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Concept: Use Metal as O carrier

“Carrier” Form Easily Separable Products
(Vastly oversimplified) _ e
N,. O, Me, O, CO,. H,0
Example: “Oxidation Reduc+t10n
3Fe + 202 - Fe3O4 o l*eﬂction reaction \\\
Alr Me,O, Fuel
,// : (Also Fuel Oxidation)
b : : | ‘\ Example:
Can be a variety of metals \ Fe,O, + CH, = 3Fe + CO, + 2H,0
Al Aluminium !
Ca Calcium \
Co Cobalt L
Cu  Copper “Reduced” Form
Fe lIron

(Vastly oversimplified)

Mn Manganese Can be more than one O at a time

Ni  Nickel




Common Reactor Types '

Circulating Fluidized Bed Alternating Packed Beds
Most common Alternate between two Eliminates wastage,
reactors in parallel Reactor underuse
Not practical above 20 MW

Oxidized Metal
CO,/H,0

Néfoz | > Reduced
Metal Enters
= 3 :I: :|: o , _

' Y

Reduced Metal ~._
., |
Air [T %‘\ Oxidized Metal
Air Gaseous Fuel ,,' (Gaseous Fuel \\ Leaves
Valve Open \

Valve Closed




Aside: Rotating vs Alternating Bed (2)

Have to stop “early”

e oo Fuel should be Need ample O
Bhue IS';[]’ e OIocatloT 0 completely concentration, OK Here to have
the oxidized metals oxidized! residence time excess air if needed
N Cycle Start \‘ \ Cycle End /!
\ H0,CO; N, O, H,0,CO; Ny, O; H,0,CO2 N, O \H20,C02 N2, O;
1‘ 2@ 1 2 1 2 1@ 2@
5
%—)T Fuel Air Fuel Air Fuel Air Fuel Alr
©
V —>r
o

%0 Loading

In a rotating bed, all fixed solids see the
same interactions with fuels and oxidants

Consistent and uniform.

- B

! £f>AAACC BUT too hard to pull off when big...




Aside: Simulated Moving Beds
< ,[ LD_(:)_(:)MO Rather than giant rotating
S wheels, use a collection of
3 many beds and rotate the
Bed Height Ny, O, Air FEEDS.

4 > 6 Air regeneration always fed

--==""" place of greatest need

Direction of
Feed Shifts

Minimizes Unused Solids
___ The more stages, the less waste.

Fuel always fed to region of
largest oxygen loading

OK Back to Business...




Choice of Metal Oxide Carrier

Mass Oxygen Delivered
CaSO,/CaS —— 1047 -1 Ro = Mass of Oxidized Metal
Co,0,/Co | 0.27
Co,0,/Co0 T 0.067
CoO/Co ———— 1021 But there are other factors:
CuO /Cu A | 0.20
CuO/Cu,0 +—1 0.10 % Rates of reaction
Cu,O/Cu A | 0.11 (Difficulty of
CuAlLO, / Cu. ALO, /"1 0.089 Regeneration)
CuAlO, / Cu. ALLO; £——1 0.066 % Practical temperatures
CuALO, / CuAlO, 1 0.044 . o
Fe,O, / FeO % =~~~ T % Useable lifetimes
Fe,0,/Fe,0, 1 0.034 % Cost
Fe,0,. Al,O,/FeAl,O, /1 0.045 < Side reactions (carbon
Fe,TiO, / FeTO, 1~ ~—J0OOO deposition, etc.)
______________ Mn,O,/MnO 1—— 7 0.10 < Transportability
L IR, Mn,O, / Mn,O, 14— 0.034 o _
C S ou P Mn,O,/MnO f——do0070 % Sustainability & Life
(7’/ NiO / Ni | 0.21 Cycle Analysis
. NiALO, / Ni. Al,O, ——"71 0.091
Can use different stages of . . : . ;
the redox cycle. 0.0 0.1 0.2 0.3 0.4 0.5

Oxygen transport capability, Rp




Solid Losses

» Solids need to be replenished due to:
» Agglomeration, clumping = fluidization breakdown
* blow-away (are blown into the fuel stream and lost)

Support Materials (help form the best shape for
the O carrier, don't participate in reactions)

More Expensive, /
Pre-treatment /

NiO / A|203" 900 1000 4.5 years
NiO / NiAlLO, 940 1000 6 months
CuO / Al, O, 800 800 3 months
CuO / NiO-AL,O, 900 950 3 months
Relatively cheap =---__|ron Ore 950 1100 2 months

Vi WMACC
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CLC: General Fuel Oxidizer

Heat from oxidation allows
extra power recovery via

Brayton cycle
Steam Turbine

Gas Turbine
H-0O
— Depleted Air

NiO This is a different way of
providing oxygen to a fuel
NiO Reducer Ni Oxidizer
But where are we going to
ﬁiOT get this hydrogen?
Hydrogen
s that really the best use of
Air this technology?

