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# Steps in Designing/Retrofitting Chemical Processes
= Assess Primitive Problem
» Process Creation
= Development of Base Case
m Detailed Process Synthesis - Algorithmic Methods
m Process Controllability Assessment
» Detailed Design, Sizing, Cost Estimation, Optimization
= Construction, Start-up and Operation

# Environmental Issues
# Safety Issues
# Process schemes
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Manufacture of chemical products

/R

L/

# The design or retrofit of chemical processes
begins with a desire to produce profitable

# Partly due to the growing awareness of the
public, many design projects involve the
redesign, or retrofitting, of existing chemical
processes to solve environmental problems and
to adhere to stricter standards of safety

Basic Chemical Products

Natural Manufacturing {Commodity and Specialty Chemicals,
Resources Process Biomaterials, Polymeric
Materials)

Refined Chemicals & Consumer Products {~ 30000)

chemicals that Satisfy societal needs Plastics, pharmaceuticals, dyes, solvents, fertilizers, fibres, dispensers,

cosmetics,

Intermediate ﬂ{Produch (= 300)

a ; : ;
@) ol, vinyl chloride, styrene, urea, formaldehyde, ethylene oxide,
acetic acid, acrvlonitrile, cvclohexane, acrvlic acid
Basi | |
sic . ; SR :
Chemical Manufacturing ‘ " Industrial Pufduct-Q F :
Broduiis Process (Films, Fibers, Paper. Creams. Pastes, ...) Basic Products (~20)
oducts : .
< Ethylene, propene, butadiene, benzene, synthesis-gas, actylene,
(b) ammonia, sulfuric acid, sodium hydroxide. chlorine
e lm// ‘\‘h&
Configured Consumer Products IR @_Kwﬁh‘.{)
Basic thmicals | Manufacturing (.l_)ial_wais Devices, Post-it Notes, Raw Materials (~ 10) 4
Industrial Products Process I'ransparencies. Drug Delivery Petroleum, natural gas, coal, biomass
Patches. Cosmetics. .....)
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(c)

Rock, salt, phosphate, sulfur, air, water "
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Origin of Design Problems
# Explorations of chemists, biochemists, and engineers in
research labs
s to satisfy the desires of customers
= to obtain chemicals with improved properties for applications.
# ... several well-known products, like Teflon (poly-
tetrafluoroethylene), were discovered by accident.

# ... an inexpensive source of a raw material(s) becomes
available.

# ... the engineer himself,

= inclination that a new chemical or route to produce an existing chemical
can be very profitable.

/R
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New system boundary definition

N

L/
SYSTEM (from ‘cradle to grave’)

N N N N I N B D B S B S SN S B B B S D BT B B B S e B -
] : ; l
I Extraction and Extraction of fuels 1

manufacture of and energy 1
: raw materials generation I
) v v !
: l f""‘""“"“'“';TL_::“““"”"' l :
, Plant | ‘H.:I:J‘—_’ Plant [
I construction [ L = 'es & — decommissioning i

> el

[ '\ ------ f
I 5 / l |
I Traditional <l ‘ I
I bzzit;:: Product use, Emissions and ]
I y reuse & recycling [~ waste |
I management i

New system boundary
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Steps in Product/Process Design
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Stage-Gate Product Development Process

N

# SGPDP — Developed by Robert Cooper (2001, 2002,
2005)

# Roadmap for transforming new ideas into products that
satisfy customer needs - ready to be launched

Evaluate Evaluate for

h the winni Evaluate Evaluate and
Screen ;:aac ibl - wufnmtng. the best prepare sales
superior S panacwrng process forecasts
product options
concepts
Concept —><>—> Feasibility —>O—> Development—><>—> Manufacturing _><>_>IntF:(r)3(3::(t:iton
For each concept . Plant construction
. ’ Manufacturin ’
Idea generation make performance : - Scaleup startup, operation
. s options generated )
Customer visits measurements pilot plant
e.g., aging test testing Design Manufacturing
optimization process optimization
Produce product to meet final customer
prototypes specifications

Marketing and product
launch documentation
prepared
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Steps in Product/Process Design

T # Initial Decision

Design team creates a
Project Charter to
develop a new product

Materials Development

Find chemicals or chemical Yes Is materials tecm‘o‘ogy
mixtures that have desired invention required?
properties and performance No

(e.g., environmentally friendly refrigerant)

Process/Manufacturing Yes Is process/manufacturing )
Technology Development technology invention required?

