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Why Conceptual Design?

ÁDetermine optimal process configuration

ÅGiven inputs and desired outputs

ÁAnswer strategic process investment questions:

ÅWhat process flowsheet should we select for the new new facility or plant?

ÅIs this new process technology worth our investment?

ÅHow can we overcome process bottlenecks?
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Motivations for Conceptual Design

Process Intensification

Á Intensificationis ñany 

chemical engineering 

development that leads to a 

substantially smaller, 

cleaner, and more energy-

efficienttechnologyò [1]

ÁProminent examples:

ÅReactive distillation

ÅDividing wall columns

ÅRotating packed bed

ÅMicroreactors

Traditional

ÁCompetitive advantage 

through cost-effective design

Á Increased production rate

ÁGuide research and 

development towards 

maximum impact directions

Modular Manufacturing

ÁModular design involves 

partition of the system into 

multiple easily 

interconnected, self-

contained units (skids)

ÅñNumbering upò instead of 

scaling up

ÁMain benefits:

Å Reduced investment risk

Å Improved time to market

Å Increased flexibility

Å Improved safety

Å Reduced on-site construction

[1] Stankiewicz& Moulijn , 2000



Process Design Studies ïStatus Quo
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ÅExtensive search space V

ÅRealize synergies between processes V

ÅSimple input/output models U

ÅPerformance prediction maybe erroneous U

ÅNo commercial tool; mostly academic U

Techno-economic Studies

ÅDetailed steady-state models V

ÅReasonable cost estimates V

ÅNot extensive, case by case analysis U

ÅDifficult to realize synergistic advantages U

ÅMore a sensitivity study U

Validate design

Update model

Conceptual Design Studies
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Need for Automated Computational Tools

Evaluating process alternatives

State of the art

Á Trial and error in commercial simulators

Á Heuristic rules of thumb (e.g. PROSYN) 
[1]

Industry

Conceptual 
Design

[1] Schembeckeret al., 1994

flowsheets

Can optimize Superstructure to avoid enumeration

Commercial process simulators
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Superstructure-based Conceptual Design

3. Solve synthesis problem

ÁSolve mathematical program 

to obtain optimal flowsheet 

configuration and operating 

conditions

ÅEquipment selection and 

interconnection

ÅFlows, temperatures, 

pressures

ÁVarious commercial and 

academic solver codes 

available

1. Define process alternatives

ÁPostulate a superstructure

which represents all 

practical alternatives

ÅExisting, proposed, 

and/or hypothetical

process technologies

2. Symbolic-algebraic representation

ÁFormulate an mathematical

model that captures the 

design problem logic

ÁNormally a mixed-integer 

nonlinear programming 

(MINLP) or generalized 

disjunctive programming 

(GDP) problem
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Challenges/barriers

There is no commercial software for synthesis

Only academic codes, some prototypes PROSYN [1], ICAS [2], MIPSYN [3]

Lack of robustness of nonlinear optimization (NLP, MINLP)

Difficulties with convergence:

Good initialization required; zero flows cause singularities; nonconvexities

give rise to local optima       

However significant progress has been made

Synthesis tools require expert users

How to postulate superstructure? How to develop best computational strategy?

Unclear how to address Process Intensification, Modular Design

Increased demand for synthesis of new flowsheets 

Shale gas revolution => many new plants in US

325 projects announced since 2010  $194 billion (American Chemistry Council)

New driving force
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PyosynïConceptual Design in IDAES

IDAES Framework

Pyosyn

process synthesis

ALAMO (data O
thermodynamics)

RIPE (data O kinetics)

IDAES Model Library 
(standard unit models)

Detailed simulation

Visualization

Dynamic optimization
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Pyosyn central principles

ÁIntuitive modeling contexts

ïGeneralized Disjunctive Programming (GDP)

ÅPrototype logical expression system

ÅImplication, Equivalence

ïPyomo.Network

ÁFlexible solution approaches

ïMINLP reformulation

ïLogic-based decomposition algorithms

ïLogic-based relaxation tightening (basic steps)

