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Chemical Looping: Fossil Fuel Conversion with Carbon Capture

Cost Reduction Benefit

Bl Post-combustion (existing, new PC)

@® Pre-combustion (IGCC)

A Oxy-combustion (new PC)

3+ CO, compression (all)

® Advanced
physical
solvents
) B Advanced
B Amine chemical
solvents solvents
@ Physical B Ammonia
solvents
. 4+CO, com-
A Cryogenic " pression
@ oxygen
2010

A Chemical
® looping
A OTM bhoiler
S B Biological
.5-.5&:“ . M lonic liquids B Oteesns
B Metal organic
Bl Solid frameworks
@sorbents Bl Enzymatic
B Membrane membranes
®systems
ITMs
@Biomass co- [ co, Capture Targets:
M firing 2 :
+ 90% CO, Capture
+ <10% increase in COE (IGCC)
+ <35% increase in COE (PC)
2015 2020

Time to Commercialization

José D. Figueroa, National Energy Technology Laboratory (NETL), U.S. DOE



Applying chemical looping to coal-based hydrogen production

Conventional coal-based hydrogen production w/ carbon capture
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Syngas Chemical Looping (SCL) Process for H, Production
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Evolution of The Ohio State Syngas Chemical Looping

Depleted
Air
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Summary of DE-FE0026334

Autonomous Process Control Concept Sub-Pilot Unit Pilot Unit

HLC

measurements

Electronic Equipment
Madification for
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control input Pl
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* Objective: develop an advanced process automation control architecture and imaging
and optimization sensor information for the OSU chemical looping process

* Develop HLC-SMC control scheme for process automation (OSU ECE)
» Establish sensor algorithm for high temperature ECVT (Tech4lmaging)
* Integrate process performance parameters with FocalPoint Optimization System (B&W)

* Prepare and test process control and optimization concepts in 25 kW, sub-pilot test unit
(OSU CBE)
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Sliding Mode Controller (SMC)

Advantage: State trajectory control, robustness

Controller changes behavior as the state y
trajectory crosses the surface

Exemplary mathematical form:

Zy
X+a,x+ax=u, \\——
S
. . é?
u = —-Msign(s), s=cx+x, a,,a,,M ,c-const /\

Two stages:

* Reaching mode: to get to the sliding
surface

e Sliding mode: reduced order motion on
the surface

Disadvantage: chattering =
e actuator wear-and-tear
e potential plant excitement

Utkin, V., "Variable structure systems with sliding modes," Automatic Control, IEEE
Transactions on , vol.22, no.2, pp.212,222, Apr 1977



Design of adaptive M

Modified sigmoid function:  Goal:

M = (b + ) * Reduce chattering
1 + ec—dlsl  Enhance disturbance rejection
R
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g ij 05
M
o I / M., ... upper
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« " Transi}/énal zone | limit of designed
7
= | actuator action
"1 M,,;,: minimum control effort | s | B T
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Implementation of automatic start-up algorithm

* Pre-set operation
goals

e HLC-SMC structure

* 1-click startup for
fluidization,
entrainment and
maintaining
circulation during
heat-up

* Fuel injection upon
reaching reaction
temperatures and
operation 1-click
acknowledgement

[=5 AutoRun - /CDCLND//

Automatic Operation Sequence

Manual

Step 1: Start Fluidization
Step 2: Start Circulation
Step 3: Heating

Step 4: Establish Pressure Balance
Step 5: Fuel Injection

Step 6: Stop Fuel Injection

Step 7: Shutdown

Start Automatic Operation

Start Fuel Injection

Shutdown

Auto Combustor Air

Auto Temperature Ramp

Auto Capacity Control

Heater Power

Auto L-Valve

r top tempe
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nd_if:
Ft_ent := Ut/({273+TE234/10)*23%8%0._002*60000;

er combustor gas flow is sufficient to L-val
73+TE234/10) /298/0.002/60000-0.5 >= Ut then
nd_:
* Decide whether the bed is circulating based on riser DP fluctuation

if PDITZ31_SIC»=1 then
IsCirc == 1;

of rature, latm correlacion *)
“6+(TEZ43/10)%0.0041+1.7669) /10%%5; (¥

VIS_B**0.&*AIR_DEN R%*0.4)**(5/7);
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Start-up sequence test drive

