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Program Overview

Major thrust is the use of complementary theoretical and
experimental studies to provide simulation tools with error
quantification, in order to reduce time to and risk in
commercialization. The problems under study are:

The impact of CO2 on flame stability, ash transformation, NOx and SOx
emissions for both pulverized and fluidized bed oxyfuel combustion

The entrained-flow gasification of coal with emphasis on coal pyrolyis,
soot formation, char and soot burnout and slag/refractory interactions

Chemical looping combustion for solid fuels with ASPEN system modeling
and CFD detailed modeling
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Underground coal thermal treatment to gasify/liquefy coal in-situ with
capture of CO2 in the residual char

CO2 sequestration with experimental in-house studies of kinetics of CO2
and SO2 reactions with rock formations.

The above technical activities are complemented by policy and
legal studies assessing regulatory gaps in CCS.




Overall Project Objectives

* Integrated use of
process models,
simulation, and

experiments facilitates
scale up, reduces
deployment time, and
reduces risk

Macro-
Model 5.1 Process Model &
Economics
exp: literature
sim: Aspen
Complete 5
System Case Chemical Looping
Combustion
obj: performance
exp: industrial CLC reactors
sim: LES (ARCHES-DQMom)
Pilot-scals t
Cases
5.2 LES-DQMom Mon-
Reacting Fluid Beds
exp: literature - NETL CLC
sim: ARCHES | CCM+
Scale- $'
bridging
Cases 5.3 Lab CLC Reactors
exp: lit.-NETL, UofU
sim: ARCHES-DQMom
Particle-
Hee 5.4 CLC Chemical
Models i 4
Kinetics

exp: lit.-NETL, UofU TGA
model: chemical kinetics

> Lighty

> Smith

> Smith

> Whitty
Smith
Eyring
Whitty

Lighty



e Carrier development / production
 Support material selection
e Copper addition and particle formation techniques
e Degree of copper loading

e Carrier characterization
e Carrier capacity over multiple cycles
e Oxidation and reduction kinetics
* Fluidized bed performance (attrition, sintering,
agglomeration)

 Simulation and Process
* Fluidized bed simulations
 Process material and energy balances

e Future: Process development and evaluation

THE INSTITUTE FOR CLEAN AND SECURE ENERGY




Funding Amount
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 Background of Chemical Looping with Oxygen
Uncoupling (CLOU)

 Oxygen Carrier Characterization
* Fluidized Bed Simulations
* Process Modeling and System Scale-Up

e Conclusions

THE INSTITUTE FOR CLEAN AND SECURE ENERGY
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N21 C)2 Hzo, C02

Air Reactor: A\ MeO, A\
Y202 + MexOy-1 = MexOy @
Air Fuel
Fuel Reactor: reactor reactor
CHs + 4 MexOy =+ MexOy-1 + 2 H20 + CO2 ~ w
Me, O,
Alr CHa4
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Alr Reactor:
Y2 02 + MexOy-1 = MexOy

Gasifier:
C+ HO = H» + CO
C+ 10 = CO

Fuel Reactor:

CO + MexOy = MexOy-1 + CO2
Hy + MexOy -> MexOy—l + H20

NZ! OZ
AN

AIr

reactor

Me, O,

4

AIr

TSI,

Me, O, ;

H,0, CO,
VAN

Fuel
reactor

H2, CO

Fuel

> Gasifier

ﬁHzO, O
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Alr Reactor:
Y2 02 + MexOy-1 = MexOy

Fuel Reactor:

C+ HO = H2 + CO
C+ CO2 = 2CO

CO + MexOy =+ MexOy-1 + CO2
Ho + MexOy = MexOy-1 + H20

Alr

reactor

Alr

Fuel

reactor

<

A UT Fuel

Me, O,
H.0O, CO
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Chemical Looping with Oxygen Uncoupling
(CLOU)

e Oxygen (02) is spontaneously liberated in the
fuel reactor

* Allows for direct processing of solid fuels
e Selection of oxygen carrier combination is key

* University of Utah is focusing on copper



Why Does CLOU Work?

Cu-0(s) + % 0s(g) < 2 CuO(s)

Thermodynamics

— At high temperature, equilibrium of the
metal oxidation reaction favors Cu,O

— Equilibrium partial pressure of O is about
0.05 atm at combustion temperatures

Reactor system configuration

— Air reactor: high concentration of O
forces reaction to the right

— Fuel reactor: low concentration of O,
forces reaction to the left

Very few metal/metal oxide
combinations exhibit CLOU behavior

THE INSIIIUILE FOR CLE
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. /\  MeO, A\
Air Reactor: ¢
02 + MexOy-1 < MexOy @
| Air Fuel
Fuel Reactor: reactor reactor
MexOy <« MexOy-1 + %2 Oo <
Fuel
C+02 —» CO- AN : S ﬁ ; AN
Me, O,
Alr H.O, CO2
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Copper-Based CLOU

N2, O2 CO2, H20

Alr Reactor CuO Fuel Reactor

> 4 CuO = 2Cu20 + 0O2
(ENDOthermic)

C+02 = CO2
(EXOthermic)

2 Cu20 + 02 = 4Cu0O
(EXOthermic)

C+4CuO = 2Cu20 + CO2
Cu20 (EXOthermic)

/\ BOTH reactors /\

. i~
Air are exothermic! Coal

1 (represented by C)
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» Focus: Copper-based carriers for CLOU

* Evaluate range of oxygen carrier materials
- Carriers provided by outside parties
- Home-cooked carriers developed at U. Utah

* |nvestigate carriers produced by different techniques
- Mechanical mixing/extrusion
- Freeze granulation
- Incipient wetness (wet impregnation)

» Subtask 5.4 — CLC kinetics (Eyring)
* Decomposition (“uncoupling”) kinetics
* Oxidation kinetics

