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Chemical looping 

Metal Oxide “MexOy” solid Oxygen Carrier (OC) 
→ selective oxygen transfer

Oxidizing agent → air & CO2 also
possible

→ Chemicals

Partial oxidation hydrocarbons in fluidized bed reactor → Synthesis Gas 



Chemical Looping Steam Reforming

CH4 H2O   

No dilution produced gases by air N2

Fluidized
bed

CO H2 CO2N2

Lower gas separation costs during 
postprocessing
Easier separation of CO2 by-product



Goal – Model – DOE

Model pilot plant fluidized bed reactor process so 
“Design Space” optimal chemical looping 
performance can be specified



Goal – Model – DOE

MODEL Yi = f(Xi)
Response variables Yi

Maximise

Minimise



Goal – Model – DOE
Input variables Xi

2-level categorical

7 controllable 
process parameters

max 4 runs/day
+ blocking factor “Day”



Goal – Model – DOE

residual error
response run-to-run 
variation

Random block effect “Day”
models the day-to-day differences 
between the responses 

intercept

Fixed main, interaction & quadratic effects

(*) Ref. OPTIMAL DESIGN OF EXPERIMENTS A Case Study Approach
PETER GOOS & BRADLEY JONES

MIXED MODEL
RESPONSE SURFACE DESIGN 
MODEL WITH FIXED EFFECTS & 
BLOCKS



Goal – Model – DOE
Sequential DOE Strategy 
1. D-Optimal Screening DOE

Estimate pure main effects, quadratic parameters 

2nd order interactions → limited alias/correlation

(!) # experiments < 40 9 – 10 days & max 4 runs/day

No option→ fractional 27-3 resolution IV + center/axial runs 

2. Response Surface Model (RSM)

Full quadratic polynomial model → Response optimization

Augment Screening DOE with limited extra runs

Non Orthogonal DOE 
Blocked DSD or Custom DOE



Goal – Model – DOE
Blocked Definitive Screening Design (DSD)

Maximum # Why?



Goal – Model – DOE
Blocked Definitive Screening Design (DSD)

R < 0,6 → acceptable

Main efects +/-100% pure

Increase testing power 
& prediction variance 
with more runs →
Custom DOE



Goal – Model – DOE
Custom Design



Goal – Model – DOE
Custom Design

R < 0,6 → acceptable

Compared to DSD →
quadratic effects less 
correlated

+/- pure main effects 



Goal – Model – DOE
Compare designs Custom DOE vs. Blocked DSD

Poor power quadratic 
& interaction effects

DOE 
Diagnostics

Custom DOE 
→ power OK



Goal – Model – DOE
Compare designs Custom DOE vs. Blocked DSD

Custom DOE
→ Best performance

DOE Diagnostics



Analysis Custom DOE Results

Significant random 
day-to-day variation!



Analysis Custom DOE Results
Random block effect “Day” →MIXED MODEL

→ Restricted Maximum Likelihood “REML” estimation”
Remove random day-to-day time variation from run-to-run variation

REML no forward stepwise regression!

Analysis strategy

1. Stepwise forward Regression → RSM “Day” = block fixed effect

2.     REML→ Final RSM “Day” = random block effect

Screen out significant effects

Hard to estimate 33 RSM 
effects with 36 runs 



Analysis Custom DOE Results
REML → Backward regression 33 effects?

Stepwise Forward 
REML regression not
possible?



Analysis Custom DOE Results
Analysis strategy

1. Stepwise Regression

RSM

Block (Day) = fixed effect



Analysis Custom DOE Results
Analysis strategy

1. Stepwise Regression

Significant Fixed Block effects

Significant effects

Assign Block (Day) as Random Effect

Same results with “All Possible Models” 

All 5 main continuous effects significant



Analysis Custom DOE Results
Analysis strategy

2. Standard Least Squares REML Method

Block assigned as random effect

Remove day-to-day time variation from
between response random error



Analysis Custom DOE Results
Results Standard Least Squares REML Method

Random block effect 
captures > 30% of total
variation

All five main continuous effects
significant!
Low correlation between
interaction effects→ no need for
augmenting custom DOE

Non Orhogonal DOE → Good
choice!

Model OK

?



Analysis Custom DOE Results
Block (Day) Random (REML) vs. Block (Day) Fixed (OLS)

REML →more reliable model 
Methane Conversion (%)



Analysis Custom DOE Results
Correlation Block (Day) Fixed (OLS)

Fixed Block Model 
→ some correlation effects & Blocking factors
→ Increased VIF & lower efficiency



Analysis Custom DOE Results
Optimal process parameter settings Methane conversion

Maximise response

Optimal for
other responses
Validation runs
Treactor = 930 °C

Optimal for other
responses
Validation runs
T sintering = 1140 °C

Optimal settings different 
(conflicting) for other responses 
→ changed in validation runs

Specify
Validation runs



Analysis Custom DOE Results
Results Standard Least Squares REML Method & Validation experiments 

Fitting DOE & validation 
results OK! 

USEFUL POLYNOMAL 
MODELS

SPECIFY DESIGN SPACE
→ OPTIMAL CHEMICAL 
LOOPING PERFORMANCE



CONCLUSION DOE STUDY

“It is very interesting to know that such a complex 
process, which is a fluidized-bed reactor, can be 
optimized utilizing a design of experiments 
approach”


