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Rigorous Models in Process EngineeringRigorous Models in Process Engineering



Material & Energy

Physical Properties

Zone Transitions

Stiffness  + Highly Nonlinear   +  Parametric Sensitivity  +  Algebraic Coupling
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~  35 Elementary Reactions
~100 Kinetic Parameters 

Complex Kinetic Mechanisms

HighHigh--Pressure LDPE Tubular ReactorsPressure LDPE Tubular Reactors
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Parameter Estimation ProblemParameter Estimation Problem

Rigorous 
DAE Model

Standard
Least-Squares

1 data set 5 data sets
x 5500   ODEs

1000    AEs
2500   ODEs
5000    AEs

- Maximum Likelihood Estimation

- Previously Intractable Problems

- Full Discretization Approach Large-Scale NLPs



- IF                         at Solution – Parameters Uniquely Determined

- Robust General Algorithms -IPOPT- vs.  Ad-Hoc Estimation Algorithms

- Non-Convex, Ill-Posed – Negative Curvature- Filter Line-Search
– Jacobian Rank-Deficient

Inertia Correction

Newton’s Method

Factorization of KKT Matrix -MA27+MC19-

Main Idea: Solve Sequence of BPs with

NLP BP

Exact Derivatives

Solution of LargeSolution of Large--Scale NLPScale NLP



- Single Data Set (On-line  Parameters)

Bottleneck -Memory Requirements-
Factorization KKT Matrix

Results Results –– Standard LeastStandard Least--SquaresSquares

- Multiple Data Sets (On-line Parameters +  Kinetics)

On-Line Estimation

Sparsity Structure

Fill-In

Tailored Linear Algebra



Improved Match of Reactor Temperature Profile On-line Estimation

Results Results –– Standard LeastStandard Least--SquaresSquares
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Advanced Regression MethodsAdvanced Regression Methods
Errors-In-Variables (EVM)

- Standard Least Squares   - Errors in Output Variables - Biased  Parameters

- EVM - Errors in Output AND Input Variables - Unbiased Parameters

Inputs



Errors-In-Variables (EVM)
EVM Drawback - Degrees of Freedom 

Formulation is Straightforward

Advanced Regression MethodsAdvanced Regression Methods

EVM vs. Standard Least Squares



Improved Prediction of Polymer Molecular Properties  

Average Deviation  - 14 Different Data Sets  

Results Results –– Advanced Regression MethodsAdvanced Regression Methods



Sensitivity InformationSensitivity Information

PostPost--Optimal AnalysisOptimal Analysis



PostPost--Optimal Analysis Optimal Analysis -- NLP SensitivityNLP Sensitivity

NLP Sensitivity  - Existence and Differentiability of Path                - Fiacco, 1982

- Exists and is Unique 

Optimality Conditions of 

Solution Triplet

Small 



PostPost--Optimal Analysis Optimal Analysis -- NLP SensitivityNLP Sensitivity

Optimality Conditions of 

Obtaining  

- Already Factored at Solution

- Cheap Sensitivity Calculations

- Confidence Regions

KKT Matrix IPOPT  

Apply Implicit Function Theorem to                              around 



Confidence Regions - Reliability of Parameters

PostPost--Optimal AnalysisOptimal Analysis



Summary and ConclusionsSummary and Conclusions



Summary and ConclusionsSummary and Conclusions

Parameter Estimation Fundamental in Science and Engineering
Large and Complicated Optimization Problems 

Robust and Comprehensive Optimization Algorithms -IPOPT-
Cope with General Complexity
Adapt to Problem Specifics

Solve Previously Intractable Estimation Problems
Highly Nonlinear, Many Degrees of Freedom
Advanced Regression Methods  

Nonlinear Estimation Problems - Globalization Strategies -
Exploit Directions of Negative Curvature Naturally - Trust-Region Methods
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