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Problem definition; issues, concepts
and definitions
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Siy==) Targeted sustainable process design
Identify design that matches the target

Raw material, Products,
solvents, > solvents, water,
water, power, power, steam,
steam, ... > unconverted
materials, ...

Start with a reference design

«Calculate sustainability metrics, safety factors plus mass &
energy indicators

|dentify attainable design targets

Indicator targets (for process improvements)

Driving forces targets (for generation of alternatives)
*Apply reverse approach to match design targets
*Order all feasible solutions to find optimal (conflict resolution
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14 ==l General Problem Definition

min {CTy +f(x, ¥, U, d, 8) + S+ S; + Sg + Ho + Hy} (1)

0=hyX,Vy) process constraints (Eqg. 2)
0=P(,x,v,d,u,B8) process model (Eg. 3)
=0(f, X, V) property model (Eq. 4)
<g,(X,u,d)<u; process variable constraints (Eq. 5)
<0g.(X,¥) <u, molecular structure constraints (Eq. 6)
Bx+Cly>D process networks (Eq.7)

X: real-process variables; vy integer-decision variables;
u: process design variables; d: process input variables;
0: property; B, C, D coefficient matrices

=
—
f—
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iY==} |[Ssues: Models and relationships

f

|
@}

I

A4

A4

PROCESS

<

Vv

Control and/or
Optimization

Vv

Models:

Process/property

Y =9(x)

B=p(C 1 X
Sustainability Metrics
Se=Se (f, U, X, . d, 8)

§i = Si (Q’ L X, Y, g)
S, = S, (size, profit, ?)
Safety & Hazards

H.=Hc(C 1x v.d 6
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ISssues:

System boundary definition

SYSTEM (from ‘cradle to grave’)

Extraction and
manufacture of
raw materials

Extraction of fuels
and energy
generation

A

l

Plant
construction

| ereous

i - l_—"‘:'\:ﬂ\::"f‘j"—L =
—> E ) e

| 53 - . iz“

Traditional
system
boundary

New system boundary

______________________________

______________________

l

Plant
decommissioning

Product use,
reuse & recycling

A A

Emissions and
waste
management
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Siy==) [Ssues: Measure of sustainabllity

4@ Atmospheric impact

-
P dmm Impact to land

\\}\ N
@ @ Aquaticimpact

Environmental

Health & safety _
Society _
m)
Employments §
m)

Workplace Social Economic
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Sy} [Ssues: Measure of sustainability
Sustainability Meirics: Energy
Total Met Prirnary Enerey Usage Rate = [mports — Exports (GIR

Fercentage Total Met Prirnary Sourced from Benewals (%95)
Total Het Prirnary Energy Usage Bate per kg Produact (klfkz)

Exam p I e: Total Met Prirnary Energy Usage per Unit Value Sdded (kI5E)
Th e sSustainahility Meirics: Matexrial
Total raw materials used per kg product (keflz)
I C h emE Total raw materials used per unit walue added (Jgif)
M (@) d el Fraction of raw materals recycled within corapansy (keflz)

Fraction of raw materals recycled from consurmers (kellz)
Hazardons raw maternal per kg product (kgike)

Sustainability Meirics: Water
Met water consurned per unit mass of produact (ki)

Met water consumed per unit walue added (Jgi$)

Azapagic , Sustainable Development Progress Metrics, IChemE Sustainable
Development Working Group, IChemE, Rugby, UK, 2002
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iY==l Measure of environmental impact - |

US-EPA Model

fJEEEEEEEEEEEEEEEEEEEEEN
: : 1=Za IM
Power Plant : m 'y % <V ¥
| - = fout
In — M, = mass flow rate of
" . chemical j (mass/time)
: :. EEEERN EEEEEEEEEEER .;
Manufacturing E - a; = weighting factor
Process E : for impact category i
Iin = - IOUt
[ - w;; = chemical and
i : category specific
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Siy==0) Measure of environmental impact -

Atmospheric, Aquatic & Land Impacts

ysical potential impacts (acidification, greenhouse enhancement, ozone
depletion and photochemical oxidant depletion)

Human toxicity effects (air, water and soil) and eco-toxicity effects (aquatic
and terrestrial)

The important parameters are:

HTPI (Human Toxicity Potential by Ingestion)

HTPE (Human Toxicity Potential by Exposure both Dermal and Inhalation)
TTP (Terrestrial Toxicity Potential)

ATP (Aquatic Toxicity Potential)

GWP (Global Warming Potential)

ODP (Ozone Depletion Potential)

PCOP (Photochemical Oxidation Potential)

AP (Acidification Potential)

Total PEI Total Potential Environmental Impact), which indicates the
unrealised effect or impact that the emission of mass and energy would haye
on the environment on average

Chemical product centric sustainable process design - Lecture 4




S{Y==38] \easure of safety: DOW safety index

Total Inherent Safety Index (ISI)

Chemical Inherent Safety Index lei

Sub-indices for reactions Hazards

Score

Sub-indices for process conditions

rocess Inherent Safety Index, ICi Score

pi

Chemical product centric sustainable process design - Lecture 4

Heat of the main reaction, I, 0-4 Inventory, I, 0-5
Heat of the side reactions, I 0-4 Temperature, 1+ 0-4
Chemical interactions, I;, 0-4 Pressure, I, 0-4
Sub-indices for Hazards substances Sub-indices for process conditions
Flammability, I 0-4 Equipment, I,
Explosiveness, I, 0-4 lisbi 0-4
Toxicity, I 0-6 loshi 0-3
Corrosivity, 1, 0-2 Process structure, | 0-5
Maximum, I score 28 Maximum, | ; score 25




Definition: Indicators (mass & energy)

Indicator Description Definition

MVA Material Value Added MVA = M*(PegiePeost)
EWC Energy & Waste Cost EWC =E P M, 6/(%; M, 8)
TVA Total Value Added TVA=MVA-EWC

RQ Reaction Quality RQ =Ry 6/ (2, M)

AF Accumulation Factor AF =M, oyeie /(Zx-cycte Mkeycle)
REF Reusable Energy Factor REF = E seq-cycle! Eexit-cycle
DC Demand Cost DC = PyityEopen-path
TDC Total Demand Cost TDC = 2 DC,

High Positive EWC )

Values REF

> High Potential

MVA for Improvements

DC
TVA

High Negative RQ

Values
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Siy==a) Definition: Indicators (batch operations)

