
Modeling in Process Systems Engineering 
 

I. Basic Concepts 
 
Models: an integral part of any kind of human activity 
 
Kapur’s Principles of mathematic modeling 

1. The mathematical model can only be an approximation 
of real-life processes which are often extremely complex 
and often only partially understood. 

2. Modeling is a process of continuous development: 
starting with the simplest conceptual representation of 
the process and building more and more complexities as 
the model develops. 

3. Modeling is an art but also a very important learning 
process. In addition to a mastery of the relevant theory, 
considerable insight into the actual functioning of the 
process is required. One of the most important factors in 
modeling is to understand the basic cause and effect 
sequence of individual processes. 

4. Models must be both realistic and robust. 
 
Examples: 
1. Surge Control Design for a Hydrogen Compressor 

- process model plus control elements considered 
   - complex nonlinear dynamics and potential discontinuous behavior 
 

2. Fed Batch Metallurgical Reactor 
- hybrid model (discrete + continuous) for optimal control 

   - complex phase behavior (up to 9 phases appearing/disappearing) 
   - complex radiation modeling 
   - population balance model for particle dissolution 
 

3. Sugar Drying Control 
- grey-box model based on mass & heat transfer combined with 

particle transport 
   - validated model against pilot plant data 



   - provides basis for model-based control system design 
 

4. Wastewater Treatment 
- complex biological reactions within a mechanistic model 

   - validation against plant data challenging 
   - provides basis for model-based plant and control system design 
 
 

What is a “model” ? (Minsky, 1965) 
“A model (M) for a system (S) and an experiment (E) is anything to 
which E can be applied in order to answer questions about S”  

 

Process engineering models 
“A mathematical representation (M) of a physical system (S) for a 
specific purpose (P) and experiment (E)” 

 

 

The Modeling Process 
Real world Problem  Mathematical Problem 

 Mathematical Solution  Interpretation 
 

Model Application Areas 
 Experimental design 
   Process design and control 
   Process optimization 
   Troubleshooting of the process 
   Process safety 
   Operator training and education 
   Environmental impact analysis 
 

 

 

Model Classification 
First principle vs. Empirical 
Stochastic vs. Deterministic 
Lumped vs. Distributed 
Linear vs. Nonlinear 
Continuous vs. Discrete 
Dynamic vs. Steady state 

 



 

Model Equation Forms 
   Algebraic Equations (AE) 
 Ordinary Differential Equation (ODE) 
 Partial Differential Equation (PDE): Elliptic/Parabolic/Hyperbolic 
 Integro-differential equation 
 AE+ODE  Differential and Algebraic Equation (DAE) 

 

 

Modeling Wisdom (George Box) 
All models are wrong ….,  …. some are useful ! 

 

 

The Process System (S) 
Inputs, u 
Outputs, y 
States, x 
Disturbances, d 
The system: y = S[u,d] 

(SISO, MIMO, SS or dynamic, …) 
 

 

The Modeling Goal 
- Flowsheeting 

    simulation (rating), design,  optimization 
- Process control 

    prediction, regulation, identification, diagnosis 
  
 
 
 

A Systematic Modeling Procedure 
1. Problem definition 
2. Controlling factors 
3. Problem data 
4. Model construction 
5. Model solution 
6. Model verification 
7. Model calibration & validation 

 
 

1. Problem Definition 
- Clear description of system 

    establish underlying assumptions 



- Statement of modeling intention 
    intended goal or use 
    acceptable error 
    anticipated inputs/disturbances 
 

2. Controlling Factors / Mechanisms 
   - Chemical reaction 
   - Mass transfer: convective, evaporative, … 

- Heat transfer: radiative, conductive, … 
- Momentum transfer 

 

3. Data for the problem 
- Physico-chemical data 

   - Reaction kinetics 
   - Equipment parameters 
   - Plant data 
 

4. Model construction 
   - Assumptions 
   - Boundaries and balance volumes 
   - Conservation equations: mass, energy, momentum 

- Constitutive equations: reaction rates, transfer rate property 
relations, balance volume relations, control relations & equipment 
constraints 

- Characterizing Variables 
   - Conditions (ICs, BCs) 
   - Parameters 
 

5. Model solution 
 - Algebraic systems 
 - Ordinary differential equations 

- Differential-algebraic equations 
- Partial differential equations 
- Integro-differential equations 

 
6. Model verification 

- Structured programming approach 
- Modular code 
- Testing of separate modules 
- Exercise all code logic 



- Conditions 
- Constraints 

 

7. Model calibration/validation 
- Generate plant data 
- Analyze plant data for quality 
- Parameter or structure estimation 
- Independent hypothesis testing for validation 
- Revise the model until suitable for purpose 

 
Example:  

cA, q, T

Cooling 
medium, Tc 

cAi, qi, Ti

V, T h
 

 Step 1: 
    - CSTR description 
    details 
    lumped parameter model 
    dynamic model 
    - Goal (intent) 
    inlet change range 
    +/-10% accuracy 
    control design 

Step 2: 
    - Chemical reaction A B 
    - Perfect mixing 
    - No heat loss (adiabatic) 

Step 3: 
    - Reaction kinetic data: k0, E, ∆HR 
    - Physico-chemical properties: specific heats, enthalpies, … 
    - Equipment parameter: V 

  

Step 4: 
   - Assumptions 
   A1: perfect mixing 
   A2: first order reaction 
   A3: adiabatic operation 
   A4: equal inflow, outflow 
   A5: constant properties 

    - Equations 
  conservative 
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ρ ρ= − + −∆ + −  

  constitutive 
0  exp( / ) Ar k E RT C= −  

 

    - Initial conditions: CA(0)=CA0, T(0)=T0 
    - Parameters and inputs 
  V, q, CA, T: 10% accuracy 
  k0, E, ∆HR: 30-500% accuracy 
 

Step 5: 
    - Solving DAE 
      using structuring techniques 
    using direct DAE solution 
 

 

 


