported cell
design consist of a cathode, electrolyte, and anode with
thicknesses of 500 ym, 20 um, and 50 um, respectively.
Properties (conductivities, overpotentials, etc.) for commer-
cially available cathode and electrolyte materials were used
[T. Tanim, D. J. Bayless, and J. P. Trembly, J. Power
Sources, vol. 245, pp. 986-997, January 2014]. Electro-
chemical stacks were assumed to consist of 120 cells, with
each cell possessing 1,000 cm” of active area operating at
0.75 A-cm . Select natural gas pipeline specifications are
shown in Table 4. Current ethane separation costs ($0.07/
gal) were used 1n the assessment.

[0059] Carbon selectivity for e-ODH products were deter-
mined to meet the maximum PNG ethane content specifi-
cation of 10 mol % for 1 MMsct of well-head natural gas
containing 20-35 mol % ethane/balance methane. It 1s
assumed all ethylene product will be removed from the
natural gas stream via downstream zeolite catalytic process-
ing to fuels/chemicals. Based upon specified operating con-
ditions approximately 8 electrochemical stacks would be
required to process 1 MMsct/day of well-head gas contain-
ing 35 mol % ethane. FIG. 8 presents both e-ODH product
selectivity and ethylene yield requirements for the process
based upon well-head gas ethane content. Ethylene selec-
tivity for the process 1s between 82-90%, based upon well-
head gas containing 20-35% ethane. As ethane content in
well-head gas increases, ethylene selectivity also increases
to ensure pipeline natural gas composition specifications are
met. This higher ethylene selectivity 1s used to control the
concentration of carbon oxide (CO and CO,) byproducts
from competing reaction to meet pipeline specifications for
these compounds. Ethylene yield requirements for the
e-ODH process were found not to be as stringent (0.25-0.
62), as ethane conversion requirements are limited due to a
maximum pipeline natural gas content of 10 mol %.

[0060] Power necessary to operate the proposed e-ODH
process 1s also a factor. To assess the maximum acceptable
anode overpotential, an existing SOFC model developed by
the present inventor was modified [T. Tanim, D. J. Bayless,
and J. P. Trembly, J. Power Sources, vol. 245, pp. 986-997,
January 2014; and T. Tanim, D. J. Bayless, and J. P. Trembly,
J. Power Sources, vol. 221, pp. 387-396, January 2013],
which equates ethane separation costs to the solid oxide
electrochemical cell power requirement (Equations 13-17),

(ESPYDF) = (ij)( Lar ](EP) Eq. 13
3600 s

—V = E = Taet — Hotm — Neone Eq. 14

Nact = Nanode — Neathode Eq. 15

Noim = (Pala + Pele + pelz) X Eq. 16

Teone = 0 Eq. 17

where ESP is the ethane separation cost ($0.07/gal), DF is
the discount factor (0.8), V 1s the fuel cell operating voltage,
I 1s the current associated with conversion of 1 gallon of
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cthane per second, EP 1s the electricity price (0.0676
$/kWh), E is the open cell potential at 700° C. with 35 mol

% ethane 1n the well-head gas (0.861 V), n are the activation
(anode and cathode), ohmic, and concentration overpoten-
tials respectively, p are the resistivity values for the anode,
clectrolyte, and cathode at 700° C., and I are the anode,
clectrolyte, and cathode thicknesses, respectively. Open cell
potential for the e-ODH cell was found to be 0.861 V. A cell
operating voltage of —-0.343 V was found, yielding an anode

overpotential of 0.740 V, with ohmic and cathode overpo-
tentials of 0.178 V and 0.286 V, respectively.

TABLE 5

Preliminary e-ODH Process
Techno-economic Study Results

Parameter Value

NGL feed rate 5 5
(MMsci/day)

NGL composition 65-CH, 80-CH,
(vol. %) 35-C5Hg 20-C5Hg
Fuel Utilization (%) 90 82
Capacity Factor 0.95 0.95
Total Installed Capital 9.2 9.2
(SMM)

Product (bbl/day) (bbl/day)
Gasoline 404 211
Expenses ($/day) ($/day)
Cost of Capital $9,754 $9,754
Electricity $2,200 $1,150
($0.0656/kWh)

Utilities $1,286 $1,286
Operating Labor $910 $910
Total Expenses $14,150 $13,100
RSP ($/gal) 0.833 1.47

[0061] The present inventor has developed an Aspen
Plus® simulation and completed a preliminary techno-
economic analysis of the proposed e-ODH process to take
into account the wide range of ethane content found across
operating hydrocarbon reservoirs and well lifetime. The
study was completed utilizing a well-head gas production
rate of 5 MMsci/d containing between 20-35 vol % ethane.
A keep-whole contract method was used for the ethane
processing, while a 3-year term at 10% APR was used for the
cost of capital. To simplily the SOFC module all NGLs were
modeled as ethane. The SOFC module was assumed to
operate between 82-90% percent fuel utilization (based upon
well-head gas ethane content and pipeline specifications)
with a cost of $3,000/kW. The e-ODH system was assumed
to operate electrolytically with an applied voltage of 0.343
V per cell (as derived above). Aspen Icarus was used to
develop capital costs for the other major equipment items
shown 1n FIG. 7. A summary of the techno-economic study
results 1s shown in Table 5. Total installed capital for the
e-ODH process 1s approximately $9.2 million, producing
between 211-404 BBIl/d of gasoline, consuming 0.73-1.40
MWe, and generating 3.43-4.17 MMscl/d of pipeline-qual-
ity natural gas. Utilities (catalyst replacement, cooling water,
etc.) were estimated from material balances and operating
labor based upon chemical engineering cost factors. The
required selling price (RSP) for the gasoline product was
found to range from 0.83-1.47 $/gal compared to current

C8H16 bulk pricing of 2.68 $/gal. A capital cost of $22.7-
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43.6 k/bbl-d was estimated. Under similar gas pricing,
capital costs for gas-to-liquid plants are $60-85 k/bbl-d,
indicating the e-ODH process potentially provides a signifi-
cant economic opportunity for liquids-rich shale and asso-
ciated gas producers.

EXAMPLES

Example 1

Electrochemical Conversion of CO, to CO

[0062] The present inventor has conducted laboratory tri-
als to demonstrate the ability to electrochemically reduce
CO, at intermediate temperature (750° C.). The SOEC
consisted of a scandia stabilized zirconia (SsSZ) membrane,
LSM/LSM-GDC anode for oxygen evolution, and cathode
made of a porous GDC scaflold with infiltrated Ni catalyst
(~40 wt %). FIG. 9 presents results using a N1-GDC cathode
for electrochemical CO, reduction. While operating at 0.5
A-cm-2 the unoptimized Ni-GDC electrode required an
applied potential of 1.7V. Further, at these conditions the
SOEC converted up to 10% of CO,, at a Faradic efliciency
of approximately 68%. These preliminary results when
compared to previous studies indicates an infiltrated catalyst
has great potential to improve electrochemical CO, reduc-
tion performance at intermediate temperatures [Y. Xie, J.
Xi1ao, D. Liu, J. Liu, and C. Yang, “FElectrolysis of Carbon
Dioxide 1n a Solid Oxide Electrolyzer with Silver-Gado-
limum-Doped Cenia Cathode,” J. Electrochem. Soc., vol.
162, no. 4, pp. F397-F402, January 2015; P. Kim-Lohsoon-

torn and J. Bae,

Electrochemical performance of solid
oxide electrolysis cell electrodes under high-temperature

coelectrolysis of steam and carbon dioxide,” Proc. 2010 Eur.
Solid Oxide Fuel Cell Forum, vol. 196, no. 17, pp. 7161-

7168, September 2011; and L. Zhang, S. Hu, X. Zhu, and W.
Yang, “Electrochemical reduction of CO, 1n solid oxide

clectrolysis cells,” J. Energy Chem., vol. 26, no. 4, pp.
593-601, July 2017].

