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Abstract

Currently furfural production has increased theiiest because of it is a bio-based chemical abtorapete
with fossil-based chemicals. Furfural is charaeti by flammability, explosion and toxicity propest
Improper handling and process design can leadt&sttaphic accidents. Hence it is of utmost impuréato use
inherent safety concepts during the design stapes Work is the first to present several new dovessn
separation processes for furfural purification, athiare designed using an optimization approach that
simultaneously considers safety criteria in additio the total annual cost and the eco-indicator Bige
proposed schemes include: thermally coupled cordigan, thermodynamic equivalent configuration,idiivg-
wall column, and a heat integrated configuratiolne§e are compared with the traditional separationgss of
furfural known as Quaker Oats Process. The reshtigv that due to a large amount of water presettisrieed,
similar values are obtained for total annual cost eco-indicator 99 in all cases. Moreover, thetogy of the
processes has an important role in the safetyrieritthe thermodynamic equivalent configuratiorutes! as the
safest alternative with a 40% of reduction of thieeirent risk with respect to the Quaker Oats Psoaed thus it
is the safest option to purify furfural.

Keywords: Furfural, Safer Process Design, Multi-€ive Optimization, Process Intensification, BiefirRery,
inherent security.

1. Introduction

The development of chemicals from renewable ressuas biomass attracted much research interebein t
recent years, with a focus on novel renewable mglthlocks such as furfurdlln fact, the U.S. Department of
Energy compiled a list of Top 30 building block ofieals obtainable from biomass that could competh w
chemical derived from the petroleum. Remarkablyfuial and two of its derivatives (furan dicarbagyhcid
and levulinic acid) are highlighted in the top 0that list*® Furfural has many industrial applications, being
utilized as raw material for the production of atlehemicals such as hexamethylenediamine (an ieidiate
compound used for the production of nylon 6-6) phenol-furfural resind.Bhogeswararao and SriniVas
proved that furfural can be converted to addedevalbhemicals such as furfuryl alcohol, tetrahydriufioyl
alcohol, furan, tetrahydrofuran and diols, usingn@ntional Pt and Pd catalyst and setting the apjate
reaction conditions and the support acidity. Dugsdigh affinity with molecules with double bondsrfural is
extensively used as an extractafior example, Sun et Alnd Cordeiro et alhave used furfural as solvent for
the separation of benzene/cyclohexane mixture iextémactive dividing-wall column arrangement.

Furfural is usually produced from biomass rich enfpsane, e.g. sugar cane bagasse, corncobs,lisaahd
sunflower husks among othér§.In 1922, the Quaker Oats Company created the firstess to produce
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Inherently safer design and optimization of intensified separation processes for furfural production

furfural at industrial scale using oat hulls as raaterial, along with sulphuric acid and steafhis process has
been characterized by easy implementation but a pigification cost and low conversions to furfur@he
Quaker Oats process has not undergone great chamjéss now used to produce near 80% of the iotald
production of furfural*°

Up to now, most of the research work has focuseddentifying cheap raw materials able to approach a
sustainable and economic production of furfurabsBlet alt* discussed the pyrolytic behaviour of different
hardwood and softwood biomasses with respect tdfutfaral yield. Mesa et df presented a study where
furfural is produced by diluted acid hydrolysis ifgarcane bagasse. De Jong and Marcotifiiesented an
overview of different technologies applied in varsobiorefineries where furfural is (co)producede¥ytalso
emphasize how diluted acid pre-treatment can befloéal for large-scale applications. Additionallylartin

and Grossmafi have proposed a process for the coproductionréiral and dimethyl furfural from algae and
switchgrass. Moreover, they explored different peatments technologies to improve the furfuralvession

for many raw materials. Finally, Lui et'3l studied the possibility of taking advantage ofitnjysates of
hardwoods to produce furfural.

However, there is a gap defining separation alteres for product recovery leading to a strong ries¢ in
finding better downstream processing schemes ifurkir production process. Typically, the solid biss is
treated with an acid solution at high temperatare] steam is used to maintain the reaction tenyrerand to
remove the produced furfural obtained as a dilgdeous stream. Similar to the separation of ofier
derived compounds, such as bioethanol and biobljtdm® purification section represents one of thesm
energy-intensive parts of the process and procgsssification and optimization techniques are imeglto
come up with innovative and competitive productimacesse&®*° Distillation is usually the first unit operation
considered for separation at industrial level du¢he high reliability reached in modelling, sintida, design
and control, as well as the considerable amouneqfilibrium data availabl&. However, due to its low
thermodynamic efficiency and high capital investim¢is imperative to define enhanced configurasidrased
on process intensification principl&snot considered at the time when the original pssagas developed.

Qian et af? proposed an azeotropic divided wall column to emjgaa mixture of water-furfural. Using the
traditional two-column azeotropic configuration asbenchmark, the azeotropic divided wall alterrativ
proposed provided 3.8% savings in the total rebodaty and proved the applicability of traditional
proportional- integral controllers. However, theedechosen by the authors contained 90% mole ofirfairf
which does not match with typical bioprocesses.eNhet al® proposed a hybrid process where furfural is
recovered by liquid-liquid extraction. Many solventere screened, but the best solution obtained notis
compared against traditional distillation altermatiand its convenience was not proved. As an altiewn to
distillation, the application of pervaporation hmesen also proposéd.

In this context, the definition of enhanced diatitbn configurations is of paramount importancaléiining a
furfural separation process integrated into a liioeey. However, there are no previous studies thelude
safety criteria into the design of such processdieHerrera et &+ evaluated the inherent risk for
distillation schemes with hydrocarbons mixtures amensified extractives distillation schemes tcoeery
ethanol. Their results indicate that the amouningéntory in the columns and the physical propertié the
substances have a strong impact on the inhereetysaifthe process. Martinez- Gomez ef’atudied different
intensified distillation processes to purify bichot! and evaluated their individual risk — whichais index to
evaluate the inherent safety — while considerimmnemic and environmental criteria. Their resultsmdastrate
that the process topology can influence the inhesafety. Additionally Martinez- Gomez etZlcarried out a
safety analysis of a process to produce silaneehgtion distillation — one of the most popular repées of
process intensification. Their results shows thatess intensification can lead to important imgrents in
the safety aspects. Based on previous studiesgitident that process intensification can be agpfmvtool to
improve not only the economical and energy aspadtsilso the process safety.

