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CHAPTER 1

Nowada trigh’ afcfvery egmpdti oth, in"quality and cost of
production. Therejfre Proces: Id haye high quality and high

efficiency. The pFGces sndition, use little

energy, low waste p#odug _ aCt L de ed spégifieation of the products.
The quality should noj J ation. If the quality is
higher, the cost of pedducgion willded: ich, 2 farv, if the quality is lower,
the products can not be #6ld gyt e e real n, the process will not operate
smoothly. All factors do not 1iit ‘“'“-'"T' onditions. The process always

changes due to dist and the internal factors.
However, notymatter what factors cause the change in- i' ing deviation
or disturbance ?f'r_ cl a.ted from the
process as soon :I possible s have the ,,. ast deviation from
the designed condition. Moreover, due to the restriction of the environment, safety

and o ond 1s ver necessa:y Mave the control system to control

enera.l the productlon process in all plants do not have single process or

single unit operation sepga.ted from other but. the haveueral
0 5}5 ﬂm b ] B

qha.ve raw mat‘.enals production and energy transferred among the units w1ll work

together to change raw materials into production. They try to use production



factors efficiently. Therefore, plant means machines or units or equipments oper-
ating together to achieve to production purpose. Previously, the control system
of the process to designed to control only each individual unit. Then, each unit

the structural decisions section/placement of

manipulators and meg lion of the overall prob-
lem into smaller subpi 1 this research, it will
focus on heuristig Biodiesel produc-
tion process with 2

Materials (AST

i ty for Testing and

5

table oil or animal

long chain fatty
acids derived from
fat. “Bio” represents i 1 ontrast to traditional
petroleum-based dieg€l fi 3¢ ese] " crers its use iil diesel engines. As an al-
ternative fuel, biodiesel gan ?};TL-?_Q nixed with petroleum-based
diesel. Biodiesel, as an alternafi merits. It is derived from a re-
newable, domestic resg n_petroleum fuel imports.
It is biodegrad ; o and non-toxi 'ompared to petrolenm-h ‘,:".*n jiesel, biodiesel
has a more !ff'_ !;" d nissions of car-
bon monoxide, p :i iculal wdrocarbgng. Carbon dioxide
produced by co : 1stion of biodiesel can be recycled by pho‘* ynthesis, thereby

has a

Immnuzlqég the 1m§£t-“lodlesel combustidildh the eenhouse effect: Biodiesel

T

or and.ﬂha.n petroleum diesel. It provides lubricating properties that can reduce

engine wear and extend eﬁfe hfc‘ In brief, these #rits of biodiesel m&ké' it a

VNIRRT e

qespecmlly in environmentally sensitive areas.



Biodiesel production process is a complex plant consisting of many unit
operations, one recycle stream that create disturbance propagation and the com-

plicated system’s dynamic behavior. Therefore, this research will design plantwide

1. To simulate Bj

ady.state and dynamics

condition k

2. To design p sduction Process.

3. To evaluate dys@migiperforiparice of] ign Gontre! structures.
b = '

F e is
1.3 Scopes of the Resear
o e

1. The simulfgo : lator.

9. The dedigale § "[

ess are design

using luybe ’i heur
W

diF

3. The descriptiogt rHiodi&sel ProductiOIhPJ'ocess with Alkali-Catalyzed Sys-

AU INYNING I

ontrol structures must be able to achieve purification Biodiesel product

st & ¢ by-prodlbeprester thas _—
'am*" Nk Vikeb i REEH



1.4 Contributions of the Research

1. Process flowsheet diagram of Biodiesel Production Process with Akali-Catalyzed

system has been simulated.

2. Simulation of
3. Simulation of th

4. Design the control N Process.

. Evaluation of the dynamicss &he control structures.

6. Collection an

v Y
1.6 Res_ ch

[t

This thesis 1*:1 &ed into six chapt

Bl £ 2 AUNINIRT

resear Jectlves scope of resea.rch contnbutlon of research, and procedure

JRAQY NIRANIANIAY

biodiesel process plant,plantwide control design.



Chapter III cover some background information of Luyben and theory of

Luyben’s method for control structure design.

Chapter IV transesterification reaction of biodiesel, describes the process

description, process simulation YSYIS e / ation of palm oil properties in
HYSYS version 3.1 and selée Feai biodiesel production process

simulation.

Chapter structures and dy-

namic simulation rgs Luyben’s method

and Wongsri’s methg

Chapter V h. md makes the recom-

mendations for fiture

This is fo

References

Appendix A: Processand-Equipis

App ap =
| ;_-"

Apper s N

ol i¥
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CHAPTER 2

Darnoko an@€Che
esterification of
rate of transesterifi
°C. Higher temperat
The converion of (&
appeared to be second or
stants for TG, DG
and were higher at hilér t
hydrolysis. Activation e ies
and MG hydrolysis rea€tio
was 1% KOH.

Y. Zhar
four different

vegetable oil or e oo

ko

oti

11C Con:

producd by trans-
talyst (KOH). The
perature up to 60
maximal conversion.
oglycerides (MG)

. reaction rate con-
191 (wt%.min) ™1,
reaction than for TG
/mol for the TG, DG

| catalyst concentration

ates presents
n from virgin

ons on a commer-

cial scale were developed. Detailed operating conditions an equipment designs

for each pro wef ©vained. A t
cesses ﬁ cﬁ&t t.

TS

e four pro-

115 Anal-

ysis Shoﬂl that the alkali- catalyzed process using virgin vegetable oil as the raw

3 Wﬁ“ﬁ»ﬁfﬁﬁm RN Y

q:luoe biodiesel reduced the raw material cost. The acid-catalyzed process using

waste cooking oil proved to be technically feasible with less complexity than the



alkali-catalyzed process using waste cooking oil, thereby making it a competitive

alternative to commercial biodiesel production by the alkali-catalyzed process.

P.C. Narvdez, S.M. Rincén and Sanchez (2007) presents kinetics stusy

s impeller (6:1 and 400
rpm). The maximum conversien of palm oil -'*ﬂfa-‘ﬁiﬁg_’_ ity to methyl esters
were obtained at
100 and 97.6%, ©

\m oil, and they were
15 of palm oil and
producttivities to nd concentration of
catalyst, after 80 mi ciiioyl allowe T fit, i *«._,..:.. order polynomial
equations, which afely degerib e mental behavier. The experimen-

tal data apperar to L€ a gdodif tntgry egon fer Kinetie model for the three

,;1"
R

stepwise reaction, nd t i€ reg€tion rate constantsand
determined. In this afficallwe present thekinet \ tant and activation ener-

ation energies were
gies for the experiments @i Pt of N he effect of molar ratio on the
concentration of products he temperature (55°C), the
concentration catalyst (0.6% -i" 5'- oV l# 1) ' otational speed (400 rpm),

were held cong and productivity in-

creased due f__ ?_ Cyong with a molar
tio of 6:1.

ratio o '.I |":

it 1¥

Alex H. West Dusko Posarac and Na.oko Ellis (2007) presents four con-

il Tk IhA% [k g e

proc d a heterogeneous acid cata.lyst and a supercritical method t.o con-

Q maimm:ﬁmﬁm TINY

rowsses were the least complex and had the smallest number of unit operations.

Material and energy flows, as well as sized unit operation blocks, were used to



conduct an economic assessment of each process. Total capital investment, total
manufacturing cost and after tax rate-of-return were calculated for each process.

The heterogeneous acid catalyst process had the lowest total capital investment

The conce ew to the chem-

ical process industy approach was sug-
gested by Buckley in d98447T, A9t 4 éarch in this area grew, in part
because of the number 6 : pemefit systems tha e being installed.
However, compared H'\,ﬁ for the synthesis of
control structurestfor indivi Al '.1-‘ ‘he mu ~- ir of the plantwide

control synthesis methiods ha Te laii oo modest. Thi§ spapsity reflects the com-

plexity inherent in the plantwidé itrals ern, which includes a multitude
of objectives, conflicting objectis e nterdct rge dimensionality, and non-
linearity. The research stu 1 in the open literature foe

plantwide control

Price, | F I

on inventory ..':‘E rial bala

red*pproach based
etion, and g :,- ity control. The

control design develgpment is done in stages that correspond to the goals and

N R VIO e e

nomic ormance There are dtfforences between thls method and proposed by

q 9[]}!:@ ﬂ jpresent‘.s a mathematical anjymsglhe prﬁmgojr

several typical kinetic systems. In the simple binary first-order case of A — B ,



an analytical solution can be found for the recycle flow rate as a function of the
fresh feed flow rate and fresh feed composition. Two different control structures

are explored. It is shown analytically why the control structure proposed by

fixes the flow rate of gnesstréanisomew! in.a lgmidssecyele loop. In processes
with one recycle, the flg eset. In processes with

two or more recycle stgg@rn ghaflow rat ach rec, be fixed.