—

¢ No
opv No
9 - .
(¢.g., heat and mass exchanger (HME)).C Initiate SGPDP? }—’ Discard Pro]cct Charter
Yes

Stage-Gate™ product-development process (SGPDP)
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Steps in Product/Process Design

/R

L/
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# Concept & Feasibility

Concept Stage
Opportunity assessments, customer & tech. regts.
Database creation
Preliminary process synthesis

Position reaction, separation, T-P change operations
Task integrate —sclect equipment
Bench-scale laboratory w9rk

Y
Concept Stage .
Gate Review ) Fail

y Pass

Feasibility Stage

® Develop base case design
Use process simulation and pilot-plant testing

® Use algorithmic methods for:

Synthesis of chemical reactor networks

Separation train synthesis

Synthesis of heat exchanger networks

Synthesis of mass exchanger networks

Optimal sequencing of batch processing steps
® Plantwide controllability assessment

Feasibility Stage ) Fail
Gate Review

lPass
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Steps in Product/Process Design

T # Development & Manufacturing
LPass

Development Stage

® Detailed design, equipment sizing, profitability
analysis, and optimization

® Develop startup strategies

® Safety analysis

I
I
|
I
|
I
|
Develo ment Stage
: Gatg Review : )—’ Fail
I
I
I
|
I
|
I

v Pass

Manufacturing Stage
® Detailed plant design
® Construction
® Startup
hd Ogcrauon

Manufacturmg Stage Fail
Gate Review -

v Pass
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Steps in Product/Process Design

# Product Introduction

y Pass

Product Introduction Stage
® Pnang
Advertising

'

I

l

o I
® Product literature

® Introduction to customers |

I

I

I

l

v
Product Introduction ) Fail
Stgge Gate Review
y Pass
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Steps in Process Design

L/

/R

Assess Primitive

/ firoblem

Detailed Process Plant-wide

Synthesis - |, .| Development .| Controllability
Algorithmic of Base-case Assessment
Methods

A

\ —/

Detailed Design,
Equipment sizing, Cap.
Cost Estimation,
Profitability Analysis,
Optimization
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Steps in Process Design

Part I

e Assess Primitive Problem
 Find Suitable Chemicals
 Process Creation

« Development of Base Case

Find Chemicals or Chemical
Mixtures That Have the Desired
Properties und Performance

Part 11
* Detailed Process Synthesis

Part 111
* Detailed Design & Optimization

J Stad |
Detailed [ 3 1 Asscasment |
DewicdDesgn. | ] |

S [ s Part IV

Yes L Sufery Analyshs

e (e * Plantwide Controllability

Yes
No

LPart V]
Written Design Repart
wioet and Oral Presentation

...... b

: Plant Design, :

| Construction, '

Startup, and )
Operation

.............

FIULCOD andiauvil — radl iziv 1 criiicyna
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Steps in Process Design

L/

/R

Assess Primitive

/ Problem

Detailed Process Plant-wide

Synthesis - |, | Development | Controllability
Algorithmic of Base-case Assessment
Methods

A

\ —/

Detailed Design,
Equipment sizing, Cap.
Cost Estimation,
Profitability Analysis,
Optimization
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Steps in Process Design

L/ Potential Oﬂaortunity

/R

Create and Assess Primitive Problem |Part I
Identify needs Survey literature
Generate ideas Marketing and business
Interview customers studies

Is the Chemical
Structure Known?
Find Chemicals or Chemical [Part I

Mixtures That Have the Desired

Properties and Performance
Examples:
Environmentally friendly thin polymer films,
Refrigerants, Solvents for cleaning and extraction,
Lubricants, Macromolecules for pharmaceuticals,
Solutes for hand warmers, and H';gh tensile strength
ceramics

No (“Ts a Process Required to
\ Produce the Chemicals?