This study is the first to propose four intensifididtillation sequences for furfural purificatioand compare
them with the separation section included in thakgu Oats process. These separation processeslesgaed
and optimized simultaneously considering a mulfeobive function to analyze the process performaid¢e
objective function combines thiadividual risk (IR) as quantification of the potential risk oktlprocesstotal
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annual cost(TAC) as key economic indicator, alkato-indicator 99(EI99) that quantifies the environmental
impact. The simultaneous evaluation of economiosjrenmental impact, and inherent safety at thegtes
stage represents an important improvement in se¢ettie optimal separation process route. The mpweélthis
work is represented by the new configurations psepaas well as the selection of the best altemativpurify
furfural considering simultaneously the safety,remnic and environmental criteria.

2. Simulation approach

Rigorous Aspen Plus simulations of the separatimtgss (using the RADFRAC model) are coupled with a
optimization algorithm programmed in Excel throughVisual Basic macro. In order to maintain the gtud
general and extendible to the majority of furfupdénts, the average composition reported by Zelitsels
considered. As Zeitsch stated: “all furfural reastknown so far produce a vapor stream consistingare
than 90 % water, of up to 6 % furfural, and of was by-products mainly methanol and acetic atittie feed
compositions considered in this work is: water 98t%urfural 6 %wt, methanol 2 %wt, and acetic a2iéowt,

a temperature of 353K and pressure of 2 atm, thdesa were taken from the out stream of reactiveezon
reported by Zeitschand Nhien et & The feed flowrate used is 105,000 kg/h accordtintpe estimated global
furfural demand reported by Nhien etZNote that this feed stream, represents an avetageate according
to the recent investments, for example the plarD@mninican Republic with an estimated production36f
ton/year reported by Marcotulid Even tough, the feed stream is an important iseuing the basic design,
the synthesis methodology used in this work maydea on several scaled-up scenarios. For exampleg et
al*® reported economic, and energy savings by 25% wifaed stream of 100 Ibmol/h as a reference feed
stream. On the other hand Errico ef'alwith a larger production, also reported econosaiging by 16%. The
vapour-liquid-liquid equilibrium of this mixture cabe adequately modelled using the property modwei-N
random Two-Liquids with Hayden-O’Connell equatidnstate (NRTL-HOC) which takes into account the two
liquid phases and the dimerization and solvatioaratteristics of mixtures with carboxylic acidg?® The
NRTL-HOC model can also predict properly the hegereeous azeotrope formed by water and furfdf&The
ternary diagrams for the ternary mixtures (usingsrfeaction as basis) are illustrated in Figure 1.

/
J
T

\ —
0.9 ST = — _ 0.1
N\ :
97.79 C_ _ 4 _ 97.79 C B
hd - & - +
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
FURFURAL FURFURAL
a) b)

Figure 1: Ternary diagrams for mixtures: a) water-furfuaaktic acid, b) water-furfural-methanol.

3. Synthesis of the separation alternatives

Figure 2 shows the classic furfural separationisectonsidered as a benchmark. This configurati@s w
developed according to the Quaker Oats process (Q®@ported in detail by Zeitsétand Nhien et a° A
similar configuration was also examined by Steimgas et af? The benchmark configuration consists of three
distillation columns and a decanter for the ligligtid separation. The first column (C1) is commponélled
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azeotropic distillation column. Within C1 columiet mixture is concentrated until azeotrope comuusitAt
this point, the water works as a very volatile comgnts and dragging part of the furfural to the ghase,
which is condensate. After the condensation, twasph are formed and passed out to the decantegthtbe
side stream. The phase enriched with water is metuto column C1 to promote the two liquids phases’
formation. Furthermore, the water is removed fa iottom of C1 together with the acetic acid, avmjdts
probably expensive purificatidhThe methanol is recovered as distillate producthef second column (C2),
while the bottom is fed to the decanter. The org@hiase of decanter is fed to the column C3 usethéofinal
step of furfural recovery. The distillate of thdwmn C3 is sent back to the decanter, while théobostream is
the furfural product.

&b Methanol

stream
C2
Side stream YV VY
Feed —»
c1
Heat-exchanger ( \ é
\lj »Wastewater > c3
stream Organic-rich phase

Water-rich phase A i fE
Furfural

stream

Figure 2: Benchmark configuration of the Quaker Oats pre¢€sOP)

3.1 Thermally coupled separation alternatives

Thermally coupled configurations are obtained fithin corresponding simple column sequences by sutisti

of a reboiler and / or a condenser not associati#fdl product streams with a bidirectional liquid awapor
stream. The effect of the thermal coupling is edato the decrease of thermodynamic inefficiengerserated
by the remixing of components. It was extensivelyved that in many cases, thermally coupled conditions
are more energy efficient as compared to simpleuronl sequence$® Starting from the reference
configuration shown in Figure 2, it is possiblegenerate the thermally coupled arrangement, inwaig the
column is divided in sections, according to Hohmahal®*® a column section is commonly defined as a portion
of distillation column not interrupted by enteriagexisting streams or heat flows. These sectioadllastrated

in Figure 3 with roman numerals. In the case ofrfaly coupled configuration (TCC) showed in Fig@®¢a),
the condenser associated to the first column whstisuted by vapour and liquid streams which an&dd in
the last and penultimate stages of section IV mdspdy, this arrangement is commonly called thdrma
coupling. The introduction of this thermal couplipgpvides a flexibility to generate new designs;éhese the
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thermal coupling allows to move the sections betweelumns from a conceptual point of view. The

corresponding thermodynamic equivalent configura{ibEC) is generated moving the section IV of thkimn
C2 upon rectifying section | of column C1 as fitillastrated in Figure 3 (b). In general, for themiyoamic
equivalent configurations, a better liquid and waflow rate redistribution among the column secsiaa

expected together with a better controllabffi§} For this reason, the TEC was considered as aibess

alternative to the classic separation scheme.

c2 &b Methanol

|4 stream
Vapour stream .
Liquid stream
Vi
X Y
ct1 | !
------ Side stream
1
e
/1] YVY Y
Feed—»r-——---"
v

» Wastewater
stream

C3

.

Water-rich phase

a)

Organic-rich phase'

L Furfural

stream
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5 > Methanol

vV stream
c1
_Vapour stream
Liquid stream
K c2 1
Vi
I
> s Side stream
mn YVY
Feed—»p====-
v 3’
\\‘/ % Heat-exchanger ( \ é&
» Wastewater Cc3
stream
vii
Water-rich phase Organic-rich phase -
I_/_ﬂLFurfural

stream

b)
Figure 3: a) Thermally coupled configuration (TCC); b) Thexdynamic equivalent configuration (TEC).

