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OSU Chemical Looping Platform Technology
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Evolution of OSU Chemical Looping Technology

F

TGA Tests

Particle Fixed Bed Bench Sub-Pilot CDCL Pilot Scale
Synthesis Tests Scale Tests Process Tests Demonstration
—A A A A A >
1993 1998 2001 2007 2010 to date

STATE UNIVIE Fan, L.-S., Zeng, L., Luo, S. AIChE Joumal. 2015.



OSU Syngas Chemical Looping Process

Depleted Air

Main reactions:

Reducer:  C,H,0,+ Fe,05 — CO, + H,0 + Fe

& i Oxidizer: Fe +H,O0 — Fe;O,+ Hy + Q

Combustor:  Fe;0,+ O, — Fe,0,+ Q

MOVING BED P

REDUCER Total: CXHyOz +H,0+ 0, - CO,+Hy + Q

Fuel in

Fe/FeO

Unique Reactor Design:

Hydrogen out

MOVING BED
OXIDIZER

* Highfuel conversion

* Near 100% in-situ CO, capture
 High purity H, generation

* High oxygen carrier conversion

FLUIDIZED BED * Low solid circulation rate
COMBUSTOR

Steam in
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SCL Pilot Plant Development

1:1 Cold Flow Model Testing Pilot Plant Design
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*  Over 20 solids/gas flow operating
conditions successfully tested

+  Systemoperationisrobust

«  >200 hrscontinuous operation

*  Non-mechanical system design
successfully demonstrated

*  Operational experience gainedwas used
indeveloping the P&ID and operating
procedures of SCL pilotscale unitathigh
temperature and pressure

+ 9 P&ID, mechanical andcontrol specification
documents

 Labsupportstudies
+ Equipmentand vessel fabricationdrawings
+  HAZOP Review
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April Operations: Syngas Injection

Sample Reducer Composition and Conversion Moving Bed Reactor Pressure Balance
30 ;100 100
90 90
80 ~ 80
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~20 S =
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%1 - 50 % é 50 Reducer
§ 2 S Oxidizer
g CcoO 10 2b a 40
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02 0 Z 30
CH4 5 & a0
Syngas Conversion
o 10 10
0 0 0
12:25 12:40 12:54 13:09 1 12:25 12:28 12:31 12:34 12:36 12:39 12:42
Time Time

« Syngas operation initiated
« 350 Ib/hr syngas processed

« Achieved >98% syngas conversion
« Pressure balance and gas sealing maintained
» Elevated combustor temperatures confirm redox reactions

» Achieved first large-scale demonstration of high pressure, high temperature
chemical looping process



SCL Controls and Integration with DCS

Control terminals

Burner PLC
(Compact Logix 1769)

Remote IO

g 4-20mA

Pressure
Pressu? mV mV Valves
—
Temperature Temperature Analyzer bank

4-20 mA

4-20mA

Heater Panel

—»

Q Valve indicator
Flow control

\ 120 VAC

Level switch

Permissives
From NCCC
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Transition between stages

Deviation
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time
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Start-up: What to watch?

Pressurization

e Open combustor gas inlet/outlet to
gradually pressurize, avoid local high
pressuredifference

¢ Achieve fluidization velocity in the
combustor

Initiate solid flow into the
combustor

e Turn on aeration gas

e Observe pressuredrop across the bed,
watch for value increase and fluctuation

e Further open combustor gasinlet/outlet to
achieve entrainmentvelocity while
maintaining system pressure steady

Confirm solid circulation
established

e Watch for pressuredrop spikes across riser

e Maintain fluctuation & positive value of
pressuredrop across the non-mechanical
valve

Depleted Air

MOVING BED
REDUCER

Fuel in

MOVING BED
OXIDIZER

Steam in

FLUIDIZED BED
COMBUSTOR



Motivation

* Currently an open-loop system
* Highly sequential operation
* Experience-and knowledge-intensive

* Require operators’ constant attention to watch for
deviations

* Traditional controllers are not very effective
- Tuned to specific operating condition
- Not appropriate for multiple-in-multiple-out (MIMO)
system
- Lack robustness