» Subtask 5.3 — Laboratory-scale CLC studies (Whitty)

* Characterization of carrier properties

* Evaluation of performance in lab-scale fluidized bed system
- Oxygen transport capacity
- Oxidation and reduction kinetics
- Agglomeration

THE INSTITUTE FOR CLEAN AND SECURE ENERGY




» Oxygen carrier properties and development

» Experimental systems

» Evaluation of carrier performance
* Oxygen carrying capacity
* Measurement and modeling of reaction rates

- Oxidation
- Reduction (“uncoupling”)

* Conversion of coal in a lab-scale fluidized bed
* Attrition resistance

THE INSTITUTE FOR CLEAN AND SECURE ENERGY




Oxygen Carriers: “Off the shelt”

» 50 Ti02 MM
* 50% CuO by weight
* TiO, support
* Mechanically mixed,
then extruded, calcined, sieved

* Provided by ICPC, Poland

» 45 7r02/Mg0O_FG
* 45% CuO by weight
* MgO-stabilized ZrO, support

* Mechanically mixed,
then freeze granulated, calcined

* Provided by Chalmers U, Sweden

'THE INSTITUTE FOR CLEAN AND SECURE ENERGY




Oxygen Carriers: UofU SiO,-based

» SiO, support
Formed by starting with SiC, then
calcining
Two forms of SiC used
- SiC powder (abrasive grit)
- SICAT SiC spheres (catalyst support)

» CuO added by wet impregnation

energysfuels =
° Characteri n and CLOU Performance of a Novel Si0,-Supported
Oxyg C P epar edfomCO d}SC
Sean B. Peterson, | Gabor Konya,' Christopher K. Clayton,* Robert J. Levis, " Hake R Wilde,"

Edward M B,n J.ndlC:uj Whitty
'Depatment of Chemistry, The University of Utah, 3 Maomv,nmuznz Sk Lake City, Ugh & nmd\‘um
Dcpmma’ Chemicdl Engine ering, The University Lu)., nﬂumnngmum ;Ju_.\h(_ny Utah 84
ABSTRACT: An clictive copperbased arygen carier for e in chemial looping with orygen uncoupling LLDLI)luslim|

- - - - e e e [

uuv.nm.ﬁdgwmmm_m.i different forms of SC, dmnum..um.,..m..m.ﬂ

xition s b, wec it o itk pprctioes by sty vt Co) s o i

]nmhm’{qm’n‘rm}nm 5 = high s 60 wt % CuO madmﬂmmmapnxh fluidinesd wel, and for
40wt % CuO, no lmmm @ choerved 2t wampertures 2 high s mooc_mpm:hmm:umm
tion Th prepar PSCn e e

15, 20, 40 and 60% CuO loadings

Number of CuO impregnation
cycles was varied from 1 to 10

€0, capture ready technologies for energy production fom
oy reseanch n this area has acoelerated rapidly i recent

kymﬁz:mduuumdnmh@- d...-,,ga.
everal

e the fuel machn

Peterson S.B,; Konya G.; Clayton, C.K.; Lewis, R.J.;

Wilde, B.R.; Eyring, E.M.; Whitty, K.J.

* Characteristics and CLOU Performance of a Novel
--no - Si02-Supported Oxygen Carrier Prepared from

#5225 CuO and B-SiC,

‘fﬁﬂ»ﬁwy;‘ Energy & Fuels 27(10):6040-6047 (2013).
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» llmenite (FeTiO,) used as support
» Conventional CLC carrier (Ti/Fe)
* Well characterized
* Inexpensive (< $100/ton)

» Wet impregnation
* Rotary evaporator technique

* Tested activated and
non-activated ilmenite

* 20 and 30% CuO loadings
* CuO added in 6 to 9 cycles

A Novel Matertal for Chemical-Looping with Oxygen Uncoupling: The Performance of an
Timenite Copper Bimetallic Carrier

Chris Clayton, Sean B. Peterson”, Gabor Konya®, Edward M. Eyring®, Kevin I. Whitty*

= Deparment of Chemical Engineering, The Universiry of Urah, 50 5. Central Campus Dr.,
Room 3290, Salt Lake City, Utah 84112

* Department of Chemistry, The University af Usah, 315 8. 1400 East, Room 2020, Salt Lake
City, Utah 84112

ABSTRACT

Among the critical aspects needing i igation for the i of chemical
looping into an industrial-scale reactor, oxygen carrier development remains at the forefront. A
suceessful oxygen carrier will have a high carrying capacity, high redox rates and an optimal
relationship between cost and physical durability. Both iron and copper have displayed desirable
characteristics for a chemical-looping reactor. The high reactivity, oxygen carrying capacity and
CLOU capabilities make copper a potentially suitable oxygen carrying material. When coupled

‘with the superior physical ility of iron il ic carrier proves very effective
& an oxygen carrier material. Timenite is a low cost iron-ore that has been proven an effective
and inexpensive oxygen carrier material. The of i i ic carrier

PP
in both TGA and fluidized-bed has been investigaied in this work. To test the reactivity with
solid fuels the char of a bituminous coal (Illinois #6) has been tested along with the Cu-FeTiO-
carrier in a fluidized-bed.