[0063] Recent first principles studies of high temperature
SOEC CO, electrolysis at 700° C. indicate Ru, Co, and N1
are the best suited transition metals for this application, with
Co possessing the best balance between electrolysis rate and
oxygen binding energy at its surface [X.-K. Gu, I. S. A.
Carneiro, and E. Nikolla, “First-Principles Study of High
Temperature CO2 FElectrolysis on Transition Metal Electro-
catalysts,” Ind. Eng. Chem. Res., vol. 36, no. 21, pp.
6155-6163, May 2017]. The study showed Co’s hexagonal
closed packed (HCP) crystal structure 1s an 1deal candidate
tfor CO, electrolysis. Another innovation of the present
invention 1s to develop Co—Ni alloy electrocatalyst for CO,
reduction as such alloys can form HCP crystal structures to
reduce required applied potential and 1mprove overall pro-
cess performance [M. Spasojevic, L. Ribic-Zelenovic, and
A. Maricic, “The Phase Structure and Morphology of Elec-
trodeposited Nickel-Cobalt Alloy Powders,” Sci. Sinter., vol.
43, no. 3, pp. 313-326, December 2011]. Maintaining HCP
metal crystal structure at typical SOEC operating conditions
1s diflicult as the metal naturally transitions to the face
centered cubic (FCC) structure. However, researchers have
shown HCP Co-based nanoparticles can be formed and can
maintain their structure at temperatures up to 700° C. This
1s possible when using CO as the reducing gas, causing Co
particles to be coated by a graphitic layer which decreases
the Co’s surface energy, inhibiting phase change [V. A. de la
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Pena O’Shea, P. Ramirez de la Piscina, N. Horns, GG. Aromi,
and J. L. G. Fierro, “Development of Hexagonal Closed-
Packed Cobalt Nanoparticles Stable at High Temperature,”
Chem. Mater., vol. 21, no. 23, pp. 5637-5643, December
2009]. As the ability to electrocatalytically reduce CO, using
a cathode infiltrated with Ni-based catalyst has been shown
(FIG. 9), the present inventor improves CO, reduction
overpotential at intermediate temperature (650-750° C.) by
incorporating infiltrated Co—Ni alloys with HCP structure,
which are stabilized utilizing CO-based reduction method-
ologies.

Example 2
[0064] e-ODH of Ethane
[0065] The present mnventor has been developing e-ODH

clectrocatalysts for the selective conversion of C,H, to C,H,
in a natural gas matrix. A thorough literature review showed
that lanthanum strontium 1ron—Lal-xSrxO3-06 (LSF) per-
ovskites possesses promising stability and high C,H_ selec-
tivity 1n a reducing environment. FIG. 10 (in conjunction
with Table 6, below) shows XRD data for several LSF
catalysts synthesized by the present inventor and their
associated oxygen deficiency (0) determined using thermal
gravimetric analysis. Comparing the XRD spectra with
literature showed the present inventor’s synthesis method 1s
able to successiully produce single phase perovskites and
the catalyst materials possess oxygen vacancies necessary
for conducting oxide ions (O*") generated from CO, reduc-
tion, to complete oxidative dehydrogenation of C,H,.

TABLE 6

Oxygen

Vacancy
Sample (%) 0 Formula
LSFO 0.54 0.082 LaFeO; g 2o
LSFO.1 0.9 0.133 LagoSrg 1FeO5 6 (33
LSFO.2 1.3% 0.199 Lag gSrg,Fe03 6 100
LSFO.3 1.61 0.230 Lag 751g3Fe03 530
LSFO.4 1.97 0.293 Lag g51g 45203 6903
LSFO.5 2.55 0.340 Lag 5515 5503 6 346
LSFO.6 3.58 0.474 Lag 451g FeO3 0474
LSFO.7 4.88 0.631 Lagy5r0.7FeO3 6631
LSFO.8 4.42 0.549 Lag51r0.8Fe03 ¢ 540
LSFO.9 5.33 0.656 La, (S10.9FeO3 g 656
LSEF 1 3.65 0.438 SrbeO; g 43g

[0066] LSFO0.9 (with the greatest oxygen vacancy) was
selected for the present inventor’s mnitial e-ODH tests. The
first button cells for electrochemical tests were made with an
LSM/LSM-GDC cathode, commercial ScSZ membrane, and
pure LSF0.9 catalyst screen printed anode. Initial results
with this anode were poor, likely due to an insuflicient triple
phase boundary at the anode/membrane interface. To
improve performance, the LSF0.9 catalyst was mixed with
GDC (50/50 mass ratio) and screen printed on the same
membrane/cathode combination. FIG. 11A presents an
SEM/EDS cross-sectional analysis of the present inventor’s
LSFO0.9/GDC anode, along with measured total electrical
conductivity data for select LSF catalysts. The cross-section
image shows good mixing between LSF0.9 and GDC with
suilicient adherence to the electrolyte. The target total elec-
trical conductivities for anodes material in SOFC reported in
the literature 1s 100 S/cm with the lowest limit being 1 S/cm
[J. W. Fergus, “Oxide anode materials for solid oxide fuel

cells,” Solid State lon., vol. 177, no. 17, pp. 1529-1541, July
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2006]. This fuel cell was mounted to a specially designed
alumina test fixture which minimized gas residence time
(FIG. 12B), thereby minimizing thermal cracking of C,H,
allowing for e-ODH performance to be determined. e-ODH
results with the LSF0.9-GDC anode are shown 1n FIG. 12A.
The results reported here have been corrected for the limited
thermal cracking associated with the system. To achieve
these current densities the cell was operated electrolytically
applying up to 2 V as neither electrode 1s optimized.
Preliminary results with LSFO0.9 electrocatalyst show prom-
1ising C,H, selectivity of nearly 80%, compared to thermal
cracking conversion and selectivity of 2% and 57.5%,
respectively.

[0067] An mnovation proposed by the present inventor 1s
to selectively complete e-ODH of C,H, 1n WNG with
limited CH, conversion. By operating the e-ODH cell at
intermediate temperature (650-750° C.), selective C,H con-
version in a CH, matrix 1s feasible due to C,H.’ s signifi-
cantly higher activity at these temperatures in comparison to
CH, [M. Younessi-Sinaki, E. A. Matida, and F. Hamdullah-
pur, “Kinetic model of homogeneous thermal decomposition
of methane and ethane,” Int. J. Hvdrog. Energy, vol. 34, no.
9, pp. 3710-3716, May 2009; Y. Hidaka, K. Sato, Y. Henmiu,
H. Tanaka, and K. Inami, “Shock-tube and modeling study
of methane pyrolysis and oxidation,” Combust. Flame, vol.
118, no. 3, pp. 340-358, August 1999; and Y. Hidaka et al.,
“Shock-tube and modeling study of ethane pyrolysis and
oxidation,” Combust. Flame, vol. 120, no. 3, pp. 245-264,
February 2000]. And so, an aspect of the present invention
1s to develop an e-ODH anode to have high C,H, activity at
intermediate temperature with C,H, selectivity >90% and
low overpotential. These goals are feasible based upon the
encouraging preliminary experimental results already
obtained by the present mventor. When considering direct
utilization of flue gas as the CO, source, the impact of SO,
must be considered as metal catalysts such as Co and Ni are
prone to SO, poisoning. A DRIFT study on Co and N1 metals
and alloys showed the consumption of OH— functional
groups on the metals to form sulfates. Interestingly, both
pure Co and Co—Ni1 alloy with higher Co content were

found to be more resistant to SO, poisoning than pure N1 and
higher N1 content alloy [F. J. P. Gomez, “MECHANISM OF