Ports figure adapted from Menezes et al., 2015
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Example: Kaibel column conceptual design

Á Intensified distillation column

ïOne column shell, 4 product separations

ï Variant of the dividing wall column

Á Objectives:

ï Attain product quality specifications

ïMinimize capital and operating costs

ÅTotal annualized cost

Á Major design decisions:

ïNumber of trays in each section

ï Feed tray selection

ï Product (R1, R2) tray selection

ïReboiler and condenser duties

ï Liquid/vapor distributor ratios (fixed)

Á Steady state tray-by-tray MESH model

ïMass balance, equilibrium, summation 

(conservation), enthalpy (H) balances

Figure from Rawlings et al., 2019

For up to 58 trays

42 million combinations

of feed and products tray location
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Superstructure column distillation model

Condenser Tray

(permanent)

Rectification Trays

(conditional)

Feed Tray

(permanent)

Stripping Trays

(conditional)

Reboiler Tray

(permanent)Heavy Product

Feed

Light

Product

}

-OR-

-OR-

-OR-

-OR-

}
Vapor Flow

Liquid Flow

Equilibrium Stage

Non-equilibrium Stage

ÅPermanent and conditional trays:

ÈMESH equations for condenser,

reboilerand feed trays

ÈMass & energy balances for 

rectification and stripping trays.

ÅConditional trays only:

ÈUse disjunctions as modeling tool

ÈIf Yn=Trueapply VLE constraints 

OR Yn=FalseNO VLE 

Disjunctions for existence/absence of conditional trays
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Kaibel column conceptual design

Á Components: Methanol, ethanol, n-propanol,                    

n-butanol

ï 99% purity for each component

Á GDP model written using Pyomo.GDP

ï 5715 constraints

Å2124 nonlinear

ï 100 disjunctions

Å3599 variables

ï178 binary

ï3421 continuous

Á Solved in 639 sec using GDPopt-LOA solver

ï Logic-based outer approximation algorithm

ï 4 iterations

Á Resulting design:

ï 46 trays (21% reduction vs. base case)

ï Dividing wall between 12th and 26th tray

ï Feed at 18th tray

ï Side outlets at 13th and 22nd trays

ABCD

A

B

C

D

Optimal Design Kaibel Column reduces energy consumption in the reboiler

and condenser by more than 40 % compared to conventional columns
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Effective Generalized Disjunctive Programming 

models for Modular Plant Design

Å Maximize Net Present Value (NPV) profit

ï Sales revenue

ï Raw material costs

ï Production costs

ï Investment costs (related to facility size)

ï Transportation costs (raw materials, products, and modules)

Å Discrete decisions

ï Selection of sites

ï Selection of modules

ï Selection of transportation links

Å Continuous decisions

ï Production levels at each site

ï Shipment quantities along each link

GDP  -> MINLP (big-M or hull reformulation)
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Modular standardization

continuousdecisions discretedecisions

NLP MILP

Special structure: rewrite nonlinear relations as mixed-

integer linear 

Example: batch processing*

ὅέίὸ ὛȢ

If each reactor available in discrete sizes ίȟίȟί, 

then we can write

ὅέίὸ

ȟ

Ὧώ

Ὧ ίȢconstant

ώ ᶰπȟρ

for all reactors Ὥand size options Êɴ ρȟςȟσ
Equivalent to basic step with hull reformulation on 

disjunction between sizes [3]

*Grossmann et. al., 1992; Voudouris& Grossmann, 1991

Induced linearity reformulation
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Case study: multiple market capacity expansion

Å Given:

ï 5 distributed customer markets

ï time-varying demand (10 year horizon)

Å Optimize:

ï Facility locations, size, product shipment quantities/routes

ï Minimize system cost to satisfy demand

Å Allow relocation of modules between sites

Nonlinear GDP: 

2224 variables (718 integer), 1387 constraints, 13 disjunctions

Used big-M reformulation. 

MINLP solved in 7s DICOPT solver

via Pyomo-GAMS solver interface and GAMS version 25.1.3.

Demands

Location Markets
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Case study: multiple market capacity expansion

Results


