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Course Information

Schedule: see the course document

Exam & Grading: Design project report; oral presentation; 3 take-
home exam problems.

Design project: Work in groups of 2 members; details will be given
later today.

Consulting: During the tutorials groups can consult the teacher for
questions on the process design project
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Textbook

Textbook-1: LT Biegler, IE Grossmann and AW Westerberg,
Systematic Methods of Chemical Process Design, Prentice Hall,
1997.

Textbook-2:

PRODUCT AND PROCESS DESIGN PRINCIPLES:

Synthesis, Analysis and Evaluation (Seider, Lewin, Seader,
Widgado, Gani, Ng), John Wiley & sons, New York, USA, Spring
2016 (4t Edition)
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Chemical Process Design & Green Engineering

Chemical :
Raw Material " Process : Chemical
Product
27

Chemical process design is about finding a sustainable
process that can convert the raw materials to the desired
chemical products

Sustainable: Economic, low environmental impact, low
waste, efficient operation, correct raw material, .....
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The Product Tree

It Is Important to
choose the right
product and the
corresponding raw
material from
which the product
can be made. This
also defines the
path (process
route)

Refined Chemicals & Consumer Products {~ 30000)

Plastics, pharmaceuticals, dyes, solvents, fertilizers, fibres, dispensers,
cosmetics,

Intermediate \Products (~ 300)
Methanol, vinyl chloride, styrene, urea, formaldehyde, ethylene oxide,
acetic acid, acrylonitrile, cyclohexane, acrvlic acid
| [

L ‘\
Basic Products (~20)
Ethylene, propene, butadiene, benzene, synthesis-gas, actylene,

ammonia, sulfunc acid, sodmm hvdrozxide, chlorine

Raw Matemafs (z {] O)

Petroleum, natural gas, coal, biomass
Rock, salt, phosphate, sulfur, air, water
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Development of the chemical product tree

TOWARD A GLOBAL AGE...

1965

The surge of rapid globalization has encompassed the economy, technology and even people's
perspective. The 21 st century will see the arrival of a new age whene the global view s a common
requisite for all. We, a1 Mitsubishi Chemical, based on our dedication to worldwide prosperity.
will continue our efforts w contribute tw the comprehensive research and development of

chemistry,
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PETROCHEMISTRY

Product-Raw Material Paths

Utilizing limited natural resource to turn the dreams of mankind into reality
Within the site, plants are operating arcund the clock and various chemical products are being produced. Among the
plants, the Ethylene Plant produces the raw materials for other plants such a8 ethylens and propylena. Tha Malelc Anhy
dride Plant uses a butane-butylene fraction utilizng the technology developed by Mitsubishi Chemical for the first time n
the world, Mitsubishi Chamical has unique technalogies not only for the production of high density polyathylena,
polypropylens, 2-ethylhaxanol (plasticzar of polyviny! chioride) and various industrial alcohol, but also for pollution pre-
vention. The company aims to maintain the world's top level qualty and competitiveness of its products.

etrochemicals
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First, naphtha is pyrolyzed ot the 1" Papany shoomed

Ethylane Plant and then It I=
procassed into basic row matert-
a3 and intermadiate products at
various plants. By the end of
many processes, naphtha is
turrsed Mo variows end products
that we are wey acquantsd with.
This sacies of procesass is Ske
the trunk of trae which puts forth
many branches snd grows inte a
strong tres, The Mizushima Plant
Iz making sffective use of this lim-
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Refined Chemicals & Consumer Products (» 30000)

Plastics, pharmaceuticals, dyes, solvents, fertilizers, fibres, dispensers,
cosmetics,

Intermediate Produc:t:l = 300
Methanol, vinyl chloride, styrene, urea, formaldehyde, ethylene oxide,
acetic acid, acrvlonitrile, cyclohexane, acrvlic acid
| |

i A
Basic Products (20

Ethylene, propens, butadiene, benzene, synthesis-gas, actylene,
ammonia, sulfunc acid, sodxum hvdroxide, chlorine