' Yes

Process Creation Part |
Preliminary Database Creation

Experiments

Preliminary Process Synthesis
Reactions, Separations,
T-P Change Operations,
Task Integration —
Equipment Selection

(s the Gross Profit Favorable DN Reject
¥ Yes

‘

Development of Base Case Part I Detailed Process Synthesis _ [Part I1]
— Algorithmic Methods

ICrcalc a Process Flowshcetl Cs the Process Continuous
or Batch?

{ CominuousT E&'
[ Process Integration j Synthesis of Chemical

Reactor Networks Optimal
Separation Train Synthesis Sgcqaw“cmg and

= eduling of
Synthesis of Proccssirg!g Plantwide Part IV
React.-Sep.-Recyc. Networks Steps

- Controllability
Create a || Pilot-Plant Testing || Prepare a Second Law Analysis

T - - Assessment
Detailed || Modify Flowsheet ||Simulation Synthesis ]°\If
Database Model Heat Exchange'r etwork Qualitative Synthesis
Synthesis of of Control Structures
Mass Exch Network

)

it

Flowsheet
Controllability Analysis
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Steps in Process Design

L/

/R

Assess Primitive

/ Problem

Detailed Process Plant-wide
Synthesis - |, .| Development .| Controllability
Algorithmic of Base-case Assessment

Methods

A

\ o/

Detailed Design,
Equipment sizing, Cap.
Cost Estimation,
Profitability Analysis,
Optimization
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Steps in Process Design

|

A 4
Development of Base Case Part | Detailed Process Synthesis Part 11|
- Algorithmic Methods
Create a Process Flowsheet Qs the Process Continuous
or Batch?

Continuous‘
Synthesis of Chemical

Process Integration
I —

Create a || Pilot-Plant Testing || Prepare a Second Law Analysis
Detailed || Modify Flowsheet || Simulation Synthesis of

Database Model Heat Exchanger Network
Synthesis of
Mass Exchanger Network
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Reactor Networks Optimal
Sequeteing and
Separation Train Synthesis Sc%eduhng of

Synthesis of Processing
React.-Sep.-Recyc. Networks Steps




Steps in Process Design

L/

/R

Assess Primitive

/ firoblem

Detailed Process Plant-wide

Synthesis - |, .| Development | Controllability
Algorithmic of Base-case Assessment
Methods

i

\

Detailed Design,
Equipment sizing, Cap.
Cost Estimation,
Profitability Analysis,
Optimization
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Steps in Process Design

/R

L/

Detailed Design, Equip. Sizing, and Optim.

Is the Final Product a:
Commodity chemical
Specialty chemical

Configured consumer or
Industrial product (that uses the
chemicals or chemical mixtures

produced?)

Equipment Sizing
Heat Exchanger Design

Tower Design

Pump & Compressor Design

i

Part 111

Product Design

I—'

’.T

Capital Coat Estimation

ProfibiIL% Analysis

Optimization

—
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Environmental Issues ...

L/

/R

# Handling of toxic wastes

= 97% of hazardous waste generation by the chemicals and nuclear
industry is wastewater.

= In process design, it is essential that facilities be included to remove
pollutants from waste-water streams.

# Reaction pathways to reduce by-product toxicity

= As the reaction operations are determined, the toxicity of all of the

chemicals, especially those recovered as byproducts, needs to be
evaluated.

= Pathways involving large quantities of toxic chemicals should be replaced
by alternatives, except under unusual circumstances.