Indicator

Description

Operation

Definition

Free Volume Vo, -y
FVF . Al I 2 )
Fraction Vg
1y
) TFi=—Fo ¢
Mixer o
DR
1y 1
_ Reactor TF,, =X F/E.C:)Xtm +(1-x (1—z)|:/£;)><ttlI
TF Time Factor SR SN
TR, o Fexop® b
Heat Exchanger NS e o o
. gC) t.
TF,; = a2 x—
Separation = oroperty” - Propery’] o
Mi - FII> Apl £
Ixer iT N hH *3 :
YEEY AN Y,
Reactor EF, = FxAH,| yx XXCOAH' +(1-x)1-coAHf +-y XXCOAH* 1-COAHf +(1-x)COAH' XJEJ
;m?‘” %‘AHY“’ %AHY“’L %:AHSW’ §AH§°°’ ;Ei
EF Energy Factor
e Fexep® B
Heat Exchanger D SEEe® Y
F) xProperty® E;
. EFj,i: co £ X3 :
Separation S FE xpropery SE,
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Sig3e] Definition: Open & closed paths

10
R ZNAE 2 RN 2R R
1 E \L= E 3_= EC 4 =% OPL = OP2Z ==y OP3 e
A | 1 —
: | b |
Continuous Process Batch Process
____ Closed-path Open-path Accumulation-path
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Indicator Based Method for
Generation of Sustainable
Process Alternatives
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Siy==s) Overview of the Methodology

1. Steady state data 4. Set indicator targets

through an algorithm

: < (ISA)

1.1 Simulation 1.2 Real plant
Results I data I @

— —

.= =

3.Calculate:
3.1 Mass and Energy Indicators 6. Design alternatives that
3.2 Safety Indices match design targets

3.3 Sustainability Metrics

Chemical product centric sustainable process design - Lecture 4




SPEED [\V/[S)igle]ele](e]e) AN @LV/TQVIISY;

Closed-Paths

Target Path

A
> N
N ’
Process A ?’( 9 A B
A A A A Heat \__/
Reaction Heat ~—r Heat Mixer Exchanger | Reactor
A A+B = C Mixer ~ Exchanger Reactor ~Exchanger geparation
B B
N )
— B B B B H H .
A A A A A A arget indicators;
B H B (LB H Heat ~—r Heat
eat eat i Exchanger Exchanger i H HH H
C C Mixer g Reactor ger Separation .
Mixer Exchanger Reactor Exchanger Separation Su Stalnablllty met”cs.
Open-Paths Se, Si, Ss, Hc, Ho
Y N
A A < ;) AL ~

Accumulation-Paths

— Heat N—
Mixer ~ Exchanger  Reactor

AJ:' Eﬂ’:’ CJ:' _»A

)

g/

Analyze & Generate New,
~— Heat N—
Mixer ~ Exchanger  Reactor
N— N N— ) )

Reactor Reactor Reactor —

Design Alternatives
Synthesis Algorithm

)

N— Heat N—
Reactor ~ Exchanger separation
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S1g3E)  Analysis of Indicators

Identify the target indicators

Indicator | Negative value Positive value
MVA Walue lost in path Walue gatned in path
R Megative impact on plant productivity | Posttive inpact on plant productivity
VA High potential for improvement Low potential for improvement
Low value High value
EWC Low energy & waste reduction | High energy &  waste  reduction
potential potential
AF Low accumulation of component High accumulation of component
FAF Low energy utilization High energy utilization
TOC Low energy loss High energy loss
REF Represents the amount of reusable energy Increase
with respect to the total recycled energy
DC Represents the associated cost for an energy | Decrease
open path
TDC Represents the total cost associated with an Decrease
output from a process

Chemical product centric sustainable process design - Lecture 4




SIY=Ss) Defining targets for improvement
Indicators — variables - objective

Objective
Function (Vgp)

Indicators (I)

Indicators
Variables (V)

Common Variables

=3
-8

*Sensitive
sLarge Amount

Min Max Score

Vi Viin t InC 1
Vin t InC Viin  2InC 2
Vin t 2InC Viin + 3InC 3
Viin + 3InC Viin T 4Inc 4
Vin + 4Inc Vax 5

Chemical product centric sustainable process design - Lecture 4
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SIS Model Structural & Sensitivity Analysis - 1

Known variab

Process related variables
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that effect the
targetted mass &
energy indicators

Identify the process
(design) variables

Mass indicators

fim™ ' m® PP PR™ M0, 2Home 2Hep" PS)
f':r'r'rm.r""'l:l. A, PEy, Qy, To, fim)

hiA,
EC

W
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Energy Indicators

AF

fleble, ', dig' )
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REF
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Sustainabifity (Energy metrics)
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Known variables

Process unrelated
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Identify the process
variables that effect
the sustainability
metrics

Sustainabifity (Enerqy metrics)

f{Qy, e, AHr, &Heome”, g™, m°m™ )

TMPEUR
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iQy, e, &Hr, aHoome, AHg o, m° m® PF® m™ PR™ PE3[ 0|0 |0[0|0|0]|D

Sustainabifity (Waterial metrics)

THPEURMKgProd
THPEURIFVA
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FRMR

fim™ ¥

Sustainabifity (Water)
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Qe ", fot's ")
fl:glﬂl 1:|I"I| t:llt"ll m"ll mrml FlHITnl FlEll Q.I |:lFll mp;l

WAR algorithm

MWC kg Prod
FANCIEWA,
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SIS Model Structural & Sensitivity Analysis - 3

Identify the process variables that effect the
environmental impact factors

1= Za I My,

ldentify: Chemicals
that cause the impact |
to be high

M; = mass flow rate of
chemical j (mass/time)

a; = weighting factor
for impact category | Solution: Replace the

v = chemical and chemical or reduce the
ij

category specific flowrate
Impact (PEI/mass)

Chemical product centric sustainable process design - Lecture 4
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Siy==s) Generate sustainable design alternatives

O Reverse Approach Separation

QO Thermodynamic Insights

Target O ICAS Reactor

Indicators (TI) Highest

CP Flowrate

Variation Improvement \

5, 10, 15% TI X% '
~

Variation Improvement OP Flowrate Raw Material =——

4 00

5, 10, 15% —
[ )
Frre-CeRersteTr
V - I
Variation Improvement Product Separatlon )
5, 10, 15% TI X% Source
" T < |
Variation Improvement -
Sub-Product = q@
5, 10, 15% TI X%