Summary of DE-FE0026334

Autonomous Process Control Concept ~ Sub-Pilot Unit Pilot Unit

HLC

—
Spent Air

E Existing Pipeline/

measurements Instmmer;:/s\‘/:ﬁm

— _>f

Zone Seal Gas

Electronic Equipment
Modification for

\\_ ,-/ Product Gas B Autonomous Control
" A S ol vave
o] 6 8 Gas Heater
- =S 9 o g foetbid
E : g S_yng:cs- § ECVT
£ S o F
8 Q Zone Seal Gas Ig

v :mtioF:G; ] O
control input S (-

S M Ci ) Fluidizing/Entraining Gas Burner Simulating Gas
measurements ~‘

* Objective: develop an advanced process automation * OSU chemical looping technology: advanced solid and
control architecture and imaging and optimization gaseous fuel .C%”.Ver?'on process for H, and electricity co-
sensor information for the OSU chemical looping generation with in-situ CO, capture .
process * Phase I: test control concept in an integrated sub-pilot test

unit at high temperature, reactive conditions
* Develop HLC-SMC control scheme for process ) .
automation (OSU ECE) * Phase Il: demonstrate control conc_eﬁt at commercially
) ! ) applicable pilot scale test unit at high temperature, high
 Establish sensor ag%)rlthm for high temperature ECVT pressure, reactive conditions
(Tech4lmaging/OSU CBE)
* Integrate process performance parameterswith PrOjeCt Team

FocalPoint Optimization System (B&W/OSU CBE)

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

TECH

ST AT ‘ I
SIAILE IN1



Phase | Project Objectives

Develop advanced controller, HLC-SMC, for autonomous
control of chemical looping system
— Also applicable to conventional CFB systems

Develop high-temperature ECVT sensor and software for real-
time solid flow rate measurement

Apply FocalPoint for system performance optimization
— Software developed by Babcock and Wilcox

— Focus on optimizing (a) fuel/solid ratio and (b) sealing gas usage

Demonstrate continuous operation on existing SCL sub-pilot
and pilot units



Technical Approach — Tasks and Schedule

Budget Period 1

Budget Period 2

Task Start Date ] End Date
1.0 |Project Management and Planning 10/1/15 3/31/17
2.0 |Control Scheme Development for Process Automation 10/1/15 9/30/16
2.1 |Dynamic Process Model Development 10/1/15 3/31/16
2.2 |HLC-SMC Control Algorithm Design and Realization 1/1/16 9/30/16
Milestone ] e Complete HLC.SMC dlgarithu Development QR0/14
3.0 |Visualization Software Development for High Temperature ECVT 10/1/15 12/31/16
3.1 [Software Development 10/1/15 9/30/16
3.2 |Incorporate ECVT Sensor into Sub-Pilot Test Unit 4/1/16 12/31/16
Milestone 2 - Confirm Accurate Measurement of Solid Flow Rate at High Temperatures 12/31/16
4.0 |Implementation of Process Optimization Software 10/1/15 9/30/16
4.1 |Performance Parameter Assessment and Programming 10/1/15 6/30/16
4.2 | Software Interface Programming 7/1/16 9/30/16
Milestone 3 - FocalPoint Programming Completed 6/30/16
5.0 |Chemical Looping Testing Unit Preparation and Testing 10/1/15 3/31/17
5.1 |Design, Procure, and Install Controller-Compatible Mechanical Components 10/1/15 6/30/16
5.2 [Design, Construction, Programming of the Distributed Control System 1/1/16 9/30/16
5.3 |Integration of HLC-SMC to the DCS 7/1/16 12/31/16
5.4 |Comissioning and Tesing of the Sub-Pilot Test Unit 10/1/16 3/31/17

Milestone 4 - Mechanical Components Selected and Procurement Initiated

12/31/15

Milestone 5 - DCS Design Complete and Construction Commenced

3/31/16

Milestone 6 - Demonstrate Complete Automated Chemical Looping Operation

3/31/17




Technical Approach — Task 2

Develop advanced hybrid controller, HLC-SMC, for autonomous
control of chemical looping system

