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Waste issues in chemical processes

Process simulation approach to waste
minimization and its challenges

ENVOPEXxpert (EE): an intelligent
simulation-optimization system for waste
minimization

— Waste diagnosis and analysis

— Alternatives generation

Case study: HDA process
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Chemical Process Operation

Chemical industry generates
billions of tons of wastes

End-of-pipe treatment only
transfers waste from one
medium to another

There is global need to shift
to waste minimization

Benefits:

— Improve health and safety
— Reduce company liabilities
— Improve public image

— Cut costs



Waste Minimization Methodology

e Waste minimization is the avoidance, elimination
or reduction of waste generation, and offers the

most environmentally friendly solution

Waste Minimization

/ \

Qualitative approach Quantitative approach
Hierarchical Environmental Pinch Mathematical
design optimization analysis optimization

method (ENVOP)



Challenges in Waste Minimization

e \Waste minimization analysis is complex and
requires multidisciplinary approach

« Different computational tools provide different
perspective

* Process simulators (ASPEN PLUS, HYSYS,
CHEMCAD, etc.) are useful tools for waste
minimization study

 However, they do not provide decision supports
to the user for reducing waste.

* Process simulator capabillity is limited to
predicting the behavior of process in response to
variable changes




Process Simulation Approach

A trial and error procedure
— Modify the variables
— Observe changes in the waste generated

A comprehensive and systematic framework and
tool Is thus essential

The shortcomings has been highlighted and
recommendations made (Eisenhauer and
McQueen, 1993)

The recommendation was to develop an
Integrated framework of expert system and
process simulator

But no framework Is available so far!



CAPE-OPEN Concept

« CAPE-OPEN rationale: combination of components of
different simulators to obtain the best results for
solving a particular problem

* |ntegration between components through plug-and-

nlay concept

* Providers: AspenTech, PSE, SimSci, Honeywell, etc.

User interfaces

Unit operations
model library

Communication
via
“middlewake”

Process Modeling
Environment (PME)

Numerical
solvers

Process Modeling

Chemical
kinetics

Physical
properties

Components (PMCs)



ENVOPExpert (EE)

An intelligent system that automates waste
minimization analysis in process plant

Given flow diagram, process chemistry and
economics, EE can identify waste reduction
opportunities with economic benefits

G2 (Gensym) expert system shell integrated with
process simulator for waste diagnosis, analysis
and process optimization

Two types of waste minimization alternatives:

— Qualitative based heuristic solution

— Detalled variable changes to minimize environmental
Impacts



ENVOPEXxpert Architecture
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ENVOPEXxpert Framework

 EE Iintegrates different process systems
engineering methodologies
— P-graph for waste source diagnosis

— Hierarchical design approach (IF-THEN rules) for
gualitative heuristic solution

— WAR algorithm as environmental impact calculation
— Multi-objective simulated annealing optimization

 EE provides decision support to HYSYS simulator

* |t has been tested successfully on several literature
case studies



Schematic of Integration

, i Expert system PME with:
: “Waste” variables : _ _
! Variajle values : P-graph diagnosis
I Water flowrate and > l\/lulti_-o_bje(_:tive i IF-THEN rules
E temperatureA Compressor Optltmltzatlon i Optimization algorithm
i ! A energy New Variable values SLELED !
| L S I Simulation | _ Variafjie values |
! K | ! results
1 1 I !
5 5L o8 O 5
| 2 |
| A 7 |
; O— H | VBA
l A “middleware”
1 3 !
P-graph model
b iimmmmimm - : Simulation Variable values
___________________________________________________________ results. | ..
( - .
Unit operation models N
Process
Chemical kinetics A simulator

Physical properties —

Simulator PMCs <

\ Numerical solvers




User Input

Material information

Reaction kinetics

Stream-unit connection information
User-defined variables

Position information (GUI)
Environmental impacts

Economic data

Material purpose

Stream status
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HYSYS XML data

User’s specified Excel
spreadsheet



P-graph Model
 Based on Friedler et al (1994)

 Model the flow of material throughout the
process

e Trace the origins of each material in waste

streams _/Q
A B
< > ,( > AB, ( )—
A 1 cA: |[3>’ C,D \Q C,D
Reactor Separ;tor

c () c

Heater/cooler



Material Flow Representation
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P-graph Waste Diagnosis

* Five possible waste sources:

Example 1: B is useful component

Heater

— Excessive feed of useful material B H H_' B

— Useless material in feed (impurities) Distillation
: _ Pump column

— Low conversion of useful material

— Useless byproduct formation Cooler

— Ineffective separation .