# Reducing and reusing wastes

= Environmental concerns place even greater emphasis on recycling, not
only for unreacted chemicals, but for product and by-product chemicals,

as well. (i.e., production of segregated wastes - e.qg., production of
composite materials and polymers).
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Environmental Issues

L/

# Avoiding non-routine events

= Reduce the likelihood of accidents and spills through the reduction of
transient phenomena, relying on operation at the nominal steady-state,
with reliable controllers and fault-detection systems.

# Design objectives, constraints and optimization

= Environmental goals often not well defined because economic objective
functions involve profitability measures, whereas the value of reduced
pollution is often not easily quantified economically.

= Solutions: mixed objective function (“price of reduced pollution”), or
express environmental goal as “soft” or “hard” constraints.

= Environmental regulations = constraints
= Example: PSP (see next slides)

/R
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Sustainability evaluation (of a process)...

L/

/R

# The question of Indicators

= 1D indicators: economical,
ecological, or social;

= 2D indicators: socio-ecological,
socio-economical, or economic-
ecological;

3D indicators: all three dimensions
of sustainability

# Indicators in this study:
= Four 3D
= Four 1D (environment)

Environment

Economy

Society

@anufactu®, Product Product
Process / Distribution Use

Raw Material Recvcle Product From Martins, 2006
Acquisition Y Disposal

Fermeglia M., Longo G., Toma L., AIChE ], 2009

Environment
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PSP framework

@ Input data (Process Simulator) ( Database )

= Material & Energy balances ST

Unit Operation

= Toxicological properties Modes
# Output Coaa )
= Sustainability evaluation @ D e

the process
v v L 2 v

N

isk Phrases
Substances Substances IS
Mass flow rate name CAS-Number for each
C : ( ] ( ] substance

Process output Process output
stream containing || stream containing
the main product | | salable co-products

A

| ' v psp ) '

P
dditional data \ Framework |

introduced on
the interface

Process waste
stream

Process input
stream

Yy Y

(' 3D indicators ) ( 1D indicators )

Material .Energ'y
intensity intensity

\ 4
Waste Reduction
(WAR)
Algorithm

Potential Potential
chemical risk ||environmental impact
evaluation evaluation

Fermeglia M., Longo G,
Toma L., AIChE J, 2009

Vo .
» Sustainability evaluation )«
U Y Y,
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PSP framework & Indexes

/R

L/

Indexes

1D

3D

4

Global Warming

Potential
(GWP)

Acidification

Global

Atmospheric

Potential
(AP)

CAPE OPEN
(ColLan)

PSP Framework

- Toxicological
data

Environmental
Impact
Categories

Process
Simulators

!

Molecular
Modeling

v

Process

Design
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Ozone Depletion

Potential
(ODP)

Photochemical
Oxidation

Potential
(PCOP)

Human Toxicity
Potential by

Ingestion
(HTPI)

Local

Toxicological

Human Toxicity
Potential by
Inhalation and
Dermal Exposure
(HTPE)

Aquatic Toxicity

Potential
(ATP)

Terrestrial

(TTP)

Toxicity Potential| Siids
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Sweetening natural gas by DGA absorption - base case

j <2 S8
T AT
S5

s13
S11 S12
st S4IN \%
c. X

/R

S14

H-4

Natural gas, S1( CH4, CO2 and H2S) and the stream S14 (DGA solution), are sent to T-1.

The goal of this absorption column is to separate the CH4. The products of the column
are: Stream S2, containing the removed CH4, and stream S3 containing water, DGA, CO2,
H2S and small amounts of CH4.

# S3 is heated in E-1 and sent to the second separation device, F-1. The top stream of F-1,
S5 contains the remained CH4 traces.

#® The bottom stream, S6, is sent to the second distillation column, T-2. The top stream of
th% secct)nd column, S8, contains removed gases. The bottom stream, S9, is made of DGA
and water.