1. INTRODUCTION

cutie mrwewin ot oo e Under review: Clayton, S.K., Peterson, S.B.;
-ation of CO» with comparatively little ener; g .

i “ovygenamer s e KONYaA, G.; Eyring, E.M.; Whitty, K.J.

is oxidized by oxygen, resulting in an O--depleated . . . .

trans| ted to a fuel reactor fluidized by steam and

fommponedto s e resctor unded vy seam st A\ Novel Material for Chemical-Looping with

a product gas of mostly CO: and sieam. Condensal

s ot e satitie o e mn e OXYgEN Uncoupling: The Performance of an
recognized as one of the most promising CO-» captu

Trom oo, mnd eseare n s e s weceaed | [M@NIt€ Copper Bimetallic Carrier

A key consideration of CLOU technology i
and mixed metals have been identified as having st
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» Three different experimental systems
* Thermogravimetric apparatus (TGA)
* Batch fluidized bed reactor (FZB)
* Batch fixed bed reactor (FXB)

» Thermogravimetric apparatus
* TA Instruments Q500 or Q600
* Direct measurement of mass

* Used for measuring
- carrier capacity
- oxidation rates
- reduction rates

THE INSTITUTE FOR CLEAN AND SECURE ENERGY




» Fluidized bed reactor

. . Solenoid Flow Fllter

* Similar to Chalmers system Val;qu g e
* 3 cm diam quartz reactor ' o ’“

—1 e e e . Condenser
* Fluidizing gas switched

petween air and nitrogen i Gasana,yzer

. . Air o "

* Progression of reaction N—D— FOICEIERIO

determined by gas analysis ?Reactor

CHa4 inside
. furnace
» Fixed bed reactor

* Same setup as FZB
* Quartz wool plug above bed to create fixed bed

* Allows testing with smaller particle sizes
than fluidized bed

» For both systems
* Automated gas switching / cycling
* Can be operated as integral or differential reactor

THE INSTITUTE FOR CLEAN AND SECURE ENERGY




Data Analysis from Fluidized/Fixed Beds

» Only indication of reaction progression is gas composition
downstream of reactor

Not real-time

Reactor non-idealities and axial dispersion skew / convolute gas
evolution profile

Also need real-time gas flow rate

» Gas composition data should be deconvolved to extract true

gas production 7D Sl

Typically a challenging .
analysis involving multiple €08
Laplace transforms g o7 —
For CLOU oxidation and g 05
. . 0.4
rEdUCUOn IN NZ' can be fn_g Deconvoluted O2 consumed
simplified by subtracting o2
response of step change 0 &
in inert environment °\ 200 400 600 800
Time (Sec)




» Oxygen carrying capacity e

evaluated by TGA

1.000 - I- = l’__ﬁ 1 A 1

0.995

* CuO content thus determined

0.920

Normalized Mass

* Pure Cu,0 gains 10% mass

when converted to Cu N L L L

0.975

» Stability of carrying capacity oo
evaluated over multiple cycles

36

35 +

Weight (mg)

THE INSTITUTE FOR CLEAN AND SECURE ENERGY



Rate Determination: Overall Objectives

» Develop better understanding of oxidation and reduction
mechanisms for Cu-based carriers

Work recently performed at e.g. Chalmers, CSIC, Columbia U.

» Evaluate dependence of rates on carrier properties

e.g., in the absence of mass transfer limitations, will all carriers
with 30% CuO behave the same?

» Ultimately, develop universal rate expressions suitable for
incorporation into system models, perhaps of the form

For oxidation: rate = Aexp(E%?T)[Poz — Pozeq ]a [CwO]ﬁ

For reduction: rate = AeXp(E%?T)I:POZ,eq — Po ]a [CuO]ﬁ

"THE INSTITUTE FOR CLEAN AND SECURE ENERGY



» X =fraction of Cu as CuO, with remainder as Cu,O

» PDU design assumption: Carrier cycling between
X = 0.75 exiting air reactor and X = 0.30 exiting fuel reactor

X 1.0

Q s Oxidation:

e 2Cu,0 + 0, — 4Cu0
o 0.6

>

Q,_f 0.4 1= Reduction:

% 0.2 4Cu0Q — ZCUZO + 02
S

L ool 1 1 1

Normalized Time
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» Oxidation experiments present
interesting challenge

* Driving force for oxidation
decreases with temperature

* Fundamental chemical rate
increases with temperature (E,)

* Possible grain boundary sintering
may also contribute to reduced
rate at high temperature

» Resulting “oxidation rate peak”
observed by many groups

» Deciphering true kinetics is
challenging

rtial Pressure (atm)

Temperature (°C)

Rate of reaction (s)
o
[ ]
%]

i —— Cu, 0 oxdation
0.01 —e— CuO decomposition

u : ’_ 1 !_ 1 1 1 1 1 1
750 800 850 900 950
Temperature (°C)
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» Constant temperature

» Constant p,,,eq

» Vary O, concentration in oxidizing gas

Experiment Temperature Equilibrium O, Supplied O, part. O, “driving
number (°C) part. press. (atm) press. (atm) force” (atm)

1 850 0.005 0.050 0.045

2 850 0.005 0.100 0.095

3 850 0.005 0.150 0.145

4 850 0.005 0.210 0.205

THE INSTITUTE FOR CLEAN AND SECURE ENERGY




» Various temperatures

(atm)

» Various O, _
partial pressures s ] Line

rtial Pressure

» Maintain constant

driving force (pg, — poz’eq) U0

850 900 950 1000 1050 1100

Temperature (°C) T (deg O
emp {deg

Experiment Temperature Equilibrium O, Supplied O, part. O, “driving

number (°C) part. press. (atm) press. (atm) force” (atm)
1 876 0.010 0.050 0.040
2 962 0.060 0.100 0.040
3 994 0.110 0.150 0.040
4 1017 0.170 0.210 0.040
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Range of experimental conditions
* Temperature
* Reacting gas composition

Four types of carrier materials
* Various production techniques
* Various CuO loadings

0.9 - /‘; T e
0.8 A ¥4 o
07 4 [t~

5 06 - S

N [ — 16%

g 0-5 'l.:

504 - IV = = 13%
0.3 - ‘l:: ...... 59
02
0.1 13

o f
0 1 2 0 50 100

Time (Minutes) Time (seconds)
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» Mechanism determined to be more challenging
than simple reversible reaction kinetics