Example 2: E is useless

Pump Reactor

Distillation
column

Cooler %
O

Waste sources of B:
*Excessive feed of B

Ineffective separation of B

Waste sources of E:
*Reactor byproduct

*Excessive A, B and C



Heuristic Solution
 |[F-THEN rules/heuristics for waste minimization
solutions based on Douglas(1992)

IF (Sources) THEN (Solutions)

Useful material in waste stream Direct/recovery recycling
Useless material in input stream | Material purification
Useful material of low conversion | Increase reaction conversion

Useless material produced Optimum reaction condition or
change process chemistry

Useful material in input stream Prevent excessive feed

Inefficiency in separation Improved separation condition

e Heuristic solutions can be refined
further to variable-level using simulation
engine



Case Study: HDA process

 Toluene, hydrogen and
recycle stream are reacted in
adiabatic reactor to form
benzene product and methane
and diphenyl waste

* Flash separation to remove
aromatics from non-
condensable hydrogen and
methane (purge waste stream)

 The rest of components are
sent for a series of distillation
— methane byproduct
— diphenyl waste
— toluene recycle
— benzene product



Heuristic Solution

Waste source

Waste minimization solution

Toluene-feed

Prevent the excessive feed of toluene component in the toluene stream
Use alternative material in the toluene stream

H,-feed Prevent the excessive feed of hydrogen component in the hydrogen stream
Use alternative material in the hydrogen stream
Purge Direct recycle or recovery-recycle of hydrogen, methane and benzene
component
Use further separation system to recover the useful hydrogen, methane and
benzene
Diphenyl Direct recycle or recovery-recycle of hydrogen, methane, toluene and benzene
waste component
Use further separation system to recover the useful hydrogen, methane, toluene
and benzene
Optimize the operating condition in Toluene column (T102) to avoid the escape
of hydrogen, methane, toluene and benzene
Reactor Increase the conversion of toluene and hydrogen
Use alternative reaction route to eliminate diphenyl production
Optimize the operating condition in reactor to eliminate diphenyl production
Stabilizer Use further separation system to recover the useful methane
column Optimize the operating condition in Toluene column (T102) to avoid the escape
(T-100) of methane
Benzene Use further separation system to recover the useful benzene
column Optimize the operating condition in Toluene column (T102) to avoid the escape

(T-101)

of benzene




Functional Variables

e Each unit operation is represented by functional
variables
— Reactor: reactant flowrate, temperature, pressure
— Heater/cooler: heat flow
— Pump/compressor: energy flow

* Link waste generating unit (diagnosed through
P-graph model) with relevant process variables

e.g.
— Useless byproduct formation: reactant flowrate,
temperature, pressure

— Inefficiency separation: pressure drop, etc.



Integration with Process Simulator

 EE Is connected to HYSYS simulator through
G2 ActiveX-bridge module and HYSYS-
Browser (VBA)

« EE (&) VBA (&) HYSYS

 Compare the guantity of wastes through
changing the process variables

* Objective: variable changes resulting in lower
waste generation and cost =) multi-objective
optimization



Multi-objective Optimization

Optimize variables of the operation subject to
decision variables (functional variables)

— Min environmental impact
— Max economic benefit, etc

Environmental impact is calculated based on
WAR algorithm

Economic objective: minimize operating cost,
maximize profit

Implement heuristic search algorithm of
simulated annealing (Suppapitnarm et al., 2000)

Use non-dominated criteria to obtain Pareto-
optimal solution (environmental vs. economic)



Optimization Results

Status H,-feed Toluene- Furnace | Compressor Cooler Pump Environmental Operating
(kmol/h) feed (kJ/h) (kJ/h) (kJ/h) P101 impact cost
(kmol/h) (kJ/h) ($/h)
Base 222.44 123.83 2.47e7 6.142e4 3.00e7 7172 1473 1504
case
Pareto 221.42 120.99 2.47e7 6.163e4 3.08e7 7168 1197 1495
set
220.58 121.39 2.48e7 6.164e4 3.06e7 7177 1218 1486
221.51 120.82 2.48e7 6.142e4 3.06e7 7178 1214 1491
221.26 121.01 2.48e7 6.163e4 3.05e7 7174 1214 1489
221.44 120.82 2.48e7 6.163e4 3.07e7 7174 1205 1493

17% reduction in environmental impact and 1% in operating cost !




Environmental Impact vs. Operating Cost
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Conclusion and Future Work

ENVOPEXxpert diagnoses waste sources accurately,
recommends alternatives to minimize waste generation

Integration with HYSY S through VBA middleware enable
seamless simulation-optimization of process variables

ENVOPEXxpert has been extended to solve batch operation
— Grafcet and P-graph is to model operating procedure

— Integration with gPROMS dynamic simulator through
the same VBA
gO:RUN equivalent to HYSYS-Browser

Future work

— Combined process and utility wastes minimization
through water reuse and energy minimization

— Integrate with PMCs from multiple process simulators,
for example thermodynamic model
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