* Achieved automatic
startup with zero
operator intervention

* Maintained oxygen
carrier circulation at
minimal solid flow rate
using self-regulating
aeration and
entrainment gases

THE OHIO STATE UNIVERSITY
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Circulation rate control

* SMCs attempt
to minimize
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Fuel injection mode

Aeration Gas Flowrate (LPM)\
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Simultaneous control actions
correctly executed by all SMCs with
no operator intervention

Achieved ~99% syngas conversion

No gas breakthrough was observed in
either reactor

Gas concentration (%)

—e— REDUCER_CO

—a— REDUCER_CO2
—v— REDUCER_H2 - 80
—uo— Syngas Conversion

- 60

gas Concentration (%)

—=— COMBUSTOR_CO
—e— COMBUSTOR_CO2
COMBUSTOR_O2

09:36 10:48
Time

Syngas Conversion (%)



SCL Pilot Unit Pressurization/Depressurization

Ramp surface:
u=M,-sign(S,)

S, = ap RR
2 dt
RR: Ramp rate
SS surface:
u = M; - sign(Ss)
dP

52 :E‘F(P_PSP)'K
Psp, = setpoint, K = const

_ dx
YT @
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Electrical Capacitance Volume Tomography (ECVT)
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ECVT on OSU Chemical Looping System
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X-AXxis

Vertical Cross-Sectional Image

Fluidized Bed Combustor - Slug Flow 800°C

3-Dimensional Image

Operating Conditions
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176 slpm

Ug_Umf

720 C,

220 slpm

640 C,

300 slpm

335C,
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Temperature Variation of Slugging Fluidized Bed

23 C,

x (in)

Image Reconstruction:

1.47

=1.80

Ug_Umf

=1.5

Ug_Umf

1.49

Image reconstruction frame rate: 80 Hz ~ 260 Hz
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Fluidized Bed Characterization

« Separate fluidization
regimes identified

14 . .
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Moving Bed Velocity - ECVT

» Parallel pairs of plates at different vertical locations
chosen

* Irregularities in solid holdup detected as bed moves
through sensor

* Capacitance signals cross-correlated to find frame ‘lag

e Using sensor dimensions and data framerate, linear
velocity can be extracted

]

Capacitance Data

Normalized capacitance
o

2 Top channel |
Bottom channel
_4 | | | |
0 10 20 30 40 50
Time (s)
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Mormalized capantanne

Moving Bed Velocity — Cross Correlation

Capacitance Data
A

« Before cross correlation,

; capacitance data for each

i A pair is normalized

" 1 ' *~ = '« Commonly referred to as
Normalized Cross
Correlation

Mo ired capacitance

Time ~ + Two signals are shifted to
_ find the maximum cross
1 _ = Gapacitance Data Shifted correlation
\/mzilcﬂ —Gl « From the magnitude of
T /oA the shift, data capture
ol ~ frequency, and solid
" density, linear velocity
-. | and mass flow can be
k- extracted | LI
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Moving Bed Velocity — Image Reconstruction

Raw Image Enhanced Color Contrast  Processed
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Moving Bed Velocity — Frequency Effect & Results

Capacitance Data

FS

« High frequency generally
generates noisier signals, which
leads to non-matching
capacitances patterns in half of
the trials (*) 0 10 20 30 40 50

* Low frequency signals generally

Top channel
Bottom channel

Normalized capacitance

show clear patterns, which 8 4 Capacitance Data ,
consistently allow accurate %
calculation of solid linear g °
velocities by cross correlation 3,
% Top channel
E Bottom channel
> -2 : : : :
0 ) 10 15 20 25
Time (s)
Framerate Measured (Scale + Timer) | Calculated (ECVT)
81.16 Hz 1.62 cm/s 1.66 cm/s
184.81 Hz 1.62 cm/s 1.62 cm/s*
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Moving Bed Velocity - Plate Pairing Effect