# The losses of DGA and water are supplied with S28 and S30 streams. These are mixed
with S13 in M-1 and recycled back to the absorber, T-1.

# From an environmental point of view, it is desired to reduce the gaseous streams, S2, S5
and S8, released in the atmosphere.

*@®
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Sweetening natural gas by DGA absorption - alternative

e i

S6 E-18
IT s9

2\
Y
H-4

/R

L/

# One modification has been made, starting from the base
case.

# The stream, S9, coming from the bottom of the second
column, T-2, was used to heat S7. In this way the heat for
E-2 is supplied using some internal stream of the process
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1D: Results

A
\
Environmental Results using 1D Indicator Environmental Results using 1D Indicator
136010 1123.2
136005 1123.15
~ 136000 g
£ o 11231
0 O Casel [N O Casel
o 135995 =
= B\ Case2 13 B Case2
3 ! 1123.05
= 135990 3
135985 1123
135980 1122.95
1 1
cases A cases B
Environmantal Results using 1D Indicator Environmantal Results using 1D Indicator
-45470 -375.5
-45475 375.55
_ -45480 1 §
< T -375.6
o O Casel [ O Casel
o -45485 4 =%
= B Case2 £ B Case2
g Z -375.65 4
-45490 A 28
-45495 - 3757
-45500 -375.75
cases C cases D
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1 D Indicator
A) lout
B) Tout_mp
C) Igen
D) Igen_mp
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Safety Considerations

L/
# Example Disaster 1 — Flixborough: 1st June 1974
http://www.hse.gov.uk/hid/land/comah/level3/5a591f6.htm
= 50 tons of cyclohexane were released from Nypro’s KA plant
(oxidation of cyclohexane) leading to release of vapor cloud and
its detonation. Total loss of plant and death of 28 plant

personnel.
= Highly reactive system - conversions low, with large inventory in

plant. Process involved six, 20 ton stirred-tank reactors.

/R

— Discharge caused by

failure of temporary pipe .

Installed to replace % ~ .

cracked reactor. R 2624 W
— The so-called “dog-leg”

was not able to contain
the operating conditions T N

i

of the process (10 bar,

150 °C)

20 inch {500 mm) pipe
1
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Safety Considerations

L
@ Fllxboro_l. \AJla L -_..'...... PR,

/R

n Develc
you dc
m Before

cause

Effective area
of bellows A

PA “
2e

I e —— T
2L : —
Shear forca
F = PAs/l

',

|
|
|
1
i
|
|
|
|
|

Maximum = PAel/L
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Safety Considerations (Cont'd)

L/

/R

# Example Disaster 2 — Bhopal: 3rd December 1984
http://www.bhopal.com/chrono.htm

= Water leakage into MIC (Methyl isocyanate) storage tank leading
to boiling and release of 25 tons of toxic MIC vapor, killing more
than 3,800 civilians, and injuring tens of thousands more.

= MIC vapor released because the refrigeration system intended to
cool the storage tank holding 100 tons of MIC had been shut
down, the scrubber was not immediately available, and the flare
was not in operation.

Bhopal - What can we learn?
— Avoid use of hazardous materials. Minimize stocks of
hazardous materials (“what you don’t have, can’t leak”).
— Carry out HAZOP analysis.
— Train operators not to ignore unusual readings.
— Keep protective equipment in working order.
— Control building near major hazards.
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Safety Considerations (Cont'd)

~ # Example Disaster 3 — Challenger: 28th January 1986

# http://www.onlineethics.com/moral/boisjoly/RB-intro.html

= An O-ring seal in one of the solid booster rockets failed. A high-pressure
flame plume was deflected onto the external fuel tank, leading to a
massive explosion at 73 sec from lift-off, claiming the Challenger with its
crew.

= The O-ring problem was known several months before the disaster, but
down-played by management, who over-rode concerns by engineers.

/R

Challenger - What can we
learn?

— Design for safety.

