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Polymer Electrolyte Membrane (PEM)

Proton Exchange Membrane (PEM)

Note still have unspent fuel leaving Electrons released
~-)_ANODE CATHODE with high potential H+ (protons) transported through
VENT VENT . porous membrane
——g n { ANODE: Hy — 2H*+2 ELECTRONS
| CATHODE: Op + 4 ELECTRONS + .-~ ,
aHY == 2H0 - Means that other stuff can get in too.

Usually Platinum Catalyst

Susceptible to poisoning from
= CO, CH,, sulfur, etc.

[ 1|
® ,
a 1
® |
. gl
® ,
® ,
L |
LJ
® gL
° =2
L) b
o’ weh
»'e 4
- NJ (N
L4 .
L L J .
LY o
Ll o N
o, .
Gl o
L) o
(4 o
., ®
. L.
.. ...
\'® *
o
e LA b
° o |HEEN N I B 000 P
®

K]

/ ANODE l CATHODE Low Temperature!
FEED,H, [I° T FEED, Oy 77T 60-120°C

GAS DIFFUSION BACKING

Need ultra-clean H..

S

Sources: EG&G. Fuel Cell Handbook, 7th Ed. (2004)



Key Value: Role in Hydrogen Economy

Stored H, used in PEM for electricity. -.

- Value Added
APIPAGIIONS Carbonless,
Electricity Natural Gas | - Smogless emissions
Infrastructure ’_,——”/— from Cars using

) e ‘I:hrdruquu A PEMS
' | Vehicle
F Power \ 7
™ R - b Generation ' .".'
VW, Synthetic I-I
vl Fuels |=
| _ oaen o =
Solar PV donae GRS | [ = - 1= .__ Consume CO2!
Distribution Upgrading /O Needs carbonless
oily |=
Biomass | energy to make

']
§

sense.
(or unicorns)

Hydrogen
Generation .
Key step Is power-
to-hydrogen

Concentrated Solar Power

McMaster s,
ENGINEERING %%,é‘ Sources: Casey T..S. Pumps $30 Million More Into Hydrogen Economy. TriplePundit.com (Oct 2016)



Electrolysis (Backwards Fuel Cells)

PEM Electrolysis

Oxygen Proton Exchange Membrane Water
Solid Electrolyte
Anode Cathode
-+ -

| of

Oxygen

PEM Fuel Cell

Proton Exchange Membrane
Solid Electrolyte

Cathode Anode
¢ S

Edectric load

Sources: Barbir F. PEM Electrolysis for production of hydrogen from renewable energy source. Solar Energy 78:5:661-669 (2005)



Copper Chloride Cycle

Copper is O carrier, Chlorine is H carrier

H,gas (20 C) A A 0,gas (20 C) 150 C

| HW[E?ﬁ i flash dryer heat
Key Step (splits H from O from water) 400 C o ? ? . (evaporator ? -
ZCllClz(S) + H5,0 (8) — Cuo - CU.Clz(S) o step 3 A
TTe~ol t 400 C 20C
+ 2HCI(g) at 400 °C. R A
" HCHKg)production (step 4; cucl CuCl
4230 475C) | Afluidized or packed bed) “(8)2 sofid
CuO - CuCl,(s) — 2CuCl(l) + 5 0,(g) at 500 °C. - O% A\
~< HCI gas 400C A
cotppe/ré)arfcleds (400 C) | cuo*CuCl, (s){, 400 C Ccucl,
enter / descend ~ | -H
ZCU.CZ(S) — Cll(s) + Cu- Clz (aq) (or l;llmvmg t;og) F%auﬁbp Sy - + wafer
- exchange be ste “[F~. heat
(Consumes Electricity) — > P ey s00c water
Gets the copper back e )
TSl N je—— 0, production
o = C%m sold C CuCl (IY‘SO(;tgp 4
= 430 - 47
20u(s) + 2HCU) — 20uCLD + Holg) w27
—>» [ ~-
Releases the H at 430-475 °C. L ‘_ e Py
J-..20C
T Ly A2 CuCl (s
S~ electrochemrcal cell
¢ h (Cu production; step 2)

Sources: M. A. Rosen, Energy 2010, 35, 1068.
Scott JA, Adams TA Il. Biomass-Gas-and-Nuclear-To-Liquids

Cu solid falls (20 C)