Framerate Measured
81.16 Hz 1.62 cm/s

Plates Velocity Plates Velocity Plates Velocity
(cm/s) (cm/s) (cm/s)
1,4-13,16 1.66 7,10-19,22 1.72 1,9-13,21 1.72
2,5-14,17 1.65 8,11 - 20,23 1.73 2,10-14,22 1.89
3,6 -15,18 1.65 9,12 - 21,24 1.72 3,11-15,23 1.75
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Project Achievements

« Autonomous startup, steady-state operation and shutdown
* Implemented hybrid HLC-SMC structure
« Designed system successfully carried out complete
operation sequence with minimal human intervention
« ECVT Solid flow control development
« Developed two different applications of ECVT to non-
intrusively monitor different gas-solid flow patterns at
high temperatures

Remaining Task

* Optimization Software
+ Designed optimization problem : minimizing
aeration/entrainment gas while maximizing gas conversion
* Preliminary data obtained. Analyzing data and revising
program
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Dynamic Modeling

» Ergun Equation
_ 150py,L3e (1 — €)? " 1.75p360L361 (1 — €) e [thaes |
360 = 361 36114361
ik e’ dy €3

Valve Equation

2 2
P490_P0

1
I:490= 3.455x107° (mol 8§71 Tga90Z - Pa-l) XCy X490 *
T 949159

F -5 -1 % . po-1 1
Fa90=2.934x107> \mol - s - T g4902 - Pa™" ) XCy, - X490 - Pioy [T when
T g4915g

\
Gas Mass Balance

Py ) dT g490
Tgseo  dt

dPy R -Tgsog - (Fup0 + Fa71 + Fa62 — Fagp)
= +

dt 74

Combustor/Riser Correlation

DP.

Hoxp xacxg if ue>u,

P
when —— < 1.89

0

P
2N .80
Py

a1 -4(ug _ u”f )0.738d: .(X)Gp:).S?G

Fan

SCLfun3.m x| +

66 - | F322 = F320-F321;

67

68 % volume: combustor+riser+PPSs+pot+coolerswindbox

69 - | V200 = 64+0.0254xpix(5+0.0254)*2+4570%0.B254wpin(2+0.0254) 2+. ..

70 304+8.0254+p1%(4+0.0254) "2+57+0. 0254 %pix(740.0254)"2+. ..

7n 75.7540.02544pi%(9.625+0.0254) "2+173.2540.02544pix(6+0.0254)~2;
7 % volume: oxidizer+cooler

73 - | V4B = 0.0254"3xpis(53.4+7"2+vdg+8029.625%2);

74 - | V500 = 9.0254"3xpix(94.3+7°2+vdg+80+9.625"2);

75

76 - d¥dt(1) = ReT222%(F210+4F351+F322-F700)/V200;

- dYdt(2) = ReT493#(F420+F371+F362-F490)/V400;

78 - | dYdt(3) = ReT593+(F533+F361+F352-F590)/V500;

bl

80 % Calculate L-valve solid flow

81- | dPc = Bx258; % assume L-valve start flowing at & inches of water DP.
82 - A320 = pix(1.5+0.0254)"2;

8- L = 11#0.0254;

84 - | vis = 1.4e-6+T320"1.5/(T320+110);

85 - | dens = 0.028+P320/R/T320;

86 - u = F322+R«T320/P320/A320; % superficial velovity

a7 - DP372_PSEUDO = 150avissL/ds~2=(1-vdg)~2/vdg~3«u+1.75sLsdens/ds+(1-vdg)/vdg~3wusabs(u);
88 % mass flow rate of particles, kg/s.