Luyben and e design and control

of a complex prgééss. glhefplant cGHFar three distillation
columns, two recyclg'strgims & s ghemical eomp its. Two methods, a

heuristic design procec pization, have been used to de-

termine an approximate & nomx optimal s \ staté design. The designs
o ..-"- ¥
differ substantially in te of the-purities flow rates of the recycle streams.

..ﬂ'
The total annual cost of thefieniiss
less than the cost of the he ;_f“f

on design is about 20 percent
is has also been done to ex-

amine the sensitivi wo effect control

- il -
. & - .
o - .4[
strategies ha & F 5 # twide control

studies; both requ ' owscontrol of a stream

}
ternative control sli#tegies that might

initially have seeme"'o ious do not work.

El‘hl%l ANYRIHUING. e

procedu Their procedure generéted an effective plantwide control structure

VAT NYRY

la.ntw'lde control: energy management, production rate, product quality, opera-

somewhere in eaglfrecycle loop. Several

tional, environmental and safety constraints, liquid-level and gas-pressure invento-



10

ries, makeup of reactants, component balances and economic or process optimiza-
tion. Application of the procedure was illustrated with three industrial examples:

the vinyl acetate monomer process, Eastman process and HDA process. The pro-

There are two basic com »ﬁ.,\‘\h' ical plants: fixed feed and
fixed products. Luyben peifit_ out il d ch called on-demand

structure, has several jalierc _ e sadv ges compared to the more

conventional appro; Chey are illustrated

on two processes of i A'bipary system with the
'."| ,

N

reaction A — ripping column,
and one recycle strg

B — C, and a fidesheg

171 "-. h the reaction A +
. ‘ lation columns, and two
recycle streams. Dynamic i t ons -. ' 1\ on-demand structure
introduces larger distur i sults in more variability

in product quality. (Luyben,

After that, 000) studit hegexothermic, irre-

versible, gas— . l'{mm‘--z—‘ Vs SFI T W T -rrnm,:l ‘ bular reactor_
, I.- I- -
A gas recycle réturn aration section. Four
b | Pt
. 1 .
alternative plantwi ! le contro peturesTior achieving reactor exit temperature

control had been co?pared Manipulation of reactor inlet temperature appeared
to be egst the best
kit YNNI NG AT
The on- a.nd structure provided ?i'ectwe control in the face of feed comp051t10n

QWEQﬂiﬁUNﬁTJﬂEﬂﬁH

Kapilakarn, K. and Luyben, W. L. present the plant wide control of contin-

uos process multiple products. There are two reversible reactions producing two
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products. The control structure must be able to achieve different production rates
of the two products. Several conventional control structure are studies in which

the flow rates of the fresh feed streams are fixed ormanipulted y level or composi-

with a liquid-phase ¢ afd 'T‘.._:=_ el i, and *-. of unreacted re-
actants. The staffing o A cleard on of the ional objectives,
constraints, and de : s should be controller to
optimize the ecom®mnic gperigrma oo his-# plie r Phis ¢ase study that the
reactor level should hg'key o e ;_. ui, Lhat beimg eéonomically attractive.
Maximizing the reactor : whball effect”. The main
focus is no the selection of & ariable for the remaining un-
constrained degree of freedos ﬁa‘ﬁ 18 of self-optimizing control to
¢ stratons ecafiomic loss. Both

for the case w ,f i *T | be minimized

search for a consta

and for the case -_.' c

wler ¢ ised, they find that a
|

good controlled vasiable is the reflux ratio . this applies 0. ingle-loop control

as well as multlva.n#l odel predictive co

Al U INNINEUINT. e

method gies are becoming mcrea?ngly important, as chemical procwses are be-

VRN TL5 Ihlalak |bilarat )

ork of simulation and heuristics is proposed. The main emphasis here is on

vertical integration of simulation and heuristics which exploits the inherent inter-



12

link between them. By adopting thid framwork, simulators can be more efficiently
utilized and they also offer invaluable support to the decisions taken by heristics.
The proposed framwork is then successfully applied to an industrilly relevent case

AULINENTNEINS
RN TUAMINYAE



CHAPTER 3

It is the mg ' alling of stent Dhe external distur-
bance is uncertain sgith G 0T Cai i or o ché oing in process. As
a result, the co t be jnstalled gotfollow th ehanging of the pro-

cess and manipulat @85 var) o "Ompensa '~.""-.'_-- disturbance from

The stability is necessarydoreveryp 5. As a result the control system

is set to improve the 2_of quality of product,

safety to equij it of process and plant -3
!

7 | Y]

3.1.3 To ""2’ the pr 1z high '. efficiency

[t

Besides rejeciu‘nasturbance and maiajining stability, the control system

“ﬂ 1 “ﬁmm‘ﬁmm“ g

high pro ctlon rate.

ammnimumwmaﬂ
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3.2 Integrated Processes

There basic features of integrated chemical processes lie at the root of the

need to consider the entire plant’s control system.

(2) The effect of endiEHRISERAk
(3) The need to.accotmt-for chemical linventories.

If these issues W not_ha VOITY "'uv complex plantwide

control problem was 1 undamental reasons

why each there exi

3.2.1 Matéfal @eafclefs " \\

Material igfrecygle fg _ bas| '-“'rf- } rtan
! e # i‘llllli
e Increase conve@rsiong Forchemigal iny @
ol LB 5

reactant to proddéts if liited by ¢t

. , N
T”F e "I,“ both reactants and prod-

k! & a

gaction, conversion of

uilibrium constraints.

Therefore the réactq
. i L .

ucts. Separation #Rd pGeycle Ol reag e essential if process is to be

economically viable.

e Improve @pno st syste yer 6" build a reactor

with incPilig > to reach the
necessar, ..:', P series. A reactor
followed by a ! tripping column witl: cle 1s cheaper ﬁ-,:_;ﬂ ) one large reactor

or three react,ff in series.

-AUHARBRINENT

t, the per-pass conversion of A must be kept low to avoid pro-
ducing too much of the undedfrable product, C#berefore the concerfizdtion
q Rt YR TR
e Provide thermal sink: In adiabatic reactors and in reactors where cooling is

difficult and exothermic heat effects are large, it is often necessary to feed
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excess material to the reactor (an excess of one reactant or a product or a
product) so that the reactor temperature increase will not be too large. High

temperature can potentially create several unpleasant events: it can lead to

etants is often used so
his limiting reac-

H‘”'w\‘ oduce undesirable

e Provide side
that the con
tant is not kep

products. Thiere

3.2.2 Energy

The fundaments ation is to improve

the thermodynamic ¢ s into a reduction in

utility cost. For energy-i an be quite significant.