Raw Matenals (1 Ol
Petroleum, natural gas, coal, biomass
Rock, salt, phosphate, sulfur, air, water
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A Scenario for Chemical Process Design

Board of Directors’ Design Problem

Discovery of possible new projects

Feedback & customer reaction

Planning & organizational design Stages in
Preliminary (conceptual) process design  the life of a
: : . process !
Layout & three dimensional modelling
Construction

Startup & commissioning

© © N o g B~ W D PE

Plant Operation
10. Debottelnecking

11. Decommissioning
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Roles of different groups of people in the different stages of

the life of a process - |

Business Unit

Chemical
Research

Process
Engineering

Construction
Company

Operating
Company




Roles of different groups of people in the different stages of
the life of a process - 11

Chemical Process Construction Operating

Business Unit Research Engineering Company Company
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The Synthesis Step

_ Chemical :
Raw Material Process Chemical
Product
?7?
Abstract
description Concept Generation
of design Generation of Alternatives :
problem Analysis of Alternatives dRefln_e C![
: : ription
l Evaluation of Alternatives . eSO
_ o of design
Comparison & Optimization oroblem

Course: Process Design Principles & Methods, L1, PSE for SPEED, Rafiqul Gani 11



The Synthesis Step

Chemical

Product

Chemical
Raw Material Process
??
Abstract Problem specification
Description Approaches for design
b * | Design alternatives
Performance
Cost, safety, ...
Refined .
Description

Concept generation
Alternative generation
Analysis

Evaluation

Comparison &
optimization

Course: Process Design Principles & Methods, L1, PSE for SPEED, Rafiqul Gani
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Example of a Chemical Process & Product

Chlorine

» Direct EDC
» chlorination |
Ethylene Pur Separa-
ge
—> ‘ . . o .
Recycle A ) » Pyrolysis — tion —>VCM
‘ block 2 (product)
Oxygen > Oxychlori- Separa P
~ nation - HCI
tion
block 1
HCI (addition) Water HCI (product)

The production of VCM is usually done from ethylene. In this case the process is carried out in two steps,
first reaction with either chlorine or hydrogen chloride in order to produce ethylene dichloride (EDC) and
next pyrolysis (cracking) to form VCM. The compounds in the system are Ethylene, EDC, VCM, HCI, O,,
Cl, and H,O. The reactions involved is the process are:

Direct chlorination: C,H, + Cl, - C,H,CI,
Oxychlorination: C,H,+2HCI+¥%0, -» C,H,CI, +H,0O
Pyrolysis (cracking): C,H,Cl, - C,H,Cl + HCI

The two step process also requires two separation blocks. In the first step (formation of EDC) two different
reactions are considered (Direct chlorination and oxychlorination). Oxychlorination produces water in
addition to EDC and it also requires a recycle. 13



Aspects of Green Engineering

Traditional Process

Products
Raw Materials,
Energy | Chemical
Process —— Pollution
Control
Wastes
Greener Process orodquete | Higher income.
Raw Materials, Modified Higher operating costs
Energy _
=P Chemical | Pollution
Process control | Lower PC costs
i Wastes
Recycle
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The Total Picture: Process plus utilities

Hot and Cold Uhtilities

Envivoumergally Accepable
i Guseous Enissions
Hot treams In
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—_— ] AT
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- — - 2 MEds) In ", __J:' s (Sds) O
'r — Network === : Yttt esis | Agens (MSAs)
, 1y Cold Streams In I ! 1
I
J b — ] Prod
N Plant —> Products 1| R M _k—" Process &““
Raw Waterials . s ——> & 1 arials g
— 4 Unit Operations > By-Products | | : [ Equiipment By-Products
» |
& -~ Iy !
1
! | L Cold Streams Cut I | | » ———
| e — T JJ Mass Separaing ﬂfEf‘f, Mass Seperating
____________ ats (MSAs) I . . MSAs
e Ageuts MU I | Symthesis | Asems (M54s) Out
l Envirommemally Accoptable
Hot Streams Out Asqusous Entissions

Heat Integration & Utilities Mass Integration & Utilities
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The Total Picture: Process plus utilities
plus environmental impact & sustainability

Power Plant E :

I IN E o . IOUt
- ;IIIIIII IIIIIIIIIIIIIIE
Manufacturing - o
i -

Process I ! |
i .
in i : fout
: E
i -
i -
lllIIIIIIIIIIIIIIIIIIIII.
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How to convert ill-posed (abstract definition) problems
to well-posed (refined definition) ones?