—> Solvent =¥
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SIgSS8)  Application Example: MTBE Process

n-butane
09 Isobutane { -1714.78\
011 | 1Butene |\ -282.62)

014 | BTC2/BTT2 | 403,74
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SIgSS8)  Application Example: MTBE Process

— Energy, water, material, environmental impact and
economic metrics
Total metrics= 23

— Safety index = 30

— Through an algorithm determinations of the indicators
which have more influence in the profit- Cycle path C19

Increase fixed

R increments in Try to reduce the

" EWC the operational flow rate of the

C19 | variables ,| Flow rate cycle without

| Determine the of cycle compromising
> AF sensitive the efficiency of
operational the wash process

variables

Chemical product centric sustainable process design - Lecture 4




Y38} Generate (design) process alternatives

Results of the sensitivity analysis

A set of indicators; their
target values; the process

variables that can be Each set of changed
changed to achieve the process variables
target; the sustainability | =——p corresponds to a
metrics that would be generated sustainable
affected; the environmental process alternative

Impact factors that would
be affected; the safety
factors that would be

affected

Chemical product centric sustainable process design - Lecture 4



SIS Compare measures of sustainability

Reduce 20% water in recycle

Constant efficiency 99.9 % (methanol, water)

14.4 % and 20.0 % reduction of AF, and EWC

Insignificant increase MVA values for paths O3, 04, 05, 09,
Ol13and O18

Safety Index constant

Energy and water sustainability metrics decrease 3% and 4 %

1= 1® =1

Global impact almost constant

Gross margin increase 1.6%o, but the increase in the profit
will be greater due to the reduction in investment costs

Chemical product centric sustainable process design - Lecture 4




SIS Software: SustainPro

|w‘oo‘-4‘m|u| o || P =

=

3

Suatinahility Meirics

o

Step 1- Collect Data Step 3- Indicators Summary

S

E

@

5
=1

Safety Index

I

|
ey Part 111

Step 6-Design
Alternative

Step 5-Design
Sensitive Analysis

Step 3-Baich Indicators
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SISl Software issues: Supply of needed data (0)

« Cost data (prices of materials, chemicals, ..)
 Equipment sizing & costing data

 Utility availability, cost, ...

* Property model parameters

* Kinetic model parameters

* Reconciliation of data (comes from different
sources)

Chemical product centric sustainable process design - Lecture 4



SIS Software issues: Availability & accuracy of models

* Property prediction models
 Enviornmental impact calculations

* Reaction rates/conversion calculations
* Energy estimates

* Cost models

* Planning models

* Operation models
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SIS SustainPro Software

|
Simulators Simulators STEP 1 Plant Data

EPROVS] Collect Data ' %

@ Continuous & Batch

STEP 1.A
Equipment flowsheet into operational flowdiagram @B Batch
_________________________________ @B Tools
STEP 2 STEP 2 — — SustainPro
owsheet Decomposition Flowsheet Decomposition X
+ QP and CP « AP | Super Pro Designer

BFROVS) Gproms

Properties STEP 3

) . Properties
M PRED .
Calculate Indicators Calculate Indicators Aspen Tech
3.1 Mass/Energy indicators —
3.4 Operational Indicat Prol
3.2 Sustainability Metrics
. 3.5 Compound indicators ™M ICAS 11

HYSYS

Indicator Sensitivity Analysis (ISA) CAPEC Database

ensitivity analysis operational parameter ICAS — WAR algorithm

Al
M|
|# ICAS - ProPred
EI

wn|  |CAS - ProCamd

Solvent Separation

® |

Thermodyna

\
] \
CAHD <
A Y

enerate/Evaluate new design alternative

insights

g
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SIY==) Case Study: HDA Process (step 1)

Hydrogen reacts with Toluene to produce Benzene.
Methane is present as impurity and Biphenyl is produced
as a by-product
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SIS HDA process: Step 2
Process flowsheet: Open & closed paths

Syitip
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SIESS8) HDA process: Step 3

Indicators for open paths

Mass Indicators

Open path 4 Componentl Path Flowrate (k{RQ MVA (10° §EWC (10° §TVA (10° $/yr)
01 Methane |sMI1,ip-dPU,0p 195.72 0.000 321.30 7.19 314.10
02 Hydrogen [sMI1,ip-dPU,op 244.30 1.037| -2947.75 33.99 (-2981.74
03 Benzene |sRC,ir-dPU,op 134.57 0.000 -78.43 0.30 -(8.72
0O4 Biphenyl [sRC,ir-dPU,op 0.00 0.000 0.00 0.00 0.00
05 Toluene |sMIl,ip-dPU,0p 18.33 1.037 -18.50 0.43 -18.93
06 Methane |sRC,ir-dPU,op 1887.71 0.000 -8747.91 7.78 68755.7Q D
07 Methane [sMI1,ip-dDS,op 10.78 0.000 17.70 0.40 ~17.30
08 Hydrogen |[sMI1,ip-dDS,op 1.35 1.060 -16.31 0.19 -16.49
09 Benzene |sRC,ir-dDS,op 3.80 0.000 -2.22 0.44 -2.66
010 Biphenyl [sRC,ir-dDS,op 0.00 0.000 0.00 0.00 0.00
011 Toluene |sMIL,ip-dDS,op 0.00 1.011 0.00 0.00 0.00
012 Methane |sRC,ir-dDS,0p 103.99 0.000 -481.88 0.43 C-482.31p
013 Benzene |[sRC,ir-dDB,op 9348.60 0.000] 14629.37 626.29 14003.08
014 Biphenyl |[sRC,ir-dDB,op 0.00 0.000 0.00 0.00 0.00
015 Toluene |sMI1,ip-dDB,oq 2.68 1.037 -6.42 0.20 -6.62
016 Benzene |sRC,ir-dDT,op 0.00 0.000 0.00 0.00 0.00
017 Biphenyl |sRC,ir-dDT,op 207.23 0.000 -13.41 266.80 -280.21
018 Toluene |sRC,ir-dDT,op 0.38 1.037 -0.38 0.58 -0.96
019 Hydrogen |sMIL,ip-dRC,or 247.66 1.037|not defined 28.83 -28.83
020 Toluene |sMILlip-dRC,or| 11442091 1.037|not defined 243.07 -243.07
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SIESS8) HDA process: Step 3
Mass Indicators