— Prevent ‘management’
over-ride of ‘engineering’
safety concerns.

— Carry out HAZOP analysis.

Flame
reaching the
fuel tank
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Safety Issues

N

%
# Flammability Limits of Liquids and Gases
= LFL and UFL (vol %) in Air at 25 oC and 1 Atm

Compound | LFL (%) | UFL (%)
Acetylene 2.5 100
Cyclohexane 1.3 8
Ethylene 2.7 36
Gasoline 1.4 7.6
Hydrogen 4.0 75

# These limits can be extended for mixtures, and for
elevated temperatures and pressures.

# With this kind of information, the process designer makes
sure that flammable mixtures do not exist in the process
during startup, steady-state operation, or shut-down.
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Design for Safety

/R

# Techniques to Prevent Fires and Explosions

= Inerting - addition of inert dilutant to reduce the fuel concentration
below the LFL

= Installation of grounding devices and anti-static devices to avoid the
buildup of static electricity

= Use of explosion proof equipment
= Ensure ventilation - install sprinkler systems

# Relief Devices

# Hazard Identification and Risk Assessment

= The plant is scrutinized to identify sources of accidents or hazards.

= Hazard and Operability (HAZOP) study is carried out, in which all of the
possible paths to an accident are identified.

» When sufficient probability data are available, a fault tree is created and
the probability of the occurrence for each potential accident computed.
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Process schemes

L/

# Block Flow Diagram (BFD): illustrative, very general

# Process Flow Diagram (PFD): technical, they allow design
= Simplified: reports unit operations and necessary equipment

= Quantified: add to the simplified flow diagram material and energy
balances

= Instrumental: add the quantified flow diagram the control systme

# Piping and Instrumentational Diagram (P&I)
= Main document of the design, the PFD is enhanced and quantified:
= Instrumentation and control system is added
= Is a ‘technical photo’ of the process
= Allows to identify and recognize all units and piping of the plant

/R
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Block Flow Diagram BFD

q
# Series of boxes labeled with Z‘Efﬂk(;}i?
the name of the operation o —
. R icods R Reactor Gas
# Streams indicated as Separator ——
continuum lines with arrows , 8210 k)
m At least two sections: reaction and Hydrogen |
separation GO P oo, LMbedLiids )| o
m At least 2 streams: feed and
product
# Usually at least one recycle Toluene

and one purge

#® More BFD could be generated from one patent or know-how

= The optimal one will be selected based on economical
considerations
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Process Flow Diagram PFD

L/

/R

# Complete flow diagram in which all
units and streams involved are
represented.

# Units are shown schematically and
conventionally labeled
= (in Italy UNICHIM - Tab. 1)

APPARECCHI SIGLA
Agitatori AG
Centrifughe CE
Compressori alternativi CA

centrifughl CC
rotativi CR
Recipient| e separatori D
Essiccatori DE
Scambiatori di calore E
Elettori EJ
Evaporatori EV
Forni F
Filtrd Fl
Pompe dosatrici PA
centrifughe PC
volumetriche PY
Reattor| R
Serbatol stoccagglo S
Trasportatori di solldi TS
Ventilatori [}

Toluene hps
V-101

Hydrogen|  p_1o1aB *I
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PFD of toluene de-
alchilation process
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Piping and Instrumentational Diagram P&l

/
\

# Service lines are o . e Gas
indicated ee 8— a0
connecting the gi@ &8 "‘“:‘W
units that need = _ = . > % 4 i o
the specific service le ;o

# Indication of: by- g - e ' 3 ot ron
pass, pipes slopes,‘)z:hj]':_._‘:f © @ 0 2
insulations, “leoee® | C .
condensate drains, (?—- ' ‘ T TE e it ot

# Complex schema: . wc a
clarity, sufficient .. s ? —
spacing, no ¢ B =i

winding paths e eeee et eee g‘_é

P&l of a distillation column for toluene de-alchilation process
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