/HLC %\
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CONTROL AND AUTOMATION EFFORTS

THE OHIO STATE UNIVERSITY
CENTER FOR AUTOMOTIVE RESEARCH

TWO SIDES OF THE CONTROL AND AUTOMATION WORK

State requlation Operational Automation

« Continuous states are to be Current plant operation is
controlled: manually controlled

- Temperature Operator skill is a major factor

* Pressure | * Discrete events will be defined:
* Not only around setpoints + Transition from one step to the next
 Transitions are to be in the operational sequence
lated * React to continuous-state changes

regula o based on thresholds
* Model uncertainties are « The combined

expected | continuous/discrete setup will
» Sliding Mode Control is form a Hybrid State System

chosen



MOTIVATION BEHIND CHOOSING SLIDING

MODE CONTROL THE OB30 STATE UNTVERSITY

CENTER FOR AUTOMOTIVE RESEARCH

« Conventional Controllers:

* PID
« Smith Predictors
« Lead-Lag Controllers

* Not robust/versatile enough
» Highly affected by modeling uncertainties

» Designed to control the system around a
sequence of waypoints

* No explicitly designed transient behavior

* Alternative:
« Sliding Mode Control



IN AHYBRID-STATE SYSTEM

THE OHIO STATE UNIVERSITY
CENTER FOR AUTOMOTIVE RESEARCH

« High-level controller (HLC) observes the system and switches
SMCs (controllers/surfaces) as desired setpoints are reached.

HLC

€
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« Control where the system states will
converge, and restrict the trajectory to

get there
« Find/define a surface that the states \\/
can slide to its desired value
« Derived from Variable Structure Control
[Utkin1977] ’\\
« Controller changes behavior as the }7
state trajectory crosses the surface
« Two stages: 7
« Reaching mode: to get to the sliding /_\
surface
« Sliding mode: reduced order motion on
the surface
« The discontinuity of the controller is Utkin, V., "Variable structure systems with sliding
responsible for reaching modes," Automatic Control, IEEE Transactions

on , vol.22, no.2, pp.212,222, Apr 1977



MULTI-DIMENSIONAL SMC

THE OHIO STATE UNIVERSITY
CENTER FOR AUTOMOTIVE RESEARCH

Use multiple surfaces in multiple
dimensions

Along a series of setpoints

Surfaces/controllers switch once
certain points are reached

Transient between setpoints
governed by the sliding surfaces

« Two possible SMC extensions are being considered right now:

e Second order SMC
» Extremum-seeking SMC

* Depending on the simulation results with the models that are being built,
we might consider other specific SMC implementations or go back to the
traditional first order SMC if that gives adequate control performance



SECOND ORDER SMC

THE OHIO STATE UNIVERSITY
CENTER FOR AUTOMOTIVE RESEARCH

* The system is given x, = f(r.x,.x,) + g(t.x,.x, )u

* The control is defined «=u(x,.x,) with a bounded
disturbance f(x x,.1)

* Proposed SOSMC is
u= —p,’\/;‘sign(o')—,o2
 |In SMC, the aim is to force the state or error to move on
the switching surface o(t) , s0 o =2e(r)+e(r) ,where

€= xl - xde.m’ed-’)" > O

J=24x, + o"sign(—Z/?x, +0)

Parvat, B. J., & Ratnaparkhi, S. D. (2015) A Second Order
Sliding Mode Controller Applications in Industrial Process. in

Control and Intelligent Transportation International Journal of Engineering Trends and Technology
Research Lab (IJETT). Volume 19 Number 4. Jan 2015.