Indicators for mass cycle paths

Cycle path Componentl Path Flowrate (k{AF RQ EWC (10° § T\M/
Cl Methane |Gas cycle 10926.69 4.878 0.00 484.53 E -484.53E
C2 Hydrogen |Gas cycle 1281.22 5.205 1.06 179.40 -179.40
C3 Benzene |[Gas cycle 705.75 0.054 -0.03 16.00 -16.00
C4 Biphenyl |Gas cycle 0.01 0.000 0.03 0.00 0.00
C5 Toluene |Gas cycle 96.16 0.019 1.04 2.28 -2.28
C6 Methane [Liquid cycle 0.00 0.000 0.00 0.00 0.00
C7 Hydrogen |Liquid cycle 0.00 0.000 1.04 0.00 0.00
C8 Benzene |[Liquid cycle 94.41 0.007 -0.03 51.81 -51.81
C9 Biphenyl |Liquid cycle 0.00 0.000 0.03 0.00 0.00
C10 Toluene |Liquid cycle 3695.37 2.515 1.04]  1828.87 <-1828.8f)
Cl1 Methane [Quench cycle 41.94 0.003 0.00 0.17 -0.17
C12 Hydrogen [Quench cycle 0.49 0.000 0.00 0.01 -0.01
C13 Benzene [Quench cycle 3452.12 0.336 0.00 7.67 -71.67
Cl4 Biphenyl |Quench cycle 75.73 0.365 0.00 0.29 -0.29
C15 Toluene |Quench cycle 1351.51 0.354 0.00 3.14 -3.14
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SIS3) HDA process: Steps 4-5

Locate the process variable that can
satisfy the target indicators
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HDA process: Step 6

Generated sustainable design alternative
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SIgsSM) HDA process: Evaluate new alternative

Indicators for open paths

Open path {Component Path Flowrate (k{RQ MVA (10 §EWC (10° §TVA (10° $/yr)
01 Methane [sMILip-dPU,op| 103.3000 0.0000{ 169.5000 2.9470 166.5000
02 Hydrogen [sMI1,ip-dPU,op| 0.6210 1.0430 -7.4880 0.0670 Q—?.5500|
03 Benzene [sRC,ir-dPU,op 134.5682 0.0000 0.0000 0.0000 0.0000}
04 Biphenyl [sRC,ir-dPU,op 0.0028 0.0000 -0.0002 0.0000 -0.0002
05 Toluene |sMI1,ip-dPU,op 0.0220 1.0220 -0.0022 0.0004 -0.0020]
06 Methane [sRC,ir-dPU,op | 1960.0000 0.0000{ -9085.0000 6.4490 @92.000%
o7 Methane [sMI1,ip-dDS,op 1.8070 0.0000 2.9600 0.0052 2.9140
08 Hydrogen [sMI1,ip-dDS,op 2.2200 1.0430] -26.8000 0.2400 -27.0400|
09 Benzene [sRC,ir-dDS,op 3.8600 0.0000 -2.2500 0.1660 -2.4200|
010 Biphenyl [sRC,ir-dDS,op 0.0000 0.0000 0.0000 0.0000 0.0000}
011 Toluene |sMI1,ip-dDS,op 0.0028 1.0430 -0.0029 0.0004 -0.0032
012 Methane [sRC,ir-dDS,op 34.3100 0.0000] -159.0000 0.1130 @9.1000
013 Benzene [sRC,ir-dDB,op | 9505.0000 0.0000{ 14870.0000] 629.3000 14240.0000)
014 Biphenyl [sRC,ir-dDB,op 0.0000 0.0000 0.0000 0.0000 0.0000|
015 Toluene |sMI1,ip-dDB,of 2.7200 1.0220 -6.5380 0.1900 -6.7270|
016 Benzene [sRC,ir-dDT,op 0.0000 0.0000 0.0000 0.0000 0.0000}
017 Biphenyl [sRC,ir-dDT,op 200.7000 0.0000] -12.9900 267.2000 -280.2088
018 Toluene |sRC,ir-dDT,0p 0.3880 1.0220 -0.3920 0.6070 -0.9980]
019 Hydrogen [sMI1,ip-dRC,or| 248.0000 1.0430|not defined 22.1900 -22.1900|
020 Toluene |sMI1,ip-dRC,or| 11460.0000 1.0220|not defined| 187.9000 -187.9000|

Mass indicators value for the open paths in the alternative design
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Sigaa8] HDA process: Evaluate new alternative

Indicators for mass cycle paths

Cycle path {Component/Path Flowrate (k{AF RQ EWC (10° §TV. ® g/
C1 Methane |Gas cycle 0.0000] _ 0.0000]  0.0000] _ 0.0000 %
C2 Hydrogen |Gas cycle 1338.0000f 154.7000 1.0430| 183.5000{_-183.5

C3 Benzene |Gas cycle 358.9000 0.0149 -0.0214 11.0300 -11.0300
C4 Biphenyl |Gas cycle 0.0000 0.0000 0.0000 0.0000 0.0000
C5 Toluene [Gas cycle 47.6200 0.0048 1.0220 1.1290 -1.1290
C6 Methane |Liquid cycle 0.0000 0.0000 0.0000 0.0000 0.0000
C7 Hydrogen |Liquid cycle 0.0000 0.0000 0.0000 0.0000 0.0000
C8 Benzene |Liquid cycle 95.9900 0.0097 -0.0214 52.1900| -52.1900
C9 Biphenyl [Liquid cycle 0.0000 0.0000 0.0000 0.0000 (l
C10 Toluene [Liquid cycle 3768.0000 74.2400 1.0220| 1845.0000] -1845.0000;
C11 Methane [Quench cycle 7.3390 0.0035 0.0000 0.0241|  -0.0241
C12 Hydrogen |Quench cycle 0.4510 0.0003 0.0000 0.0083 -0.0083
C13 Benzene [Quench cycle | 1950.0000 0.1960 0.0000 3.3100 -3.3100
Cl14 Biphenyl |Quench cycle 40.7400 0.2030 0.0000 0.1200 -0.1200
C15 Toluene [Quench cycle 765.6000 0.2010 0.0000 1.3690 -1.3690

Mass indicators value for cycle paths in the alternative design
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Sig==8) HDA Process: Comparison of alternative