3.2.3 Chemical

A plan 5}« I_’:-'.,j( pes: reactants,
product, and inert§. 2 eS¢ ¢Bfhponents must be
satisfied. This is#¢pically mot a problem for products and imerts. However, the

real problem usuallg’ amises when reactants @irg considered (because of recycle)

S AAR
react. ither "be“co ia reaction or leave as

an impurity or purge. Because ofdheir value, the loss of reactants exitings

g mmmmwmm

by the reaction.
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This is an important concept and is generic to many chemical component
balancing is not a problem because exit streams from the unit automatically adjust

their flows and composition. However, when units are connected together with

Control ag
processes have traditi@nal A the oach" First, all of

] and petroleum

the control loop: e eéfablisher indiyidu ece of equipment
in the plant. Then : ""‘g- entire plant. This
meant that any confli ad to be reconciled.
The implicit assump the individual parts
could effectively compris 10! system. Over the last

few decades, process control re floners have developed effective

control schemes for many ﬁ.,rd«,f#qw? W 1unit operations. And for
processes where At : _ : ach downstream
unit simply se }f ,r‘

i I'l'
Most indu§tFial processes contain a complex flowsheet)with several recycle

streams, energy inte;ation and many dil"fera:njI unit operation. Essentially, the

M‘Hﬂﬂ AN WL PAM Fd e

mtega.tl introduce a feedback O&materlai and energ( among units up tream

ammmmmm VY

ters that is not localized to an isolated part of the process.
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Despite this process complexity, the unit operations approach to control
system design has worked reasonably well. In the past, plants with recycle streams
contained many surge tanks to buffer disturbance, to minimize interaction, and

to isolate units in the sequence of low. This allowed each unit to be

controlled individually. Prior costs meant little economic
incentive for energy int revery sHer® 15 gfowing pressure to reduce
capital environmental conee is s @ engineers to start
eliminating many surgg.tanks easiflg recy easiis, and introducing heat
integration for both ex ﬂ\\\“'ﬁ one without a complete

So economic fgfce il e chem st y ae,compelling improved
ty eontrol grow increas-
ingly tighter. More @hergy igfegratio rs. Impre -x"'-i% oduct yields, which
reduce raw materi@ll cosgs. agé achie - er reagtant per-pass conversion and
higher material recyt ; oduct quality, energy
integration, and higher tive in the steady-state
flowsheet by they present sighifi smooth dynamic plant opera-
tion. Hence an effective cont ﬁ:ﬁ‘“  Tegl e entire plants operation and
a process des 16 il ts in achieving

the business t?,. kY ‘

Buckley ( 9 )4) proposed 4 gn procedure fa “": e plantwide con-
trol problem that c‘o isted of two stages. The first stage determmed the material

YOS

hlgh-freﬂncy disturbances. This rocedure has been widely and effectively uti-

WS Ay

ley procedure provides little guidance concerning three important aspects of a

plantwide control strategy. First, it does not explicitly discuss energy manage-
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ment. Second, it does not address the specific issues of recycle systems. Third,
it does mot deal with component balance in the context of inventory control. By

placing the priority on material balance over product quality control, the proce-

(1) Safe and sme .
(2) Tight contsoM8F prodter quality in the fact oM bances.

(4) A control g¥ ; 1 t@matic anual, requiring minimal
operator attenti ‘
(5) Rapid rg
(6) Zero unexp

3.4 Step of P

Procedure %

The nine steps of th -’r”- ', ¢

trol Design

or around the fundamental

L

principles of plampty ' uction rate; product
quality; oper v i8¢ i‘ and economic
i 1

or process Optimmisalion

W
Stepl: Estaﬁllsh control objectlve

. Pk 43 %’fﬁﬂ@ﬁﬁ’} PG e
’QJH INSAIDA RN I

structure for a plant depends upon the design and control criteria established.
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These objective include reactor and separator and separation yields, prod-
uct quality specifications, product grads and demand determination, environmen-

tal restriction, and the range of safe operation conditions.

Step2: Determine control degrecs of freedom

Count the number f

This is the numbe dcgree of |freedein seontroly i.e., the number of
variables that can be comftr y £eipaint. T sy Wust, be legitimate (low
through a liquid-filled e_control valve). The
placement, of theg@®€on Iyesfcan sOmet ' ¢ 10 impove dynamic

performance, but of

Most, of these fvedfwill % uged Acliicve past ,ﬁ atory control of the
process;
(1) Set produ _
(2) Maintain gas,' d liquddSnve

i
(3) Control product -fiﬁ_

(4) A void safety and

Curyiper ringt -‘
Any vz Jl ; en dccomplished can

be utilized to ."‘-‘
.y

L)

wati( controllabilit;
» d
(e.g., minimize -a-_.:’h ejectdlisturbances).

i. diF

Step3: Establlsh energy management system

il b ?%&}% TP oo

rring the var ity system.

9 RYET I ANTINEIA Y

(1) To provide a control system that removes exothermic heats of reaction

from the process. If heat is not removed to utilities directly at the reactor, then it
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can be used elsewhere in the process by other unit operations. This heat, however,

must ultimately be dissipated to utilities.

(2) To provide a control syste at prevents the propagation of thermal

disturbances and ensures the e U ar heat is dissipated and not recy-
cled. Process-to-process hedtie , ograted unit operation must

5 Arc s |u-

be analyzed to determi of freedom for control.

Heat remow of the potential for

thermal runaways. il enough heat simply
results in the reaction tor is running adiabat-
ically, the contr@IFSysigii nitisg pitvent exges _- : .;-:- @ rise through the

o fresh reactant to

‘\\ nificant interaction. In

TS 1t ' to positive feedback

reactor (e.g., by sei

the flowrate of a recygle

Heat transfer bg
the case of reactor fg
and even instability. Whi€re there is 3t nsati@n or partial vaporization
in a process-to-process heat exel : es can be amplified because of

heat of vaporization and tempetattre cfic

i
St ." ' :r
ep4; v:_ ) i
Establish '! e variables™t BYoductivii Iof the reactor and

A
determine the most. ‘pproprla.te mampulator to control production rate.

At 8§99 H%%ﬂﬁ 3
indirec con 1t10ns in the reactor o obtain er production rates, The

overall rea.ctlon rates must. be indfeased. This carﬁ accomphshed byﬂsmg

qureasmg reactor holdup (m liqui actors), o 1ncrea.s eactor pressure

(in gas-phase reactors).
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Our first choice for setting production rate should be to alter one of these
variables in the reactor. The variable that is selected must be dominant for the
reactor. Dominant reactor variables always have significant effects on reactor

performance. For example, temperatuge isfoften a dominant reactor variable. In

irreversible reactions, specific iates Tease exgpomentially with temperature. As

long as reaction rates are mot centrations, temperature

can be increased to increase _,_,_,_._, ion rate in sheplant. In reversible exothermic
reactions, where the equilibriifLeanstant decreaséSwith inereasing temperature,
reactor temperature iug If the reactor is large
enough to reach chemi , j <t \
decreased to incregdSe prodiicyic ; . \

emperature can be

1
i 1

e "i-.“ s, another dominant
N,

There are gittatign: cfe redtto cratute is no "‘" ominant variable
or cannot be changed

variable must be fat

d, g thecoucens - limiting reactant, flowrate

of initiator or catalysift cache ¥ Goaq ge dence tinmie, reactor pressure, or

\

afied, the manipulators (control

agitation rate.

Once the dominant vagiablermus
valves) must algg be.i ' thaf are imo pontrokthem. The ma-

nipulators ar&-ise: sedback : ne-to-hold—the—dom 4Nt variables at

setpoint. The FJ i oduction rate,

9
in addition to sat E ving other eee pbjectives.

Whatever va‘aﬂ.m chosen, it can pflufde smooth and stable production

rate tr olr%cw Bﬁ q w ﬂ t. effect on
SO effe

the sepq;lon 1on but also has a rapid and dir ct on reactlon rate in

the reactor without hitting an operilonal constraintdoften wanted to seldgfed.

AWAANIL G LA AT EL) 8 D

llCthIl rate, the control strategy must ensure that the tight amounts of fresh
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reactants are brought into the process. This is often accomplished through fresh
reactant makeup control based upon liquid levels or gas pressures that reflect

component inventories.

However, design constrainfs . y I - ability to exercise this strategy
concerning fresh reacte p. i‘ " dcess may establish the reac-
tant feed flow sent to wplant, A downstred pieeessriay require on-demand

production, which fixes T.!""""" t flowrate fi nt. In these cases, the
development of the contreistiategt becomes more complex because the setpoint
of the dominant
ified externally m
been specified exte
sense. Feedback g

to determine the a j eplelio 16 teactan Gomponents.

hat has been spec-
e with what has
fidone in an open-loop

...‘. L - -
onditions is required

Step5: Conty afety, operational,

and environmental co

s o 2h
Select the "best” valves™ '-“‘“’"'.‘ “Lhe product-quality, safety, and
_,.l'..':'ﬂ .Jh.-‘

environmental variables

The tig ‘Nr‘ -
tional reasons 1s _.ﬁ? .