SULFUR POISONING BY H2S AND SO2 OF NICKEL
AND COBALT BASED CATALYSTS FOR DRY
REFORMING OF METHANE.” March-2016]. Further con-
version of alkenes to chemicals/fuels 1s an eflicient and well
documented process with technology packages offered by
several catalyst manufacturers [A. Hwang et al., “Low
Temperature Oligomerization of Ethylene over N1/Al-KIT-6
Catalysts,” Catal. Lett., vol. 147, no. 6, pp. 1303-1314, June
2017; R. D. Andre1, M. 1. Popa, F. Fajula, and V. Hulea,
“Heterogeneous oligomerization of ethylene over highly
active and stable N1—AISBA-15 mesoporous catalysts,” J.
Catal., vol. 323, pp. 76-84, March 2015; B. H. Babu, M.
Lee, D. W. Hwang, Y. Kim, and H.-J. Chae, “An integrated
process for production of jet-fuel range olefins from ethyl-
ene using N1—AISBA-15 and Amberlyst-35 catalysts,”
Appl. Catal. Gen., vol. 530, pp. 48-55, January 2017; S.
Moon, H.-J. Chae, and M. B. Park, “Oligomerization of light
olefins over ZSM-5 and beta zeolite catalysts by moditying
textural properties,” Appl. Catal. Gen., vol. 353, pp. 13-23,
2018; S. Lin et al., “Tuming the pore structure of plug-
containing Al-SBA-15 by post-treatment and 1ts selectivity
for C,, olefin in ethylene oligomerization,” Microporous
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Mesoporous Mater., vol. 184, pp. 151-161, January 2014;
and S. Moussa, M. A. Arribas, P. Concepcion, and A.
Martinez, “Heterogeneous oligomerization of ethylene to
liquids on bifunctional Ni-based catalysts: The intluence of

support properties on nickel speciation and catalytic perfor-
mance,” Sel. Pap. 6th Czech-Ital. -Span. Conf. Mol. Sieves

Catal. Amantea Italy Jun. 14 17, 2015, vol. 277, pp. 78-88,
November 2016].

Example 3

[0068] Industrial CO production 1s an energy intensive
process due to the highly endothermic steam-methane reac-
tion (SMR) used to generate H,/CO and the necessary
cryogenic (cold box) process to separate CO from H,.
Studies estimating CO, emissions associated with SMR-
based H, production are plentiful with a reported range of
0.71-12 kg CO2/kg H, [F. Suleman, I. Dincer, and M.
Agelin-Chaab, “Comparative impact assessment study of
vartous hydrogen production methods 1 terms of emis-
siomns,” Spec. Issue Prog. Hydrog. Prod. Appl. ICH2P-2015
3-6 May 2015 Oshawa Ont. Can., vol. 41, no. 19, pp.
8364-83775, May 2016; X. Dong, J. Trembly, and D. Bayless,
“Techno-economic analysis of hydraulic fracking flowback
and produced water treatment 1n supercritical water reactor,”
Energy, vol. 133, pp. 777-783, August 2017; E. Cetinkaya,
I. Dincer, and G. F. Naterer, “Life cycle assessment of
various hydrogen production methods,” 2010 AIChE Annu.
Meet. Top. Conf. Hydrog. Prod. Storage Spec. Issue, vol. 37,
no. 3, pp. 2071-2080, February 2012; and Y. Khojasteh
Salkuyeh, B. A. Saville, and H. L. MacLean, “lTechno-
economic analysis and life cycle assessment of hydrogen
production from natural gas using current and emerging
technologies,” Int. J. Hydrog. Energy, vol. 42, no. 30, pp.
18894-18909, July 2017]. CO, emissions associated with
CO production are not readily reported; however, the H, and
CO cogeneration molar ratio of 3:1 (H,:CO) was used to
estimate CO production emissions as 2.1-2.6 kg CO,-kg-1
CO. Smmilarly, a recent lifecycle assessment of shale gas
processing estimates CO,, associated with C,H, separation
of 0.5 kg CO,-kg—1 C,H, separated [M. Yang, X. Tian, and
F. You, “Manufacturing Fthylene from Wet Shale Gas and
Biomass: Comparative Technoeconomic Analysis and Envi-
ronmental Life Cycle Assessment,” Ind. Eng. Chem. Res.,
vol. 57, no. 17, pp. 5980-3998, May 2018]. Lifecycle
greenhouse gas reduction potential of the present inventor’s
process has been estimated utilizing selectivity information
from preliminary e-ODH testing along with Aspen Plus
simulation results. For this study, only CO, consumption/
emissions associated with the proposed SOEC stack were
taken 1nto account. Further emissions may be possible from
downstream oligomerization of C** alkene intermediates. A
summary of daily energy and CO, balances for the proposed
process along with greenhouse gas emissions estimations for
the products are provided 1n Table 7. To maximize carbon
reduction potential, renewable power sources (wind or solar)
were assumed as the source for electrical power. CO,

emissions associated with CO and C,.H, separation for the
process were 0.22 kg CO,-kg-1 CO and 0.11 kg CO,-kg-1
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C,H, indicating significant potential for the proposed pro-
cess to reduce CO, emissions associated with these two
important industrial sectors.

TABLE 7

Prelimimmary Lifecycle Greenhouse Gas Estimates

Energy Balance  CO, Reduction 643 MWh
Joule Gas Heating 288 MWh
Thermal Losses 93.1 MWh
CO-, Emissions CO, Consumed 457,591 kg
CO, Generated from 66,423 kg
e-ODH
CO, Emuitted from 0
Electricity Generation
Net CO, Emitted -391,159 kg

Product CO 0.22 kg CO»/kg CO

Emissions

Greenhouse Gas  Ethane Separation

0.11 kg CO,/kg C,H,

Example 4

[0069] The U.S. DOE-NETL’s Carbon Use and Reuse
program portiolio contains several projects focusing on
ambient and high temperature CO,, conversion pathways.
Ambient temperature CO, conversion pathways include
biotic (algae) and abiotic (catalytic) methods, which have
potential to yield valuable end products. Water and nutrient
management around algae-based systems can prove diflicult
to manage, while precious metal-based catalysts and aque-
ous oxygenate product slate (methanol, formic acid, etc.) are
costly to separate yielding high capital/operating costs. High
temperature pathways are a promising method for convert-
ing CO, 1nto valuable materials, as the elevated temperature
relaxes bonding between C and O allowing for easier
conversion. Table 8 provides a summary of high temperature
CO, conversion technology features associated with current
or recently completed projects supported the U.S. DOE. In
addition, HT recently began offering the eCOs™ on demand
CO process, which utilizes SOEC technology based upon
clectrochemical CO, reduction (CO2—CQ0O+0.502). HT
reports electrical power demand of 170-227 MWh per 1
MMsct CO produced [P. Kim-Lohsoontorn and J. Bae,
“Flectrochemical performance of solid oxide electrolysis

cell electrodes under high-temperature coelectrolysis of
steam and carbon dioxide,” Proc. 2010 Eur Solid Oxide