» Two regimes of reaction behavior identified

* Low temperature, non-CLOU region
- Best described by pore blocking kinetic mechanism

dX 1
D
it ep(3) T ISEC -

A

Oxidation Kinetics of Cuy0 in Oxygen Carriers for Chemical Looping
wrthO xygen Unc pl ng
Chy rh-nplm Clayton,*" H. Y. Sohn,' and Kevin |, Whisty'

Chamical Engincering, ‘Unh, %08, Dirive, Raom 1390, Ciry. Uh 84112,

Unitad States.

dumlhpul ngineering and of Chemical Engineering, The Universry of Unah, 135 5. 1460 E. Room 412, Salr Lake
City, Utsh 54112, United States

* High temperature CLOU region e

Mﬂmdwbmﬂwwhl—mwdmmhm

- Activation energy must be separated into e T
thermodynamic and kinetic barriers SmmaaE maa

cont of aecwiciny than aey fuel combussion, 1GEC, and e gus
o,

- Best described by nucleation and Pt T

processeg, Tha aquibbeium cares for has maction bt thonen b Figum 1
Chemical looping with cuppen e e e etk B - et e
of iy i

i e, CIayton C.K., Sohn, HY., Whitty, K.J.
g rOWt h mec h anism E"f::f:‘:”:ﬁ"'ﬁ'fﬂ Oxidation Kinetics of Cu20 in Oxygen
e L i S o - Carriers for Chemical Looping with Oxygen

react dreatly vish salid fuel ae char, thereby aval
thi

[—lﬂ( l _ X)Jlf H — kapp X t %“:iﬁ%tjx;’g Uncoupling I&ECR 53:2976-2986 (2013).
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Similar to oxidation studies

Range of conditions
*  Temperature
* Gas composition

Challenge of having absolutely zero O,

in gas phase

Reaction order in CuO =0

Apparent activation energy 274 kJ/mol

[CuO] - 0th Order

[CuO] - 0th Order

In[CuO] - 1%t Order

[CuO] - 0th Order

1/[Cu0] - 2" Order

\

1/[Cu0] - 2" Order

9 14 19
Time (minutes)

S
RN
_

0.5 1 1.5
Time (minutes)

2

o
o)l

Conversion
o
(6]

pvm =
o
”

. / ,l '.r"
sy
ssl ’.' ,I ; ",'
T
| 1
l " ’, 'I,
A . 1 / /'/
| ,' ! ," » 17 - =
a roy 3 ' ./'
e ll ,’l 0.8 / ‘/ ) _
3 ! // .',.' 0.6 ::_- / // "’.
S ",.-" o4 [0 L -
'I ‘:’.’, 02 ::-/ ;'/,. ——”’
ayd 0 = ’.,’——’ ,
Tyl 0 23 5
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10 20 30 40 50 60
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(V]
d
5.8 -
k=
9 A=Y
N\
-10 1 Ea =284 kJ/mole L
-11 T | |
0.8 0.85 0.9 0.95
1000/T (K1)
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Any oxygen in gas phase reduces
driving force for reduction

Used similar methodology to
deciphering specific influences
for oxidation

* Vary (Pozeq
temperature

* Hold (pp, eq — Po2) cONstant at
various temperatures

Po,) at constant

Could decipher constants in rate
expression

Universal rate expression:

rate (‘5 i) —3.90 x 10 exp ( 62, 000) 6.057
S 8cu RxT

% 1 0—1 1 Expﬂ.DEldEx{T—E??.} . PDE]

0.01

A 50_Ti0O2_MM
0.009 1 5 series3
0.008 | © 16_Si02_IW

x  64_Si02_IW

0.007 | = = Corrected Ea
— Apparent Ea

/s)

3 0.006 -

/g

3'0.005 -

(g

@ 0.004

4]

o
0.003 -
0.002 -
0.001 -

700 750 800 850

Temp (°C)

900 950 1000

Apphied Energy 116 (2014) 416423

Contents lists available at Science Direct

Applied Energy

www.gl

ELSEVIER

oxide-based chemical looping with oxygen uncoupling
Christopher K. Clayton *, Kevin J. Whitty

Dept of Chemical Pngineering. The University of Uik, 50 S Gensal Campuis D Roarn 191, Sal [ake City, UT, B4112, ISA

Measurement and modeling of decomposition kinetics for copper

nnnnnnnnnn

« By experimental approach kinetic equations of two copper-based oxygen cariers were defined.

aof twa ather carriers.

universal

|||||||||||

suppert types and copper oxide badings.

o g
CO,-capture ready processing of carbonaceous fuels for energy

offering a lower cost of elecricity than

1. Introduction the fuel reactor, the oxygen carrer is reduced by 2 gaseous fuel

pimrouTmesaveniesT o Clayton, C.K., Whitty, KJ., Measurement
EiD and Modeling of Decomposition Kinetics
for Copper-Oxide Based Chemical Looping
with Oxygen Uncoupling, Applied Energy
116:416-423 (2013).
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» Three fuels tested
* |llinois #6
* Black Thunder PRB
* Green petcoke

» Two carriers tested
* 45% CuO on ZrO,
* 50% CuO on TiO,

» Fuel introduced batch-wise

* Dropped onto top of bed
shortly after turning off air

» Conversion performance
determined based on
concentrations of gases in
reactor effluent

THE INSTITUTE FOR CLEAN AND SECURE ENERGY

Fuel Type

Illinois #6 Black Thunder PRB

Green Coke

Bituminous Sub-bituminous Petroleum Coke
Proximate Analysis
Moisture (wt% as received fuel) 2.54 21.30 0.4
Ash (wt% Dry) 12.33 6.46 0.39
Volatile matter (wt% dry) 39.40 54.26 11.03
Fixed carbon (wt% dry) 48.28 39.28 88.01
Ultimate Analysis (wt% dry ash-free)
Carbon 78.91 74.73 89.21
Hydrogen 5.50 5.40 3.78
Nitrogen 1.38 1.00 1.73
Sulfur 4.00 0.51 5.82
Oxygen 10.09 18.27 4.41
Chlorine 0.11 0.08
Heating Value
HHV, dry (Btu/Ib) 12,233 12,815 15,622