I_-Z" ﬁ_’ nic and opera-
ﬂl} that dynamic
n the controlled and manipulated variablésdeature small time

constants and dea,dt.ﬁ d large steady—staﬁ;mns should be selected. The for-

o mx*m smmmm
m*iﬁmmw TINUIRY

ur plantwide control design procedure and Buckley’s procedure. Since product

relationships betwe

quality considerations have become more important is recent year, this shift in
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emphasis follows naturally.

The magnitudes of various flowrates also come into consideration. For

example, temperature (or bottoms product purity) in a distillation column is

typically controlled by manipulating: l*“ , f. the reboiler (column boilup) and

a large boilup ratio a '-rm,_ oms flowrase®™ thesesloops should be reversed

base level is controlled owever, in column with

because boilup has a ;ug;..-;iarﬂ"' base le l-a.s-:!;;a-'_g'_LL flow (Richardson

rule). However, inverse res - n lumuns may occur when base

' H\:\\x ~ 1“"‘-.._
level is controlledsby Tie: !I|||. sthe t a column require

similar analysis in_gé ad product purity.

.

’

- distillateito, coptre :

- \'\III‘ -.'.'.."\.\....

~ 1 I'ul L e

Step6: Cont @i -_:III"‘-"‘s g \ el) and Fix a Flow
(F i # 1". lb,

in Every Recyclg Log ot ‘ % N

\

Determine theé valge _‘ 3 amable. These variables

& L

include all liquid levels#ind sgas- pressiires pventOry variable typically be
controlled with the manipula .:—:.:'::..,_,: the largest effect on it within
that unit. ﬁr ""' “""

L
Proporfiet e llevel loops for
pot v:_ A J P
cascaded units inserie dortdenal control shouid
be considered ta help filter flow-rate disturbances to the dowgtream separation

system. There is nogh anecessanly sacred ut holding reactor level constant.

fl L LT TNEINT....

loops. T 1s is a simple and effectiyé way to prevenﬂ)tentlally large ch

VRN T QAT LY. 32

sectlon is not subjected to large load disturbance. Second, consideration must
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be given to alternative fresh reactant makeup control strategies rather than flow
control. In a dynamic sense, level controlling all flows in a recycle loop is a case

of recycling disturbances and should be avoided. Gas recycle loops are normally

set at maximum circulation rate, as limited ;by compressor capacity, to achieve

maximum yields.

Identify ho : generated or con-

sumed in the procgs

Ensure mical species can

be satisfied either th ing for the compo-
nent’s composition or Ve A\l sorfie pdi the process. lht., intermediate,
and heavy inert cogipongnts gn it I yC al th fr the system. Reactant
must be consumed in ipurities in the product
streams. Fresh reactéint igél fcd. Sir ampulated to contro! re-
actor feed composition #F a PO stream sition (or to hold pressure or
level as noted in the previous § 1ms can also be used to control
the amount of high- o AE-TLP ULt e stream.

L
- -

Compc y li"'#’ upon the

specific kinetics -i Tes enmafiect what variable

can be used to setsbroduction rate or rate in the reactor. %

VRN ) (RN R

bhsh the control loops necessary to operate each of the individual unit

operations. Many effective control(chemes have beém¥established over tM
VR HoE M P A oy b
q;emperat.ure High-temperature endothermic reactions typically have a control

system to adjust fuel flow rate to a furnace supplying energy to the reactor.
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Crystallizers require manipulation in the stack gas from a furnace is controlled to
prevent excess fuel usage. Liquid solvent feed flow to an absorber is controlled as

some ratio.

Step9: Optimize oye Dynamic Controllability

Establish the be bl degrees of freedom.

After satisfying all olstRcdasic régulatory requirements, an additional de-

grees of freedom i used and setpoints

in some controllers g j : Hese ¢an be used either to optimize

steady-state economic - dynal 1iC response.

Additional congiderdti
Certain quantits \.\‘a eory may help at var-
ious steps to assess d @nd manipulated vari-

ables. These include s Id 1 : )en-loop time constants, singu-
.|"" it

lar value decomposition, conditionauinbers alue analysis for stability, etc.
these techniques are descri "ﬁ"ﬁ:%ﬁ: .-’f{- ess control textbooks. The
plantwide cont & gonlinear dynamic

model that ca p’. ) i

..i
i

3.5 Plantwide Control Preb

35ﬂ,um:{| NINYING

If process units are arrangﬁ in a purely seui@ configuration, WhﬁlI the

WA E R
qenergy, the twide control problem is greatly simplifie is not had to worry

about the issues discussed in the previous section and it can be simply configure

diF
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the control scheme on each individual unit operation to handle load disturbances.

If production rate is set at the frontiend of process, each unit will only see

load disturbances coming from i “ .f / chbor. If the plant is set up for
“on-demand” production, chan; ! opagate back through the
process. So any indivie _ Litwill see a& ©es coming from both its
downstream neighbor (flowralesehanges to achi ' ferent_throughputs) and its
upstream neighbor (compesitionCi: R m s adjust to the load
changes they see &\
Figure 3" Comp#iresgthgse .H" R"‘ s 1or a simple plant.

A fresh feed streami'c : ixburedf chel H‘e\ cor ."'"-1. nts A, B and C is

fed into a two-column, are a4 > ag > ac¢

and the “direct” slected: A is taken

out the top of the firs@eolumn a 1-B out P e ségond column.

Figure 3.1 (a) si®ws ghe s e fresh feed stream is flow-

controlled into the process. s (liquid levels) in each unit are

controlled by manip disturbances propagate

from unit to fumit down the series confisuration. The onl Wrbances that each
-
AY J

unit sees are ¢ !’*"_

1
Figure 3.kub) shows the on-demand situation where the flowrate of prod-

uct C leaving the bﬁt& of the second colw is set by the requirements of a

AN INA AT
U e Ty ilek b )87

1t operation. There is no recycle effect, no coupling, and no feedback of material

from downstream to upstream units. The plant’s dynamic behavior is governed
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by the individual unit operations and the only path for disturbance propagation

is linear along the process.

(a)

in direction opposite flow.
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3.5.2 Effects of recycle

Most real processes contain recycle streams. In this case the plantwide

control problem becomes much more complex and its solution is not intuitively

obvious. The presence of recycle streanis pofoundly alters the plant’s dynamic

and steady-state behavior. /I in a H; e st ancing of these effects, some very

L9 ;
The lfr

idealized, simplistic syste he extéfided tothereomplex flowsheets of typical

¥ "i..".I “\\‘

obtained from these

V" are

simple recycle system
chemical processes ad some feel for the

complexities and ph plant.

Two basigieffectsof rge

(1) Recycléthas #n umpdct of he .‘ ess. The overall

time constant can hé m .' fime constants of the
individual units. \

(2) Recycle ads As two manifestations,

one steady state and oné dyr i'_':_..l"fd"‘_-t S - n throughput or feed compo-

sition can lead to a large cham; cle stream flowrates. These

disturbances can lea : - dy flows gwhich propagate

.,r.r-ﬁﬁﬁ- Bath oH o te Bavs Sy N s e e e T A 1 u:, e IltOl'y COIItl'Ol

)

'FI Ir.l
il ¥

3.5.3 Snowba%l effects

SRR TNHANT

Plant operators report extended périods of operat when very small ycle

VW IRSTAE I IR

ﬂowra.tes increase drastically, usually over a considerable period of time. Often

around the réey

of components
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the equipment cannot handle such a large load.

