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» Primary objective: Advance development of technologies to
address challenges with, and to improve performance and
economics of, chemical looping combustion

» Specific objectives
1. Evaluate technology for recovery/recycle of oxygen carrier metals

2. Improve performance of dual bed CLC systems through better loop
seal and gas-solid separator design

3.  Improve simulation of CLC systems though better implementation of
gas-solid chemistry and reaction kinetics in CFD codes

4. Improve heat management and recovery in dual-bed CLC systems

Evaluate a new CLC reactor design with potential to improve CO,
capture and fuel conversion while reducing oxygen carrier costs
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» Combination of research approaches

Lab-scale studies
Pilot-scale studies
Reactor simulation
Process modeling

» Five technical tasks (plus one management task)

1. Project management
2. Development of “zero loss” oxygen carrier processing

3. Improvement of solids management
- Loop seal design
- Gas-solid separation

4. Implementation of chemical reactions in simulations
5. Heat management and integration
6. Evaluation of novel chemical looping reactor designs
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TASK

QL [ Q2 [ Q3] Q4] Q5[ Q6] Q7] Q8

Q9 [QI0[QII Q12

Task 1 - Project management and planning
Task 2 - Development of zero-loss oxygen carrier processing
2.1 - Evaluation of oxygen carrier/ash interactions
2.2 - Lab-scale studies of copper recovery from spent carriers
2.3 - Bench-scale operation of carrier recovery/recycle system
2.4 - Design of pilot oxygen carrier recovery/recycle system
Task 3 - Improvement of solids management
3.1 - Simulation and cold-flow studies of loop seal designs
3.2 - Evaluation of new loop seal designs at PDU scale
3.3 - Simulation and cold-flow of solids separation systems
3.4 - Evaluation of new solids separation system at PDU scale
Task 4 - Improved implementation of reactions in simulations
4.1 - Improve representations of chemical reactions
4.2 - Comparison of old and improved simulations
Task 5 - Heat management and integration of reactors
5.1 - Evaluation of heat balance between air and fuel reactors
5.2 - Study of in-bed heat removal in air and fuel reactors
5.3 - Design of boiler banks for industrial scale CLC
Task 6 - Evaluation of a novel chemical looping reactor design
6.1 - Simulation of 10 kW design of two-carrier CLC system
6.2 - Bench-scale testing of two-carrier fuel reactor
6.3 - Design of PDU modifications for two-carrier fuel reactor

M1k AuiM1.2
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Task 2: Development of “zero loss” oxygen carrier processing

Task 3: Improvement of solids management
Task 4: Improved CLC reaction kinetics for simulations
Task 5: Heat management and integration of reactors

Task 6: Evaluation of novel chemical looping reactor design
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2. Development of Zero-loss Oxygen Carrier Processing
2.1 Evaluation of oxygen carrier/ash interactions
2.2 Study of copper recovery from spent oxygen carriers
2.3 Bench-scale operation of carrier recovery/recycle system
2.4 Design of pilot oxygen carrier recovery/recycle system

» Objective: Minimize make-up oxygen carrier requirements

» Three causes
* Loss of activity by reactions with e.g. coal ash to form new compounds
*  Loss of activity due to agglomeration
*  Loss of material through attrition and/or carryover

» Approach
* Modeling of solid-phase chemistry in reactor to understand risk regimes
* Development of process to recover and recycle lost active metal (Cu)

. Q[ @[5 [0s [ Q7[5 | Q5 [Q]Qu Qi
Task 2 - Development of zem-loss oxvgen carner processine

2.1 -Exaluation of oxyzen camisr'ash interactions

2.2 -Lab-scale studizs of coppar meovary from spantcarniers

1.3 -Bench-scals oparation of camier meovery/eeyde system

2.4 -Desizn of pilot oxvzen carner recovervirecyele system !
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» Interactions of coal ash and oxygen carrier
* FactSage thermodynamic modeling
- Different mixtures of metals
- Various gas environments
- Temperature range 850-1000°C
* Experimental analyses
- TGA with mixtures of ash and Cu, Fe oxides
- Fluidized bed tests with carrier + coal ash
- XRD analysis to identify phases