— A simple economical study including all the associate cost
with the HDA process was performed

— The values shows the improvement obtained by mass
Indicators analysis

The base design: The alternative design:

‘Benefit = -1579 (k$/year)  «Benefit = 2309 (k$/vear)
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Siy==0) HDA Process. Measures of sustainability
Sustainability Metrics

Total et Primary Energy Usage Rate = Imports — Exports-75.09e* Gy
Total Met Primary Energy Usage Eate per kg Product -78.58e" Ik g
Total raw materials used per kg product 1.27 kgkg

Base Case
Harardous raw material per kg product 1.22 kgkg
Met water consumed per unit mass of product 184 62 kglkg
Total et Primary Energy Usage Rate = Imports — Exports-53.61e¥ Gy
Total MNet Primnary Energy Usage Rate per kg Product -55. 24T g

Generated

Total raw materials used per kg product 1.22 kglkg Alte rn ative
Hazardous raw material per kg product 1.1%  kgkg
Met water consumed per unit mass of product 171.35 kglkg
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Siy==) HDA Process. measures of sustainability
Environmental Impact

StreamNo  TotalPEI HTPI HTPE ATP TIP GWP ODP PCOP AP
Base Case

Impactgenerated 52077200 | el 70 T8 30 L7190 808270 11135 | 0 53103900 0

Generated Alternative

Impactgenerated -52796800 801895 T7I57A0 1136270 s018%5 11176 0 933700 [

Chemical product centric sustainable process design - Lecture 4



Siy==) HDA Process:. Measures of safety
Safety Factors

Base Case & Generated Alternative

Total inherent safety index (I5T)
Chemical inherent safefy index, Ici SCore Frocess inherenf safefy index, Ini S Core
Suhinnidice s for reactions hazards Suhindice s for process conditions
Heat ofthe mai reaction [tm 1 Inventory,l1 3
Heat ofthe side reactions Irs 1 Process temperature It &
Cherdcal Interaction lint 4 Process pressure Ip 4
subindices for hazardous substanices mubindice s for process system
Flammabilitsy, [{] 4 Equipment leg
Explosiveness Jex 1 [shl 3
Toxeitw, [tox 4 Csh]l 2
Corrosivity Icor 1 Ptocess structure] st 2
Iei 15 ni 16
Out of 53
IS1 31
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SIg22) Summary: Indicator-based methodology

« A systematic model-based method to generate alternatives
that improves the ability of the process to be flexible and
adapt to future demands has been presented and its
application illustrated through examples.

* The indicators point to process/operation alternatives that
affects the sustainability metrics parameters in the desired
direction, avoiding, thereby, tradeoffs in design (decisions).

« The models and methodology are generic and can easily be
applied in other targeted design problems.

 Industrial process flowsheets are being labelled in terms of
their potential for improvement.
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Sustainable hybrid separation
schemes

Chemical product centric sustainable process design - Lecture 4



COZ2 footprint - energy usage — waste — profit?

Power Plant

o
o Reductionin

I
process utility
demand
= less energy
| i IOUt consumption, less

waste and less
CO2-footprint
= more profit

Manufacturing
Process

Direct & indirect CO2 emission
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nergy intensive operations in chemical processes

» Separation Processes are indispensable N orying Crystalllzation
chemical industry \ /
» Distillation is one of most used separation chpg
techniques among all e TS
’Qk % -'r.t‘.‘:i ‘ - Aﬁoﬁ)tﬁ
» 80 % of all the Vapor-Liquid separations are %\\“
performed by distillation *&“‘%

\
.. ; ; ; . ; Distillation \ Extraction
» Distillation is among highly energy intensive —e

techniques with lower thermal efficiency

Net work done

» More than 40,000 distillation units alone in Thermal ef ficiency = 4o plied
US (2005) using nearly 75 million KW of
energy
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Energy intensive operations in chemical processes

N
100 - /
90 -
S 80 -
g 70
2 60 - Consumes half the energy except drying which
3 is still 20% less than distillation
§ 50
(<5}
S 40 -
2
S 30 -
i
(b}
X 20 -
l l I | P »
0
v & > 5 &
\é}o d’&% ‘é}o &o Q,-oe ‘§\° < ‘b& ‘;oe g chb
G}\\ Q QQ* A;é‘b 60‘ QO‘ éc §‘) Q‘Q
> > >
A < ¢ v Q“é + C’a
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=1==s] Analysis of design: distillation column

Design specification versus energy cost

| - ] - | ' | 1000

— @ - Q-reboiler
—&— Carbon Footprint

1500 - /ﬁ Q

— 800

S
o
% O(\I
3 O
= 4 =
. [~ 4 Q Poy - 600 C
) h =
= 1000 oo =t
g *e o)
o ’/’: L
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o--"" —> |Increasing dfiving Iforce
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Distillate composition (x,)
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SPEED

Analysis of numerous distillation columns

2a.Alkenes-Alkanes 2b.Alkanes
5000 600
DF:0.023 ~——DF:0.0237 —DF:0.03 #=DF0.11 #—DF:0.066
500
4000 —te—DF:0.065 —=DF:0.059
—9—DF:0033 —%=DF:0.041 =>DF:0.051 ’(
S 400 %= DF:0.054 —o—DF:0.049
g —4—DF:.0.053 ~—@—DF:0.061 =——DF:0216 =
' 3000 X
- =
2 =
a gaoo
ke a
g 2000 é
© 3200
3
@
1000 100 ¢
S
o == ; ; : : :
0 07 075 08 085 09 095 1
085 087 0.89 091 N 0.93- 095 097 099 Distillate Purity
Distillate Purity
N 2c.Alcohols 2d.Alkynes
’ 3
DF: .29 —4—DF: 36 DF: .44 DF:20 ——DF: 25  =#—DF: .29
25
115 ——DF: 49 —+—DF:.50 —o—DF: 54 —8—DF: 31 DF: 42  =#=DF: 50
2 2
2 =DF: .58 == DF: .60 DF: 61 § =#=DF! 55 =—=DF: 65
=
: s
Z 09 a1s
a =
—
5 2
] o
=) Qo f
g € !
4
065
05 —— =
04 0 &
0.965 0.97 0.975 0.98 0.985 0.99 0.995 1 0.85 0.87 0.89 091 0.93 0.95 097 0.99
Distillate Purity Distillate Purity
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== Basis for hybrid separation scheme

Q duty (mj /kg of feed)