This high sensitivity of the recycle flowrate to small disturbances is called

the snowball effect. It is important tomotethat this is not a dynamic effect; it is a

steady-state phenomenon. But, it do H mic implications for disturbance
|

propagation and for inventory ¢ ntrol. it ,.r"'/ ing to do with closed-loop
stability. However, this ;’“" aotsmply that it spendent of the plant’s control
structure. On the contrary.éhe extenf

! fect is very strongly
dependent upon the contie i‘"f; use \\\

The large swa

the y r: ;“'v : \.‘II""";-,"% 1

leyin a plant because
they can overlo@@ section e the separation
section into a flow \ i \ ore it is important
to select a plantwidg . As the example
below illustrates : ater chapters also
show, a very plant w mewhere in each liquid

recycle loop should be flgw contu

.I"'P'"

Let us consider one o ' processes imaginable: a contin-
uous stirred tank reacton (CSTR)%ud o' d mn. As shown in Figure
3.2, a fresh reac Hesgeactor, a first-
order isotherr 'l" lﬁ"# component B
occurs A — B 'i he spee and "" reactor holdup is

Vr(moles). The fresh feed flowrate is F(moles/h) and its co osmon is zp(mole

he reactor

fractloﬁ onent*)ﬁe system is blna.ry”h only two com Fonents reactant

SRR

eﬂiuentq:lth flowrate F' (moles/h) IS fed into a distillation column that sepa.ra.tes

aﬁ”ﬁﬁﬁ‘ﬁm URIANLIAE

bottom from the column is the product stream. Its flowrate is B (moles/h) and
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its composition is (mole fraction A). the amount of A impurity in this product
stream is an important control objective and must be maintained at some specified

level to satisfy the product quality requirements of the customer.

stream. It is recycled baeksie the reacto g’ and with a composition
zp(mole fraction A), the cc Has tray ay is Np (counting from

the bottom). The refiux i 1€ Fyapdithe vapord , 1s V' (moles/h).
- B

The two alteg oy - \proeess: Conventional con-

trol structure A are chosen:

1. Fresh feed fi
2. Reactor g ing 1 .H' reffluent flow.

3. Bottoms pro \\ i IIII" ating heat input to the

reboiler.
4. Distillate pugify i PO ed by alating reflux flow. Note that
dual composition control (confFeHins Hotls late and bottoms purities) have

been chosen to use i is no a priori reason for

hOlding trhe e U ;.,..,.k.. 0O O sl fecycle Strean cons o H oes not leave
B ———

the process. 1 Wi recycle stream

for reactor yield '; POSES 0 response; T'he "best” recycle

W n'
purity levels in bo ¢ been often free to

" Fi Elv’%e’ﬂ HRIHHANT

a.se level is held by bottoms flow.

ol pveasine i sanfbis T m—— mamt .
Wfa"adﬂim“ﬁ’in'i"‘i‘ 98 ¢

the design and operation of the plant a
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—— —

level control

Figure 3.2 Conven{iona

This control scl gineers would devise if given
the problem of desiging @' Psitiie - thi \ ple'plant. Our tendency
is to start with setting gte -21::1::._".7 16 nt feed stream as the means
to regulate plant production s, downstream from there as if
looking at a steady-statef . ind sy e recycle stream back to
the reactor based'upon a standard control strategy fo i,
Vi o
However, tHis st vhieresm the recycle loop.
The flows around+ie loop are set based upon level control in theTeactor and reflux
drum. This controlﬁtﬁture Is expected t‘.ijld that exhibiting the snowball
M (4" Vo P A B0 AT
around tor e flow of the
recycle stream can be calculated atgteady state for any given fresh react

’Q“W“’Tﬁ*’*ﬂﬂ‘iﬁ”ﬂmﬁ’mﬁl'lﬁﬂ

With the control structure in Fig. 3.2 and the base-case fresh feed flow

and composition, the recycle floewrate is normally 260.5 moles/h. However, the
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recycle flow must decrease to 205 moles/h when the fresh feed composition is 0.80
mole fraction A. it must increase to 330 moles/h when the fresh feed composition

changes to pure A. Thus a 25 percent change in the disturbance (fresh feed com-

position) results in a 60 percent gcycle flow. With this same control
structure and the base-case fres osition, the recycle flow drops
to 187 moles/h if the fi ANEYL oles/h. It must increase
to 362 moles/h when wrate '@65 moles/h. Thus a

23 percent change in freshféfd fewrate Its.In @"94upercent change in recycle
flowrate. These snowhallfefcatl oy i\ipidal for 1 yelesystems when control

structure such as oW pain F g .2 are 1 Ptheze 1s no flow controller

Variable g€actant | ) sEFHICET An alte .k‘..,‘ ¢ ‘edntrol structure is
shown in Figure 3.3 4 . § one in two simple but

important ways.

1. Reactor effluen

1 ' —=
2. Reactor holdup ..I'F""‘:- d=bys ating the fresh reactant feed
ﬂowra.te. ﬁ E."_ I "'I-

All other4
directly by m ﬁ""_
level. However, i plan ) mdirectly fin this scheme by

pAte cannot change

L
d # ontrol reactor

W A
changing the setpOint of the reactor level controller. Using flie same numerical

case Cﬁdered pre‘I the recycle flowrfke does not change at all when the

I P v

molﬂ'h (a 23 percent change), the reactor holdup must be change from 1030

RIS S Y

w1t.h 94 percent in the terna.twe strategy.
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£
Fo : D
Zs ¥l
'
1
I
B
Xa
5
Figure 3.3 Con
3;5.4 Reacti ] .-; ";" A ‘- w L ion
For the process considetotiin the | ection where the reaction is

, the over reaction rate d E“f‘?’” ; ' dup, temperature (rate con-

stant), and reatfan "he two control

L
- e —— [ J
structures cor v il i ior in handling
i 1
disturbances. Inthe" bs0eh almost all of the
changes. For exaiple, to increase production rate of compongut B by 20 percent,

the overall reaction g ﬂlust increase by 20ﬁcent since both reactor tempera-

. ‘ﬂ‘l:i e VLA N TS

the feed ream to the separation *tlon This me the load on the sel:ﬁtlon

’Qsﬁ’lﬁﬁ‘ﬂ"ﬁﬂmﬁﬁ‘ﬁﬁﬁﬁﬁ 4

In the second structure, both reactor holdup and reactor composition z can

change, so the separation section sees a smaller load disturbance. This reduces
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the magnitude of the resulting change in recycle flow because the effects of the

disturbance can be distributed between the reaction and separation sections.

_to compensate somewhat
for the required changes.ix Sverall reaction av® o nddessens the impact on the
separation section. S0 Doth coubeel system strig ‘“--;_;2-:: algorithm used in the

inventory controller of the al ¢t the amountref t owball phenomenon.

This exafyp
varied. If the reac

an potentially be
‘ be fixed. However,
an additional degree re “tor pressure to affect

reaction rate.

A very usefulfgengra *J,_‘_‘ ’ this simplé binary system can be
depicted that is applical anges in production rate
can be achieved only by changmgronditic e reactor. This means some-

thing that affects rea ry: holdup in liquid-phase

reactor, pressusd ifi gas-
(and product ‘j‘v"_

rate. Some of these

pAbigns of reactants
L

ol fﬂ tiator addition
flie reactor more than oth-
ers. Variable wif]

a large effect are called dominant. By contf ling the dominant

variables in a prooeg Jpartial control is achlw The term partial control arises

becau %ﬂla\r fe aﬂa w Han a l%hat. would
like to t“trol e setpoints of the partial control loops are then mampulated to

hold the important economic obje‘wes in the desiré@uranges.

ARAANIL AN

changes should preferentially be achieved by modifying the setpoint of a partial
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control loop in the reaction section. This means that the separation section will
not be significantly disturbed. Using the control structure in Fig. 3.2, changes in

production rate require large changes in reactor composition, which disturb the

column. Using the control structure showii
are achieved by altering the & L , / led dominant variable, reactor
y Bosiibn. This means that the

ve control scheme.

ig. 3.3, changes in production rate

holdup, with only smali.g
column is not disturbe

——

ﬂ'HEI’JVIEW]‘iWEI’]ﬂ’i
’QW']@\‘Iﬂ‘iEUﬂJW]’mEJ’]ﬁﬂ



CHAPTER IV

BIODIESEL PROD

CTION PROCESS

4.1 Transestexifi ¢ O of Biodiesel

——
The most comn ' esterification, which
refers to a catalyze alcohol to yield
fatty acid alkyl estg glycerols (triglyc-
erides), as the main cgit
acids esterified to

cohol, the three fatiyfa

¢ long chain fatty
_ react with an al-
Blyceride skeleton and
combine with thedlcohdl tofyi "t kvl Tes ; ty acid methyl es-
ters or FAME). Glycgfideis sroduc A as g by-prog (. Methanol is the most
e alcohol of choice in the

commonly used alcohol

processes developed in this dLAas

CH;— ¢

|

C‘H—O"" E

R

o B

—% CH:— o—c‘—R

Auineninnng

ammnimuwﬁwmaﬂ

Figure 4.1 The Overall Transesterification Reaction
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Methyl esters derived from vegetable oil (biodiesel) have good potential as
an alternative diesel fuel. The cetane number, energy content, viscosity, and phase
changes of biodiesel are similar to those of petroleum-based diesel fuel. Biodiesel is

produced by transesterification of larg

anghed triglycerides (TG) into smaller,

straight-chain molecules of m or acid as catalyst. There
are three stepwise reactid 1 of diglycerides (DG) and
monoglycerides (M of methyl esters (EM)

vster

Figure 4.2 Th e, Stel % ::.-‘ se Ira ication Reaction

L

The go v *‘. zing the step-
i 1
wise reactions o;l' an E 5‘" reaction, are as

following (Equation 4.1 to 4.6).