Fuel Cell Forum, vol. 196, no. 17, pp. 7161-7168, Septem-
ber 2011]. DE-FE0029570 and DE-FE0030678 are both
challenged by their requirement of pure hydrocarbon reac-
tant feedstock, increasing operating costs, and competition
with existing processes yielding the same products (C,H,
and C,H,O). DE-FE0004329 requires an upiront ASU to
reduce CO product separation complexity. Conversely, DE-
EE0005766 and HT’s eCOs™ generate only a single valu-
able CO product stream from the electrochemical reduction

of CQO.,,.
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TABLE 8

Current/Recent High Temperature CO2 Conversion Projects

Project

Conversion of Waste CO, and Shale Gas to
High Value Chemicals [DE-EEO005766]

Low Temperature Process Utilizing Nano-
Engineered Catalyst for Olefin Production from
Coal Derived Flue Gas [DE-FE0029570]

Novel Catalysts Process Technology for
Utilization of CO2 for Ethylene Oxide and

Propylene Oxide [DE-FEO030678]

Conversion of CO2 into Commercial Materials

Technology Features

High-temperature SOEC (~875° C.) to convert CO, to CO.

Uses Ni-GDC cathode to reduce nearly pure CO, stream.
Generates single value-added CO product stream.
Combusts CH, to CO-/H,0 at anode to partially supplant
CO, reduction endothermuicity.

Utilizes heterogeneous fixed-bed ODH catalyst to convert
C,H, to C5H, using CO- as oXygen source.

Operates from 450-650° C. at 1 atm.

Requires pure C,H, feedstock.

Generates complex product mixture requiring significant
separation train to generate C,H,.

Utilizes fluidizable oxygen carrier to extract oxygen from
CO, and oxidize C,H, to C;H,O.

Produces separate CO-/CO and C>H,/C,H,O streams.
Requires pure ethylene feedstock.

Utilizes transport reactor with fossil/biomass based-char
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Using Carbon Feedstocks [DE-FEO004329]
reaction.

and O, to reduce CO- to CO via reverse Boudarad

Operates at 800-900° C. at 1 atm.
Requires upfront air separation unit (ASU) to generate O,.

[0070] The present inventor’s process 1s both distinctive
and a logical progression from these previous eflorts as the
process: (1) Cogenerates CO and chemicals/fuels as valu-
able products, reducing process market sensitivity associ-
ated with a single product stream; (2) Oflers greater thermal
integration through use of the e-ODH reaction over existing
CO, SOEC offerings; (3) Utilizes C,H, contained 1n WNG,
removing the need for uptront C,H or olefin separation; and
(4) Easily separated CO (amine scrubbing) and alkene
(oligomerization) products.

[0071] These mnovations are possible by operating the
SOEC process at intermediate temperature (650-750° C.),
which allows for the selective conversion of C,H, 1n the
more stable CH, matrix. To enable operation of this process,
high performance CO, reduction cathode and e-ODH anode
using transition metal-metal oxide-based catalysts respec-
tively, which operate at intermediate temperatures, are
developed. Research planned to progress the proposed tech-
nology beyond previous studies 1s discussed in Example 3

(below).

[0072] The proposed scope of work includes laboratory
testing to develop electrodes for cost effective conversion of
CO, and C,H, contained in WNG 1nto valuable products and
process simulation/modeling to estimate overall process
costs and ability to integrate directly with coal-fired power
plant flue gas. Details regarding the planned tests including
material matrices, variables/levels, trial lengths, analytical
methods, and gas compositions to be used may be found in
the part “A” description of Example 5. The plan for evalu-
ating eflectiveness of the proposed technology may be found
in the part “B” description of Example 5.

Example 5

[0073] The overall objective of this project 1s to develop a
process which simultaneously converts CO, and NGLs
(mainly C,H,) in wet natural gas (WNG) 1nto valuable CO
and chemicals/fuels respectively, using electrical energy.
The primary objective of Phase I 1s to 1dentily an interme-
diate temperature solid oxide electrolyzer cell (SOEC) pro-
cess configuration that offers the techmical feasibility of

producing CO and removing C.H, from WNG at costs
equivalent to current commercial processes, with significant
reduction 1n lifecycle CO, emissions over conventional
processes. A secondary objective will be to evaluate the
potential integration of the proposed process into a coal-fired
power plant tacility for direct utilization of CO, containing
flue gas to match current commercial CO production and
NGL separation costs.

[0074] The proposed project eflorts focus on evaluating
the technical feasibility of utilizing an intermediate tempera-
ture SOEC process to simultaneously convert CO, and C,H,
in WNG mto CO and chemicals/Tuels, respectively. These
cllorts include both experimental and process modeling/
simulation components. The experimental effort seeks to
develop high performance CO, reduction cathode and
¢-ODH anode using button cell laboratory tests yielding
SOEC designs with feasible costs. The process modeling/
simulation effort will evaluate proposed process economics
associated with CO production and NGL separation costs
utilizing captured CO, and flue gas streams. Furthermore,
process simulations will be used to assess lifecycle CO,
emissions associated with the proposed process.

A. Intermediate Temperature Solid Oxide Electrolysis Cell
Development

[0075] Here, the present inventor will focus on developing
intermediate temperature (650-750° C.) CO, reduction and
NGL oxidation electrodes using transition metals (Co and
Ni1) as the reduction catalysts and lanthanum strontium
iron—Lal-xSrxO3-60 (LSF) perovskites as the oxidation
catalysts. Laboratory button cell tests will be completed 1n
the present inventor’s existing SOFC R&D laboratory. To
ensure quality/repeatability of the experimental efforts, com-
mercial scandia doped zircomia-based electrolyte mem-
branes (ScSZ—supplied by Nexceris) will be used for all
experimental trials. In this eflort, the present inventor will
utilize gadolimmum doped cena [Gd0.10Ce0.9001.95
(GDC)—supplied by Nexceris] as the porous triple phase
boundary scaflold with subsequent catalyst infiltration for
both the cathode and anode. To allow for rapid material
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development/screeming, both the CO, and NGL electrode
development tests will initially focus on their corresponding
reduction and oxidation chemistry (as shown 1n Equations
18 to 21) while the counter reaction will be a performed by
the same electrode system (consisting of (LLa0.805r0.20)0.
05Mn0O3-X (LSM) and LSM-GDC interlayer). The best
cathode and anode catalyst materials and electrode structure
with optimized synthesis techniques and operating condi-
tions will be used i1n the final combined electrocatalyst
screening tests.

CO, Reduction Cathode: CO5+2¢™—=CO+0,~ Eq. 18
CO2 Reduction Anode: 207" —=0,+4e" Eq. 19
NGL Oxidation Cathode: 1/20,42e —=0*" Eq. 20
NGL Oxidation Anode: C,HA4+0*"—C,H,+H,0+2¢e" Eq. 21

1. CO, Reduction Cathode Development

[0076] Catalyst Synthesis—Infiltration and Reduction
Analysis: Porous GDC scaflold will be prepared by screen
printing GDC ink containing pore former (90 wt. % GDC &
10 wt. % graphite in c-terpeniol) onto commercial ScSZ
membranes (@: 2.5 cm, ~150 um thick). The screen-printed
clectrolyte sintered at 1350° C. produces a well adhered
porous GDC layer (due to pore former decomposition) with
suilicient porosity to allow maximum penetration of catalyst
infiltration solution. Then, the CO, reduction catalyst (Co—
N1) precursor solution will be infiltrated into the porous
GDC scaflold using a microsyringe to produce the catalyst
infiltrated GDC electrode. The 1 M Co—Ni precursor solu-
tion (total moles of metal 10ns) will be prepared using
Co(NO,),-6H,0 and N1(NO, ), -6H,O dissolved 1n deionized
water with appropriate amounts of citric acid and surfactant.
Several Co—Ni1 alloy (with Co content ranging from 0-100
wt. %, 1n 20 wt. % 1ncrements) precursor solutions will be
prepared and infiltrated on the GDC scaflold. The addition
of citric acid to Co—Ni1 precursor solutions (1:0.33-1.0,
moles metal 10ns: moles citric acid) to aid alloy formation
and surfactant (Triton™, sodium dodecylbenzenesulionate,
and sodium dodecyl sulfate) to improve metal precursor
penetration will also be studied.