89 % 08.189kg/s corresponds to 15801b/hr, which is the normal solid flow by design
90 - | if DP372_PSEUDO < dPc % no solid flow

91 - on_in = 03]

92 - else & solid flow

9 - Om_in = (DP372_PSEUDO-dPc)/(12+250)%0.189;

94 - end

95 % calculate riser solid flow

! 96 - A210 = pix(2%0.0254)°2;

4 scL o
o o 21 |
__ﬂmﬂmjsa\m FET00 1700.8
pm— DP3S0
= 0as o |

o381 Pesy 004 e o
FE3S0 o
876 |
REDSIO
PCVE90 opening
PESS0 3025 * %
DPS32 o FESS0 50592
256 PESSO  30.84
s me |
FES33 500 |
op3sa
178 PEBO 3148 m‘ 70 ohon
orst =
-12.89 - 0Xi400 =
Ri\lmwpermg‘ 73 ‘%
pEas0 3169 - Ug Riser 650
O FE430 41514 Ut Riser 539
TE493 0
e PESO 214 Ug_Combustor 1.04
o_(
o | Em o
s freo[ |
255
e omm 0 ;
DP3T1 COM200
oy mst| o |
PE20Z 33E
DP372 3352 [E320 70
e [~ ]
FE220 70 TE222 o
T e swtnowparss | |
Acceler 1 Mass Flow 1760.8 FE210 1650

=0.63(1+
5)2 nuairu 1-¢ P, uz . aC
3 dzgc +1.75 3 ;CZ 5 i Upe S U,
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Lx(150(1'
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Phase Plane

12 T T T T T T

Arrows represent the
10F direction of system state as - - .
time progresses

1, 2 : Pressurization

8 4, 5 : Controller action in

response to the disturbance regching

— 4

E 6k P _

= 3 4

g .

= disturbance

T 4t | | i

Sliding surface S2 N
dP 1 O = ! ! | | \‘\\\_ i}
dt D e -
D -

N

-2 I | I ! ! S||d|ng \\‘\
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dP N P —30
dt 3
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Matlab simulation of a sliding mode

controller design for pressure control

e Control law: rate of valve opening change

dx
[ u:_
dt

e S2 Controller:
*u=M,-sign(S,)
dP

+ S =>-—RR

* RR = 1psi/min
* S3 Controller:
* u = M;j-sign(Ss)

dP
* S3=—+(P—Pyp)-K
* P, = 30psig,K = %min‘

1

S1

S2

Pressure

S3

P204 (psig)
. N

Sudden increase of
inlet gas flow




Design of adaptive M

Modified sigmoid function:  Goal:

_ (b + a )k e Reducec
1 + ec—dlsl e Enhance

”(“(wt))
= a=l
= b=0.005
® =5
= d=12 05
M
°2 Dead band
< g Transifional zone |
0 0.25 0.75
M, i minimum control effort S
to maintain steady state
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Sliding Mode Controller for Pilot Unit System
Pressure Control

Vessel model:

* Consider the reactor as a single tank with one inlet and one outlet
* |sothermal

dP _ RT

T (F210 — X f(P204))

e Xis valve opening ZYT-700, x - f(P,q4) is the valve flow equation:
Co Y N-P- |2 if 202064

RAC 0.64 P-P
Cp Y N-P- [-= if —>0.64

* Initial condition: P,,, = 0 psig, T = 300K, ZYT-700 = O
* F,,oincrease from 0 to 1000 Ib/hr at 1 Ib/hr/s
* F,,osudden increase from 1000 to 1300 at t=45min

* Pressurization in three stages:
* S1:outlet closed, start gas flow, till dP/dt > 1 psi/min
» S2:pressurize at dP/dt = 1 psi/min, until
e S3:gradually slow down pressurization, and maintain pressure at 30 psig



Fuel injection mode

—a— H2 Flowrate
* Nitrogen 007 —e— CO Flowrate
injection to 1 N2 Flowrate
verify behaviors 50 -
for individual
SMCs = 40 -
* Extreme En;
capacity change D 40
to test g
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rejection L~ 20 1
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Time
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SMC Response to Capacity Change

—— P_Gas seal,top
40 9 ——P_Red,out
35 - P_Red,in
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