SOSMC TOY EXAMPLE

THE OHIO STATE UNIVERSITY
CENTER FOR AUTOMOTIVE RESEARCH

Level Control of Two-Tank System

Qin

dh, _
== kI =h

df :1 1 1 2

dh,

o = fep[ Iy — Iy — ey [y
h2
s Q12 . Qout
Tankl Tank?
u= —30[\/; sign(c). — 15|— 2/e+ G|.sign(—2/‘.e +0) o = Je(t)+ é(r) A =10

Proposed SOSMC is applied to, Qin=u, e(t)=h2(t)-h2_desired=h2-5

Control and Intelligent Transportation
Research Lab



SOSMC — SIMULINK MODEL 0

THE OHIO STATE UNIVERSITY
CENTER FOR AUTOMOTIVE RESEARCH

Simulink model

Water Level in Tank1 & Tank2
——q-—“—-—m_samn
,o"’..- h
il .--hz
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60 Flow rates
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E 2k \:/ﬁ-—— 012,
é 0;-"-.. ---w
Simulation results 0 50 100 Timeinsec 150 20 %
Eror
0 s E 101
o2 1
_4,
Control and Intelligent Transportation & % 0 ™ 0 -

Research Lab Time in sec



EXTREMUM-SEEKING SMC

THE OHIO STATE UNIVERSITY
CENTER FOR AUTOMOTIVE RESEARCH

« Extremum Seeking Control (ESC) deals with the problem of
tracking an optimum operating point for a system with unknown
performance function.

« Extremum Seeking control via sliding mode (ESC-SM) approach
introduced in the context of static optimization by Korovin and
Utkin and generalized, analyzed and applied by Ozguner and his
co-authors.

 Applications: ABS (Automotive), PID tuning, Photovoltaic
systems,...efc.

* In chemical systems, it was introduced, in the context of
Bioreactor optimization in [Wang99]. Further development was
introduced later with the application to general batch reactor
[Titica2003] ,continues stirred tank reactors [Guay2004], and
tubular reactors [Cougnon2006] and with consideration of
multivalued cost function [Bastin2009].

Control and Intelligent Transportation
Research Lab



ESC-SM SIMULATION EXAMPLES 0

THE OHIO STATE UNIVERSITY
CENTER FOR AUTOMOTIVE RESEARCH
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Figure.2 Simulation Results Figure 2 Simulation Results

Control and Intelligent Transportation
Research Lab
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Research Lab
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SPECIFIC TASKS: MODEL BUILDING

THE OHIO STATE UNIVERSITY
CENTER FOR AUTOMOTIVE RESEARCH

* In order to build a simulation model of the plant to apply
SMC

» Using the basic dynamics of each main component in the sub-
pilot and pilot units

« System equations are being modeled in Matlab/Simulink
 Data collected from the real units are used where available

* The hybrid controllers that are being designed and
tested using these models/simulations will form the basis
of the sub-pilot and pilot controllers



Technical Approach — Model Equations

« Ergun Equation

150uy,L3e; (1 — €)? 1.75p360L361 (1 — €)
DP3gp = 12 3 UYser T P 3 Uze1 |Uzen |
14 14

* Valve Equation
r

Pfy — P2 P
190 9 when—2<1.89
Tga9154 Py

1 1 Phoo
F590 = 2.934)(10_5 (mol * S_l ° Tg4902 * Pa_l) va N X490 ° P490 - When_ > 1.89
\ T 949154 Py

« (Gas Mass Balance

1
F590 = 3.455)(10_5 (mol * S_l * T,g4,907 * Pa_l) XCV * x490 *

dP, _ R - Tguo0 - (Fiz0 + F371 + F362 — Fy90) + Py _ dT g490

 Fludized Bed/Riser Correlation
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MODEL BUILDING - 2 0

THE OHIO STATE UNIVERSITY

CENTER FOR AUTOMOTIVE RESEARCH

One tank system modeling & validation

SN P2
\\\\\\\\\.\ P4
s\W-DP3

simulation

Real Data system

F2

Test input (experimental data):
X2(valve 2), F2(air flow 2)

Test output(simulation
outcome):

P2, P4, DP3

THE OHIO STATE UNIVERSITY




MODEL BUILDING - 3 0

THE OHIO STATE UNIVERSITY

CENTER FOR AUTOMOTIVE RESEARCH

simulation P2 vs real data P2
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SIMULATION METHOD 1 - SIMULINK 1