(a) AlLO,-CaO -Fe,0,-8i0,-Cu0-0,-C0O,

P(0)=0.01 atm, p(CO,)=0.99 atm, Si0,Z (g/g)=0.3, CuO/Z
(6/g)=5, Z=(Al,0,+Ca0+Fe,0,+Si0,), smog}c, 1 atm ‘?ﬂttSage"

AlLO,

1. CU20+CUz0Al Os+(Cuz0)(Fe2 03+ CaAl:Si; 0s+5i0;

2. CU20+{Cu20)(Fe:0:)+CasFesSia012+CaAl:Si: 0s+5i02

3. CU20+CaAl:5i0a+CasFe:Sia012+{Cu20){Fea0s }+Cu2 0AL03
4. Cuz0+CazFe:Sia012+Cu: 0Al:0:+CaAl; Si: Og+Caz Al:5i107

5. Cu20+CasFe:Sis0.2+Ca3Si07+{Cu20)(Fea0s }+CazAlSi0;
6. CU20+Ca2Si0s+CasSi:07+Ca2Al:Si07+{Cuz0)[Feas)

7. CU20+CasFe5i0:2+CU20AL05+Ca: Al SI0;+{Cu20)(Fe2 0)
8. CU20+CazALSI07+CaAlS: 0s+CasFe, 5i3012+Casi0;

% 9. CU204Ca2AlSiI0,+Ca;5i20+Casi0:+CasFe;S5ia012
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Predicted compositions of ash/CuO mixtures versus temperature

(a) IL6 ash + CuO under CO,
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* Significant deactivation and sintering of CuO caused by IL6 ash
e Strong surface affinity between IL6 ash and CuO

* PRB ash proved to be relatively unreactive to CuO

* Reasonable thermodynamic modeling accuracy
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» Recovery
* Selectively remove copper from spent carrier

CuO(s) + 2 HNOs(aq) = Cu(NO,), (aq) +
H,O

* Baghouse will also contain coal ash/char
- Dissolution of Cu by HNO; faster than coal ash

» Recycle

* Recovered copper nitrate used to re-form carrier

- Wet impregnation

- Same technique used by UofU for carrier production
* Calcination of impregnated carrier (180°C)

Cu(NO,),(s) = CuO(s) + 2 NO,(g) + %0,(g)

» Nitric acid / nitrate cycle
* Released NO, from calcination re-forms nitric acid

2NO,(g) + H,0 + %0,(g) > 2 HNO,(aq)

Spent carrier
with Cu

Carrier
support

H,O

HNO,

CuOon
support
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» Selective recovery of Cu from
spent solids
* Focus on PRB and lllinois #6 coals

* Lab measurements of dissolution
rates of Cu versus coal ash in nitric
acid

» Results

* Water washing step is required
prior to acid dissolution

* At all temperatures and acid
strengths near complete recovery
was achieved.
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3.1 Simulation and cold-flow

3.3 Simulation and cold-flow

3. Improvement of Solids Management
3.2 Evaluation of new loop seal designs at PDU scale

3.4 Evaluation of new solids separation system at PDU scale

studies of loop seal design

studies of solids separators

» Objective: Improve reactor performance through better control of

particle circulation and and gas-solid separation

» Two main focus areas
* Loop seals
* Gas-solid separators (cyclones)

» Approach
*  Simulation
*  Prototype testing
*  Evaluation on PDU

TASK

QI [Q2]Q3[ O+ [0 [Qs[ Q7] Q8 [Q9 [QU[QII]QR

Task 3 - Improvement of solids management
3.1 -3inmwlation and cold-flow studies of loop s=al desizns
332 -Exalvation of new loop szal dasizns at PDU scale
33 -Sinwlation and cold-flow of solids sepamation systams
34 -Esaluation of new solids separahon systam at PO scale