» Ranking of fuel conversion
* PRB > lllinois #6 > petcoke

» Particle size matters
* Smaller is faster

* Largest particles not converted
in the time needed to release
all oxygen from CLOU particles

- Consequence of batch design

] e 1 e —
- . /
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08 | i .77 08 | =TT _
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v : wv
s . |l £ 0.5
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Evaluation of Carrier Particle Durability

» Crushing strength of particles

* |Insight into fluidized bed durability
* Lessthan 1 N not considered appropriate

» Hot fluidized bed tests

* Attrition rates over extended operation,
multiple cycles

« Agglomeration propensity

» Analytical evaluations
*  SEM micrographs
*  BET surface area
development

'THE INSTITUTE FOR CLEAN AND SECURE ENERGY



SEM Analysis




» Particles sieved to 180-250 micron

» Reported values average of 30 tests

Oxygen Particle Diameter Crushing Strength Standard
Carrier (pm) (N) Deviation

Un-reacted

50_TiO2_MM
Reacted

50_TiO2_MM
Reacted

45_Zr02Mg0O_FG

Reacted

50_Si02_Iw
Reacted

70_Si02_IW

THE INSTITUTE FOR CLEAN AND SECURE ENERGY



50 _TiO2_MM material
displayed highest attrition
rates

* Especially during initial
cycles

45 7ZR02/MgO_FG had
best physical stability

No correlation between
crushing strength and
attrition resistance

No obvious influence of
temperature

0.0300% -
0.0250% -
0.0200% -
0.0150% -
0.0100% -
0.0050% -

0.0000%

N\ N

800 900
Temperature, Celsius

m50_TiO2_MM
m45_7r02/MgO_FG
m50_Sio2_Iw
m70_Si02_Iw

0.0600%
0.0500% - =50 Ti02 MM
| m 45 Zr02/MgO_FG
0.0400% - 50 Si02 IW
0.0300% - =70 Si02 IW
0.0200% -
0.0100% -
0.0000%
2 3 4 5 5 8
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Task 5.2, simulation task
Chemical L()opmg Combustlon

%WMMW‘N’ Aoty o= I LTSS R Tt PR o e T A

John Milo Parra-Alvarez
Michal Hradisky
Philip J. Smith



Mesoscale

LES with particle

drag law approach to perform
riser calculations

Microscale
PR-DNS to extract
closure laws for drag, velocity
fluctuations, and heat transfer

Disengager

To primary

» gas cooler

Cyclone

Loop

seal
Coal —

Sorbent —
Alr —
Steam —»

Macroscale
Two-fluid averaged
equation approach to
perform device-scale calculations




Fully
resolved
0.1 | .
b < E’ Lagrangian
e - b, : S e point-particle :
Simulation Iasks N P2 S -
- \
5 5 :
s | 3 |
s - & 0.2
a E
_ a’. 2 Equilib_rium '
modeling approaches & R 2 |

10 1073
<-------------------------+--------- N
Dilute suspension Dense suspens e

one- or two-way coupled four-way coupled¥

* Turbulent Dispersed Multiphase Flow. S. Balachandar, J.
- K. Eaton,, Annu. Rev. Fluid Mech. 2010. 42:111-133

o i S gt e, -y

Volume Fraction of Solids

4.1485e-11 0.11597 0.23193 0.34790 0.46387 0.57983




To Baghouse
Header, D = 20 cm

Secondary Cyclol
Primary Cyclone: D =45.7 cm
D =50.8cm Dipleg
D,pleg Dia=7.6 cm
Dia = 20.3 cm
8in (20.3 cm)

Trickle Valve

Simulation Task

Dimensions
incm

91

Trade-off modeling Ring
L : . parger
approaches '

Pipe
Manifold




Simulation Task

Trade-off modeling
approaches

A iy h'-':*mmm-o‘r

To Baghouse
Header, D = 20 cm

Secondary Cyclol

Primary Cyclone: D =45.7 cm
D =50.8cm Dipleg
Dipleg Dia=7.6 cm
Dia = 20.3 cm
8in (20.3 cm)
Trickle Valve
/ [
305 91 ?
—
/ Dimensions
1 h‘ incm
91
Ring ‘
Sparger

Pipe
Manifold




To Baghouse
X Header, D = 20 cm

Secondary Cyclol
Primary Cyclone: D =45.7 cm

D =50.8cm Dlpleg
\ Dipleg Dia = 7.6 cm
Dia = 20.3 cm

| =

8in (20.3 cm)
Trickle Valve

R T

e Tt damnan £ 002 TR Q) TS SPELIrIr Iy

Simulation Task

/ Dimensions
incm

Trade-off modeling Ring :
parger
approaches

Pipe
Manifold
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Polyd

Velocity, (m/s)

sensitivity analysis
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Pressure drop per unit lenght (kg/m?3)




DQMOM-5

ispersity |

Simulation Task

Polyd

sensitivity analysis

Volume Fraction of Solids
1.0021e-292 0.12022 0.24043 0.36065 0.48086 0.60108
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DQMOM-5

Simulation Task

Polydispe;'sify

Velocity, (m/s)

sensitivity analysis

Volume Fraction of Solids
1.0000e-12 0.11885 0.23770 0.35655 0.47539
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Velocity, (m/s)

sensitivity analysis

O Experimental
===Simulation

Pressure drop per unit length (kg/m?3)



DQMOM-5

Simulation Task

Polydispersify |

Velocity, (m/s)

sensitivity analysis

Volume Fraction of Solids
1.0000e-12 0.11885 0.23770 0.35655 0.47539 0.59424




DQMOM-5

Simulation Task
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=
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o
o