TH REE TANK SYSTEM MODEL THE OHIO STATE UNIVERSITY

CENTER FOR AUTOMOTIVE RESEARCH

Green : airflow input

Light blue: valve open percentage
Cyan: temperature

Red: main states

input generator

DP350

i Colod first tank

ynamic of first upper zone seal

Constantd

X700 to F700 From37 DP350 P2
2 Fromas [DP3511 5| DPast ees

Dynamic of combustor outlet From39  other pressures of first upper zone seal

combustor outlet

From12

F320
DP_r
From32 F210 From11 [ B
From13

From3 T700 P11 Dynamic of moving bed reducer

P20 From36 o — D second tank
Fromdo 7y Pi P Constanta From18 e T |

i L362 > P LA
riser pressure drop Constant5 | A360 T504 DP361
P0a] Constanté From17 - pynamic of second upper zone seal O
Fron® [DPSET>——— L7
- DP351
From19
riser DP352 5 [P5]
From21f55360 DP360 Goto11
From22[DP361]>—p{ DP361
From23 other pressures of second upper zone seal
Goto12
F210
From34

Goto15

From14 Dynamic of moving bed oxidizer

Goto3 [ 71 ] i
[fr2zer> i 7222 ‘—> F370 third tank
Constant1 From24 DP370 4..
From35 L372 > L&A
Constar2 0> »| 01 par
combustor pressure drop
-i Gl Constant3 From16  Dynamic of bottom zone seal Goto17
»OP35T
combustor [l »|opsse o
From26 -—>W> DP370
it Goto18
From28 -—> DP361
From2 DP371 P9
From30[DP420T>p-0P420_______| Goto19

meZQOher pressures of bottom zone



SIMULATION METHOD 1 — SIMULINK 0

THE OHIO STATE UNIVERSITY

SAMPLE RESULT TR Fom ATOMTE RS

Simulation P204 VS real P204 at between 75000s to 80000s
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Simulation Method 2 - Matlab

4 scL —
Start / Continue PCV700 opening %
FE700 17008
e
PE204  30.01
£.76
i PCVS90 open'ng 9%
PES90  30.25
ppes2 TES93 0 FEIL iz
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PES30  31.43
-
DP203
DP360
174 PE360  31.49 TE360 10023
o s o
12.89 ~0XH400 : ]
PE490  31.89 Ug_Riser  6.50
DP420 FE490 41514 Ut Riser 539
TE493 0
13.71
PE450 3214 TE420 UgU_"(I‘.:nbustor (1) 2;
PE420 32.39 ’
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PE370 3320 e
DP371 : ~COM200
23 Fs 0|
DP372 PE320 3392 TE320 FRRE e
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e | =
- o o |
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Technical Approach — Tasks and Schedule

Budget Period 1

Budget Period 2

Task Start Date| End Date
1.0 |Project Management and Planning 10/1/15 3/31/17
2.0 |Control Scheme Development for Process Automation 10/1/15 9/30/16
2.1 |Dynamic Process Model Development 10/1/15 3/31/16
2.2 |HLC-SMC Control Algorithm Design and Realization 1/1/16 9/30/16
Milestone 1 - Complete HLC-SMC Algorithm Development 9/30/16
3.0 |Visualization Software Development for High Temperature ECVT 10/1/15 12/31/16
3.1 |[Software Development 10/1/15 9/30/16
3.2 |Incorporate ECVT Sensor into Sub-Pilot Test Unit 4/1/16 12/31/16
Milestone 2 - Confirm Accurate Measurement of Solid Flow Rate at High Temperatures 12/31/16
. mplementation 01 Process Optimization Soitware
4.1 |Performance Parameter Assessment and Programming 10/1/15 6/30/16
4.2 |Software Interface Programming 7/1/16 9/30/16
Milestone 3 - FocalPoint Programming Completed 6/30/16
5.0 [Chemical Looping Testing Unit Preparation and Testing 10/1/15 3/31/17
5.1 |Design, Procure, and Install Controller-Compatible Mechanical Components 10/1/15 6/30/16
5.2 |Design, Construction, Programming of the Distributed Control System 1/1/16 9/30/16
5.3 |Integration of HLC-SMC to the DCS 7/1/16 12/31/16
5.4 |Comissioning and Tesing of the Sub-Pilot Test Unit 10/1/16 3/31/17
Milestone 4 - Mechanical Components Selected and Procurement Initiated 12/31/15