[0077] One innovation to be evaluated in this study 1s the
ability to stabilize Co-containing HCP structures, which
have theoretically been shown to be more active for elec-
trochemical CO, reduction (Methodology used to achieve
the desired HCP N1—Co alloy catalyst for CO, reduction
cathode 1s shown 1n FIG. 13). The infiltrated GDC electrode
with the alloy precursor mitrates will be allowed to decom-
pose under a reducing environment (CO, H,/CO, and H,) to
form the desired HCP structure Ni—Co alloy at 400° C. and
prevent bulk metal oxide formation. A briel treatment in
dilute O, may be needed to form a thin oxide scale to avoid
any pyrophoric reaction. The electrode 1s then weighed and
the infiltration/drying process repeated until the desired
catalyst metal content 1s achieved. X-ray diffraction (XRD,
PanAnalytical X’ pert Pro) will be used to i1dentify phase
formation of the alloy infiltrate after calcination. Scanning
clectron microscopy with energy-dispersive X-ray spec-
trometer attachment (SEM JEOL JSM-6390/Quantax 400 w.
Xtlash 6) will be used to explore the electrode active layer
microstructure prior to and after alloy infiltration to evaluate
infiltrate coverage and penetration. The impact of final
sintering reduction temperature (650-750° C.) and reducing
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gas composition (3-100 vol. % CO, balance N,) on the
Co-based alloy will be mvestigated to determine the oper-
ating conditions for electrocatalyst screening tests. Samples
will be sintered at the final temperature for 1-3 hr and cooled
to room temperature while maimntaining the reducing gas
environment and later analyzed using SEM and XRD to
identify catalyst morphology and crystal structure, respec-
tively. To expedite these analyses, several infiltrated GDC
pellets will be tested simultaneously 1n an atmosphere-
controlled quartz tube placed 1n a temperature-controlled
furnace. High temperature reduction conditions which estab-
lish HCP-Co structure will be selected for further screening
tests described below.

[0078] Catalyst Oxidation Analyses: Pure CO, 1s known to

cause oxidation of Co and Ni at mtermediate operating
temperatures, thermal gravimetric analysis (TGA) will be
performed to determine the CO content necessary to prevent
oxidation of Co—Ni alloys. Co—Ni alloyed GDC electrode
with HCP structure obtained from the synthesis and reduc-
tion step will be ground to powder and tested via TGA.
Carbon deposition rates will be established from 650-750°
C., Tollowed by identification of the ilet gas CO content
(vol. %) necessary to prevent carbon deposition over the
operating temperature range. The inlet gas CO content
determined to prevent carbon deposition will then be used 1n
the electrochemical experiments described below.

[0079] CO, Reduction Cathode Cell Preparation, Assem-

bly, and Testing: The CO, reduction electrode development
cell configuration will be as follows Co—Nv/
GDCIScSZILSM-GDCILSM and will be prepared as shown
in FIG. 14. The porous GDC cathode scafiold will be
prepared by screen printing the GDC 1nk containing pore
formers on the ScSz membrane and sintered at 1350° C. 1n
air. Then, an Au rning electrode (reference) will be screen
printed around the GDC layer to allow cathode overpotential
to be determined during testing. Next, commercial LSM-
GDC and LSM inks will be screen printed and sintered at
1100° C. 1n air to form the CO,, reduction anode electrode for
O°~ recombination. Finally, the Co—Ni alloy infiltrate with
optimized synthesis conditions will be infiltrated on the
GDC scaflold. Current collectors and potential probes for
the working, counter, and reference electrodes will be added
to the CO, reduction anode button cell. The button cell
assembly will be sealed (using glass seal) to an existing
alumina test assembly designed to minimize gas residence
time for rapid establishment of steady state product compo-
sition.

[0080] Co-based Electrocatalyst Screening Tests: The CO,
reduction anode button cell assembly will be placed into a
temperature-controlled furnace and the performance of Co-
containing electrocatalysts will be determined using a CO./
CO atmosphere at the cathode and air at the anode. Mass
flow controllers (MFCs) will be used to control both the
cathode and anode gas flows. Initial electrocatalyst screen-
ing trials will be conducted at low fuel utilizations (<5%) to
prevent mass transier impacts. The cells will be operated in
CO, electrolysis mode using galvanostatic conditions. Elec-
trocatalyst performance (HCP Co—Ni alloys) with loading
(10, 25, 50 wt. %), operating temperature (650, 700, and
750° C.), and current density (0-1.0 A-cm-2; 0.2 A-cm™
increments) will be determined. A Gamry 5000E Poten-
tiostat/Galvanostat/ZR A will be used to conduct galvanos-
tatic and electrochemical impedance spectroscopy (EIS)
tests. Current interrupt testing (CIT) will be used 1n con-
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junction with the reference electrode to determine CO,
reduction electrokinetics. An Inficon micro-GC will be used
to analyze cathode product composition. Additional Co—Ni
compositions may be evaluated based upon screening
results. Results from the trials will be used for down-
selection of Co—Ni catalyst composition to determine elec-
trochemical performance in flue gas atmosphere and long-
term performance 1n CO.,.

[0081] Flue Gas and Long-term Electrocatalyst Perfor-
mance Testing: Another immnovation of the process 1s 1its
ability to potentially utilize flue gas as a CO,, source, thereby,
decreasing power plant carbon capture costs. Further, the
proposed stack design could potentially offer the ability to
first utilize O, contained 1n flue gas as an oxygen source
(instead of air) for the second cell, making the flue gas
adaptable tfor electrochemical CO, reduction with reduced
O, partial pressure. An understanding of flue gas compo-
nents (N,, O,, NO,, SO,) on electrocatalyst performance
will be developed to determine necessary upiront flue gas
conditioning. In these trials, the impact of flue gas compo-
nents on the down-selection of Co-based electrocatalyst
composition(s) will be determined. The wet and dry flue gas
component ranges to be mvestigated are shown 1n Table 9.
Further long-term performance (300 hr) of the down-se-
lected Co-based electrocatalyst composition(s) will be deter-
mined for the CO,/CO composition used in electrocatalyst
screening tests. The possible impact of flue gas components
on commercial LSM/LSM-GDC cathodes will also be inves-
tigated. Data generated from these tests will be used in part
“B” of this Example 5 to develop stack design/power
requirements and process configuration(s) which directly
utilizes flue gas from coal-fired power plant.

TABLE 9

Electrochemical CO, Reduction Flue
(7as Testing Composition Range.