3.2 Dividing-wall column configuration

Dividing-wall columns are considered as a leadingneple of process intensification applied to multi-
component distillation. It is an attractive alteima since it has the potential for reducing theeraping and
capital cost. Previous works explored among otttees design, controllability and possible applioas to the
separation of biofuef§** The divided wall column configuration (DWCC) comeied for the furfural
separation is shown in Figure 4. It was obtainedgmg column C1 and C2 in a single shell dividedary
internal wall. From a conceptual point of view feegth of the wall is determinate by the numbeysraf the
sections of columns C1. The wall is extended toctilamn bottom in order to separate two bottomestre For
this reason, the DWCC unit is equipped with twooikdss. However, only one distillate product isaihed.
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m E N Methanol

————— stream
C11 C2
Tn
i vi
£ Feed >
o v
k7]
3
P e
Wastewater _
strean %
i vy
C3\ vy
leat-exchanger >
Vil

Decante

Organic-rich phase

Furfural
stream

Figure 4: Dividing-wall column configuration (DWCC)

3.3 Heat integrated configuration

The main principle behind heat integration in dition configurations is to use the energy sourcesinks
available in other process streams to condenseajper in the overhead of a column, or to provide risboiler
duty required. As reported by Rathore ef’ahe process streams might be the reboiler or cwatestreams in
the same separation sequence. Heat integratedaditers were deeply explored in the literature &y still
represent a valid alternative to reduce the eneeguirements of multi-component distillat8i>. The heat
integrated configuration (HIC) considered in thisrlwis illustrated in Figure 5. The selected hedtgration
strategy for the heat integrated configuration (HtGnsist on the utilization of the latent heattloé vapour
stream leaving the top part of the column C3, #rapterature of this stream is increased througtusiecof a
compressor, the main target in this configuratidgth eat integration is to upgrade and reuse tle bethe
vapor stream to mitigate the duty in the reboile€@ and to condensate the vapour. After condemsati is
partially recycled to the column C3 to ensure thaitl reflux. The function of the compressor idriorease the
temperature of the vapour stream in order to gueeathat its temperature is higher than the tenperaf the
bottom of the column 2. The heat integration camsea important energy savings in the process. sttategy
has gained attention in recent years and it has pezven to achieve an efficient way the heat iratgn in
separation processes, for instance see the worllarey & Maitt® ; Luo et al’, Contreras Zarazua et af.and
Zang et aP*.
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&P Methanol

stream
Cc2
Compressor
Wastewater
stream Side stream YV VY
Mixer
Feed- c1
E1 Heat-exchanger

Furfural }

stream

' C3

Water-rich phase

Organic-rich phase

Figure 5: Heat integrated configuration (HIC)

4. Objective function definition

The objective function is constructed by combinithgee different and contrasting indexes represgniire
economy (total annual cost), the environmental ichgaco-indicator 99), and the process safety Yiddal
risk). Each index is described in the following settions.

4.1 Plant economy: Total annual cost (TAC)

TAC is the classical approach used to quantifyettenomic performance of a chemical process aligmakhe
methodology consists in calculating the annualizedt of each processes equipment (capital cost)ttzand
operating cost associated with the use of steaalingpwater and electricity. The equation for TACgiven by:

TAC= M +Operating cos 1)
Payback period

The capital cost includes the cost of condensetsoilers, distillation columns, trays, process e&ssand
compressors, whereas the operating cost is assdaidth the cost of steam, cooling water and egittr The
TAC was calculated using the Guthrie metfiddCarbon steel was considered as construction rahteXi
payback period of ten years was used. Sieve tnag9a&1 m spacing were selected for all the colurAfighe
parameters for the equipment and the utility costse taken from Turton et 2.Five utility cost have been

considered: high-pressure steam (42 bar, 254 °Q,7%3J), medium-pressure steam (11 bar, 184 °C,

$14.83/GJ), low-pressure steam (6 bar, 160 °C, 951@J), cooling water ($0.72/GJ), and electricity
($16.8/GJ). The operating costs were evaluatedaemsg 8500 hours of yearly operation.

4.2 Environmental impact: Eco-Indicator 99 (EI99)



O ~NO O WNPE

10
11
12

13

14
15

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

35

Inherently safer design and optimization of intensified separation processes for furfural production

The Eco-Indicator 99 was used to evaluate the isadtdity of the processes and to quantify the emwinental
impact due to the multiple activities performedtie process. This methodology is based on thecijfde
assessment. The approach was proposed by Goedkd@paensma? The EI99 has proven to be an important
method to evaluate overall environmental impadteal in chemical processes. Some authors — suBhiksn-
Gonzalvez et. af> Alexander et a° and Quiroz-Ramirez et &l.— have demonstrated that applying the eco-
indicator 99 during the design and synthesis phaseslead to important improvements and reductioins
wastes. The index was applied successfully in sangedifferent alternatives for biofuels purificati giving as
results the optimal configuration with the lowestieonmental impact and cost®

The method is based on the evaluation of three migimage categories: human health, ecosystem yjusiid
resources depletion. In case of distillation colspthe factors that have the strongest influencgl®® are the
steam used to supply the heat duty, electricitlyzatl for pumping of cooling water, and the steetessary to
build the equipment-* The eco-indicator 99 can be represented matheatigtiaccording to Eq. 2 as follows:

EI99= Zwm; [As+ Zw[g: Cash ZwDicDa 2)

whereo is a weighting factor for damage,is the value of impact for categoryds is the amount of steam
utilized by the processaslis the amount of steel used to build the equippesitis the electricity required by
the process . For example, the amount of steam taspdovide energy to plant is multiplied by thentage
impact of each category, and subsequently the stimmmef all the products is performed to obtain teo-
indicator due to steam, the procedure is the samstéel and electricity. For the weighting factaf, we have
followed the method of eco-indicator 99, separating impact categories as damages to the humathheal
(expressed in disability adjusted life years “DALY slamage to the ecosystem quality (expressedeakss of
species over a certain area % species m2 yr), amdge to resources (expressed as the surplus emszdgd
for future extractions of minerals and fossil fyelgld surplus”). The damage to the human health tanthe
ecosystem quality are considered to be equally itapg whereas the damage to the resources isdeoesi to
be about half as important. Furthermore, in thesgméed approach the hierarchical perspective wasidered
to balance the short- and the long-term effect® Adrmalization set is based on a damage calcal&ioall
relevant emissions, extractions and land-se3he values presented in Table 1 represgnt the damage
caused in categotyper unit of chemicab

Finally, the total EI99 is obtained by the summataf eco-indicator due to steam, electricity angektFor
compute the EI99, a hierarchical perspective isicmred for the evaluation of environmental impadairder to
have a balance between short- and long-term effétt§able 1 shows the impact categories and valuesinsed
this study. These values were taken from the weported by Geodkoop and Spriensththese values are
associated and corresponding with the use of &ieblilding the equipment and with the use of ggartilized
during the plant operation, two factor that aresipeindent of the type of process .