Milestone 5 - DCS Design Complete and Construction Commenced

3/31/16

Milestone 6 - Demonstrate Complete Automated Chemical Looping Operation

3/31/17




Technical Approach — Task 3

Develop high-temperature Electrical Capacitance Volume
Tomography (ECVT) sensor and software for real-time solid flow
rate measurement

Gas Supply

Diagramm for i = 116
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non-invasive sensors are used to measure
changesin electrical capacitancein response to
flow dynamics

measured changes are mapped into phase
concentrations using image reconstruction
techniques

Data Acquisition and
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ECVT Hot Unit Design and Assembly

Gas

Outlet
| o _I/)

Particle Size: 1.5mm

Particle Density: 2,500 kg/m3
Temperature: 900C
Pressure: 1 atm (abs)

4 Gas Density: 0.30 kg/m?3 (air)
U,;=0.82m/s

ID vessel: 3”

Q¢ = 52 slpm (@900C)

Q. = 223.65 slpm (@25C)
Should operate 2-3x Umf
Therefore:

------ r- Q =104-750 slpm

L | SCH40 310/304 5 Pipe

[l Refractory Lining
[l Ceramic Heating Elements

;ﬂ ECVT
H Sensor
10”
o O
o]
Heatingel O O
- o o SSdistributor Plate
Ceramic _-l

Media

Gas Preheater
(>750C)

Gas Preheater,
(>750C)
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ECVT Hot Unit Design and Assembly

 Temperature controller
integrated

* Fluidization gas with
flow control

« Manual valve for solid
discharge to simulate
moving bed mode
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Technical Approach — Tasks and Schedule

Budget Period 1

Budget Period 2

Task Start Date| End Date
1.0 |Project Management and Planning 10/1/15 3/31/17
2.0 |Control Scheme Development for Process Automation 10/1/15 9/30/16
2.1 |Dynamic Process Model Development 10/1/15 3/31/16
2.2 |HLC-SMC Control Algorithm Design and Realization 1/1/16 9/30/16
Milestone 1 - Complete HLC-SMC Algorithm Development 9/30/16
3.0 |Visualization Software Development for High Temperature ECVT 10/1/15 12/31/16
3.1 |[Software Development 10/1/15 9/30/16
3.2 |Incorporate ECVT Sensor into Sub-Pilot Test Unit 4/1/16 12/31/16
Milestone 2 - Confirm Accurate Measurement of Solid I'low Rate at High Temperatures 12/31/16
4.0 |Implementation of Process Optimization Software 10/1/15 9/30/16
4.1 |Performance Parameter Assessment and Programming 10/1/15 6/30/16
4.2 |Software Interface Programming 7/1/16 9/30/16
Milestone 3 - FocalPoint Programming Completed 6/30/16
5.0 [Chemical Looping Testing Unit l-’reparation and Testing 1071715 | 7
5.1 |Design, Procure, and Install Controller-Compatible Mechanical Components 10/1/15 6/30/16
5.2 |Design, Construction, Programming of the Distributed Control System 1/1/16 9/30/16
5.3 |Integration of HLC-SMC to the DCS 7/1/16 12/31/16
5.4 |Comissioning and Tesing of the Sub-Pilot Test Unit 10/1/16 3/31/17
Milestone 4 - Mechanical Components Selected and Procurement Initiated 12/31/15

Milestone 5 - DCS Design Complete and Construction Commenced

3/31/16

Milestone 6 - Demonstrate Complete Automated Chemical Looping Operation

3/31/17




Technical Approach — Task 4

Server
Manual
Optimization FactoryTalk (Main HMI)
RSlinx (Communication)
RSLogix (PLC Programming)
Operator