T - | y 1 - T 1000
— @ - Q-reboiler
—4— Carbon Footprint
1500 —
~ 800
O 600
1000 +
bl
L )
P
/’ L — 400
/’ . ¥
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500 Q intM - -
€ SR -7 - 200
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T T T
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Distillate composition (x,)
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=« = Membrane separation DF
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Reboiler duty 13
0.8
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== Hybrid distillation + membrane scheme

=« = Membrane separation DF
—#— Distillation DF

Reboiler duty 13

_ ’

0.6 |

0.8

11

Efficient operating region for
Distillation

Driving Force

1

Reboiler duty GJ/Kg of feed

04 B Efficient operating region for Efficient operating region for

. » S Distillation Membrane
,," \\\ [ 09 >
= Ya=0.90 Ya=0999
02 i N\ Sy
_______ b 0.8
———— : K
e b
== :
=L 3
————— \\
N ‘ ‘ ‘ ‘ : : : , 07 d

l l ‘ X Li(lq mol fract.ion of Metrl\anol l ‘ l Feed Distillation Membrane
T !(a:o.om
Xb=0999" g >

Use membranes to remove from
distillate the compound in the
smaller amount ~ to increasing the \T/ Xa = 0,005

. . Xb=0.999
purity of the compound in the larger
amount!
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S=1==p] New energy efficient sustainable design -

Min Purity 99.

A-Propane—»

B- IbutaneSS%»@i

1

y

Min Purity 99.5
—ABCDE Col-1

7

Membrane]

A- Propane—»

Col-1
E-Npentane

Min Purity 99.5

" Ipentane-
85%

Membrane

Xa =0.005
Xb=0.995

Ya=0.995

E-NPentane

Energy reduction: 44.4% in
Col-3 and 37.6% in Col-4
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New energy efficient sustainable design - 2

Separation Task

- e —makeup
svovliteirt > l Water recycle
C+5 J.\ Decant
Mer Water 99.9%
\ 1L | 39% energy on
,—MeOH—> \ > <

J . > the base case
> o e Mémbrane d ° ° d

Reactive Dist ExtracAe Dist 9b% eSIgn |S save

by replacing the
distillation
- operation with
- hybrid
| ‘ -—— operation
| o < 99.9 % MeOH
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S===s] New energy efficient sustainable design — 3b
A8, oaonoR€Place distillation with IL-absorption
Py P P

embrane separation

Rules:
* Find solvents (ILs) that
¢ D can selectively remove
8 Distiation /J: /fj:. the gases present in
Cc > H,
E ;*;‘ A Distiuai:i::r
— | separation co, .

—
CH,

h 4

\I: Feed:100 kmol/h

7 bar,313K
2.778% H, CO; removal Hybrid
80.11% CH, co, process CoHy Distillation
3.492% CaHq CaHy CzHs o
6.58% C;H; CzHe » (Membrane- »| (Distillation +
7.04% CO; +IL based or IL- membrane)
> » based (Tula et al.,
Q}13.5kJ/mgl gas absorption) 2017)

Absorber C:Hs

Reduce at least 50%
energy consumption

IL recycle 171kmol/h
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S==35e] Design of hybrid —intensified modules

Apply these hybrid modules whenever they match the design targets

c —» Xp1
Xp—™ &&W CD 1 Xe _'__> Yo 6
I— ' PV 1
>) X |/
e Bl _w
0%
& —» Xb1 i
Xp——p —» Permeate
XE CD —> 2 5
Raffinate
— l XB1

XF1 —p

Y Y W
< S Xp1 < S Xp2

al XF1 —p
’/ CD 4
XF2

%
\ﬁ:é)—> Xg1 i%—» X1 Je) Xg2

Close to 50% or more energy reduction compared to original process achievable

%
i

Xr2

A 4
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Sustainable Product-Process Development

Synthesis Innovation
stage stage

Processing route Improvement target

More
sustainable
process

Raw material

Q==

Step-4

PP—— - o - - -

Synthesis stage: find the optimal processing route
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Sustainable Product-Process Development

\

Processing route

IMprovement target

Design targets:

more profit; less
energy consumption;
less waste; lower
environmental impact;
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Sustainable process synthesis-design-intensification

Synthesis Design
Dat

u u Represent base case process wrt to operations to phenomena

Processing route Improvement target >

More

WSS ) wsnale  CACE, Pl-special issue, 2017; CACE, 81, 2015)

Stage process

Processes Operations Stages SPB’s Phenomena

Intensification method:
Starting with a base

case design (synthesis —
stage), set targets for
improvement (design
stage), generate new
intensified options that
match design targets

and make the process

more sustainable
(innovation stage) Recombine the phenomena to generate new intensified options
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Stage — 3: Find innovative solutions

Target: Intensify (reduce number of operations) as
well as operational cost

EEEE gg ] :
- Distiiation 7 ethyl Acetate
etate

Acetic Acid | Task G

Catal

Distifaton
Task E
Task A

Methanol

o
5
b
ST,
I

e Methyl acetate in multifunctional
reactor (Eastman Chemicals)
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S=l==s)ndustrial example of process intensification

_______ > To the Double
i Scrubber System

MVC Distillate

Structured
Packing Section

E Final Heater
[1F)
Bleached Oil ___ & Vacuum
5 *
< 3 e AVAVATAY]
5
Deaerator <
8 3 LYV Holding Section
w ‘ in
T _| VAT

Lo — . _
Economizer

e Stcam
|
-t
hl Deodorized Oil
4

Deodorized Oil

Deodorized
Qil

Palm il
blzachad)

njzetz

zodorizer

p Dhztillate

Deordorization Plant — Alfa Laval, Copenhagen
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Energy efficient innovative
designs for stage 3

More
sustainable
process

Synthesis Innovation
stage stage

Processing route Improvement target

Note: for existing process, stage-1 is not necessary and
we start with stage-2 to define the targets for
sustainable & innovative design
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Naas) More examples (synthesis of dioxolane products)

eactive Zon

Non- reactive 2

GWP (CO2 eq)

HTPI(1/LD 50) &

Purchaste cost/kg Product
0%

Carboon footprint Profit

Utility cost/kg Product

=—Base case
= Alternativel
Alternative2

Alternative3

Ay Energy usage/kg Product

Y.
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g More examples (toluene to p-xylene)

--------- >

Close path (CP12) Recycled MeOH
Open path (OP42)