———
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» Loop seal design

* Evaluate alternate designs
- Seal pots, L-valves, etc.
- Try to minimize fluidizing gas requirements
* Development process
- Simulation in Barracuda™
- Construct/test best designs on cold-flow model

- Construct/test best 2-3 of those designs on
PDU

» Gas-solid separation design

* Evaluate alternative designs

- Other cyclones

- Disengagers

- Try to get good ash/carrier particle separation
* Development process

- Simulation in Barracuda™

- Construct/test best designs on cold-flow model

- Construct/test best one of those designs on
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» Loop seal design

Simulations of several designs
completed

Initial designs built in acrylic and
installed on cold flow unit

L-valve simulation

Double bottom Triple bottom Side + bottom

Variations of gas input
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» Gas-particle separations

* Sensitivity analysis of simulation
parameters performed for cyclones

* Simulation of alternate separator
designs
- Cyclone geometries
- Upflow disengager
- Downflow disengager

» Current focus
* Modified, smaller geometry disengager

* Relies on terminal velocity for
separation

* 99+% of carrier material recovered
* 60% of fine ash recovered
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Task 4:
Improved Implementation of Reactions in Simulations

4. Improved Implementation of Reactions in Simulations
4.1 Improve representations of chemical reactions
4.2 Comparison of old and new simulations

» Accurate modeling is crucial in system scale-up effort

» Chemical reactions occurring in the system needs proper
material treatment and submodel implementation

» Two codes, Barracuda VR and MFIX will be used in this study
with more focus on Barracuda VR

» Description of heterogeneous chemical reactions and sulfur
chemistry will be investigated and enhanced as the codes allow

Year 1 Year 2 Year 3

Enhancement of coal devolatilization and char
oxidation for chemical looping system analysis _

Implementation of metal oxide description and
o I

Development and implementation of sulfur

reduced mechanism _

Comparison of old and improved simulations of
chemical looping PDU _

THE INSTITUTE FOR CLEAN AND SECURE ENERGY grR



» Led by Reaction Engineering International
» Close collaboration with CPFD Software, Inc.

> Heterogeneous chemistry

* Coal devolatilization:
(raw coal) - Y,,Volatiles + (1-Y,,)Char

* Char oxidation:
C + [(1+¢l)/2]02 - ¢COo, + (1-¢)CO

* Oxygen carrier’s reduction and oxidation:
Me,O, <> MeO,_; + %20,

x—y-1

» Development and implementation of sulfur
reduced mechanism to describe the heat
release kinetics as well as the finite rate
kinetics controlling gas phase sulfur species

2C0+0, => 2C0,

CO+H,0 =>CO, + H,

CO,+H, => CO,+H,0

H,+0.50, => H,0

CH,+20, => CO,+2H,0

C+0, => CO,

2Cu0 =>0.50, + Cu,0

Cu,0 +0.50, =>2Cu0
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Task 4 Results

Improved Implementation of Reactions in Simulations

02 Mass% CO2 Mass%

Particle Vol Frac | ‘
I»(LGS | Izs IBU
0.4725 80

I»o;ﬂs | n Iaa
Methane in Fuel Reactor

—0.1575 0 —20
1 b
i = | '/U
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(bottom to top)
Particle volume fraction

Oxygen Carbon Dioxide Coal fed on right side

'THE INSTITUTE FOR CLEAN AND SECURE ENERGY zﬁg




5. Heat Management and Integration of Reactors
5.1 Evaluation of heat balance between air and fuel reactors
5.2 Study of in-bed heat removal in air and fuel reactors
5.3 Design of boiler banks for industrial-scale CLC

» Objective: Evaluate heat extraction from CLC system with an
eye towards steam generation in next-scale and power
generation in utility-scale systems