Component Composition Range
CO, 10-12 vol. % (wet);
12.5-14.5 vol. % (dry)
H->0 0-23 vol. %
O, 2-5 vol. % (wet);
5-7 vol. % (dry)
NO, 150-250 ppmv (wet);
230-410 ppmv (dry)
SO_ 10-200 ppmv (wet);
12-250 ppmv (dry)
N, Balance

2. e-ODH Anode Development

[0082] e-ODH Cell Fabrication: In this subtask, the pres-
ent inventor will develop an e-ODH anode for selective
conversion of C,H, to alkene 1n a natural gas matrix. The
¢-ODH anode button cell design and fabrication will be
similar to the one described above. The ScSZ membrane
¢-ODH anode button cell will consist of a porous GDC
scallold with LSF infiltrate catalyst as anode and an Au ring

electrode as the reference electrode, while LSM/LSM-GDC
will act as the e-ODH cathode. The e-ODH anode develop-

ment cell configuration will be as follows LSF-
GDCIScSZILSM-GDCILSM and will be prepared as shown

in FIG. 15. The LSF precursor solution will be prepared
using La(NO,);-6H,O, Fe(NO,);-9H,0, and Sr(NO,), dis-
solved deionized water with optimized amounts of citric
acid and surfactants and NaOH to aclhieve a pH of 5 to

12

Apr. 11,2024

achieve single phase LSF perovskite. The filtrated GDC
scallold will be dried at 300° C., weighed, and the infiltra-
tion/drying steps will be repeated to achieve desired load-
ings ranging between 20-40 wt. % LSF. The surface mor-
phology and crystal structure of the LSF infiltrated GDC
clectrode will be characterized using XRD and SEM and the
¢-ODH button cell will be assembled as explained 1n subpart
“1” to part “A” of this Example 5.

[0083] ¢-ODH Electrocatalyst Screening Tests: The button
cell assembly will be placed into a temperature-controlled
furnace and performance of LSF electrocatalysts will be
determined using WNG atmosphere at the anode and air at
the cathode. Both the anode and cathode flowrates will be
controlled using MFCs. Initial electrocatalyst screening tri-
als will be conducted at low fuel utilizations (<5%) to
circumvent mass transier limitations and the anode gas
composition range to be mvestigated 1s shown in Table 10.
Electrocatalyst performance (La Sr, FeO,; x=0-1 in 0.2
increments) with loading (25 and 50 wt. %), operating
temperature (650, 700, and 750° C., and current density
(0-1.0 A-cm™~; 0.2 A-cm™~ increments) will be determined.
The electrochemical and gas output analysis for the e-ODH
anode button cells will be evaluated similar to CO,, reduction
cathode button cells as explained 1n subpart “1” to part “A”
of this Example 5. Halide incorporation 1n perovskites have
shown to significantly improve alkene selectivity. Therefore,
the LSF catalysts 1dentified with best performance will be
evaluated with halide addition for alkene selectivity and
long-term performance tests (300 hr) will also be performed
for all high-performance catalysts.

TABL.

L1l

10

Electrochemical e-ODH WNG
Testing Composition Range.

Component Composition Range
CH, 76-89 vol. %
C,Hg 10-20 vol. %
C;Hg 0-3 vol. %
N5 1.0 vol. %

[0084] Combined CO, Cathode and e-ODH Anode
Assembly and Testing: The best performing CO, reduction
and e-ODH oxidation electrocatalysts will be used to
assemble the combined CO, cathode and e-ODH anode
button cell. The porous GDC scafiold 1s first produced on
both sides of the ScSz membrane and sintered at 1350° C.
in air followed by the infiltration of e-ODH catalyst (LSF)
on the anode side and subsequent sintering at 1100° C. 1n atr.
Finally, the CO, reduction catalyst (N1—Co alloy) 1s 1nfil-
trated on the cathode side. The combined catalyst button cell
1s assembled with a cell configuration of Co—Ni-
GDCIScSZILSF-GDC and sintered 1in reducing environment
at cathode to complete the HCP N1—Co alloy formation and
tested similar to CO,, cathode and e-ODH anode button cells.
Data generated from this subtask will be used in part “B” of
this Example 5 to evaluate stack design/power requirements
and necessary processing for down-stream alkene conver-
S1011.

B. Process Simulation/Modeling and Techno-Economic
Studies

[0085] Here, Aspen Plus simulation package will be used
to 1nvestigate the process configuration required in the
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proposed process where electrical power 1s used to simul-
taneously convert CO, into CO and selectively remove C,H,
from WNG. Some goals for evaluating process configura-
tions will be to maximize CO.,, conversion, minimize elec-
trical power consumption, and optimize heat integration. the
present inventor will modily previously reported electro-
chemical models for solid oxide fuel cells to design and
evaluate the operation of the dual cell configuration. As the
experimental data from part “A” of this Example 5 becomes
available, the Aspen models will be modified as necessary to
more accurately reflect the experimental data. Process eco-
nomics for several configurations will be evaluated to estab-
lish the net cost of the CO and chemical/tfuel products and
to 1dentily key factors that can be used to further reduce cost.
Integration of the proposed process to directly utilize flue
gas as the CO, source will be studied along with the impact
on product costs. In addition, CO, emissions lifecycle analy-
ses will be perfonned to assess CO, emissions for the
proposed process 1n comparison to ex1st1ng conventional CO
production and ethane separation technologies. DOE/NETL
quality guidelines for energy system studies will be used to
ensure that the results from this eflort are consistent with
similar studies being sponsored by DOE/NETL. The process
economics will be used to define the optimal process con-
figuration for the proposed CO, conversion process.

Example 6

[0086] The present inventor has been developing e-ODH
electrocatalysts for the selective conversion of C,H, to C,H,
in a natural gas matrix. A thorough literature review showed
lanthanum strontium 1ron—Lal-xSrx03-0 (LSF) perov-
skites possess promising stability and high C,H, selectivity
in a reducing environment. FIG. 10 shows XRD data for
several LSF catalysts synthesized by the present inventor
and their associated oxygen deficiency (0) determined using
thermal gravimetric analysis. Comparing the XRD spectra
with literature showed the present inventor’s synthesis
method 1s able to successiully produce single phase perov-
skites and the catalyst materials possess oxygen vacancies
necessary for conducting oxide ions (O°") for reaction with
C,H..

[0087] LSFO.9 (with the greatest oxygen vacancy) was
selected for the present inventor’s mnitial e-ODH tests. The
first button cells for electrochemical tests were made with an
LSM/LSM-GDC cathode, commercial ScSZ membrane, and
pure LSF0.9 catalyst screen printed anode. Imitial results
with this anode were poor, likely due to an insuflicient triple
phase boundary at the anode/membrane interface. To
improve performance, the LSF0.9 catalyst was mixed with
GDC (50/50 mass ratio) and screen printed on the same
membrane/cathode combination. FIG. 11A presents an
SEM/EDS cross-sectional analysis of the present inventor’s
LSFO0.9/GDC anode, along with measured total electrical
conductivity data for select LSF catalysts. The cross-section
image shows good mixing between LSF0.9 and GDC with
suilicient adherence to the electrolyte. Target total electrical
conductivities for SOFC anodes reported 1n literature 1s 100
S/cm with the lowest limit being 1 S/cm [J. W. Fergus, Solid
State Ion., vol. 177, no. 17, pp. 1529-1541, July 2006].
Conductivity tests for synthesized LSF indicate the matenals
should possess suflicient conductivity for the e-ODH appli-
cation.