Establish goals
Propose tests to verify if goals are satisfied
Identify starting points

Identify the space of design alternatives

Note: these are open-ended problems having many
solutions! The specific solution obtained by one depends on
the specific decisions made by the designers.

Course: Process Design Principles & Methods, L1, PSE for SPEED, Rafiqul Gani 17



How to convert ill-posed (abstract definition) problems
to well-posed (refined definition) ones?

Establish goals

Make profit, maximize profit, minimize cost,
ensure safety, ensure low environmental impact,
easy to control, flexible, ......

Propose tests to verify if goals are satisfied
Identify starting points

Identify the space of design alternatives

Course: Process Design Principles & Methods, L1, PSE for SPEED, Rafiqul Gani 18



How to convert ill-posed (abstract definition) problems
to well-posed (refined definition) ones?

Establish goals
Propose tests to verify if goals are satisfied

Criteria for success — profit model [net present
value (economic evaluation) based on a cost
estimation method]; safety test; environment
impact test; ......

Identify starting points

Identify the space of design alternatives

Course: Process Design Principles & Methods, L1, PSE for SPEED, Rafiqul Gani
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How to convert ill-posed (abstract definition) problems
to well-posed (refined definition) ones?

Establish goals

Propose tests to verify if goals are satisfied

Identify starting points

What is the starting point (information) — do we
already have a process flowsheet plus mass &
energy balance completed or only a flowsheet or
nothing except that X-amount of product is to be
made from Y-amount of raw material

Identify the space of design alternatives

Course: Process Design Principles & Methods, L1, PSE for SPEED, Rafiqul Gani
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How to convert ill-posed (abstract definition) problems
to well-posed (refined definition) ones?

Establish goals
Propose tests to verify if goals are satisfied
Identify starting points
Identify the space of design alternatives
Design related decisions
Ildentify them
Identify alternatives

Consider base case design

Course: Process Design Principles & Methods, L1, PSE for SPEED, Rafiqul Gani
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How much product must be produced?

» Market demand
« Raw material availability
» Cost of size of equipments

 Batch process (residence time versus equipment size
versus production rate)

« Continuous process (residence time versus
equipment size versus production rate)

Course: Process Design Principles & Methods, L1, PSE for SPEED, Rafiqul Gani 22



How to solve the process design
problem (refined definition)?

Many ways to solve the problem

We will teach you to do this systematically by
performing a predefined set of tasks (work-flow)

The tasks are arranged in a specific sequence

 Within each task, a set of decisions need to be
made

« Calculations are made to verify the decisions

« Data generated in one task is used in the
subsequent tasks

Course: Process Design Principles & Methods, L1, PSE for SPEED, Rafiqul Gani
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Design Tasks 1-6

*Task 1: Collect information on the product

 Task 2: Collect information on the process; alternative paths to
convert other raw materials to the desired product

 Task 3: Generate (and/or select) preliminary process flowsheet

 Task 4: Decide process conditions (such as reaction conversion,
separation factor, purge, etc.) and perform a simple mass balance
on the selected flowsheet

 Task 5: Based on the results from above, set temperatures and
pressures on the process flowsheet

 Task 6: Based on the results from above, perform a simple mass
& energy balance

Course: Process Design Principles & Methods, L1, PSE for SPEED, Rafiqul Gani 24



Design Tasks 6-12

*Task 7: Perform detailed process simulation — convert each of the
simple models with the more rigorous option, one at a time, until
all simple models have been converted.