FUHINENTNYINT «
Wﬂmwﬂﬁmﬂmwmw

—d[EG] = ky[DG).[M] — k_5[MG.[ME|] — ks|[MG].[M] + k_3[G].[ME] ~(4.3)



d[EE] - k1[TG].[M] = k_l[DG].[ME] + kz[DG][M] = k_leG][ME] (4.4)

+ks[MG].[M] — k—s[G](MH ' [FCL.[M] — k_4[G].[ME]
'n

(4.6)

Where k; are g
[M] and [ME] are

glyceride, methanol ;

G, DG], [MG], [GL],
: gl eride, monoglyceride,
Xgutei(mol /L).

Model formula o etors for palm oil transes-

terification have beeft obt@ined fy@mi 1) 1  and Munir Cheryan (2000) who
used sodium hydroxide fNaQ¥t).as “oalalys icular, the following reaction
——

system, reaction rate ua.tl K ineti eters were employed:
y eq J'E" ‘:WF p y

.,-_;.:.:; - COHOH ——— DGR EO0EH— 4 (4.7)
v': I"' d
- MG’ + CH30H ~57 GL + RyCOOC Hi=

ﬁuﬂqwﬂﬂswawnﬁ
amam‘i ik FIaFab

—114.9) = k3CmcCcuson — k-3CcLCrycoocH; (4.12)

(4.8)

(4.9)
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Where Cr¢ represents concentration of triglyceride, Cpg dygliceride, and
Cume monoglyceride, and Cgy, represents glycerol. Cr,coocn, are the respective

methyl esters (biodiesel). Also k; represents the respective kinetic constant that

follows the Arrhenius equation:

__/.Ji (4.13)

Table 4.1 Kinetic Paran o —

"‘-..
Reaction F activa J/ ¢ﬂ mol) ~..,~ Hx 60"0(1/[1101 min)
TG — DG 4/ \

DG — MG
MG — GL

Where E sifinds for gie activhtion'éfe i the ideal gas constant, T
is the absolute tempg d factor. The kinetic

parameters values 1.1 above.

.r":"""" o 2h
Glycerides were represe 5 ¥ honents within the process sim-
ulator. Those are palm ¢ 3:Hgs O for diglycerides,
C19H3504 for.inonoglycerides, and biodiesel CizHz04 el esters.

v, )

4.2 Biod;el Produetion Process Simulation.

Process sumilths support the gat}‘ﬁﬂlg of information on the process

beha ﬂu‘ﬂl ﬂ ﬁ Hgkqjﬁ ﬁhe use of
specialized too ed simulators, which include thermodynamic packages and

unit opera.tlon models, as well a.s‘alcula.tlon strategies for their resoluti@af In

Q ud aﬁﬁ Is’eriot1ilt * H& q %!ﬁ @1 H
qprocess proposed for the generation of fatty acid methyl est om palm oil in

steady state conditions and dynamic mode.
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4.2.1 Calculation of Palm Oil Properties in HYSYS Ver-

sion 3.1
The procedure needed to pagfor fhaisimulation implies the definition of
substances involved, the. selechic ‘ 4 ) il’f ;I' /" package and process units,
including operating condifiens Such as temp€ essure, material flow, and

iy

alike. In this case, thesumulatordatabass havecompeehensive information avail-

able on methanol, 0

alm o118 methyl ester, such
databases do not ingis f;"/ ﬁ‘:::\‘ ation. Considering
Al 188 gom ole ;rl. [ 'ﬂ._ h_u__

that triglycerides v feature the highest
ratios within theé®eompg8itigh of | rn m ol = - onealves, 2004), palm
oil was represented @8 a i tdre o "-. its methyl ester as
a mixture of methyl oléate @gn aral h"-.x‘ s were set for the cal-
culation of proper{i€s o{#fhes com w - ' h the n " iction of properties
such as boiling point g€ombustion he mi s pecific heat and viscosity
against temperature.Oncg the pg !""'r \ ulated, the calculation mod-
els and routes were defined. j}f___ -f,hf,. Ve - d by the simulator were

i the exp ats. This is research values esti-

21

matched against data gathered =43
mated

4.2.2 Seledl

e
Process

’roduction

Simula

ﬂﬁ&ﬁlﬂﬂm 4

(metha.n and glycerin), and the faet that the esterlﬁcatlon reaction takes l e in

LRATNTTS AN

the group of possibilities available in the simulator, the UNIFAC method was
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chosen, since, in contrast with the UNIQUAC and NRTL models which requice
molecule-interaction parameters - this is a group-contribution model. Literature
has reported that predictions on liquid-liquid balance approximate to experimental
data when using models such as il JAG, NRTL and UNIFAC for systems

covering compounds similar ig x - #ip the process (Batista et al.,
1999a; Batista et al., 199 ‘--_ -' - / ntage differences between

the thermodynamic and franspertation pgopertwesesiculited by the simulator and
the properties found iuasliteaf upe for glycerinsan “methanol, as experimentally
defined for the oil ayd
balance by the UN!

i iculation of liquid-liquid
A el f Inagy fion parameters was found

for the groups that mak

4.3 Biodiesg

In biodiesel pro

4.3.1 'I‘ranseste fice ﬂﬁ T

A continuous 2 ing palm oil was devel-

patio of methanol

‘-‘*H
to oil, 1% sodiuf 0, *55{ a. Fresh feed

oped (Fig. 4.2)-4lhe reaction was carried out with a €
methanol at 117 kg/h, 1 Kg/h and anhydrous
sodium hydroxid at 10 kg/h were mixed prior to being «”i ped into transes-

terification reactor ‘yﬁnp palm oil was fiedted in excha.nger before entering

transﬂ y:v ? ’1 ﬂz converted to
FAM ucing glycerol as a by product otton strea the reactor was

mtroduced to methanol recovery d‘txllatlon

’Qﬁﬂﬁﬁﬂ‘imﬂﬁﬂﬂmﬁﬂ
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4.3.2 Methanol recovery

In methanol recovery column, five theoretical stages and a reflux ratio of 2

were used to obtain a good separation between methanol and other components.

aining 94% of the total methanol in

i /_‘ llation was used to keep the
bottom temperature under 160 °C. Pure met! thanol recoery column

was mixed with freshemak metharol and“back into transester-

ification reactor.

Top stream was a pure methanol distillate. €o

stream from transesterificati

\ ent to liquid-liquid
extraction columr_af "'*.

4.3.3 Watér was

The purpesé of om the glycerol,

methanol and cataly ottler was proposed,

a complete separafion o8 e achieved-based or simulation results. Con-

sequently, a water washin g gl with four theoretical
stages was used in this g r?-_ ' Stream from methanol re-
covery column was separated srorthe flve ‘thanol and catalyst by adding

o

11 kg/h water (25 °C). Thg ._._nlff{].;,l, 5 oil, methanol and water in
top stream fromlic

remained in t} g? 1

\l of the glycerol

4.3.4 biodiesel purification

al biodiesel pRoduct adhering to ASTM specifica-
tions BEg 6% p sl q; t or 1ca.l stages

and a r x ratio of 2 were used. Strea.m from liquid-liquid column was forwarded

ﬁil | %‘?ﬁé WHINHAEE

as used to provide easy separation of the biodiesel from water and methanol in

the column overhead. Water and methanol were removed as vent gases. Biodiesel



43

product (99.65% purity) was obtained in top stream as a liquid distillate (194
°C and 10 kPa). Unconverted oil remained at the bottom of biodiesel column.