[0088] A button cell was mounted to a specially designed
alumina test fixture which minimized gas residence time,
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thereby minimizing thermal cracking of C,H, allowing for
¢-ODH performance to be determined. e-ODH results with
the LSF0.9-GDC anode are shown 1n FIG. 12A. The results
reported here have been corrected for the limited thermal
cracking associated with the system. To achieve these cur-
rent densities the cell was operated electrolytically applying
up to 2 V as neither electrode 1s optimized. Preliminary
results with LSF0.9 electrocatalyst show promising C,H,
selectivity of nearly 80%, compared to thermal cracking
conversion and selectivity of 2% and 57.5%, respectively. A
major innovation proposed by the present inventor 1s to
selectively complete e-ODH of C.H, in WNG with limited
CH_, conversion. By operating the e-ODH cell at interme-
diate temperature (650-750° C.), selective C,H, conversion
in a CH, matrix 1s feasible due to C,H,’s significantly higher
activity at these temperatures in comparison to CH, [M.
Younessi-Sinaki, E. A. Matida, and F. Hamdullahpur, Int. J.
Hydrog. Energy, vol. 34, no. 9, pp. 3710-3716, May 2009;
Y. Hidaka, K. Sato, Y. Henmi, H. Tanaka, and K. Inamai,
Combust. Flame, vol. 118, no. 3, pp. 340-358, August 1999;
and Y. Hidaka et al., Combust. Flame, vol. 120, no. 3, pp.
245-264, February 2000]. The purpose of this project 1s to
develop an e-ODH anode to have high C,H, activity at
intermediate temperature with C,H, selectivity >90% and
low overpotential. These goals are feasible based upon the
encouraging preliminary experimental results already
obtained by the present inventor. Further conversion of
alkenes to chemicals/fuels 1s an eflicient and well docu-
mented process with technology packages oflered by several
catalyst manufacturers [A. Hwang et al., Catal. Lett., vol.
147, no. 6, pp. 1303-1314, June 2017; R. D. Andre1, M. 1.
Popa, F. Fajula, and V. Hulea, J. Catal., vol. 323, pp. 76-84,
March 2015; B. H. Babu, M. Lee, D. W. Hwang, Y. Kim, and
H.-1. Chae, Appl. Catal. Gen., vol. 530, pp. 48-55, January
2017; S. Moon, H.-J. Chae, and M. B. Park, Appl. Catal.
Gen., vol. 553, pp. 15-23, 2018; S. Lin et al., Microporous
Mesoporous Mater., vol. 184, pp. 151-161, January 2014;
and S. Moussa, M. A. Arribas, P. Concepcion, and A.
Martinez, Sel. Pap. 6th Czech-Ital.-Span. Conf. Mol. Sieves
Catal. Amantea Italy Jun. 14 17, 2015, vol. 277, pp. 78-88,
November 2016].

A. Anticipated Public Benefits

[0089] The largest anticipated benefit for this novel pro-
cess technology for upgrading well-head natural gas 1s tull
realization of the economic value of both the NGLs and
methane portions of well-head natural gas. Currently, over
supply, especially of ethane; msuflicient infrastructure link-
ing the NGL sources to potential consumers; and energy
intensive commercial upgrading technologies are forcing
prime value hydrocarbons like ethane to be sold for fuel
value or even worse, being flared as natural gas pipeline
specifications are more rigorously enforced. This novel
process technology oflfers the potential to cost-eflectively
upgrade well-head natural gas to pipeline-quality natural gas
and convert the NGL portion of the well-head natural gas
into high-value gasoline or other valuable tuels/chemicals.

[0090] The modular nature of this novel process 1s also
ideally suited for distributed application making the well
head the 1deal location for installation, which only makes
this technology more promising for optimizing full eco-
nomic recovery for remotely distributed well-head gas. With
smaller modular systems, the technology will benefit from a
larger pool of financial funding sources lowering risk for
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these modular systems. With more potential financial
resources available, more projects can be expected to move
forward simultaneously stimulating more local value from
these natural resources 1n job creation and economic growth/
expansion.

TABLE 11

Technical Success Criteria

STTR
Criteria Phase | Ultimate
S >z 81.9% 73.9-89.9%
Sco 10.3% 5.7-14.9%
S coo 7.7% 4.3-11.1%
Y 24 0.435 0.25-0.62
Nonode 0.900 V 0.794 V

B. Technical Objectives

[0091] The proposed work plan for this STTR Phase I

project was developed based the following three technical
objectives: (1) Experimentally demonstrate the e-ODH pro-
cess has the prospective ol meeting the necessary operating
specifications shown i Table 11 (See part C.1. of this
Example 6, below); (2) Experimentally assess coking poten-
tial of the e-ODH process and 1f necessary, identily steam-
to-carbon ratio to prevent coking (See part C.2. of this
Example 6, below); and (3) Optimize integration of oli-
gomerization process within overall process scheme for
performance requirements through process simulation and
techno-economic studies (See part D. of this Example 6,
below).

[0092] These technical objectives were developed to
address research needs for the e-ODH process as discussed
in the following analysis.

[0093] Based upon the analyses described above, Table 11
presents e-ODH performance targets for Phase I and ulti-
mate eflorts. The selectivity, conversion and process power
requirements have been selected as each are necessary in
order for the proposed e-ODH process to be an attractive
alternative to turbo-expansion NGL separation. FIG. 16
shows a C—H—O0 ternary diagram with carbon and non-
carbon deposition regions plotted for temperatures ranging
from 500-900° C. along with the C—H—O composition for
CH,, C,H,, and C,H,. As can be seen well-head natural gas
at the operating temperatures for the proposed e-ODH
process poses a coking risk, which the present inventor will
experimentally evaluate and reduce as much as possible.
Further, the conversion of alkenes generated from the
¢-ODH celectrochemical cell mto value-added fuels and
chemicals will have a significant impact on the overall
process performance and economics. With process simula-
tions, the present inventor will identily optimal selectivity,
yields, and lifetime requirements for oligomerization cata-
lysts, and optimal integration schemes. All experimental
¢-ODH and electrocatalyst coking results will also be
included 1n process simulations to further refine estimates of
process performance and economics.

C. e-ODH Electrochemical Cell Testing

[0094] 1. e-ODH Cell Fabrication: Here, the present
inventor will develop an e-ODH anode for selective con-
version of C,H, to C,H, 1n a natural gas matrix. The ScSZ
membrane e-ODH anode button cell will consist of a porous
GDC scaffold with LSF catalyst as anode and an Au ring
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electrode as the reference electrode, while LSM/LSM-GDC
will act as the e-ODH cathode. The e-ODH anode develop-
ment cell configuration will be as follows LSF-
GDCIScSZILSM-GDCILSM and will be prepared as shown
in FIG. 17. The LSF precursor solution will be prepared
using La(NO,),-6H,0O, Fe(NO,),-9H,0, and Sr(NO,), dis-
solved 1n delonized water with optimized amounts of citric
acid and surfactants and NaOH to achieve a pH of 5 to
achieve single phase LSF perovskite. The infiltrated GDC
scaflold will be dried at 300° C., weighed, and the infiltra-
tion/drying steps will be repeated to achieve desired load-
ings ranging between 20-40 wt. % LSF. The surface mor-
phology and crystal structure of the LSF infiltrated GDC
clectrode will be characterized using XRD and SEM. Cur-
rent collectors and potential probes for the working, counter,
and reference electrodes will be added to the button cell. The
button cell assembly will be sealed (using glass seal) to an
existing alumina test assembly designed to minimize gas
residence time for rapid establishment of steady-state prod-
uct composition.