 Task 8: Based on the simulation results from task 7, perform
equipment sizing and costing calculations

 Task 9: Based on the results from tasks 1-8, perform an
economic evaluation, using the current design as the “base case”

 Task 10: Investigate if opportunities for heat and mass transfer
exist. If yes, apply them and check by how much the cost of
operation can be further reduced? (or Task 11)

*Task 11: Perform environmental impact analysis (or Task 12)

 Task 12: Investigate how the current design can be further
Improved; formulate process optimization problems (or Task 10)

Course: Process Design Principles & Methods, L1, PSE for SPEED, Rafiqul Gani 25



Case Study: Utilize 75 million kg/y of excess ethylene

What can we produce from Ethylene that can be sold
profitably?

Task 1: lIdentify the product & collect product
Information (see also chapter 1 of textbook)

Course: Process Design Principles & Methods, L1, PSE for SPEED, Rafiqul Gani 26



Case Study: Utilize 75 million kg/y of excess ethylene

What can we produce from Ethylene that can be sold
profitably?

Task 1: a) One alternative product — Ethanol

b) Collect information about ethanol —
Formula: C2H50H,;

Properties: Th = 351.44 K; Tm = 159.05 K; Miscible with
water; used as solvent; .......

Course: Process Design Principles & Methods, L1, PSE for SPEED, Rafiqul Gani 27



Case Study: Utilize 75 million kg/y of excess ethylene

What can we produce from Ethylene that can be sold
profitably?

Task 2: Collect information on process to convert raw

material (ethanol) to product (ethanol) — see also
chapters 1-2 of textbook

Questions

How pure is ethylene source?
What are the consequences of impurities?
How much ethanol to make and at what purity?

What information on the reaction iIs available?
Any known process flowsheets?

Course: Process Design Principles & Methods, L1, PSE for SPEED, Rafiqul Gani 28



Case Study: Utilize 75 million kg/y of excess ethylene

What can we produce from Ethylene that can be sold
profitably?

One alternative — Ethanol

Questions (task 2)
How pure is ethylene source? 96%EL, 3%PL, 1%M

What are the consequences of impurities?
By-products (DEE, IPA, W, CA) & purge?
How much ethanol to make and at what purity?
Ethanol at 190 proof (85.44% mole)
What is the next step? Find out about reactions

Course: Process Design Principles & Methods, L1, PSE for SPEED, Rafiqul Gani 29



Case Study: Utilize 75 million kg/y of excess ethylene

Task?2: Collect process information
W

—

CH2=CH2 + H20 —» CH3CH20H

535 K< T <575; P approx 68 atm;
homogeneous noncatalytic reactor; low
conversion 5-7% of ethylene to ethanol

2CH3CH20H — C2H50C2H5 + H20

EL,PL,M
Keep concentration of methane < 10%

Conversion of propylene approx 0.5-0.7%

Properties: M,,, density, T, Ty, H . Puao(T), Te,

M
EL
PL
Reactor/ | pgg
Process EA
Flowsheet?
owsheet IPA’
W,
CA
I:)C

Course: Process Design Principles & Methods, L1, PSE for SPEED, Rafiqul Gani
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Case Study: Utilize 75 million kg/y of excess ethylene

What can we produce from Ethylene that can be sold
profitably?
One alternative — Ethanol

Questions
How pure is ethylene source? 96%EL, 3%PL, 1%M

What are the consequences of impurities?
By-products (DEE, IPA, W, CA) & purge?
How much ethanol to make and at what purity?
150000m3/y at 190 proof (85.44% mole) of ethanol

What is the next step?
Make a quick cost evaluation & establish the flowsheet requirements

(see section 2.4.1 of textbook) - $72 - $82 million/y (profit), but
operating cost/y and annualized capital cost/y needs to be subtracted.