Since only a small amount of unconverted oil, it was treated as a waste. When oil

4.3.5 Alkali rean

Botton streagiffrorulic uic-@xtraction eolumn was fed to neutraliza-
tion reactor to remove gbdiun Wy drokicie By hospligric & d (100% purity).
The resulting Na,BO, was removed i \I"“ ,‘\ e rifuges. When potas-

\t\" ":_.‘ potassium phosphate

may be used as a g@lual prodt ~

sium hydroxide is usg

qei N
4.3.6 Glycerol pur ‘%4&. \
r-‘r r"'.l i

After removing the sod _;‘;Lu.; am 305 contained 85% glycerol.
If a glycerine by-product. ﬂrar'fm Bt eferred, this stream would
pass to glyce ol do . hanol by distillation.
Glycerine pur w’g}af.', I’Hﬁ stages and a
reflux ratio of -p ite in @18 illate top stream
column. At the bet om, 92% glycerine was obtained as a high#uality by-product

to follow standart Aﬂ

@ummmwmm
o wm‘ﬁ I AR ISR

PENDIX A. Because of their small flows, these streams were treated as hazardous

gas or liquid wastes. However, reusing these streams may be advantageous in the
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future, especially for larger scale processes. For example, top stream of glycerol
column can be returned to liquid-liquid extraction column as a washing solvent

instead of fresh water. Recovery of the solid waste from neutralization process as

4.4 Conditien-ef-Biod} | Preduetion and Sep-

\loseparate and purify
- mixture, methanol

employed in the

the ester attained
in excess, oil tha .
rinsing stages. Distill@fionfcolinghs are reket : @eover methanol, which
is further recirculaiéd, aie uri Al chis _ ~_ oduct of significant
industrial importance

of boil of the methanol (§

difference in the points
and methyl esters (194°C).
However, it should be note A ,J' rathése 8 uSe vacuum pressures, since
both glycerol and the ester, "F..-"-ﬁ""'.f‘! deco ‘ igh temperatures. Figure 4.3
shows a ﬂows for wel sesulgs: The simulated

prOCESS pI'OV_ h:‘mﬁﬂﬁmmﬂﬂ:‘EmﬁrmTrr.“'a1-m.—a?-.“t-'I=‘.._ 2 alm _Oil methyl

i_'l

iV 1
esters featuring™all tk 1

..i
W

ﬂ‘lJEl’JVIEWI‘ﬁWEI’]ﬂ’i
Qﬁﬁﬁﬁﬂimﬂﬁﬂﬂmﬁﬂ
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4 | Biodiesel
Column

r3 "' - Hoatng
] Palm Oil
N »

- Methnaol
Watar

Glycarol
| _“ _| Column

s~ | — Hoatng
-..T/

—e

Gilycearol

Figure 4.3 Biodiesel Production ProcessgPlant
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Figure 4.4 Biodiesel Production ProcessgPl g flowsheet via HYW version 3.1
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CHAPTER V

Y

SIGN AND DYNAMIC

CONTROL S'I‘RUCTUR

’11

5.1 Introduction=—

Maintaining the g anfl midss bald e the essential task of

|. ¢ 4 ‘1.,.‘-“1-
plantwide for a e®mple sts of regycle % energy integration

._‘_ 5

when the disturhg ontrol system is

needed to reject load deslgn condition to
achieve its objegiii¥es tlire(greOur FUrHOSE is chapter 15446 present the new
control structures of energy in -'*'-‘:-': od Process [6); ..""~.1H the three designed
control structures‘are alg ipared berweenithree stiuctiltes on rigorous dynamic

simulatiom by using n 3.1.

Fdgi s
5.2 Plantwide contral de procedure

The p arify i 2 nfodules. Here, the
nine-step app! ,ar £ * orem CS2 and

CS3 (Wongsri, 2008
a.i i¥

5.2.1 Nme—st‘pﬂ)proach of L

AUHIRENTABAR T

pro uct“ process and will use this control structure to design the continue con-

trol structure. The aﬁoach dis uged below.

ARIaN SUARAINYIAY



Step 1. Establish Control Objectives

1. For this process, we want to achieve the biodiesel and glyceride production

at 99.6%, 85% respectively.

more than boiling pointy it should be nofcd haf these operations use vacuum

e —

Step 2. Determi
Table 5.1 Degree o

Unit Operatior

AESC be decompose at high

Degree of Freedom

Transesterification
Reactor

Methanol Reco
Column

Water Washing

Neutralization

rate (VLV-502), QC T-500 and H T-300 valves

i
PTO¢ uct,],o |

fresh feed valves for columifyT#300 (VLV-301),

Biodiesel Column Ei
Wl TR a e

QC T-400 and H T-400 valves
A ﬁ%ﬁ:ﬁ“ F

Degree of freedom = 26
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Step 3. Establish Energy Management system

Establish energy management able to divide two part, In this work, we

no designed the new heat exchanger network, since this biodiesel process is low

temperature operation.

Transesterification reacto ; and t, since biodiesel reaction is
endothermic heat reaetis ‘he endothie dﬁon must be add in
CSTR reactor, ane ted to a high enough
e 60°C is the best
temperature for trangésterifiea i *acti@n of biodiesel . if temperature get below

60°C, it will be"dc

temperature to innii

‘e upper 60°C, it
will be increase coug oiling point of methanol

at pressure condition
Step 4. Set Prod

There are not, cogstrainé ion either by supply or demand,
then the production rate ¢ d methanol that it's raito 1:6.
Considering of the kinetics & :‘Eﬁ:’- s, foun e two variable, concentration

of palm oil, methan ] oniderations within

L
e -

a reactor are (e {0 ‘ as conversion,
} g

and the selectivibyl of | sewhich is known as

}
oy reactor variables thal dictate conversioténd selectivity are

the selectivity.

temperature, pressure, ﬂactlon time r&md time), and degree of mixing. In

fiiiﬂsﬁﬁﬁfﬂﬁﬂﬁﬁ b tt’iiiiii“‘f;

taking p e, the selectivity to the ﬁeslred products ﬂ be impacted by c

VCIRSTLITAILY SALE

temperature in the transesterification reaction does impact the operating pressure.
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The reaction is a liquid phase reaction, so the pressure in the reactor must be
maintained at a level that keeps the methanol in the liquid phase. Therefore, as
the reaction temperature is increased the pressure must also be increased. Another

means to increase the conversion in

or is to increase the reaction time.
For a given temperature, cony A saias the reaction time increases.
Increasing the reaction + o neghtive efffs decreasing the chemical
throughput in a given plamts — asipg t @etor Size for a given chemical
throughput. A final yerwamiPoitant paran eler i e reactor is the degree of

From upper e@tiation whsians ' ething Biodiésel rate that biodiesel
rate is function with meganol andpals ation. Then feed rate of palm

oil and methanol increased i eaction, product as a result of

= - T :
productivity of biodiesel. € ki ther has asing temperature of trans-
esterification reattion re ite on and oduck (conversion of
biodiesel), singe # g ﬂ! n rise to follow

temperature and endotlies
W

ki = ke

@umsq Emﬁ Wi 3

So rate production is able o control, methanel feed control valyg (V2),

PRIGIAIR S HAGREIR
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Step 5. Control Production Quality and Address Safety,

Operational, and Enviromental

Control production quality

atained at 99.6% and 85.0% re-

b ¢ manipulating biodiesel and

e Biodiesel and glycer
spectively for thiSus

e in the column or use

glycerol columigeboilerduty

reflux to uaami

e In water eparate the biodiesel

from the g aration using a grav-

ity settler. Sgit glyeerol, methanol and cata-
- b
lyst (NaQH) dgpendioufeeded quamntity w: oinlet washing unit. Control

of separatio,
Safety

¢ Biodiesel prody on reactor unit operate at

pressure 400 kPa a ch pressure. So control able to

control by vent gasva ﬁ;‘r"{f.
' '
Operat; ——— -
1

° Temper re of gh 1esel column at reboiler is not

¥
more than b oiling point, it should be noted that these 0 erations use vacuum

essires oth glyceride andiBlodiesel may be decompose at high
ENTIESY dgs,q@fwrg@ q

Ie to control by QC T—200 QC T-400 and QC T-500

Qﬁ?ﬁﬁﬁﬁfﬂﬂﬁﬂﬂmﬁ&l

o In this reserach, it have neutralization reactor to clean up sodium hydroxide

that it catalyst (NaOH).
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Step 6. Control Inventories and Fix a Flow in Every Recycle Loop

Control prossure

sésterification reactor. In column
pressure control able e rolled / Ludin ipulating the vent stream of con-
denser. And pressure con-

trol in transcskemfies! et coniaalle by the vent stream of

e eight liqui it the- s \tra este ation reactor, neutral-
; -:' olumn and glycerol
q! reboiler that it must be
d1 el production precess
can be contgdlle " WISt ach vessel. The most direct way

to control the rémai . erigvels wo i e exit valves.