(BGNTL) Processes Part I:
Model Development and Simulation. Canadian J Chemical
Engineering 96:1853-1871 (2018)

solid copper conveyors (screw propeller)



Integrated with Nuclear (carbonless)

Subcritical Water Supercritical Water Helium Cu-Cl
30 7C 625650 °C 600 °C. 20 bar Sstfg o'g
250 bar ( CanDU _
SCWR \250 260 barl i | Vs ¢
Core / < ( < Coc
< Steam 525 °C, 150 bar Step Il
G 375 °C
enerator
! !
HP A
/ 'f:' Cu-Cl
3 /11
Power to CuCl Egeopo {C
150 bar Condenser  Electrolytic Step,  [Helium
38 °C Process Equipment, 250 °C, 20 bar
and Grid
Sources: Scott JA, Adams TA Il. Biomass-Gas-and-Nuclear-To-Liquids (BGNTL) Processes Part I:

Model Development and Simulation. Canadian J Chemical Engineering 96:1853-1871 (2018)



Steam Reforming
CH, + H,O - CO + H,

Water Gas Shift
CO + Hzo 9 C02 + H2 N

Not shown:
Lots of CO, Emissions
(or Expensive, Energy

| POWER CONTROLLER] s
‘i‘.’ \

Intensive CO, capture
and sequestration)
S REFORMER| ® o ® oX 202

AN ®o ® It

Shown: \ o®)/ %ee
\\ .__._',(.0”

Waste hot water sold as . -& P o SR
product. (Heat + power [NATURAL GAS| @“ ETRAN
co-generated) 'I

A -
v B
TS Sources: Funnel incorporated. Hydrogen Economy Infographic.



PAFC FUEL CELL

Electrical Current

Other H,-Based Cells > 0%] gy
e-
dl ﬁi
= Phosphoric Acid Fuel Cells (PAFC) § ([ 0
* H;PO,is the electrolyte and proton (H*) carrier. H2| | H+ g
« Have to replenish as it is gradually lost. H+ <2
« 200°C, up to 8 bar.
» Uses platinum electrodes (Expensive!!) — _
* CO and sulfurs are poison. High purity H,-only. re ':node/ | \\Catho)::n
« Not expected to be economic within next two decades R RALINEEOEL R
= Alkaline Fuel Cells (AFC) E':‘““'Cc‘i"e“‘
« KOH used as electrolyte. H:dmge" " Sasern
« OH- is oxygen carrier from cathode (air) to anode (fuel). g t 1 —
* Need to mix O, and H,O on cathode side. s o1
« K gets mixed into water, has to get recirculated. Hof CF =
« CO, is animpurity! Have to scrub it from the air first (expensive) o ‘g el
Heat °L'u' N e
e / - \
Sources: EG&G. Fuel Cell Handbook, 7t Ed. (2004) Anode/ l \Cathode

Vaghari et al. Sustainable Chemical Processes 2013, 1:16 Electrolyte



Molten Carbonate Fuel Cells (MCFC)

HYDROGEN AND CO
CONTAINING FUEL

~650°C Theoretically can capture
[ 100% CO, Just complex
ANODE = N and lots of it.
H, + CO;” —» H,0 + CO, + 2e
CO+H;O0—->CO;+H;+Heat .. Carbonaceous fuels must be

shifted. Can happen on-board.

e
ANODE CATALYST 5 5 )
JL CO5~ is transported through
ELECTROLYTE ™™gy [ ° I molten carbonate as the oxygen
CATHODE CATALYST _ s = i carmet
CATHODE
1 =
/20, + CO, + 23’?\003 Has been successfully
4 -~ \ commercialized by one US
Sources: EG&G. Fuel Cell Handbook, 7t Ed. (2004) 4T company (Fuel Cell Energy) but
they are transitioning to SOFCs.
McMaster ; CO, + Air (high costs)

ENGINEERIN

Unwemty e ‘>M ~~._ Captured CO_2 can be recycled... but
%2? complex. Suitable for large-scale only.



Fuel Cell Overview

= 5

N;, unconverted O; d

"0, = 0

Tfn‘:::ar:i;gr - 700-1000 °C 630-650 °C 50-200 °C 190-210°C 50-200 °C
Sulphonic acid
Electrolyte ,;fdn&':;, socltdmo':l:e Molten lithium Potassium Incorporated
zirconia ceragadolinia carbonate hydroxide into a solid
membrane

\L

ENC S g Sources: EG&G. Fuel Cell Handbook, 7t Ed. (2004)
T

Vaghari et al. Sustainable Chemical Processes 2013, 1:16



Comments

= PEMS are key driver of the "hydrogen economy”
* (major GW Bush initiative)

» Require high purity H, to avoid failure.
» H, creation, storage, transport, and infrastructure problems very challenging

» “Government gave up” on H, / PEM economy. US Dropped down fuel cell funding
significantly as a result.

» Changes with administration.

= For eco-purposes: Since you need renewable power to make the hydrogen in the
first place, they are really an ingredient in an energy storage system rather than
the main driver for a bulk power system




Some Example Impact Factors

Production of chemicals and others (in millipoints per kg) Tabulated cradle-to-gate production values

Indicator Description
Ammonia 160 MH3
Argon 7.8 Inert gas, used in light bulbs, welding of reactive metals like aluminium
Bentonite 13 Used in cat litter, porcelain etc.
Carbon black 180 Used for colouring and as filler
Chemicals inorganic 53 Average value for production of inorganic chemicals
Chemicals organic 9q Average value for production of organic chemicals
Chlorine 38 Clz. Produced with diaphragm production process {modern technology)
Dimethyl p-phthalate 190 Used as plasticizer for softening PVC
Ethylene oxide/glycol 330 Used as industrial solvent and cleaning agent
Fuel oil 180 Production of fuel only. Combustion excluded!
Fuel petrol unleaded I///E’I—C;\\\ Production of fuel only. Combustion excluded!
o o e mane Fuel diesel I:I 180 ‘:. Production of fuel only. Combustion excluded!

Hz N 830 / Hydrogen gas. Used for reduction processes

Ha25%0u4 a9 Sulohuric acid. Used for cleanine and stainine



Some Example Impact Factors

Tabulated cradle-to-gate production values
Note: These are for Ecolndicator99, an older

Production of non ferro metals (in millipoints per kg) but still commonly used method. ReCiPe 2008
is meant to replace it.

Indicator Description
Aluminium 100% Rec. 60 Block containing only secondary material
Aluminium 0% Rec. 780 Block containing only primary material
Chromium 970 Block, containing only primary material
Copper 1400 Block, containing only primary material
Lead 640 Block, containing 50% secondary lead
Nickel enriched 5200 Block, containing only primary material
Palladium enriched 4600000 Block, containing only primary material
Platinum (’//;z;:a—c;c_);::c;i;)\‘) Block, containing only primary material
Rhodium enriched \\ﬁib'déb‘é;) Block, containing only primary material
Sources Ecolndicator99 User manual  ZINC 3200 Block, containing only primary material (plating quality)
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Tech Overview

Fuel Flexible - )
Syngas, Nat. Gas, Coal-bed methane, diesel, Fue| utll.lzat|on 50-80%
in practice today

gasoline, methanol, ammonia, jet fuel,

methanol... ( TToag ) )
o Loa X
. CO, H -
Most other FC's can't B 2 *e H20, CO,,
do this CHa, and/ unspent
' or others Anode H, + O™ — H,0 + 2 fuel
> O™ +CO — CO, + 2¢' S >
e s _ - " Qutlet be kept
No diffusion} -------o--oceoooooo | . Solid-State O~ Conductor ure S;an ©Kep
!> L Spent et unmixe .
Air e —— i ~ (2" Generation)
........ Air
> O,+4e— O™ +0O° >
Cathode Y274~
7’ e-
High Temperature ( From Load ) Works as an 0, separator

700-1000°C

50-60% electrical efficiency at the cell level.
Sources: Adams TA II, Nease J, Tucker D, & Barton PI. Ind Eng Chem Res 52:3089- . . .
3111 2013) Very quiet! No spinning parts (here at least)




Planar vs. Tubular

Planar Cells
~10W — TkW
Roughly 1ft°

____Interconnect
Anode

i \\
CP 4 Electrolyte

Cathode

Cathode interconnection

) Electrolyte
Alr
electrode
{cathode)

Al flow Fuel electrode (anode)

McMaster 5
University £§>

l X
ENGINEERING \%,
N

(micro) Tubular

Bundle Planar Cells into Stacks
~10kW

Stacks into Modules
~200kW

8m wide, 2m tall, 2m deep

Bundle the tubes
~300W. 36 cm x 20 cm

Sources: Materials Systems Research, Inc.. Also: BloomEnergy, “ES-5700 Energy Server”. Also: Ultra Electronics, ROAMIO, D245XR
McMaster Advanced Control Consortium — Adams TA |, Nease J, Tucker D, & Barton Pl. Ind Eng Chem Res 52:3089-3111 (2013)



Current Uses — Distributed Power

= |t's still way too costly and too small-scale for bulk power

= Appropriate for distributed production

« Off-grid power production where battery lifetimes insufficient, rugged, low-vibration, or
orientation-free service is needed.

« Battery Chargers Military Rugged

Power Supply
* Unmanned drones, subs (300W)
» Space shuttle
~TkW, about
* Remote server farms as big as
. furnace, not
* In-home power & hot water co-producer (Japan/Australia) including
water tank
(C) — SOFC with burners _ |
CHa, Ha, Air Cold
Natural SOFC H,0, O., l Potable
Gas »| Anode | CO.N: :20, CO, Water
N €O, Burner}— AVAYA » Vent
o » \ HX .| Hot Water
> Cathode \ Network Municipal [ ~ | Storage Tank
ADOU50-70% Ny s [ Hot Water

fuel utilization

Sources: Adams TA Il, Nease J, Tucker D, & Barton PI. Ind Eng Chem Res 52:3089-3111 (2013)




Key Challenges to Mass Acceptance

» Manufacturing
« Difficult make seals, manifolds, & interconnects properly

« Limited pool of materials since it is high temperature

» Ex: Anode must have just the right catalytic activity, porosity, thermal capabilities, porosity, resistance
to carbon deposition and sulfur poisoning.

 Lots of constraints to satisfy!

» Markets
* Natural gas price crash:
* Less incentive to invest in higher capital costs for higher fuel efficiency
« Still little CO, regulation incentives

7 [ - m
A | Sources: Adams TA Il, Nease J, Tucker D, & Barton PI. Ind Eng Chem Res 52:3089-3111 (2013)



SOFC Lifetimes

Power = Voltage * Current  .__ Loses about 1% of its power per 1000 hours
\ "~ Power plants supply a So roughly 5 year lifetime for 60% power capacity
\\ constant current
So you need to be able to account for this in the
\ long haul.
1.0 9 N
\\\ . [t VI T ;_‘A_*‘__v‘ dracliorh .“ o \\\\
a 08 ) bt o 4 Bt " g, —
g Overall Test stand issue
% 8.2 mV (0.95%) / 1000hrs @ 7578 h (full thermal cycle)
>
5 06
O
@
o
o
204
<
Cell Count: 32

Cell Active Area: 550 cm?

0o .| Furnace Temperature: 700°C

' Fuel: In-stack reforming = 25%, Uf = 61.5%
Oxidant: Air, Ua = 13.5%

Current; 213 A (0.387 Alcm?)

00 T T ' T
0 1000 2000 3000 4000 5000 6000 7000 8000

Elapsed Time (hours)

Sources: Borglum B., Tang E., Patsula M. Development of solid oxide fuel cells at Versa Power Systems. ECS Trans. 2011, 35, 63-69.



Medium Term Bulk Power -

(B) — SOFC/GT Hybrids

CHy, Hz, H20, Cold
Natural SOFC 0O, CO, N; H,O0, Potable
Gas j Anode CO., ﬁoz Water
NN +—> Vent
Air HX
_)} CathOde Combustion Turbine Network
MuniciEaI Hot Water

Operate at pressure (10-20 bar)

50-80% Euel Utilization Combust unspent fuel in turbine.

Use normal air. Can use the waste heat for hot water, or

_ . steam for power
Intermediate difficulty: Operate at

higher pressure but don't need to Advantage: as the SOFCs decay, the

worrv so much about the high- fuel utilization goes down, so the For large bulk plants, a steam power
tem yerature seal separatin gcathode turbine can make up for the loss cycle is more likely.
X P 9 since more fuel is burnt there. Three places to get power.

& anode exhausts. High efficiency.

) >
MAC
5 Sources: Adams TA II, Nease J, Tucker D, & Barton PI. Ind Eng Chem Res 52:3089-3111 (2013)



Long Term Bulk Power (NGFC)

Pipeline purity CO,

~100% capture

Very little energy
. Still at 10-20 bar!

Catalytically
penalty here

Need high purity O, from air
separation unit . oxidize.
(A) — SOFC with CCS Cold \
B , Potable ! / _
CHs, Hp, (O, Water | CO, to sequestration
Natural SOFC Hy0, ' ;
Gas [ CO,, CO H,O, CO, Condenser / Flash
_)/—P Anode = AVAAs Drums, etc.
Al Oxidation Ne:-\ln)t(ork
N H.,O for recycle
—> —»| Cathode )CI_> 5 :
_— O,-Depleted Air V- Vent water treatment
'l Munici&al Hot Water
Water is actually
drinkable!

/
/
!

Operate at pressure (10-20 bar)
>80% Fuel Utilization

Higher difficulty: High pressure plus

effective seals.

MAC

! Can use the waste heat
for hot water, or steam

for power

Extra power here from
Brayton Cycle turbine

Sources: Adams TA Il, Nease J, Tucker D, & Barton PI. Ind Eng Chem Res 52:3089-3111 (2013)



High Temp. Low Temp.

{ ]
( O a | Va rl a nts | OO 12.6 bar Nyvented 55007 WGS Reactor 55, NGS Reactor
. { ——— 36b -------- 26800
Air | N ar ‘ > . " r (
14} - ASU o T x
| ( i ( : O 13.1bar[____r_T_;...f..’..... : [34] :
........ 13 ¢

67.6 bar Gasifier

H,, HO
Steam to HR H,S, CO,

P

e
i -

HRSG

Tail Gas

)

2 2 Heat to

\

¢H20 to Treatment
Sx

Anode

Cathode -y

| NOTATION | HRSG|  co,
Upper bound on 5 CarbonPathg
pressure is limited by | ===—%
. Water Path
SOFC construction. 4

1056°C  oxidation Unit

Spent Air

1.1 bar 527°C

Air Exhaust
110°C

© Atm. Gases

18.5 bar

Makeup
Water,

Sources: Adams & Barton. AIChE J (2010). See also e :

: ‘ ; Water
NETL, Current and Future Technologies for CO, t ‘
Gasification-Based Power Generation, Vol 2, Rev 1 2 t0
(2010).

98.9% H,O 15 bar 4 bar

99.1% H:0  99.7% H,0 1.1 bar
99.97% H,0

%} ; ‘}M C C 153 bar ;lﬂ D{,fl,lm . b;r;l

4 [

s

N




Exergy Analysis

HRSG Turbines & Pumps  HeatX Mixing
Turbs  Heat Exchange

ASU

Separation Block

Claus Air Compr.

Heat

Exchange Spent Air
Turbine

CO2 Compression
Air Compr.
\ Mixing

Air Comp. \ Others

!

Combustion Gas Turbine v

Power Island Seven Fuel Cell Stacks

Water Gas Shift
LT Shift

Quench
Gasifier Gasifier Radiant

Gasifier Radiant -

HoS R Quench
C02/H2S Recov 23 RECOVETY

Selexol

0.0% 5.0% 10.0% 15.0% 20.0% 25.0% 30.0%
Exergy Destruction (%HHV coal)

Exergy numbers for IGCC thanks to Barbara Botros (MIT)



Efficiencies

g No Carbon Capture 1/ 85-100% Carbon Capture

Coal Natural Gas
AL AL
( [ o 2]
80% @) ®)
) w
&
L |
70% S o bl B
s 3 @ Bl E
gy > ! = fum
z 60% o a sl
L = o 91353 & el =
S~ o) o L LOL E= ' £ =
~ 50% k= 5 . O & & S S
ry < ” = « O ol =] o] &
S 40% PR R | | |
(&) - ©
= 2 O
W 30% @
c
L
. 20%
10%
M&LM%TI@} 0% | 4 B 4 d d i bd

)
g Bmacc
EEEEEEEEE b“ﬁ‘(‘

Adams & Barton, AIChE J (2010)



CO, Emissions

@ No Carbon Capture ¢ 1185-100% Carbon Capture

Coal Natural Gas
A A
e ) [ )
k5 2 700MW Net
@] W
= 0 m Output
25 o "
= 3
S All NG-SOFC
s 4 plants use steam
‘EJ a reforming
3 p
g S
g 5 £ @
3 z £ £
1 | p O p Q
© ' @ L
O 8 0 8
0 i1 11 | h o

M&LM%TI@}

)
Univ fl%ltfy | ‘>m L Sources: Adams & Barton. J Power Sources (2010).
ENGIMEERIN %%g Adams & Barton, AIChE J (2010)



Water Consumption

o Carbon Capture - o Carbon Capture
No Carbon C 85-100% Carbon C

Coal Natural Gas
AL AL

25 ( 1 ( 1 700MW Net
= Output
3 20
c
2 15 All NG-SOFC
) plants use
g 1.0 a a steam
> 55 E = 73 reforming
2 0.5 LC 8 8 5
o % © o %
O —_— Dry cooling
= 0.0 o
e 2 @ Q used (no
© 5 5 S
E_O 50 5 5 % water losses
g - § § from

o cooling)

L A S S S | S A — —

\ B "/
e | 4

Sources: Adams & Barton. J Power Sources (2010).
¥ ‘b\' Adams & Barton, AIChE J (2010)



; Water
Depletion

Terrestrial
Ecotoxicity

~ Terrestrial
Acidification

SOFC-CCS

.~ Photochemical
% Oxidant
Formation

Particulate
o Matter
Formation

SE S _..., Marine
Eutrophication

@ SOFC

Marine
Ecotoxicity

Human
Toxicity

= NGCC w/CCS

7 Freshwater
Ecotoxicity

Fossil
Depletion

NGCC

Climate
Change

s

o~ < < o < o
— — o o o o

1ue|d DJON 01 dAne[RY edw| Julod-pIN

1
0.0

~
V)
O
&,
3
(O
Z
~—r
)
Q
)
=
e
C
<
D
O
>
O
£
=1
D
—
O

Mid-Point Impact Characterization

Sources: Nease J, Adams TA Il. Canadian J Chem Eng, 93:1349-1363 (2015).



CTG LCA across fuels

80
B Resource Depletion

- /0
.E B Human Health
'E 60 - B Ecosystem Destruction
= 50
g
o 40
E
+ 30
£
& 20
E - |
c 10 - .
w ~~. With SOFCs and

0 - CCS, coal and

¢, ¢ o ¢ & o gas have
Q C : C
EX * (jcf"? ® £ 1&{:’5" essentially the
i & same impact.

Y

Coal-based SOFCs cannot save ‘ _
coal. Still better to switch to Nat Gas SOFCs without CCS are

NGCC just as good as NGCC with CCS

Sources: Nease J, Adams TA II. Applied Energy, 150:161-175 (2015)




SOFCs with Compressed Air Energy Storage (CAES)

(A) — Charge Phase Captured CO, (B) — Discharge Phase Captured CO,
H,0 > H,0, >
Fuel cO I H,O Fuel CO I H>0O
High Condensers —» High ! Condensers [—>
Pressure > SOFCs Pressure > SOFCs Bower
| Anode GT Cycle | Anode j GT Cycle
Alr Cathode (Off) Alr Cathode (On) m
. Spent T Spent  AStored
Air Air Air
S > CAES . CAES
v Power Storage v Power Storage

Unive :’u" | ‘ >m‘ ‘ e, Adams, Real-Time Optimization of Integrated Solid-Oxide Fuel Cell and Compressed Air Energy Storage Plant for Zero-Emissions Peaking

bm tt d 2013



Use Storage for Money or for Performance?

YN I N s

Baseload SOFC + CAES
Can optimize for load-
following performance

SOFC/CAES Plant Output (MW)

Black: Electricity Demand
o0 Red: Actual Production

550
1050 -+
<1000 (B) " ”
= i i
2 950 \
— ()
Baseload SOFC + CAES 5 _ ¥ :
_ . 2 i ' ‘
Can optimize for profit i i /I8 A : _
(@] 850 i |: i ] 1! \ ]
: | !
£ 800 | it : e 1
== h M ! | : ' : :
n 750 :| : : Y :I: H-
w | (. | | e
Sources: J. Nease, Moneiro N, Adams TA s 700 - ) : :: : : A : : : : 1 :
Il. / Computers and Chemical Engineering =~ i ) o [ T, hy a
94 (2016) 235-249 g 630" %) T | el el i - Sl
@ 600 - e ,
550 - i i i
0 20 40 60 80 100 120 140 160

Simulation Time (hours)




Big Picture

Sources: Adams, T. A. ll, Hoseinzade, L., Madabhushi, P. B.,
Okeke, I. Comparison of CO2 Capture Approaches for Fossil-
Based Power Generation: Review and Meta-Study, Processes,, 5
(3) 44 (2017)
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