Course: Process Design Principles & Methods, L1, PSE for SPEED, Rafiqul Gani



Case Study: Utilize
75 million kg/y of
excess ethylene to
produce 150000 m3/y
at 85.44%omole purity
ethanol

Task 3: Generate a
process flowsheet
(chapter 2)

Next: Task 4
(perform a simple
mass balance)

%

Purge Stream

B. Splitter é Absoroer
Water
:,h.
mE g
] £
& % g @
(o8
i
iy
1. Mixer #1 2. Reactor ™| 3. Flash
1 } ¥
i 8. Mixer
o &
Ethanol ] oD e """"71
Product e &
38 -
o 3 g . et
g3 g g
5% T £ 8
SR R WO ]
& E
Ww
|
Was‘fewwﬂr
Wasiewater =
FIGURY 3.1 Ethanol flowsheet.
32
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Task 4: Perform a simple mass balance — chapter 3

) 5. DIV
Hs1 Hos > x "
31 :
1 4a. Mixer 4b. Splitter
Mo1
H H2
| 1.MIX 2. RXN 3. Splitter [TH,
A
Ho2
Haz ¢ 6. MIX «—Y
18 * ] 8. Splitter [ H71 N
gl Mg
Hg) 7. Splitter
9.Splitter <
l l~l7zl
Mo

Redraw flowsheet for MB-model: Redrawn flowsheet

Use only mixers, reactors, dividers and splitters (component)!
Course: Process Design Principles & Methods, L1, PSE for SPEED, Rafiqul Gani
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Task 4: Perform a simple mass balance - chapter 3 plus
notes

Use PROII or generate your own mass balance model

=1
= =
— F
En
nET0 REER —
. E]
= m 1] =11 2]
]
[F=] =]
=] =] iy EOET
S.0ET —
Design decisions needed for =,

reactors, separators, dividers

Course: Process Design Principles & Methods, L1, PSE for SPEED, Rafiqul Gani 34



Task 4: Perform a simple mass balance — chapter 3 plus
notes

Use PROII or generate your own mass balance model

- e e — s B—-—— e — e e e — s -
' Sream Name =0 =2 21 211 22 231 =23 24 =0 242 =5 =52 =5 =M 272 =21 = 281 252 :
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Note: Simulation (simulator) is used mainly to verify design
decisons. It does not do process design!

Course: Process Design Principles & Methods, L1, PSE for SPEED, Rafiqul Gani
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Task 5: Set temperatures and pressures on streams and unit
operations (see also chapter 3 of textbook)

example
(T=72?,P=7?)

example

Y B

Course: Process Design Principles & Methods, L1, PSE for SPEED, Rafiqul Gani 36



Task 6: With all temperatures and pressures known,
perform mass and energy balance for the simple flowsheet
(see also chapter 3 of textbook)

That is, calculate how much
energy needs to be added or
removed for each unit operation?

Course: Process Design Principles & Methods, L1, PSE for SPEED, Rafiqul Gani 37



Mass and Energy balances for Ethanol Process Flowsheet

Hip

Hap

~532097.04 -2

00
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680,72
244131
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Task 7: Replace each of the component stream calculators (splitters)
with their corresponding rigorous models (one at a time) and perform
the mass and energy balance for the total flowsheet
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Task 8: Perform equipment sizing and costing calculations
for all equipments in the process flowsheet (Chapter 4)
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Task 9: Perform economic evaluation for designed process
(Chapters 4-5 plus notes) — this will be the base case design
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Task 10: Investigate opportunities for heat and mass
Integration (chapters 10 & 16 plus notes)
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Task 11: Perform environmental impact analysis (supplied
notes)
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Task 12: Investigate how to improve the base case design —
formulate process optimization problems (chapter 9 plus
notes)

INTERMIXER

For example, can
the heat duty
further reduced?
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Important Issues to Note in Chemical
Process Design

Process design is about making design decisions (which
decisions, when & how) & verifying if they are
acceptable.

Process simulators should not be used for blind trial and
error but for fast evaluation of design decisions

Process design Is iterative by nature but if a systematic
procedure is followed, better results can be obtained
faster

Use everything (knowledge) that you have learned from
other courses
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Course: Tutorials

First week

— get familiar with software (Process simulator: PROII) & (ICAS:
Database & utility calculations)

— start with process design project (tasks 1-2); Friday, 10 February
finish task-3

Design project report needs to be submitted in terms of
tasks at different stages of the course (only for checking
the design not for grading)

Work on design projects can be done in groups of 3 with
one report per group but for the 3 extra exam problems,
the reports must be individually submitted
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