Table 1.Values of EI99 impact categories used for digtdtacolumns>

Impact category Steel (points/kg) x 10 Steam (points/kg)  Electricity (points/kWh)
Carcinogenic 1.29 x 19 1.180 x 10° 4.360 x 10"

Climate change 1.31x 10 1.27 x 10° 4.07 x 10°

lonizing radiation 4.510 x 16 1.91 x 10° 8.94 x 10°

Ozone depletion 4.550 x 10 7.78 x 10’ 5.41 x 10’

Respiratory effects 8.010 x T0 1.56 x 10° 1.01x 10°

Acidification 2.710 x 10 1.21 x 10° 0.88 x 10*

Ecotoxicity 7.450 x 1G 2.85 x 10* 2.14 x 10*

Land occupation 3.730 x 10 8.60 x 10° 4.64 x 10*

Fossil fuels 5.930 x 10-2 1.24 x{0 1.01 x 107
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Mineral extraction 7.420 x 10-2 8.87 x 1B 5.85 x 10°

The scale of the values considered in Table 1 éseh such that the value of 1 point is represemstdtr a
1000th of the yearly environmental load of one agerEuropean inhabitafft>*>°

4.3 Process safety: Individual risk (IR)

The individual risk (IR) was used as index to eatduthe safety. The IR can be defined as the fishjuary or
decease to a person in the vicinity of a haZ&fithe main objective of this index is the estimatidrikelihood
affectation caused by the specific incident thatuos with a certain frequency. The IR does not ddpm the
number of people exposed. The mathematical exjpredsi calculating the individual risk is the foling:

IR=>"fP, @)

Wheref; is the occurrence frequency of incidénivheread, , is the probability of injury or decease caused by
the incidenti. In this work, an irreversible injury (decease)used, for which more data are recorded. The
calculation of IR can be carried out through quatitie risk analysis (QRA), which is a methodolaged to
identify incidents and accidents and their conseges. The QRA starts with the identification of gibke
incidents. For distillation columns are identifiado types of incidents: continuous and instantaeeleases.

A continuous release is produced mainly by a réptaira pipeline or partial rupture on process Vessgsing a
leak. The instantaneous release consists in thélass of matter from the process equipment ositgid by a
catastrophic rupture of the vessel. These inciderdee determined through hazard and operabilitglystu
(HAZOP). The procedure is effective in identifyihgzards and it is well accepted by the chemicalistrg.
The technique consists in to systematically anatlysgeasons and consequences that can provolaidasiin
the operative conditions of process that can deriiraan accident through a series of questions aschow?,
where?, when?, etc. More information about thisinégue is provide by AIChEand Crowl and Louva?. The
frequencies values for each incidefijt \fere taken according to the reported by Americatitlite of Chemical
Engineers (AIChE}® Figure 6 shows the event tree diagrams obtainéld a¥i probabilities of instantaneous
and continuous incidents, along with their respectrequencies. Accordingly, instantaneous incisearte:
boiling liquid expanding vapor explosion (BLEVE)haonfined vapor cloud explosion (UVCE), flash faed
toxic release, whereas the continuous releasedntddare: jet fire, flash fire and toxic releaske Tomplete set
of equations to calculate the IR is shown in the.E-S8 of the supplementary material and morerirdton
about these equations is given by Al€tehd Crowl and Louvé?.

Once the incidents have been identified, the prilibabP,, can be calculated through a consequence
assessment, which consists in determining the palysariables as the thermal radiation, the ovesqare and
the concentration of the leak originated by inciderand their respective damages. The calculatiothe
physical variables was realized according to theaégns reported by the AICAEand some other authors such
as Medina-Herrera et &% The atmospheric stability type F is used for gliting the dispersion, which
corresponds to a wind speed of 1.5 m/s. This giimeréc condition is the worst possible scenario ttuthe

low wind speed does not allow a fast dispersiorilashmable and toxic components, increasing the tirhe
exposure and the probability to get in contact aithignition sourc&®

The quantification of the damage caused by physiealables of each incident is calculated through a
vulnerability model commonly known as probit madé? In this work, the damage considered to people is
death due to fires, explosions and toxic releasésalculations were carried out to a represeveatistance of

50 m. The probit models associated with deathshbymal radiationt(E,;) and overpressure due to explosions
(p°) are given by Eq.4 and EG%

4
3

Y =-14.9+ 2560 =5 ©)
10
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Y =-77.1+ 6.91I{ ) (4)

Due to there are not reported toxicity probit medelr components considered in this work, the datmn of
the damage to toxic releases were carried out ubim¢C5G° more information about this calculate is provide
in the supplementary materiakinally, the probabilityP, , is calculated substituting the probit results foé t
Eq.4 and Eq.5 into the following equation:

Y -5
(5)
INSTANTANEOUS RELEASE f,
Immediate » BLEVE 5.75x10"/yr
Ignition
P1=0.25
» UVCE 7.76x10 fyr
Delayed Ll =
Ignition
P2=0.9
2.3x10°/yr
) » Flash Fire 7.76x10"fyr
Na immediate
Ignition
P1=0.75 No Ignition
P2=0.1

P Toxic Release| 1.55x10 /yr

CONTINUOUS RELEASE
immediate » Jet Fire 3.67x10°lyr
Ignition
Pi=0.1
Delayed
lgnition
P2=0.75 . P
3.67x10" fyr——— »  Flash Fire 2.48x10"fyr
No Immediate
Ignition
P1=0.9
No Ignition
il P Toxic Release | 8.26x10°/yr

Figure 6: Event tree diagrams for distillation schei&$

The physical properties for each substance usethéoconsequence assessment are reported in T.abtege
were taken from the National Institute for Occupadil Safety and Health (NIOSE.