Recycle loop contr eﬁu-r:_ . ..-g'h_

o All ¢ h 1 on the basis of level,
which e H Jances. So a fow
. S

somewh®Fe in t tat imthis biodiesel produc-

tion pro ehs plant will be controlled level of condenseérof methanol recovery
column.
alm oil is raw material gf tra.nsest.enﬁt‘at reaction and it will_be con-

N M ﬁ’m”m AN

control at drown stream.
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o Methanol is raw material of transesterification reaction. The reaction was
carried out with 6:1 molar raito of methanol to palm oil, unconverted methanol
it can be removed from the process by biodiesel column at vent stream of

condenser and glycerol column at geut stream of condenser, so purge flow is

used to control methal

o Biodieel is prod et o8l catalyst (NaOH), glycerol,

methanol by lignid=ligi e il nit T3 biodiesel get into biodiesel

column forBiodiescls f'f S0 €ontre Ly hdiesel is used to control

temperal

Glyceroli by liquid-liquid ex-

traction unj ; " mn for purity of glyc-

erol is d to

e Sodium hydroxi

but it help to acceler-

ate transesterification ¥eacrion of biodiesel, it can be removed from biodiesel

with liquid-liquidiextrag O UniCA ¢ glycerol with neutalization re-
actor to remove's -ﬁ":r'im xrde g phosphoric acid (100% purity)

The resulting Sodui a?jrr“ gwas removed in gravity separation
_ it A
X-100-9r cen D ed as an alkali catalyst,

the g,'ﬁ—.—.._—__ et ._I :_;' able by-product
(fertilizée)

e Water

el to washing for saparate biodisel from gly€erol and catalyst, so

water will I:‘ with biodisel angd glycerol, it can be control to removed

ﬁﬂ’&l‘?‘ﬂ“m’l‘ﬁw AN
Qﬁﬂﬁﬁﬂimﬂﬁﬂﬂmﬁﬂ
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Step 8. Control Individual Unit Operations

Heat exchanger E-100

o In transesterification reactor ilnif, padm oil stream that it’s raw material, and

this stream will be hay pre-heat before get into reactor,
because palm oil'st listurbances, heat exchanger

palni ol steeams for protect disturbances
propagaticiig ferupetature In realter the e effect conversion of

transesterifig

Heat exch ANgE,

o Heat exglifingey At haTEts M c ok o ure at stream 202
(drown stregim rgé! SeOvers i nperature and pressure
122.34°C*and L respactive] met! will'be vapourization, it’s
impact withgpumy At be )4 I\ liquidmphase in stream
202, it happen g@vita —— p.maybe disservice.

Step 9. Optimize Dynamic Controlability

.;'*m'—_’.
Ty o i

.-[
W

F’THEI’J‘VIEW]‘?WEI’]ﬂ‘i
ammnimumwmaﬂ
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5.2.2 Fixture Point Theorem

For CS2 and CS3 control structure, we use thr Fixture point theorem
(Wongsri, 2008).

The fixture point g Nongsri, 2008 to define the con-
trol variable that the mg ty. Dellifled® cateb] variable should consider to

control and pairing with manipulate ariab® MV in the first.

Fixture point theore *"’:‘

1. Consideratig Ly /l/ ode

state. 5

Lil process set up to steady

2. Controlg#riak /) can™Be aranged to yw Bhie most sensibility of

the process gariaple y s ep haugethe MV (changéonly one MV, the other
|~ Y N,

should bé fixed falternate to o il ‘eon ‘R- e). Study the magnitute

of integral ap§ol ror (44 F all processiy: ridlbles that deviataes form

steady state.

3. Consider CV that give the-mo

: >most de om steady state (high IAE score)
A

ing interactive together,

Lhe 374 N_to-male ot et

5.3 f, of plan ol | e

In this cu#eﬂ:ork E') the Ht control structure of Luyben (1998)

o} SIS0 ——

thlrc“ntrol structure (CS3), we a.pply control structure of Wongsri, 2008. In all

of these control structures, the

Qﬁ?ﬁﬁﬂimﬂﬁﬂﬂmﬁﬂ
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Trasesterification reactor unit

e The reactor pressure is controlled manipulating the vent stream from reac-

tor.

A4 1)
: \1 I‘ J'( / lemperature is controlled manip-

J

e The palm oil"8nd methiiio ted witll sodium hydroxide is controlled via

A_.____-.

e The palm oil stream {
ulating by the hea

ratio control be
Methanol recoves

e The column j g By'the cooler utility vale at

condense

e The columatemper; 19601 : by the heating utility

vale at reboilg

Liquid-Liquid extra : ;EgE
iquid-Liquid extra€tio ..I" H_ int
e The water freash feed fg—_ )}M

e The 0P

d manipulating valve VLV-300.

uream outiet from hquic-UquIties  cbntrolled manipulat-
ing vd A‘}"".r A i

Neutralizatic I reactor u

A

idem h (‘(ﬂ is controlled via ®afio control between liquid exit from

P39 EHLI‘% WHF

Blodleel column unit

q RAIIRIQNRIINUIR L.

condenser.
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e The column temperature is controlled manipulating by the heating utility
vale at reboiler.

Glycerol column unit

e The column pressure is €6 . magdipulating by the cooler utility vale at

condenser.

e The biodiese] le cani e ¢ nirolled v he liquid exit valves

from its

5.3.1 Reléreajcejcontre : \
The cont gl str g€t ge ; et us\k» S8 is designed by Luyben
method and showed fiiress ol {ehis 3 1\ quid exit stream in transesteri-

N

fication reactor valVe tgle hase leve ash feed of palm oil and methanol
valve to control prod w rate is controlled by level

of condenser of methanol recovess neutralization reactor is not control

operate at room temperature and atmosphas p: rESS1TE

temperature and no enperature and pressure is

5.3.2 erear
The contr structure of biodiesel cess is designed by Wongsri method

Hﬂm mmw 111812 I

ut with a 6:1 molar cont‘plled by ratio control palm stream is load stream

q RIRIN T TN T

column. Control level of condenser and reboiler liquid exit of each vessel. Con-

trol of removing of catalyst by neutralization reactor with control ratio of drown
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stream from liquid-liquid extraction unit T-300 and fresh feed phosphoric acid by
drown stream from T-300 is load stream and fresh feed phosphoric acid is ma-

nipulated stream. Control level of neutralization reactor by drown stream from
T-300. Control level of reboiler af glyge

2

)l column can be manipulated liquid exit

from neutralization reactor.

5.3.3 Refereanc

The contrel'st d by Wongsri method

and as showed iy eed get into transes-
terification react Qu bt ol le f’g__.‘_ ucture in transesteri-
fication react®r of C82 , it £xdept oo iqu TN m Iea tor by control level
of reboiler of mg . e stream and liquid
exit stream from g I ! "n constant by
level condenser @n ol Feboiles s ] 0 'y moving of catalyst by
neutralization reacor with comttrol rati dtov :III‘ m from liquid-liquid ex-
traction unit T-300 and'! & phos acid by drown stream from T-300 is
load stream and fresh feeddphosphtric 4 ipulated stream. Control level

of neutralization reactor b :‘ o] .%u ?- or.

I;:i

ﬂ‘lJEl’JVIEWI‘iWEI’]ﬂ’i
’Qﬁ'lﬁﬁﬂ‘iﬁuﬂﬁ'l?ﬂﬁl'lﬁﬂ
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5.4 Dynamic simulation results

In order to illustrate the dynamic behaviors of our control structures by

control structure design Luyben method (1998) and Wongsri method (2008), two

types of disturbance: thermal anc j disturbances are used to test response
W :

of system. