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« Current Oxyfuel Combustion
= Oxygen-ion Transport Membranes for Air Separation
« High-Temperature Fuel Cells

« Chemical looping Combustion



Oxyfuel combustion of coal with closed Brayton
supercritical-CO, power cycles and CO, capture |
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« U.S. DOE NETL funded efforts to design oxyfuel combustion with high
efficiency s-CO, cycles and bottoming steam cycle and CO, capture

Cyclone [I. - Filter

Cooling

Cr“ Limestone
= I e SCO; Poier |
%4 5 Turbine

...........

Cooling
Tower

C02 sequestration

SCO, Compressor
Turbine S-CO, cycle
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Penalty of conventional oxyfuel combustion
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= Comparison of plant generating efficiency and capital expenditure of CO,
capture technologies from Chen, Yong, & Ghoneim (2012).

PC: Conventional pulverized coal with supercritical steam cycle without CO, capture
Post: PC with post CO, capture,

A-Oxyf: Atmospheric oxy-coal with flue gas recycle and CO, capture
P-oxyf: Pressurized oxy-fuel combustor with flue gas recycle and CO, capture,
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Oxyfuel combustion of coal with closed Brayton
supercritical-CO, power cycles and CO, capture |
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« Advantages of oxyfuel combustion

» Technology largely available
. Air separation unit
. Pulverized fluidized bed combustor
. CO,/H,0 flue gas separation

» Combustor coupling to a variety of higl
efficiency power plants

. Supercritical steam
. Developing supercritical CO,

> Minimal emissions « Disadvantages
+ Almost no NO, emissions » LCOE costs high (= 10¢/kWh)
- Ease of flue-gas processing > Temperature distributions in the

» Not sensitive to high-purity O, boiler



Outline of presentation
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« Oxygen-ion Transport Membranes for Air Separation



Oxygen-transport membranes (OTMs) as efficient air
separation units to replace cryogenic units

O
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= O, transport membranes that rely on
Po, gradients across ceramic ion-
— conduction membranes offer potential

Air separation unit

for large cost reduction and faster times
that current cryogenic ASUS.

——

\\ : Pure oxygen ‘ ‘

S
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‘

Ion-transport membrane

Porous support

= Large gas companies have invested in
PRODUCTS 2 this technology but challenges remain.




Scaled-up OTMs for air-separation with failures in
commercial service environments
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LCF-based
air-separation system

AIR 7.
PRODUCTS Ze

Anderson, Armstrong, Broekhuis, Carolan, Chen, Hutcheon, Lewinsohn, Miller, Repasky, Taylor, Woods,
“Advances in 1on transport membrane technology for oxygen and syngas production,”
Solid State Ionics, 288:331-337 (2016)



Chemo-mechanical coupling significant local
stresses leading to failures in OTMs

O
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From Euser, Zhu Berger, Zhu, Lewinsohn & Kee (Mines) 2017



OTMs have been proposed for many aspects of a
zero emission combustion plant E
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OTM Technology _
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« High-Temperature Fuel Cells
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Solid oxide fuel cells (SOFCs) as an oxy-fuel combustion
with direct electrochemical conversion
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« Solid oxide fuel cells (SOFCs) e

i _ nterconnect
provide a lot of benefits for

fossil fuel conversion. AlReRtnel— Ajp

Cathode
Electrolyte
= Thin (10-20 pum) O% conducting Anode

electrolytes provide oxidizer from ~ neional

air-fed cathode to fuel-fed anode

Anode

= To date, distributed power SOFCs s
have costs >>$2000 kW, due in  Fuel channel~ "
part to low production volumes but Anode — €
also to high energy ceramic Interconnect

processing.

- High potential for CO, capture

from Kee, Zhu, Sukeshini, and Jackson,

Combust. Sci. Tech. 2008 1



Fuel cells as a potential energy conversion
technology to assist in carbon capture
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Estimated U.S. Energy Use in 2010: 98.0 Quads
1 Quad = 2.8%*1011 kWh Contributions of Major Energy Sources

Potential for
central power
SOFC’s with
carbon capture
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from non-petroleum
sources for PEMFC
powered vehicles
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SOFCs for distributed power applications

Earth  Energy * Environment Colorado School of Mines

Bloom Energy SORC Norths 1/ YRy Energy supplies 125 & 250 kW,
Caro"na’ﬁ{pple Datq Center | | natural-gas fueled SOFC systems that run
= at 50 — 60% efficiency but at costs of
>$7000 kW, (in comparison to $1000
KW, for diesel with 40-50% efficiency).

« High maintenance costs raise concerns.
Utility

S Utiliy Side Export l
« If NG costs ~$0. 035/kwth and ' s swicn |
electricity costs ~$0.10/kW,.., 3 g
a payback period of 20 years
would exist for a 55% efficient
SOFC at $8000 kW ..

« Economics are highly sensitive
to gas and electricity costs and

make value proposition region pataenter
specific. Data Center Power ,
from Bloom Energy 14

¥




Early proposals for SOFCs on central coal power with
gas-turbine pressurization and bottoming cycle
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Air Turbine

Cooling/Heat Exhaust
Gas Turbine

Recovery &
H, Compression

I B Stack
H; To 1 Gas
Pipeline
Compressor l
SCIegn
n Gas
’ Vi
\/
Coal & v LAVAA <
Limestone X L)
Shift & H Depleted S—
Ao ;2 Fuel Gas
Recovery Separation Electric
& HT Gas Membrane Power
Cleanup

Stack Pressure Sweep )
Gas Steam Gas Shift & H,
Separation

Gasifier Membrane

Steam Turbine

CO, Compression/

Dehydration/ o ‘idatlon G
; X , Gas
CO, to Prmeing Cooling & Hg Generator
Pipeline : Removal - 1
' - To
Sulfator & High Pressure Steam Condenser

Stack Gas
Cleanup

from Williams et al. SECA program (2007)

Colorado School of Mines
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Molten carbonate fuel cells as a means of carbon

capture 0

Earth  Energy * Environment Colorado School of Mines

« High-temperature fuel cells such as

molten carbonate fuel cells (MCFC) Mollan Carbonate
require large capital investments for Siagasesy -
both development and plant assembly. F"’T‘"

= Thus, systems are relatively large for

fuel cells (> 300 kW) and typically not i o ® Oxygen
~ 1) Yol

cheap (~$1400 kW,,..). =27l . (RSN 1{_2
« World leaders Fuel Cell Energy are o - (oxde «—

showing, high-T fuel cells like MCFC wuer | | o B P

can be more than power generation. L!‘ & ’ Dioxide
= Opportunities for combined heat, TANde  ociowte | Calhode

power, and hydrogen show the value

In fuel cells converting low-cost gas from NPTEL Fuel Cell Course

into value-added products_ http://nptel.ac.in/courses/103102015/3



Molten carbonate fuel cell opportunities for multi-
functional distributed power plants
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= MCFC can add much more value such as conversion of waste to
relatively clean energy , heat and H, (CHHP).

17.7%
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MSW » 38.5%

Oxygen
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|:| Fuel Energy
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- Low Grade Thermal Energy

- High Grade Thermal Energy

from Spencer, Moton, Gibbons, et. al 2013
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Outline of presentation
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« Chemical looping Combustion
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Chemical looping can be coupled to thermochemical
energy storage
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= Reducible perovskite oxides such
as CaMnO, can provide thermo- particle-gas

separation

chemical energy storage (TCES) 0
and controlled heat release at .. | . xog;‘%.’g“
temperatures T above 800°C. ©
\06
- High chemical reduction occurs at S

O, partial pressures, P5, = 10 bar.

oxidation
ABO3.s — ABOj;

exothermic

hot reduced

= Re-oxidation and cooling can be
sustained at T relevant for driving  fluidizing i
. air in_“Ss i
supercritical CO, power cycles. “

storage

hot=™
s-CO, out

« The challenge is how to accelerate .
: . ) e from Imponenti et al. 2017,
kinetics for high specific TCES. Albrecht et al.2018

CaMnO; (@ T- =500°C & P, = 0.2 bar) + heat

CaMnO, 55 (@ T,y 2 900°C & Py, = 10 bar) + A8/2-0,

19



Chemical looping combustion integrated with gas

processing for CO, sequestration
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from NETL 2014
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Chemical looping combustion materials and

potential costs
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« NETL-funded studies on two common chemical looping materials have
shown cost performance superior to conventional pulverized bubbling

bed reactor with oxyfuel combustion

Colorado School of Mines

Conventional PC

[Reference SC PC plant @ 81.0 $/MWh]

Oxygen Carrier Type Fe;0, CaS0, BBR Case 12

Plant Net Capacity (MW) 550 550 550
Plant Efficiency (%, HHV) 351 326 284
Carbon Capture Efficiency (%) 958 914 a0
CO; Product Purity (mole% CO,) 98.9 997 100
Total Plant Cost ($/kW; $2011) 2,379 2,597 3,563
Cost of Electricity ($/MWh; 15‘—year wio T&S) 1152 1047 137.3
Reduction in COE (%)
[Reference IGCC w CCS @ 133 $/MWh] 13.4 213 32
Cost of Captured CO; ($/tonne)

401 268 565

21



Particle materials for chemical looping
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= Multivalent cations such as Fe** and Mn** provide promising potential for
chemical looping with CO,/H,0 effluent for ease of carbon capture.

Material P Cpavg Ahspog00  ANsgo.g00 Cost Cost®
[kg/m3] [kdkg-K]  [kdkg]  [kdkg]  [$/kg] [$/kWh]
Co0.,0, 6110 0.96 1125b 1226 =270 =86
Mn, oFeg,04 4630 0.88 219 620 <15 <12
Cag ¢Sy MnO, 5 4530 0.86 524b 7062 <20 <21

a) equilibrated at P5, = 0.0001 bar
b) Based on thermal energy stored from 500 to 750°C

= European researchers have identified doped CaMnO, 5 as a promising
chemical looping oxygen carrier.

. kg oxide / Ty Ahg,
Compositions kg fuel] (kJ/kg]
+ C,H,, fuel 63.2 830 3e-6 690

79.0 750 706 552 22




Cost-effective doped CaMnO, 5 for reversible release
and uptake oxygen in chemical looping systems |
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« Thermochemistry modeled by two-step point-defect reaction mechanism:

3.0 500°C
L<600°C
2.9 700°C
T ) 800°C
2.8
= 900~
27k 100026 Ca, ,Sr, ,MnO,
1100°c  Imponenti et al. 2016
2'6 J | | IIII|‘ L0

10°  10* 10° 10% 10" 10°
Po, [bar]
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Thermodynamics of chemical looping combustion

with Sr-doped CaMnOg 5 0
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» Specific energy stored during reduction and heating from T. = 500°C in air

(3/8)*Ca, oSr, ;MnO; + CH, = (3/8)*Ca, ,Sr, ;MnO; s+ CO, + H,0
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Particle materials for chemical looping
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Compositions

Cap goSro.10MNO; 5

Colorado School of Mines

+ C,H,, fuel

kg oxide / T Ahg,
kg fuel] [kJ/kg]
52.2 920 5e-6 835
63.2 830 3e-6 690
79.0 750 706 552
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Proposed Perovskite Chemical Looping
Combustion Subsystem for 100 MW, plant
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St1| T Poo Stoich. Ahyo Flow
pulverized (°C) | (bar) kJ/kg (kg/s)
coaliblomass - C 500 021 CayeSry;MnO, 0.0 239.5

: Wy fuel 30 5e-6 C.H,, 4.6
sCO, out = Reducible perovskite oxides such as

doped CaMnQO, can provide thermo-
chemical energy storage for heat
release at off peak hours.

= Novel narrow-channel, counterflow
fluidized beds offer modular system.

air

comp,1

O,-depleted
N2
26



Visualization of narrow-channel, counterflow
fluidized bed
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from Miller, Pfutzner, & Jackson 2018




Novel modular heat recovery devices to make coal,
waste and biomass combustion more modular
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Thoughts for further exploration
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« Current oxyfuel combustion technologies with traditional air-
separation units and steam power plants do not make a
compelling technical or economic cases.

» Game changers include supercritical-CO, power cycles and oxygen
transport membranes for lower cost and more flexible O, separation.

« Solid oxide fuel cells provide an novel approach to achieving
very high efficiencies with carbon capture, but their costs do
not scale and applications seem currently limited to
distributed power applications.

« Chemical looping seems like a promising approach to
combust pulverized coal, biomass, and waste.

» High mass of reduced oxide can serve as thermochemical energy
storage

» Novel fluidized bed designs for energy transfer to the power cycle and
fluidized combustor here may enable modular designs.

29
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