Compressor




Chemical Looping Combustion (NiO)

11 bar CO; Pipeline
120 bar
2Ni + O, = 2NiO 1200°C
N Depleted
\ Oxidizer . Air | 40 bar
\ —— N:Q H;O
\ e particle Knockout

\ d E
—p ° o o—P WEICH
e N -

|
Cyclone fl?é Heat Recovery and Steam Generation

e HX5

HX6
C

ooling

Tower

P2

)@ Atmosphere
90°C 1.0 bar

HX2
Nat Gas

Pipeline

Atmosphere




From Direct Solids (like Oxytuels)

Coal reacts with O, VI S———
notMeO ~---_____ gl .j n ELECTRICITY
- ; 4 F- »{/ .
AT RYRY VAL CONDENSER 7 >
O, released from | 4 -
. . o o)
MeO indirectly o°0°°:°°o°°°° e
.. O,&RECYCLED _ .
“v_  FLUE-GAS :
Hot Rihi;cd N MIXTURE
o MeO .
Me, O, N
and Hea
| |Oxidation| “g=>  |Reduction b
P * PARTICULATE
Reactor | <O Reactor B ety coouua'rowsl
-, ) ey ele
Preheated Me H"llﬁc-u"l\l JI \ s :
Air 2
1 G; ] oo
(: :s Energy ¢: :s \ ~ g s
AT lopes S ARGON / NITROGEN
il X
Reduced Fresh \\
Air Air \
\
\ FLY-ASH
CO,used as carriergas ----_._______ CO, '
\\
\
1 )
! Like oxyfuels, need flue gas e
McMaster = ICLAS Unit recycle as diluent to prevent high

wLVAC Ny S
University G281 ‘.>AAA( ( temperatures
ENGINEERING W?ﬁ“)



Co-generation of Hydrogen and Electricity

oxygen
Three oxidation states of iron depleted air

H,0, CO,
o

Fe;0; natural
as i i
g — FeO is heat carrier H, / H,0 easily separated
T =" Or combust for power
FeO: L HuHO0 T

Steam Reforming is highly endothermic
- 3FeO + H,0 > Fe;0, + H,

| HoO

air O/Me =1.33




Steam Reforming Route from Coal Syngas

This has been successfully

demonstrated. Fe,0; + CO/H, = 2FeO + H,0/CO,
H, plus waste electricit \\
2P / Steam Steam
All high pressure (30+ bar) : : <=CO f :
: ' N .. y
S ' \\ ------
: yngas N . T .
<N Water ot spent
2 /'J\ § air Gas
[ S
1 Gas turbine
@a..l_g’ |
Gasifier ' Ash Fe,O,
[
ASU S M Combustor
2
‘ Oxidizer 4Fe;0, + O, 2 6Fe, 04
Yes this is possible
02 I | ]

:I Air

3FeO + H,O0 = Fe;0, + H,




Gasify Coal with Chemical Looping

We don’t necessarily

have to oxidize the “\5, Topping ’(Z,fcle Bottoming Cycle

syngas here P -LC ‘5— T :

: Coal slarry-_ _- Air/NiO Ni : HRSG 1 —»= Tostack

: : 1Q : g i :

| .

Hard to directly -Sorbent @

contact metal oxide @_" @ cwW

with coal (slow,solid _._______ || i % ¢ |~ L _____ )

contactissues) i "

(. APPSR —’®—

The heat from the -~~~ il et

metal oxidation '

powers the gasifier o %

(Proposed, not yet CW |

buity < - - ash i L] !

Water is used as the . . :

oxidant! Need a lot of i ¢
water, plus need a lot
of outside heat. '

. CO, compression s b H0 :