= -~ Ethylene ‘fE I
)@( TTVH l‘
L HXI

: Recycled Toluene and MeOH
Toluene %
MeOH —@j

HXO0 R-1 > FEthylene
oy N
Toluene > \\
MeOH —>
R1
Solvent

Anantasarn et al, CACE 2017 (Pl Special Issue)
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SPEED Energy intensive operations in chemical

N
100 - /
90 -
80 -
70 -
. Consumes half the energy except drying which

Is still 20% less than distillation
50 Redesign &

Relative energy consumption

40 - reformulation can
30 - reduce energy

2 | consumptiop

10 A

0 T

X/ Sy
& & & é‘

..:;.0\\‘} Q& Q&‘) Q&
Q\ Qf‘b
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==Y |dea-1: Swap solvent based design

B Soluteﬁ
Sol ts -
_ Find swap solvent that
] = = . .
z £ s | § 2| gives the following LLE & .
Feed £ 7 R .
> | 55 A& VLE diagrams
P
Original Solvent
Liquid phase
Swap Solvent Vapor phase
5
Origi " o 4
el | % 2 152 _:
= 3 =0 =
Feed ; E % g 6 E -
| g5 Ve A
A+B | I
|
1
A + Original Solvent A+ Swap | |r J

I

Solute Mole Fraction (%)

Solvent - N
Operation point
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==Y |dea-1: Swap solvent based design

B Soluteﬁ
L Find swap solvent that
g 5 su | 52 E| gives the following LLE & .-
> | 33 2 &S VLE diagrams /
P \\\\\

maiew) o)
Original S
Liguid phase
Vapor phase Swap Solvent
B
A
2 .. )
g Original 2 % |5 =
a = = (@] — é
5 Solvent 5 E g 6 Z w
= W=
= = 25
————— -~ Feed E "5" 8 b 3 o
A A+B =T —
I
I
I
1 ..
[ A + Original Solvent A + Swap
T
0 | Solute Mole Fraction (%) 100 Solvent

Application: Acetone-methanol-water (original solvent)
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S==] Idea-2: Main concept

B Tailor-made design of solvents-process

If a solvent could be found that i) matches a desired distillation boundary;
i) Is selective to B; iii) is environmentally acceptable; does not form
azeotropes with A or B; iv) is miscible in the liquid phase,

Then an apriori optimal design is applicable for these azeotropes
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==Y |dea 2: Method development steps

Driving force Solvent-mixture | Distillation boundary |
concept behavior A VN )
. / \
More sustc'n{mble No unique solvent-mixture y
energy efficient process behavior for all mixtures

Distillation

boundary \
Ternary plot and th e 0%
ernary plot and the | o5ssification N
position of the distillation N
boundary / \"’\
. /2} \_\w
0% / \ 100%
. . Com;)ound 1 w e W o w B = L SolK\'enl
Properties of the A priori process
system design
Solvent Compound 1 Compound 2
ArzT:ai?(ttrJ)r[;ic I Compound 2 + Solvent o
* Process design parameters C Iati
* Solvent behavior parameters orrefations
Makeup % \Eé)_‘
solvent Solvent

Extractive column Recovery column
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==Y |dea 2: Method development steps
System classification

» Based on the ternary plot and the position of the distillation boundary

xxxxxxx

Low-LbW

4 ¥
iy !
= ey
. U
" w
125 pe———— ’
o Low-HIGH
)
‘ ' ' ' » - . . j ) B "
Comnponznd 1 " n “ “ = - = - Solvent Compound 1

C‘om|.luomld 2 Compound 2
P ADHIEH o o

. 0
oA ]
n A n
2

HIGH-HIGH S HiGH-Low

B F T T T T 11 a r :
Compound | - ™ “ - " * - " Sobvent Compound |
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==Y |dea 2: Method development steps
Apriori design & correlations

Process design parameters (NS, Ng and reboiler duty) with respect
to solvent behavior parameters (SFR and DF) for each class

*SFR,p, Vs DF

25

° (o)
SFRyp Vs %S For extractive and
NS vs DF } recovery columns;

y=29417x%7%
R2=09514

NS of the extractive column
= 7 S
>4
[ ]
°
[ ]
[ ]

RD = reboiler duty

*RD vs DF DF = driving force
NS = number of
stages
5
*SFR¢\ VS SFRpp Oor SFR1p .

0 10 20 30 40 50 60 70 80
DF of the system

»Good correlations for Low-Low and Low-High classes
>Not enough data available for High-Low and High-High classes
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S:=l==s] Idea 2: Problem definition & solution

Starting point: homogeneous azeotropic mixture, desired driving force
and desired distillation boundary

The method formulates and solves two sub-problems:

SUB-PROBLEM

GIVEN

FIND

Homogeneous azeotropic
mixture & known solvent

The best (optimal) solvent

Solvent that does not match
the a priori design

1 .. . that satisfy the process
A priori process design .
design
matched
Homogeneous azeotropic . i
mixturge & known solveit The optimal extractive
2 distillation design from the

correlations
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Sd==s] Tallor-made method: azeotrope separation

Azeotropic mixture & Problem definition &
a priori process design Solvent screening Define the desired products and

select the most optimal solvent
matching the a priori design

atching the

a priori desig
No Yes
v
Sofware: “Datacollection || etvent and
ICAS & PRO/I & Classification .
\ I J check the classification of the system
4 N\
gi gPD“/’SS Zg Solvent flow rate Calculate the solvent flow rate, SFR,,
" N J or SFR;, depending on the class
4 X N\
NS X/S bF Design Calculate the design parameters, NS,
F
RD vs DF ____parameters N: and RD, from the driving force
A 4
4 N\
sig R:%F"; Verification < Rigorous simulation and verification
e \ J of optimal design
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=) Method (idea-2) application: Example

Problem definition & Data collection Solvent flow Design Verificati
Solvent screening & Classification rate parameters eritication

Objective: Define the products and select the most optimal solvent matching the a priori process design

~omem  N-Heptane

INPUT: N .
* Methanol/n-Heptane azeotropic mixture. FaWAN

« DF (System) = 58, DF (Comp. 2 & Solvent) =55 N
SOLVENT SELECTION: |
Di-n-butyl ether, from CAPEC database. S b

n-Heptane / /’/ \“
N o o N
-

aaaaaaa

7 N
/" - ‘\
/ \
# f Nt
/ \
s / Y
/ Y \ 10
0/ / N Ve
/ N, / N,
o o f ; ; ; 3 ; ; ; . \ 10
&/ e N THANOL (645) % & n 60 50 “ el 2 0 i BUTYLETHER (140.1)
/ \
4o Methanol Solvent
\
N

_'ji;{': The proposed distillation boundary does
‘ not match the desired distillation boundanry

Methanol m ﬂ “ . m Di-n-butyl ether
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=) Method (idea-2) application: Example

Problem definition & Data collection Solvent flow Design Verificati
Solvent screening & Classification rate parameters erification

Objective: Collect the necessary data, classify the system and calculate the solvent flow rate.