Velocity, (m/s)

sensitivity analysis

a

® Superficial velocity 0.3 m/s

wm

[ Superficial velocity 0.6 m/s

F=y

Height (m)
- epece O O e @9

N

200 300 400
Pressure drop per unit lenght (kg/m3)




DQMOM-5

ispersity |

Simulation Task

Polyd

glocity, (m/s)

R

sensitivity analysis

TotalVolumeFraction
2.604%e-12 0.12369 0.24738 0.37107 049476
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Simulation Task

Polyd

Velocity, (m/s)

sensitivity analysis

O Experimental
===Simulation

Height (m)

Pressure drop per unit length (kg/m?3)




DQMOM-5

|spersify |

Simulation Task

Polyd

Velocity, (m/s)

Y

sensitivity analysis

TotalVolumeFraction
2.3477e-08 0.11764 0.23528 0.35291 0.47055 0.58819
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O Experimental

===Simulation

500 1000 1500
Pressure drop per unit length (kg/m?3)




Simulation Task

comparison with
experimental data and
previous results
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1000
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comparison with
experimental data and
previous results

O Experimental
“==Simulation

)

500
Pressure drop per unit lenght (kg/m?3)

1000

0.0

=—sim O exptl

0 500 1000
Pressure drop per unit length (kg/m?3)
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Process Modeling Approach

ASPEN Plus process models for CLOU and CLC
have been developed to envision material and
energy balance scenarios for a Process
Development Unit (PDU) based on solid fuels

Wyoming PRB is the targeted coal (North

Antelope sub-bituminous)
Proximate Analysis

2=

Moisture Volatile Matter Ash
23.7 49.8 6.5
Ultimate Analysis
C(wt% Hwt% | O(wt% Nwt% | S(wt% Cl(wt % | Heating
d.a.f) d.a.f) d.a.f) d.a.f) d.a.f) d.a.f) Value
(MJ/kQ)
75.3 5.0 18.3 1.1 0.3 27.7(dry
basis)
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Design Considerations

Circulating Fluidized Beds (CFB) are used for
both air and fuel reactors

Fluidization calculations have been
performed using a thermal output of 3 MW/m?
of bed area

A superficial velocity to terminal velocity
ratio of 2 has been used.

The oxygen carriers used:
CLC: 60% Fe,O; supported on Al,Oy,
CLOU : 40% CuO supported on ZrO,

STITUTE FOR CLEAN AND LCURE ENERGY



Design parameters for CLC with 60% Fe,O; on
Al,O, oxygen carrier

Air Reactor (One module in ASPEN, RSTOICH):
- 4 minute residence time

- Conversion of Fe;0, in air reactor = 80%
e 2Fe,0, (s)+1/2 O,(g)-> 3Fe,O, (s)

For simplicity, formation of FeAl,O, has not been
considered in the present calculation.

AE INSITITUITE FOR CLEAN AND SECURE ENERGY



Design Parameters for CLC with 60% Fe,O, on
Al,O, oxygen carrier

Fuel Reactor (Three Modules in ASPEN):

- Coal enters an RYIELD to yield a gas which enters
the gasifier. The gasifier is modeled as an equilibrium
reactor (RGIBBS) which produces syngas

- Reactions with syngas in RSTOICH
- Conversion of Fe,O, to Fe;0, is 99%
3Fe,0, (s) +CO (g) -> 2Fe,0,(s)+CO, (g)
3Fe, 0, (s) +H, (g) > 2Fe;0, (s)+H,0 (g)

- Assumption of 10 min residence time for coal
conversion (limiting step)

8|



Experimental data of Mattisson et al. (2009) and
Sahir, et al. (2012) has been used to provide the
copper reduction and oxidation kinetics

Air Reactor (modeled with one module in ASPEN):
« 50% conversion of Cu,0O

e 2Cu,0+ 0, —4Cu0O
« Residencetimeis 42s

Mattisson, T. et al. (2009), International Journal of Greenhouse Gas Control, 3(1), pp. 11-19.

Sahir, A.H. et al. (2012), Energy and Fuels, 26(10), pp. 4395-4404.

Bartok W., Sarofim A.F., eds. (1991), Fossil Fuel Combustion A Source Book,,John Wiley & Sons.

Eyring, E.M. et al. (2011), Oil & Gas Science and Technology - Rev. IFP Energies nouvelles, 2011,66(2), pp. 209-221.

THE INSTITUTE FOR CLEAN AND SECURE ENERGY
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CLOU with 40% CuO on ZrO, oxygen
carrier: Design Parameters

Fuel Reactor (Three Modules in ASPEN):
Oxygen is generated from CuO in an RSTOICH

e 549% conversion of CuO iIn the fuel reactor

e (4CuO — 2Cu,0 +0O,)

Coal enters an RYIELD to yield a gas w
gasifier with the oxygen from above. T
modeled as an equilibrium reactor (RG

e Complete coal burnout

e PRB coal combustion kinetics are
Sarofim.

nich enters the
ne gasifier Is

BBS)

from Bartok &

Residence time i1s 35 secs based on CuO conversion

A INSTITUITE FOR CLEAN AND SECURE ENERGY



CLOU Combustion Experiment of Mexican
Petcoke by Mattisson et al.(2009)

Fuel introduced:
0.1 g Mexican Petcoke
particles
[88.8% C(by mass)
Size= 180-250 pm]

Valve for solid

fa) fuel feed and
I J_IZI sweeping gas

Cooler
Gas
analyser

Reactor
with oven

Pressure
measurement

Flow rate of O,-N,
mixture during oxidation
To 900 ml/min

: ventilation
: Automatic
gommmemmmee valves

@4— 0,inN, |
O, concentration

S E— - 10% (for expt. at

: N, 950°C)

: : 21% (for expt. at
\ 985°C)

Flow rate of N,

i

15 g of 40% CuO
160% ZrO, particles
In the batch
fluidized bed[Size=
125-180 pm]

To
ventilation

during reduction
900 ml/min

Mattisson T., Leion H., Lyngfelt A. (2009) Chemical-looping with oxygen uncoupling using
CuO/ZrO, with petroleum coke, Fuel 88, 683-690.