25 kW demo currently N R O A R A 5 b S A B S R A B o B S AN 3 WA A A i S A e R U J w78 -

onlne aeeea o B s » NiNIO:YSZ — . — . Coal slurry

55‘>AAACC




Process Retrofitting from PC

:--------------------------------------------------------5-
Just partially : \ :  Existng Steam Steam _C\
.. = CO2free = ! i ! Generator
oxidize (smaller : Boiler fuel &  PC Boiler Feed Water || 'peoine
looping system) : Red Oxidizer (H2) : Block
E Steam Air T S —
= CasO4 cas Ash, CasS04 : — Fluegas
: Calciner to Disposal E
. > coz = | Existing Coal
: = Coal -¢—— Limestone
: = | Pulveriz (CaCO3)
Concept 1 — Chemical Looping CO2 -Free Fuel; Minimum Boiler Modification Retrofitting can be very attractive

to a struggling industry. New

= N2 to Existing =

= co2 Stack =

= - Steam Existing

= Rl > = B Steam

= - - Turbine Generator
= Reducer Oxidizer = FeedWater Power

= Steam 4&’3‘" = Block

= CaS = i 0

= CaS04 5 T ash. Casod = _Pred|ct5 orﬂy a 20% LCOE
= to Disposal = increase with CCS

= = Existing Coal

- - Coal -ff— Limestone
=----------------------------------------------= PL”Verizer (CaCO3)

Concept 2 — Chemical Loopi ng Oxidizer Replaces Boiler







Current development stage

850 h A @ 25kW, Ohio State (2013)
Syngas chemical looping to H,

Development and scaling-up chemical looping combustion systems
250

200 | 10 kW, CSIC

150

Continous operation duration, hours

100 A 10 kW, Chalmers
A 300W, Chalmers
50 250 kW, US DOE (Proposed)
A O Ve Syngas chemical looping to H,
: Pl 70 50 50 1[55 120 O

Capacity of Chemical Looping Combustion systems, kW

McMaster

7S
University & S M‘ ‘
ENGINEERING Q%‘:f,



Efficiency (%)

Efficiencies

This information is somewhat biased (and older)... from a particular developing selling this product.

Pulverized Oxycombustion Chem Loop  Chemical Looping P
. L Gasification
Coal \ Combustion Gasnﬁc\ahon J
. p v . 41.38 < 7 ;
1 1 \\ 1 ’ \
1 1 | )/ ‘\
35.51 3 : 36.90 34.50 |
2.00 i \ : 1.98 .
[ N -
: 30.00 30.90 1.7 !
25.95 27.40
0.17 0.15 B 0.09 0.15
B B | e = I
AirFired CFBT  O2Fired  O2Fired CFB  Chemical CLG CLG IGCC IGCC
w /o CO2 CFB w ith OTM Looping w /o CO2 w ith CO2 w /o CO2 w ith CO2
Capture Combustion Capture Capture Capture Capture

O Thermal Efficiency m CO2 Emissions

CO;z Emissions (Ibm/kWhr)



&n
=

|| 40

— 30

- 20

=
Cost of Electricity (Cents/kWhr)

CO:z Mitigation Cost ($/Ton avoided)

Pulverized Oxycombustion Chem Loop  Chemical Looping Gasification
Coal S Combustion Gasification i
. ’/ N i \ // \\
2500 : ' .
1 : \
ll 2382 2375 ! 2364
1 ! \
— ! : \
S 2000 : . | ; \ 36
x . | II \‘ /
—
& '. ' ! \ .
- ! / ) 1718
® 1500 | 27 1663 : :
8 1 /I \
- 1304 / 1383
o
1000 4 1120 —
E
I 13
S
£ 500 7.9 -
4.5 I
oHH L IOW NE
Air Fred CFB  O2Fired  O2 Fired CFB  Chemical CLG CLG IGCC IGCC
w/o CO2 CFB with OTM Looping w o CO2 with CO2 w/lo COo2 w ith CO2
Capture Combustion Capture Capture Capture Capture

O Investment Cost @ Cost of Electricity B Mitigation Cost
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» Almost nothing done!!! (That | can find, | tried)
best | can find, and this is not completely cradle to gate and uses an outdated

method:
ecoPoints per MHh
35
30
25
20
15
10
5
0
NGCC Nas Post Combustion Nat Gas Chem Looping
Capture (MEA)
McMaster ;

University m‘ﬂ ‘> MCC



Our own results

400 [
SCPC
)
= o
= 350 IGCC
P O
Q
2 COXY
~ 300 | ©
[ =
o
2 « CMEM
E 250
o ° CaL
o
: 200 | ®
% NGCC
° | |
o
o NOXY
S 150 | 4 NO
>
ul
Q
£ . NMEM
o
& 100
iy
[+]
5
)
© 5
0
0 20

SCPC w/ CCS

Galcium-Looping
Capture

Coal-based with
Membrape-based
CCS

Coal-Based
Chemical Looping
Combustion P

e

R
NGCC W?QCS

-------------------- S

. " Coal and Gas-
based Oxyfuels
] w/CCS
Gas-Based CGhemical
Looping Combustion
40 60 80 100 120 140 160

LCOE, Standard Conditions ($US2016/MWh)
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