Table 2.Physical properties of components

Lower Upper Lethal Heat
Component flammability flammability concentration  Combustion
limit (LFL) limit (UFL) (LC50) (kJ/mol)
Furfural 2 19 64,000ppm / 4h 2344
Methanol 6 36 1037ppm/ 1h 726

11
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Acetic Acid 6 17 16000ppm / 4h 876.1

4.4 Multi-objective optimization problem formulation

Once the economic, environmental and safety indéva®& been described, the mathematical optimization
problem considering all indexes can be expressearding to:

min [TAC, E199,IR] = f( NT,Fs, R, VF, LF, DC, HD, k@)
Subject to:
Yo 2 X,

W, 2 U,

(6)

whereNT, represents the total number of stages of colurks is the feed stages for columrR,is the reflux
ratio of column i,VF is the interconnection vapour flowF is the interconnection liquid flowDC; is the
diameter of column K1D; is the reboiler duty for column kis the compressor capacity,; in the concentration
of substance j in column i. The optimization prables restricted to satisfy the constraint vectdrpurity and
mass flowrate for interest substances in the mextlr this worky,, andw,, are the vectors of obtained purity
and mass flowrate, whilg, andx,, are the vectors of required purity and mass flosyreespectively. The purity
constraints for methanol and furfural were defi@esd99.5% and 99.2% mass fraction, whereas the floags
rate was set at 2000 kg/h for methanol and 6200 kgf furfural in the methanol and furfural streams
respectively. Note that the Eq.7 is a general éguidor all sequences, some terms like intercorioadtows,
capacity of compressor or heat duty for a speciicmn could be discarded depending on the stustitedme.
Table 3 shows detailed information about the denisiariables considered for each of the separatbemes.
The ranges of decision variables are reported énTthble S2 of supplementary material. The rangeshi®
designs variables are within the limits reporteddmyak and Olujit.

Table 3. Decision variables of the separation process gardtions
QOP TCC TEC DWCC HIC

Decision Variables

Discrete Variables
X

Number of stages, C1
Number of stages, C2
Number of stages, C3
Feed stage recycle of C1
Feed stage, C1
Stage of side stream C1 X X X X
Feed stage C2 X X

Feed stage C3 X X

Continuous Variables
X

X s¢ X X X
X s X X X
X s¢ X X X
X s¢ X X X

X

X
X

X

X X
X X
X X X

>
X
x
>

Mass flow side stream C1
Reflux ratio of C1
Reflux ratio of C2
Reflux ratio of C2

Heat duty of C1, kW
Heat duty of C2, kW
Heat duty of C3, kW
Diameter of C1, m
Diameter of C2, m
Diameter of C3, m
Discharge pressure of
compressor

XX X X X X XX X
XX X X X X XX
XX XX XXX 1 X
XX X X X X XX
XX X X X X X X X

12
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Interlinking flow ) X X X )
Heat integrated E1, kW . . ) ) X
Heat integrated E2, kW ) ) ) ) X

Total number of variables 18 18 18 18 21

4.5 Multi-objective optimization strategy

This study uses a multi-objective optimization teique known as Differential Evolution with Tabu tis
(DETL) proposed by Srinivas and Rangaialhich is a stochastic global optimization techeiglihe DETL
algorithm combines two very useful optimizationheifjues, the differential evolution (DE) and Talmargh
(TS). The differential evolution method is a popigda-based direct search method that imitates tbiedical
evolution — it was designed to solve optimizatiankpems with nonlinear and non-differentiable e
The Tabu search is a random search method thathkaability to remember the search spaces prevjiousl
visited® The main advantages provided by DE is its fastewergence to the neighborhood global optimum in
comparison to other stochastic methods, this dlyorhas the capacity to escape from local duestoature to
be a method of global search. The main charadtensfTS is avoiding re-visiting the search spau®ugh the
introduction of a so called taboo list, leadingaaeduction in the computational tirfieThe advantage of
combining the DE with taboo list concept is a fastenvergence to vicinity of global optima comparith a
single differential evolution method and less cotafianal time and effof£°® The implementation of the
DETL method is carried out in a hybrid platform, iath involves a link between Microsoft Ext8land the
process simulator Aspen Pllfs where the optimization algorithm is programmecEixcel through a Visual
Basic macro, whereas Aspen Flisised to rigorously simulate the procéasgeneral terms, all modules in the
flowsheets of the cases of study were solved ineAdpy means of solving the entire set of MESH (nigte
balances, equilibrium relationships, summation #qua and heat (enthalpy) balance3)he DETL algorithm
consists mainly of four steps which are: initiation, mutation, crossover, evaluation -sele&f8h In general
these steps are described as follows:

Initialization. In the initialization step the algthm search in a D-dimensional spaéé , where different
vectors are generate randomly in a certain limitewje of values (in this cases feasible diametefisix, trays
of columns, etc) for each different generationAB.these vectors are possible solutions for thénoation

problem and can be represented according to Eq. (8)

X =[ X X Xgrons X | ®

Mutation: The mutation step can be described dsmage or disturbance occasioned by a random elgRent
Starting from a parent vector (named target vecthiy parent vector is further muted to generatonor
vector. Finally, the mutant vector is obtained rebming both the donor and target vector. We caitevithe
process as Eqg. (9)

26 l3g

V=X +F(X -%) ©

— —_— _

WhereV, ; is the mutant vectorXri is the parent vector}(ri and Xri are randomly vectors selected
' 1G 2G 3G

from the current generation, ahRds the mutation factor.

Crossover: Following with the crossover step, tinetant vector exchanges its components with thgetar
vector under this operation to form the trial veato :[uliG,um_G,u3iG e q)lG].The cross is controlled by

probability factor (Cr) which has values betweear® 1. EachJj’iG values of trial vector is generated by a
randomly selection of values from mutant vector patent vector according with Eq. 10.
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_[vie if(rand;[0.3)<cCr

uj,i,G -

X;;c Otherwise (10)

Where rang [0,1] is aleatory numbety;;; and X;;; are elements from the mutant and parent vector
respectively.
Selection: Finally evaluation-selection step isrgaut to keep the population size as a constantber, the

selection step determine if the target or the w&dtor survives from the generati@to the next generation
G+1. The selection operation is described as follawsd.11.

Keimon (U= (x2)

Xoa=Xo i £{Ug)>f(X,) (11)

The Eq. implies that if the trial vectol:T]G') has a lower or equal value of objective funct(qr(?)) than

—_—

target vector Q(LG ), the trial vector replace the corresponding tavgetor for the next generation. Both, The

Tabu list concept (TL) and Taboo Search (TS) praslip proposed by GloveY allows to avoid revisit the
search space by keeping a record of visited poifits.is randomly initialized at initial populationnd
continuously updated with the newly generated thalividuals. This taboo check is carried out ire th
generation step to the trial vector, and the néal itindividual is generated repeatedly until itnist near to any
individual in the TL. The total trial individuals Nare generated by the repetition of above stejps.rnewly
generated NP trial vectors are combined with themapopulation to form a combined population wiibkal
2NP individuals.