[0095] 2. Electrocatalyst Coking Assessment: Coking of
the catalyst surface can be a particularly problematic 1ssue
when processing such well-head gas streams at higher
temperatures (500-800° C.). Coke buildup at the anode/
clectrolyte interface (i.e. triple phase boundary) 1s unlikely,
due to the high oxygen flux emanating from the electrolyte.
However, this interface and the bulk of the electrode mate-
rial may observe coking at open cell and operating condi-
tions, respectively. In particular, coke build up on the
catalyst surface could decrease catalytic activity and/or
block flow of reactants/products to and from the anode/
clectrolyte interface. Although oxide-based catalysts, such
as the LSF materials proposed 1n this study, are less sus-
ceptible to coking, this possibility must be investigated.
Further, coking within the process and anode may be pre-
vented by recycling anode exhaust containing product water
from the e-ODH reaction (Eq. 9).

[0096] Here, the present inventor will assess coking poten-
tial of the LSF matenal series using thermogravimetric
analyses (TGA). Coking on LSF catalyst samples will be
assessed with ethane, methane, and simulated well-head gas
mixtures from 500-800° C. Should coking be found to take
place, the addition of steam to the gas mixture will be
assessed to determine the C—H—O ratio necessary to
prevent coking. Results from this subtask will be used in part
C.3. and part D. of this Example 6 to determine the impact
of moisture content on product selectivity/ethylene and
define the level of anode exhaust recycle required to prevent
coking.

[0097] 3. e-ODH Electrocatalyst Screening Tests: The
button cell assembly described in part C.2. of this Example
6, above, will be placed into a temperature-controlled fur-
nace and performance of LSF electrocatalysts will be deter-
mined using ethane, methane, and WNG atmospheres at the
anode and air at the cathode. The purpose of the various
gases 1s to assess performance of the LSF electrocatalyst for
converting ethane and propane 1n the presence of methane.
Both the anode and cathode flowrates will be controlled
using MFCs. Initial electrocatalyst screeming trials will be
conducted at low fuel utilizations (<5%) to circumvent mass
transier limitations. The anode gas composition range to be
investigated 1s shown in Table 12. FElectrocatalyst perfor-
mance (LaxSrl1-xFeO,; x=0-1 in 0.2 imncrements) with load-
ing (25 and 30 wt. %), operating temperature (650, 700, and
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750° C., and current density (0-1.0 A-cm™?; 0.2 A-cm™°
increments) will be determined. The electrochemical and
gas output analysis for the e-ODH anode button cells will be
evaluated using electrochemical impedance spectroscopy
(EIS) and galvanostatic testing using a Gamry 5000E Poten-
tiostat/Galvanostat/ZRA. Current interrupt testing (CIT)
will be used in conjunction with the reference electrode to
determine e-ODH electrokinetics. An Inficon micro-GC will
be used to analyze anode product composition to determine
conversion and product selectivities. Halide incorporation 1n
perovskites have shown to significantly improve alkene
selectivity. Therelfore, the LSF catalysts identified with best
performance will be evaluated with halide addition for
alkene selectivity. Further, the tests will assess the impact of
coking on anode performance. Results from the button cell
tests will be incorporated 1nto the Aspen Plus simulation to
reflect actual operating performance established through
materials synthesis and experimental testing.

TABL.

(L]
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Electrochemical e-ODH WNG
Testing Composition Range.

Composition
Component Range
CH, 76-89 vol. %
CoHg 10-20 vol. %
C;yHg 0-3 vol. %
N, 1.0 vol. %

D. Techno-Economic Study

[0098] In this task, Aspen Plus simulation package will be
used to 1investigate the process configurations to meet ethane
separation requirements and minimize process energetics.
Some goals for evaluating process configurations will be to
maximize cthane conversion, minimize electrical power
consumption, and optimize heat integration. Previously
reported electrochemical models for solid oxide fuel cells
will be modified to design, evaluate, and integrate the
¢-ODH process onto a well pad. As the experimental data
from part C of this Example 6 becomes available, the Aspen
models will be modified as necessary to more accurately
reflect the experimental data. Further, process performance
requirements for the oligomerization portion of the process
will be 1dentified (product selectivity, catalyst lifetime, etc.)
and used to identily commercial oligomerization catalysts
best suited for the proposed process. Process economics for
several configurations will be evaluated to establish the net
cost of ethane separation and chemaical/fuel products and to
identily key factors that can be used to further reduce cost.
DOE/NETL quality guidelines for energy system studies
will be used to ensure the results from this effort are
consistent with similar studies being sponsored by DOE/
NETL. The process economics will be used to define the
optimal process configuration for the proposed e-ODH pro-
CEeSS.

Example 7

[0099] The selective oxidation process consists of a solid
oxide fuel cell or solid oxide electrolysis cell. The electro-
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chemical cell may be used to convert alkane or alkenes into
derivative alkenes or alkene oxides. Examples of anode
fuels include methane, ethane, propane, butane, ethene,
propene or mixtures thereof. Example products include
cthene, propene, butene, ethylene oxide, etc. The anode of
the electrochemical device 1s composed of a composite
anode consisting of a scaflold material which provide 1onic
conductivity, 1deally yttria stabilized zircoma, more 1deally
Scandia stabilized zirconia, or even more 1deally gadolinia
doped cenia. In addition, the composite electrode also con-
sists of an electrocatalyst to promote the selective electro-
chemical oxidation of hydrocarbons. Ideally, this electro-
catalyst 1s composed of a mixed oxide material 1n the form
of single/double perovskite, pyrochlore, spinel, etc. In addi-
tion, promoter materials may be mncluded in the composite
clectrode consisting of oxide, mixed oxide, or metallic or
mixtures thereol to enhance performance.

[0100] In the embodiment shown in FIGS. 18A, 18B, and
19, a mixed oxide eclectrocatalyst with the formulation
La,_ Sr,FeO, 1s shown, with X representing the amount of Sr
in the material. Results demonstrate the electrochemical
promotion of selective oxidation of ethane to ethene, 1n this
case.

[0101] While the present invention has been disclosed by
reference to the details of preferred embodiments of the
invention, it 1s to be understood that the disclosure i1s
intended as an 1llustrative rather than in a limiting sense, as
it 1s contemplated that modifications will readily occur to
those skilled 1n the art, within the spirit of the invention and
the scope of the amended claims.

1. An apparatus for converting carbon dioxide and natural
gas liquids into other chemicals and/or fuels, comprising:

at least one electrochemical cell;

wherein the electrochemaical cell reduces the endothermic
load associated with electrochemical CO, reduction.

2. The apparatus of claim 1, wherein the at least one
clectrochemical cell comprises a first electrochemical cell
and a second electrochemical cell.

3. The apparatus of claim 2, wherein each of the first
electrochemical cell and second electrochemical cell

includes a cathode, a membrane, and an anode.

4. The apparatus of claim 2, wherein the first electro-
chemical cell 1s adapted to convert CO, mnto CO and convert
C,H, into C,H,, and the second electrochemical cell is
adapted to oflset voltage and heat requirements of the first
clectrochemaical cell.

5. The apparatus of claim 4, wherein the conversion of
CO, 1mto CO and conversion C,H, mnto C,H, in the first
clectrochemical cell occurs simultaneously.

6. The apparatus of claim 4, wherein the second electro-
chemical cell 1s adapted to convert C,H, mto C,H,.

7. The apparatus of claim 1, wherein the at least one
clectrochemical cell 1s at least one component of an inter-
mediate temperature solid oxide electrolyzer cell.

8. The apparatus of claim 7, wherein the temperature for
operation of the intermediate temperature solid oxide elec-
trolyzer cell 1s 1n the range of 650° C.-750° C.

9.-18. (canceled)
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