» Approach

* Computational modeling of heat balance in the air reactor/fuel
reactor system as well as steam and power generation in a CLC-

based power plant
* Practical implementation of heat extraction from CLC reactors

TASK Q[ [ &[G [Q6[ Q7 [ Q8 | Q9 [QU[QI[Qn
Task 5 - Heat marasement and 1nfegration of reactors

5.1 -Esaluation of heat balance between air and fiel raactors
52 -3tudy of in-bed heat removal in air and fuel mactos
53 - Desizn of boiler bankes for industrial scale CLC ;
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» Process modeling

* Develop heat and mass balances, updating as more
information is gained on oxygen carrier performance and
operating conditions

» Experimental evaluation

* Design and install heat extraction units in air and/or fuel
reactors of PDU system

* Evaluate heat transfer, system performance, temperature
control, local bed particle performance

* Data for design of heat extraction systems for larger-scale
systems

» Reactor simulation

* Investigate effect of in-bed and freeboard tube bank
configurations on hydrodynamics and particle flows
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» Aspen model of two reactors
* Includes heat exchangers for heat addition/removal

* Consideration of where best to remove heat
- Loop seals?
- Within bed?
* Identification of operation regimes vs reactor heat needs
- Both reactors exothermic
- One reactor requires heat input
- Both reactors require heat input

» Study of fluidized bed combustor heat removal schemes
* In-bed and freeboard heat recovery
* Downstream heat recovery
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6. Evaluation of Novel Chemical Looping Reactor Designs
6.1 Simulation of a 10 kW two-carrier system
6.2 Bench-scale testing of a two-carrier fuel reactor
6.3 Design of PDU modifications for two-carrier fuel reactor

» Objective: Investigate performance of alternative
reactor configurations for CLC and CLOU

» Approach

* Reactor simulation and process modeling
* Experimental evaluation in 10 kW CLC system

TASK

Q1 [ 2 [ B[ Q4[ Q5] Q6] Q7] Q8] Q9[Q10[Q11]Q12

Task 6 - Evaluation of a novel chemical looping reactor design

6.1 - Simulation of 10 kW design of two-carrier CLC system [ | ||
6.2 - Bench-scale testing of two-carrier fuel reactor
6.3 - Design of PDU modifications for two-carrier fuel reactor !
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» Two-carrier fuel reactor CO, (+H,0)

* Char reactor
- Coal fed onto top of char reactor —>

- Take advantage of O, release of CLOU carrier
to convert unreactive char in one reactor

— Copper-based

— Other CLOU carriers (Mn-Fe) Volatiles | Alr
. reactor [& Reactor
* Volatiles reactor --
- Situated above/downstream of char reactor
- Use conventional CLC carrier to convert Volatiles Air
volatiles
- Less expensive carrier —
* Two carrier cycles and air reactors Coal ——)
Char .
» Approach Reactor Reactor
 Reactor simulation and process modeling (CLov)
* Experimental evaluation in 10 kW CLC system
Steam
(COo,) Air
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» Literature review

» Simulation of existing 10 kW reactor

» Lab-scale char conversion analysis
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From Coppola et al. (2015)

A. Coppola et al., Applied Energy 157(2015) 449-461.
A. Thon et al., Applied Energy 118(2014) 309-317.
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Evaluation of oxygen carrier/ash interactions
* Good agreement between models and experiments

Effective separation of Cu from spent oxygen carrier
Improved operation of loop seals

New solid separation system developed

YV V VY VY

Improved implementation of chemical reactions in
simulations
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» This project
* Design for copper recovery and recycle system
- Bench-scale testing

* Installation of disengager
- Cold flow model
- PDU

* Evaluation of heat removal from PDU
- Heat panels for local heat removal/design data

* Test 2-fuel reactor design at bench scale

» Future development
* Continued operation and experience with PDU
* Acquisition of validation data
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