During the optimization, a vector of decision vates (this vector can be the trial or target veécimsent from
Excel™ to Aspen PIu8" using Dynamic Data Exchange (DDE) through COM meébgy. Those values are
used by Aspen PIU¥ to simulate the process and obtain data as: ftesams, purities, reboiler heat duty, etc.,
and these data are used for evaluate the objeftination. After simulation, Aspen Plus returns tachdsoft
Excel a resulting vector that contains the outmibdjenerated by Aspen. In the case that an Asperation
generated with trial vector values not convergettiad vector is automatically discarded. Then, Mgoft Excel
analyzes the objective function values and neworsabf decision variables are generated accordifgETL
method previously explained. The values of the ireguparameters to the DETL algorithm are the foilm:
number of population (NP): 120 individuals, Genierad Number (GenMax): 710, Tabu List size: 60
individuals, Tabu Radius: 0.01, Crossover fracti¢@s): 0.8, Mutation fractions (F): 0.3. These eduwere
taken from Srinivas and Rangai#it°

5. Results and discussion

This section presents the main results of the deaigl simultaneous optimization considering thenenuc,
environmental, and safety criteria. The resultaivled satisfy the constraints related to the p&ig;2 %wt for
furfural and 99.5 %wt for methanol), whereas thessfédow rate was set to 6200 kg/h for furfural 2000 kg/h

for methanol. All sequences were optimized usingRRAC™ module which is a rigorous model included in
Aspen Plu§”. All optimizations were carried out on a computéth AMD Ryzen™ 5-1600 @3.2GHz, and
16GB of RAM. The computing time for obtaining thptional pareto solutions is different for each prxe
separation according to the complexity: QOP reguR&8h, TCC required 336h, TEC required 328, DWCC
required 350h and HIC required 345h.

The Pareto front charts are used to analyse implai way the obtained results. The objective of Hection is
to identify the best option to purify furfural thrgh the analysis of Pareto fronts and performandexes of the

14
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processes. The points of the Pareto fronts correspgo the 120 individuals for the generation 718sf(l
generation). After this generation there are noemoprovements in the objective functions, whichanmsethat
the results obtained are the optimal solutionsthin Figures S1- S3 of supplementary material isvelothe
evolution of Pareto front through the generations TEC process as a representative case, in ooder t
demonstrate that the objective functions cannotfusther improved. For simplify the analysis anck th
explanations of the results for a better undersgatie Pareto fronts are shown in two dimensions.

OOk, WN PP

Figure 7 shows the Pareto chart for the eco-indices total annual cost. Each point in the plotrespnts a
design for a respective process separation schieimedesigns to the right side of the graph areactarized by
more stages, larger diameters, and higher energgeusrhe form of the Pareto front indicates that ¢o-
10 indicator is strongly influenced by the steam usedupply the energy in the processes, and therieigc
11  necessary to pump the cooling water, whereas &® gsed for equipment exerts less influence. Buswivorks
12 - as the one reported by Sanchez-Ramirez %@t-ahave demonstrated that when steel has a sméingrice in
13 the eco-indicator, the relationship between TAC &89 corresponds to competing objectives. As can b
14  noticed, there are several designs for all inteischemes that have significant improvements A€ and
15 EI99 with the exception of heat integrated proc@sfC) that has greater eco-indicator values tham th
16  benchmark configuration (Quaker Oats process). iFugement in EI99 index is due to the extra eq@ptm
17  such as the exchangers E1, E2 and the compresgorea to integrate the heat between differentstie

© 00~

18  Figure 8 shows the Pareto front of IR vs TAC. Thieslexes have a behaviour of antagonist objectiwbg;h
19 means that it is not possible to obtain a desigh tie lowest TAC and IR at the same time, hencernwdn
20 index improves the other one gets worse. The iddadi risk depends mainly on two things, the finse és the
21  physical properties of the substances to be segghrae.g. toxicity (LC50), flammability limits (LFand UFL)
22  and heat combustion — while the second one isrifmat of each component inside the columns. Anadytie
23  substances in the mixture to be separated andfimdogy of the separation schemes it is evidertt wader is
24 the component in largest amount (90 %wt in the ungdt and it is removed in the first column (C1lYigating
25  that this equipment will have the largest size ljwiispect to other columns) and more inventory $naside
26  the columns) and thus has more contribution tcstfety index. If the reflux and reboiler duty aaege in C1,
27  there is an increase of water amount in the colymliding to a dilution of the organic componentstiiis
28  equipment and thus improving the safety index (elesing the risk). However, larges reflux ratios egfubiler
29 duties involve an increment on TAC caused by tloeeiased use of utilities (steam and electricity)sivilar
30  behaviour occurs in the columns C2 and C3. Corisigéhese arguments, it should be noted that thaweur
31 showed here between the individual risk and thed totnual cost cannot be generalized to all misture

32
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Figure 7: Pareto front between Eco-indicator 99 and Totathdal Cost
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Figure 8: Pareto front between Individual Risk and Totah&al Cost

Figure 9 shows the Pareto front of the eco-indicatal individual risk. EI99 has the same tenderxcy AC, so

a similar behaviour should be expected for bottexed. Here, major reflux ratios and reboiler dinyply
higher use of steam and electricity, which impdletseco-indicator. Due to the tendencies analyzediqusly,

it is clear that the designs chosen from the Pdretds should be those that have the best equifibbetween
IR vs TAC and IR vs EI99. Because the eco-indicatwd the total annual cost have the same tendeseey (
Figure 7), choosing a design that compensatestheidual risk with TAC, for example, automaticaBglects
the point with the best equilibrium between IR &i€9.
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Figure 9: Pareto front between Individual Risk and Eco-tadbr 99

Figure 10, Figure 11, and Figure 12 show the Paredots of the thermodynamic equivalent sequenE€}Tas
a representative case. It is important to mentian &ll these sequences have the same behaviotlreférareto
fronts. The black points in these figures corresptmthe design chosen for TEC, while similar peintere
selected for other separation sequences. The htankgles were selected according to the utopiamtpo
methodology. The utopic point corresponds to a Hygtical and ideal solution in the border of thed®a front
where two objectives cannot improve more and bathia equilibrium. The black triangles correspond t
solutions closer to utopic point according to réedrby Wang and Rangaf%h This methodology have been
reported and implemented in several works by ComérZarazua et ¥| Sanchez-Ramirez et®3l Quiroz-
Ramirez et af’ and Medina-Herrera et?l In order to demonstrate that the values of Bdrents are in the in
the vicinity of the global optimum, the evolutioh Bareto fronts through the generations for TEQisaqges as
a representative case is showed in the Figures/SB-8ipplementary material.
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Figure 10G: Pareto front between Eco-indicator 99 and Totahdal Cost for TEC scheme.
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Figure 11: Pareto front between Individual Risk and Totah#al Cost for TEC scheme.
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Figure 12 Pareto front between Individual Risk and Eco-traddr 99for TEC scheme.