Experimental Gaseous concentration profiles of CLOU

Combustion of Mexican Petcoke at 955°C
Reduction

Regeneration
\. ? Tempemnul -
I Wi T - 0G4
sal, .:\ \ 060
gy, I| ! — i
"?i l!: \ e :
| \!! —9s50 %
g 02} FG=| {1 £
= | 10% | :: bjriimnet 2
E i 02 LO-;E: G = 10% 02 - 940 %
C 0.1 101 ::. , J i
= I -
: 4
e - 930
Equilibrium | :E vf’
Partial e Y et | B
Pressure of gL—a___1

O, (0.0455 0 200 400 600 800 1000

atm. Time (s)
) FG =100% N,



CuO Decomposition

P :
“2,0ut Reduction
0.4 -
:
_ob
Fuel > i\
p— - |
Reactor - \ [
g 02f ¥
= P ::
Reaction occurring: ; s (-U*E:
4CuO - Cu,0+0, 3 i
0.1 '
11
pOZ out (FOF — o : :
Reduction) '
0

o, (e =24) + (=0,

I (pﬂ'z.eq N pﬂz) T 2



Analysis of CLOU Combustion of Mexican Petcoke:
CuO conversion in “ Fuel Reactor”
Increase in rate of CuO decomposition with temperature

1 —
09 - Only CuO
decomposition occurs
0.8 -
O
-]
O 07-
o
c
9 0.6 -
2
2
S 0.5 - —T=900C
o
04 - —T=950C
CuO decomposition —T=985C
0.3 - and fuel conversion
occur simultaneously
0.2 - (Region of Interest)
0.1 -
O I I I 1
o) 100 200 300 400

Time (seconds)



Conversion of CuO

0.5

0.45

0.4

0.35

0.3

0.25

CuO Decomposition Reaction

5 e
A ,-". pEE
o guuuus
|
.*""'
.‘.. .
Lt
40 60 80 100

Time (seconds)

----- T =900 Predicted
- =T =950 C Predicted
—T =985 Predicted

m T=900C

A T=950C

e T=985C

*The activation energy from the first order rate constant k., Of
the data for CuO/ZrO, particles was calculated to be 20 kd/mol.

*The standard enthalpy of reaction at 1200 K (927°C) for the reaction

4CuO(s) — 2Cu,0O(s) + O,(g) is 261 kJ/mol.

* Value of 281 kJ/mol was close to reported literature data on CuO

particles (322 kJ/mol-Chadda et al.; 327 kd/mol — Eyring et al.)



Flue Gas Cooling

. FTm T -
Recycling Flue Gas Y | |
| Em l Alr
| SPLITTER
! Y H{ Exhaust
_______ ]
BAS-COOL [ECHEFURT 24
FTT T T
& ' |
| % I
— I= sl : I
: I AIR-COOL :
| : I
___________ |
: ) | [eRou]
| GAS-S0L2 I
I |
|
| [ARCFRO]
AIR-REAC |
FUEL-REA : | [cocREc—=r
] Tl
! "Air
|
_____ : +  Reactor
|

oxygen Fuel Reactor Cool g N -
carrier oxygen -
carrier A =
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Air Reactor (One module in ASPEN,
RSTOICH):

e 4 minute residence time

 Conversion of Fe;O, In air reactor =
80%
o 2Fe;0O, (s)+1/2 O,(g)— 3Fe, O (S)

 For simplicity, formation of FeAl,O, has
not been considered in the present
calculation.

THE INSTITUTE FOR CLEAN AND SECURE ENERGY




Design Parameters for CLC with 60% Fe,O, on

e

Al,O, oxygen carrier

Fuel Reactor (Three Modules in ASPEN):

Coal enters an RYIELD to yield a gas which enters the
gasifier. The gasifier iIs modeled as an equilibrium
reactor (RGIBBS) which produces syngas

Reactions with syngas in RSTOICH
 Conversion of Fe, O, to Fe;O, is 99%
 3Fe,0,(s) +CO (g) — 2Fe;0O,(s)+CO, (9)
 3Fe,O4(s) +H,(g) — 2Fe O, (s)+H,0O (9)

Assumption of 10 min residence time for coal
conversion (limiting step)

A INSTITUITE FOR CLEAN AND SECURE ENERGY
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Fuel Reactor
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Oxygen Carrier
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CLC - Energy Recoveries/Utilization from System

Components

CLC, 950°C fuel,

CLC, 970°C

compressor/pump work)

935°C air fuel, 2050°C air
Fuel reactor -160 kW,,, -161 kW,
Energy required/provided by -42 kW, j-zoz 212 kW, f 51
oxygen carrier for fuel reactor
Heat steam from 150°C to fuel -96 KW, -97 KW,
reactor temperature
Alr reactor 663 kKW, 658 kKW,
Energy required/provided by OC |41 kW, | 515 [-209 kW, | 9ag
for air reactor operation
Heat air from 25°C to air -188 kW,;,_ -215 kW,
reactor temperature
Cool air reactor exhaust to 25°C 137 kW, 158 kW,
Cool flue gas to 150°C 117 kW, 121 kW,
TOTAL (including 43 kW of 429 kKW, 428 kKW,




CLOU, 950°C fuel,

935°C air
Fuel Reactor 109 ]
Energy required/provided by oxygen -35kW 74
carrier for fuel reactor —
Heat recycled gas from 150°C to fuel rxt | -185 kW
temp
Air reactor 394 kW
Energy required/provided by OC for air 33 kW
reactor operation
Heat air from 25°C to air rxt temp -265 kW
Cool air reactor exhaust to 25°C 196 kW
Cool flue gas to 150°C 271 kW
TOTAL (including 5 kW of 513 kW

compressor/pump work)