Auto-
Optimization
Switch
Setpoint Bias
Command
Suggestion Measurement
PLC
I Process 1/0O

Process

B&W'’s commercial real-
time, closed-loop
optimization system

Realize modeling
techniques, optimization
algorithms and knowledge-
based strategies

Features more advanced
function blocks such as fuzzy
logic for control purposes

Will be used to optimize
1. solid circulation rate
2. sealing gas usage

BN

thebabcock&wilcoxcompany

THE OHIO STATE UNIVERSITY



Technical Approach — Task 4
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Technical Approach — Tasks and Schedule

Budget Period 1

Budget Period 2

Task Start Date| End Date
1.0 |Project Management and Planning 10/1/15 3/31/17
2.0 |Control Scheme Development for Process Automation 10/1/15 9/30/16
2.1 |Dynamic Process Model Development 10/1/15 3/31/16
2.2 |HLC-SMC Control Algorithm Design and Realization 1/1/16 9/30/16
Milestone 1 - Complete HLC-SMC Algorithm Development 9/30/16

3.0 |Visualization Software Development for High Temperature ECVT 10/1/15 12/31/16
3.1 |[Software Development 10/1/15 9/30/16
3.2 |Incorporate ECVT Sensor into Sub-Pilot Test Unit 4/1/16 12/31/16
Milestone 2 - Confirm Accurate Measurement of Solid Flow Rate at High Temperatures 12/31/16
4.0 |Implementation of Process Optimization Software 10/1/15 9/30/16
4.1 |Performance Parameter Assessment and Programming 10/1/15 6/30/16
4.2 |Software Interface Programming 7/1/16 9/30/16
.0 _[Chemical Looping Testing Unit Preparation and Testing 10/1/15 3/31/17
5.1 |Design, Procure, and Install Controller-Compatible Mechanical Components 10/1/15 6/30/16
5.2 |Design, Construction, Programming of the Distributed Control System 1/1/16 9/30/16
5.3 |Integration of HLC-SMC to the DCS 7/1/16 12/31/16
5.4 |Comissioning and Tesing of the Sub-Pilot Test Unit 10/1/16 3/31/17
Milestone 4 - Mechanical Components Selected and Procurement Initiated 12/31/15

Milestone 5 - DCS Design Complete and Construction Commenced 3/31/16 *

3/31/17

Milestone 6 - Demonstrate Complete Automated Chemical Looping Operation




Technical Approach — Task 5

Demonstrate continuous operation on existing SCL sub-pilot and
pilot units
Spent Air >
|J-| Existing Pipeline/

Instrument/Vessel
—- Gas nlet/Outlet

— Reactor Vessel

_ Electric Heater

Zone Seal Gas

@ Electronic Equipment
Modification for

Product Gas I

Autonomous Control
Pressure
Control Valve
@ Gas Heater

- Mass Flow
FC Controller

Reducer

—
-9 ECVT
(7))
-]
0
3
N
v
Fluidizing/Entraining Gas Burner Simulating Gas
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Technical Approach — Task 5

e Replace current manually-controlled
components with controller-
compatible components (ex: electronic
mass flow controllers, control valves,
gas heaters with relays) for
autonomous control

e Upgrade the control system (HMlI, PLC,
client software) to industrial grade

aaaaaaaaaaaaaa

e Integrate HLC-SMC control algorithm
and FocalPoint with the standard
system

e System assembly commissioning,
instrument calibration

e Perform continuous operation and
controller testing

SSSSSS

ssssssssss
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Task 5 status

P&ID Development ® , Control Panel Design
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Progress summary

Developed dynamic models of the 3-reactor system based on the SCL-Pilot
Unit at NCCC, qualitative characteristics validated

Hot ECVT testing apparatus built
FocalPoint incorporated in the server, training on-going

Procured PLC, control software and control instruments

Future work

Develop HLC-SMC

Calibrate and test the Hot ECVT unit in fluidized bed/moving bed mode
Program interface between FocalPoint and control softwares
Assembly testing units
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