The optimal design parameters and values of thectibbg functions for all sequences are presentéchbie 4.

As can be observed on Table 4, the column C1 idatgest piece of equipment from all schemes, which
confirms the explanation previously mentioned: €Xhe column that contributes most to the threexed.
This column has the largest energy requirementsened- as it separates all water from the mixtime energy
required is very similar which leads to values é&fCTand EI99 that are similar for all sequencessTd@n be
demonstrated by observing the heat duty, theigslitost and the temperature of the C1 bottom givérable

4,

The reflux ratio on C2 and C3 are small in ordereduce the concentration of methanol and furftimdugh
the columns and thus to decrease the risk of aidemic The QOP scheme and all alternatives (with th
exception of DWCC) show a clear tendency to redheenumber of stages in C2 and C3 in order to ahate
guantity of methanol and furfural in the columns.

Commonly, the researchers considered that dividialj columns offer important improvements in safdtye
to these configurations using fewer units with eedgo thermally coupled configurations. Howevaéis twork
demonstrated that dividing wall columns do not alsvaepresent the best option with respect to safdte
DWC that resulted by the integration of columnsatl C2 is shown Figure 4. The stages and the diroét
C2 that purifies methanol need to increase in oténtegrate the two columns, which causes areas® of the
concentration and amount of methanol on the sideesponding to C2, and affecting directly the indizal risk
index. This situation does not occur in thermatiypled systems. Although DWCC is not the best adtéve in
terms of safety, it is an improvement compared withQOP alternative. This improvement is causehipnay
the elimination of one condenser, and having a rdidwed concentration of the organic substances.

The TCC and TEC sequences are in theory thermodgneguivalents of DWC. However, the topology of the
scheme has an important role in safety. TCC and fi&@ lower IR than DWCC as the size of the C2molu
is smaller than in the DWC configuration, thus redg the inventory. TEC has the best IR resultsaéhg a
reduction of almost 40% of the inherent risk as parad with QOP. This reduction is due to the faett t
methanol is purified in column C1 which is richvimter, thus reducing the methanol concentrationiisnoxic
and flammability properties, while the C2 columredaot purify methanol. The C2 column contains tgain
water that is purified and sent to the decantgortomote the two liquid phase formation. The he&tgrated
configuration (HIC) shows the smallest energy comstion in column C1, however, the additional units
(exchangers E1, E2 and compressor) offset the gsargng which is not reflected in TAC and EI99 ckse of
the individual risk, these additional units impligher chances of a leak, affecting directly theesaindex.

According to the results it is evident that the TiEGhe best option to purify furfural, it has slanitotal annual
cost and eco-indicator compared with the otherrditeves. Nevertheless, the topology of TEC propessides
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a greater dilution on the organic substances whigbroves the safety of process. The Figure 13 shaws
scheme of TEC process including all mass flows emergy requirements. Table 4 summarizes the optimal
design parameters for all sequences considered.b&ke design were selected according to utopiant poi
methodology. The utopic point corresponds to a thygtical and ideal solution at the border of Parfebmt
where two objectives cannot improve more and bathirmaequilibrium. The optimal design (the blaciamgle

in Pareto front) correspond to solutions closasttpic point according to reported by Wang and Riéattf®.

Even though all alternatives solve the MESH equatidoth are also quite different. For example,atmunt
of matter involved in the thermally couplings of TGs not necessary the same of the TEC. Moreoter, t
reflux ratio provide for section V in both casesi& the same, so evidently the MESH equationsateolved
with the same parameter values. They are thermadignequivalent since perform a similar task witkimilar
amount of energy, but structurally are not equRéegarding DWC, it is true that this alternativeoatsirried out
the same operation with similar energy, howevercesithe process unit possess a single shell thmetia
values are not precisely the same.

An interesting work that shows a similar situatisrthe work of Hernandez et &. They propose a set of
ternary dividing wall columns, presented in the wdyetlyuk columns. All the alternatives were gatieg by
moving sections. In brief they proposed a set #igrmatives and the thermodynamic efficiency washfer
calculated. They results showed similar efficieacigowever, also it was clear the differences entdpology
of all alternatives. Although this works does nobgoses so many alternatives, the topologic diffees of
furfural alternatives may be understood under ititet bf the work of Hernandez et &.

On the other hand, the industrial application oflyed column is the dividing wall column DWC. Noia
Aspen Plus simulator, the DWC column must be sitedlaas a Petlyuk column, however, they are differen
since several physical/sizing consideration mustaien into account. A wider explanation of thdustrial
implementation is provided by Yildirim et &.. Essentially, they perform the same task withgame amount
of energy, in other words, they might be thermodmically equivalent, however, they are structurdiffferent.
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T=64.6°C
Q=16,435 kW

/&b 2100 kg/hr

_ 179.8 kg/h
22,603 kg/h
7=92.5°C
C2| Q=76.5kW
22,424 kg/h
c1
» THR0E gl 1160.92 kg/h
YVYY
o T=146.5°C
105,000 kg/h it
\\ﬁ E Heat-exchanger
» 96,597.5 kg/h Q=417.3 kW é‘
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Q=19,093 kW
.| C3
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i S
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T=146.39°C
Q=804.3 kW
Figure 13: Mass flows and energy requirements for TEC preces
Table 4.Optimal design parameters for all separation secpe
Design Variables QOP TCC TEC DwWCC HIC
Columns Topology
Number of stages, C1 55 91 97 81 61
Number of stages, C2 12 40 27 83 30
Number of stages, C3 6 11 9 11 7
Feed stage of water-rich phase C1 22 14 26 6 24
Feed stage, C1 27 54 65 39 33
Stage of side stream C1 16 39 43 33 12
Feed stage C2 8 16 1 —_— 27
Feed stage C3 3 6 3 4 3
Diameter of C1, m A4 1.1 1.02 —_ 0.71
Diameter of C2, m 42 .95 0.36 2.57 0.90
Diameter of C3, m 1.63 1.67 0.8 1.23 1.4
Operation Specifications
Top pressure (atm) 1 1 1 1 1
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Reflux ratio of C1 18.5 — 24.5 — 6.2
Reflux ratio of C2 0.21 25.24 e 25.14 0.83
Reflux ratio of C3 0.208 0.265 0.455 0.233 3.82
Heat duty of C1 (kW) 19096.8 19235 19093 19143 93865
Heat duty of C2 (kW) 770.17 117.1 76.5 191.2 1186.1
Heat duty of C3 (kW) 456 1102 804.3 826.11 638
Energy of compressor (kW) o e —_— —_— 12

Total energy Consumed (kW)  20322.97 20454 19973.3220160.11 20495.19
Discharge pressure of

compressor(Comp) (atm) T T T o 1.265
Temperature bottom C1 (°C) 100.09 100.01 100.09 .QB00 100.07
Temperature bottom C2 (°C) 64.54 90.95 92.45 92.81 76.45
Temperature bottom C3 (°C) 143.43 161.4 146.39 0BR4. 161.38

Streams mass flow ((kg'h
Feed 105,000 105,000 105,000 105,000 105,000
Methanol stream 2097.02 2102.2 2101 2099 2107.1
Furfural stream 6308.37 6299.59 6304 6300.8 6263.2
Waste Water stream 96594.7 96599.6 96597.5 96602.2 96629
Side stream 23,293  23712.9 70008.4 22931.8 26580
Water-rich phase stream 17,483 51118.8 86131.8 81862 24183.4
Organic-rich phase stream 6584.2 8375.9 7464.96 7.288 7591.3
Liquid Stream — 3649.2 22603.8 4696 —
Vapour Stream —_— 39456 179.8 38790.3 e
Purity of main components (mass fraction)
Methanol 0.9999  0.9999 0.9999 0.9999 0.9972
Furfural 0.9924  0.9999 0.9938 0.9970 0.9999
Performance index
Utilities cost (millon$/yr) 9.103 9.0243 8.8155 8RR 9.1464
Equipment cost (million$) 2.307 2.7712 2.5965 3579 2.3791
TAC ($/yr) 9.334 9.301 9.075 9.255 9.384
Eco099 (million Eco-points/yr) 4.335 4.3623 4.2555 2992 4.6118
IR (1/yr)*10° 18.674  13.548 11.516 12.302 28.450
1
2
3
4 6. Conclusions
5  The new downstream processing configurations (fdufal purification) proposed in this study arengetitive
6  against the Quaker Oats Process used as a benchnierkschemes proposed in this work are azeotropic
7  distillation systems and they correspond to theegmty of heterogeneous azeotropic distillationseseh
8  heterogeneous azeotropic schemes are formed wighsittwo columns. The heterogeneous azeotropense
9 can or cannot contain the use of entrainer depgnadircomponents in the mixture to be separatedthei
10 respective compositions. In this case, the watertha function of an entrainer due to it is presanhigh
11  concentration in the mixture. According with prevsoworks (Widagdo and Seider, 1996) an azeotropic

12  distillation column (azeotropic column) is the qmuient that concentrate the mixture up to azeotrope
concentration. Then, the distillate or a side strémcondensate and sent to a decanter where ahe phases
is refluxed to the column. The other phase in ¢erdanic phase in this case) to a second colummenite

Il
A~ W
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purification is finalized. Finally the products this two columns systems are recovered by thebtof the
columns. All alternatives were optimized using aTREalgorithm and considered the total annual cest-
indicator 99 and individual risk as key performariodexes. The results show that TAC and EI99 remain
constant for all sequences. This can be explaiyetthd fact that column C1 — the unit that contrisumost to
these indexes — uses most of the total energyeoddijuences for the separation of the bulk watsept in the
mixture (90 %wt). This makes it difficult to imprevhe energy usage, TAC, and EI99 in all casesideresl.
However, the optimization results show that theotogy of the intensified separation schemes hamaortant
role on the safety criteria which can be signifttaimproved by process intensification.

Compared to the QOP benchmark, the intensifiedritblly coupled sequences (TCC, TEC, and DWCC) ekhibi
major reductions (from 27% up to 40%) of the ini¢mésk associated with the lower concentration anebunt
of organic substances inside the distillation calanfor example, as the TEC process separates nmoétnzd
water in the same column, this leads to a dilubémmethanol in the water which reduces their tayiend
flammability. However, the heat integrated confagion has the worst values of the inherent ri45higher
IR) as this process implies the use of extra waits a compressor, which further increases the. riskeong all
sequences, the intensified TEC alternative is divéra best option to purify furfural, being thegsificantly
safer (about 40% lower IR) and slightly cheaper enade eco-friendly as compared with the QOP benckma

As has been discussed, the topology of the alieasabf this work are different. Even though thesrgy
requirements are similar (thermodynamic equiva)etheir structure is different. With this in mind, is

understandable the differences associated to IResalHowever, it is clear the necessity (as futuoek) to

know the layout of the process for better undeditanof the distance among columns of the sameggsy@and
the role of that distance on IR calculation.
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Nomenclature

IR Individual Risk

TAC Total Annual Cost

EI99 Eco-indicator 99

QOP Quaker Oats Process

TCC Thermally Coupled Configuration

TEC Thermodynamic equivalent configuration
DwWCC Dividing-wall column configuration

HIC Heat integrated configuration

C1 Column 1 (Azeotropic Column)

c2 Column 2 (Methanol recovery column)

Cc2 Column 3 (Furfural recovery column)

10) weighting factor for damage

G value of impact for category i

as amount of steam utilized by the process
asl amount of steel used to build the equipments
ae amount of electricity utilized by the process
f; The occurrence frequency of incident i

Pyy Probability of injury or decease caused by thedent i
BLEVE Boiling liquid expanding vapor explosion
UVCE Unconfined vapour cloud explotion

teE, Thermal Radiation doses

p° Overpressure due to explosions

Y Probit Variable

erf Error Function
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LC50 Lethal concentration

LFL Lower flammability limit

UFL Upper flammability limit

NT; Total number of stages of column i
Fs Feed stages for column i

R reflux ratio of column i

VF Interconnection vapor flow

LF Interconnection liquid flow

DG Diameter of column i

HD; reboiler duty for column i

k Compressor capacity

Cij Ci; in the concentration of substance j in column i
Ym Purity obtained during the simulation
Wi, Mass obtained during the simulation
Um Purity requeired

Xm Mass flow requiered

DETL Differential evolution with tabu list
TS Tabu search

DE Differential evolution

G Number of Genaration

\Tﬁ) Mutant vector

Xri-G , Randomly vectors from the generation G
LT,(; Trial vector

Uic Elements of the trial vector

Xign Parent vector of generation G+1

NP umber of population

GenMax Maximum generation number

Cr
F

Crossover fraction
Mutation factor
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