PURE COMPONENTS PROPERTIES: SYSTEM DATA:

Component Boiling point (K) MW (g/mol) e | Azeo. Comp.: 27%mol Methanol, 73%mol n-Heptane
Methanol 337.5 32.04 * | % Solvent in comp.2-solvent line: 14%mol

n-Heptane 371.4 100.21 * DF diagram of the system: DF=58, D,=16

Di-n-butyl ether 413.1 130.23 * DF diagram of comp. 2 and solvent: DF=55, D}|=22

[
[
o

CALCULATION OF SOLVENT FLOW RATE:

[
=]
(=]

N A Low-Low

SFRpp = 39.7 kmol/h > | & N\ class
~ 60
m|

o

C

0 10 20 30 40 50 60 70 80
DF of the system
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=) Method (idea-2) application: Example

Problem definition & Data collection Solvent flow Design Verificati
Solvent screening & Classification rate parameters erification

Objective: Calculate the design parameters, NS, N. and RD, from the driving force.

NUMBER OF STAGES: REBOILER DUTY:

25 35

AN
. y:Z94.ll'X’“ 7
R2=10.9514
L

N T~

e

P

(5]
[=]

y=7.0852¢ 00
R?>=10.7701

1 \\

—
wn

,_.
1S
i

n

NS of the extractive column
K
.
RD of the extractive column (MW)
: %) ¢
L ]
L ]

0 T T T T T D+ T 1 0 T T T T T O T T 1
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

DF of the system DF of the system

Extractive column  Recovery column
F EEDING STAGE LOCATION:

Ny = NS(1-D,) NS 1242 13+2

N¢ 10th=+2 10th=+2

RD (MW) 1.17 2.06
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=) Method (idea-2) application: Example

Problem definition & Data collection Solvent flow Design Verificati
Solvent screening & Classification rate parameters eritication

Objective: Rigorous simulation and verification of optimal design.

SOLVENT FLOW RATE NECESSARY TO PERFORM THE RIGOROUS SIMULATION: SFR5|M

350.00
SFRS|M = 85.25 kmol/h — 300.00 .
250.00 //

2Mbnm%um$elvenﬁlew@e‘ﬁ%emev h

RIGOROUS SIMULATION:

(kmol/h)

Method estimation

Design parameters Extractive column  Recovery colutfiff - Recovery column

0.00 T G T T T 1
SFR (kmol/h) - 0 20 g5 OSFR P;oa{moyh)so - 100 120

NS 1242 13=*2 14 13
N, 10th=+2 10th=+2 12nd 7th
Recovery of products (%mol) 99.5 99.5 99.5 99.5
Reboiler duty (MW) 1.17 2.06 1.48 1.72
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Establish e ;
sustainable | > > 5
: ~ Raw Product(s) :
production | ' naterials 5
Adopt to | > >
changing | | Utilities Process| Waste
markets T
Processes need to be:

mical and bio-based industry faces enormous
challenges to achieve and/or respond to:

Survive
global
competition

Demands for
innovative
products

Sustainable (Economically feasible; Reduced waste;
Utility efficient; Environmentally acceptable); Safe;

Operable;
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SIgEE) Summary: Sustainable Process Design

Chemical Process Design: Problem Definition

Given: Reference design of a process

Objective: Generate design alternatives that can

only improve one or more sustainability metrics

and safety factors while remaining aprroximately
neutral for all other metrics and factors

Determine: Mass & energy indicators for the
process under investigation; identify the
sensitive indicators; set target values for the
sensitive indicator; find alternatives that match
the targets
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S=1==p] Application examples
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Clar!flcahon Eyagorahon/Crys’ra Hydrogenation
section llization

» (-

AR 1%

»{ HYDw_B ¥ CRaw_B

CRmu B [ 307 hydr genation
H/N |g>
* HDW_C - Coefl 'II‘

Benzoate

. 57
v o

. ™ I

| |

o e
sy -.

WOIKOU
9 7% UFet CRmet DiSw HYDw_V

recovery add

EQUIPMENT

FERM:- fermenter; HEAT-exchanger; CEN-disk stack centrifuge; DFiL-deep filter; MF-crossflow micro filtration system; RF-

rotary drum filter; UF-crossflow ultra filtration system; AC-activated carbon treatment; EV-evaporator (A, 8, C, D

increasing duty and area); CR-crystallizer; HYD-hydrogentation reactor; DiSet- heated STR (dissolution); UFet-

ultrafittration leaf filter; INT-intermediote product. CRaet

-w waste of the concentrate, -r recovery of the concentrote, -p pretreatment, -mw “muconic acid from water”; -aw thanol

“odipic acid from water”; -met “mucenic acid from ethanol”; -oet “adipic acid from ethanol”; -w “in water”; -et “in HYDety .

ethanol”; -V conditions as in the paper of Vardon et al 2016, hYd roge nation
Pt/C catalyst

I- RAW MATERIALS

II- BIOREACTION
I-BIOMASS DEACTIVATION
IV-BACTERIA REMOWVAL 1
VI- BROTH RECOVERY

IX- CONCENTRATION

XI- EtOH DISSOLUTION

XIll- EtOH CRYSTALLIZATION
XV- WATER DISSOLUTION
XVI-HYDROGENATION
XVI-ADIPIC ACID
CRYSTALLIZATION

XIV- INTERMEDIATE PRODUCT
XX-PRODUCT

V-BACTERIA REMOVAL 2
VIH-COLLOID REMOWVAL

VIHI- IMPURITIES REMOVAL
X-WATER CRYSTALLIZATION
Xll- EtOH FILTRATION
XVIN-RECT. DISSOLUTION
XIX- RECT. CRYSTALLIZATION
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