Process Conditions Based on an ASPEN PLUS process model for a
100 kg/h coal feed rate(~0.5 MW,,))

CLOU CLC
Fuel reactor temperature 950°C 970°C
Air reactor temperature 935°C 1050°C
Energy contributions from fuel 74 51

reactor operation and oxygen

carrier transfer(heating for
CLOU/cooling for CLC) -kWj;,

Energy contributions from air 162 238
reactor operation , oxygen
carrier transfer (cooling for
CLOU/heating for CLC) and
air heating requirements
(KWin)

Energy required for heating (185) -
recycled CO, (kW)

Energy required for heating - (97)
steam (KWy,)

Energy recovered from 467 279
cooling exhaust gases from
fuel and air reactors (kW)

Energy required for (9) (43)
compression(kWi,)

Total energy (kWy,) 213 428




Economic Analysis

Capital costs:

Compressor Work, W(in kW)

n pin!arvinlarminlar

[:ﬂ_ 1] ﬂfﬂn

(n—1);
[P:'n:ar + ﬂ'pj| " — 1“
pz’nlar

Capital Cost of Centrifugal
Compressor

4

580000-+(20000*W0-6)

Capital Cost of Cyclone

0.05*(Capital Cost of the reactors)

Capital Cost of Reactor in US$
million (2000) per process train

0.6

1515( Vg )
21180 m3

Oxygen carrier and operating costs:

Cost of Cu based oxygen carrier for US$6600 per metric ton

CLOU

Cost of Fe based oxygen carrier for CLC |US$200 per metric ton

Attrition Rate of Carrier

0.05% per hour

Cost of electricity

US$0.06 per kWh

**The cost of compression required for CO,
sequestration has not been incorporated in this study.




m Total Capital Cost

m Capital Cost of Cyclones

m Capital Cost of Reactor
Vessels

m Capital Cost of Centrifugal
Compressors

m Cost of Initial charge of
10 Oxygen carrier

0.1 .

CLC is cheaper CLC is more
than CLOU expensive than CLOU



Higher operating cost is attributed to the energy requirements associated

fuel react

with fluidizing oxygen carriers, owing to large residence times in the CLC
or. ’

= Total Operating Cost

m Operating Cost of Carrier

®m Power for Compressor with
$0.06/kWh

0.1

10

CLC is cheaper CLC is expensive than
than CLOU CLOU

THE INSTITUTE FOR CLEAN AND SECURE ENERGY
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Conclusions (1)

CLC Kinetics
e Various supported copper materials were developed and kinetic data were obtained
e The preparation of CuO/SiC materials using the rotary evaporation method showed
improved kinetics
* Higher surface area bSiC was made more stable by a coat and bake method of
preparation. These materials performed well.

Laboratory-scale studies

e Oxidation and decomposition (O, release) depend on the so-called “driving force”
associated with the difference between the O, partial pressure in the reactor environment
and the equilibrium O, partial pressure.

* For oxidation:

* This explains the decrease in oxidation kinetic rate with temperature beyond roughly
850°C.

* There are two regimes, a low temperature regime in which the rate at high conversion
slows due to pore blocking and a high temperature regime (>700°C) which is best
modeled by considering grain nucleation and growth

 The reaction order in oxygen driving force was concluded to be 1.3
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i
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Conclusions (2)

Laboratory-scale studies (Continued)
 For decomposition:

 The observed activation energy for CuO reduction was roughly 274 kJ/mol

* Reaction was first order in oxygen driving force

 Small particle were converted more rapidly, due to limited mass transfer limitations
Robust carriers displayed an attrition rate of approximately 0.0008% per hour.

 Materials manufactured by combining ultrafine powers rapidly wore down and
experienced significant bed loss over short periods.

Simulation of fluidized beds

e Simulations developed captured the BFB behavior and compare well with experimental
results

Results using DQMOM models either matched or under-performed the behavior captured
by monodisperse models
e DQMOM models were more computationally intensive

e However, these models enabled a distribution of particle sizes

l
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Conclusions (3)

Process and economic models.
e The CLOU process has the potential to reduce reactor size and oxygen carrier inventory.
The lifetime of the oxygen carrier is the key factor for developing CLOU technology.
e Although oxygen availability/reactivity is important, carrier strength and stability are at
least as important
e Itis vital to investigate strategies to reduce the residence time in the fuel reactor for the CLC
process
* Affects oxygen carrier inventory, cyclone and reactor size, and fluidization costs.
e CLOU and CLC differ in energy extraction methodology, which impacts process design
 In CLOU itis possible to extract energy from the air and fuel reactors.
* In CLC the air reactor must be operated at a higher temperature than the fuel reactor.
 The effective utilization of steam for gasification and fluidization of oxygen carriers needs
future analysis
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University of Utah
Chemical Looping Research Facility

Similar to proven design for UofU’s
circulating fluidized bed combustor

Approx. 20 ft (6 m) tall overall

Distinct reactors offers flexibility in
terms of interconnecting piping,
circulation, etc.

Designed for operation to 220 kW,

High temperature gas pre-heat for
both reactors

Designed for CLOU with solid fuels,
but can operate as conventional CLC
or as twin-bed gasifier
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Chemical Looping Research Facility
Design and Construction
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Barracuda Simulation: Air Reactor

PDU & Cold Flow Unit

Full System 0.0000000e+00 Cold Flow Model 0.0000000e+00 Cold Flow Only Air 0.0000000e+00

Particles VolFrac

0.61 —0.61 0.1
0.549 0.549 0.549
0.488 0.488 0.488
0.427 0.427

0427
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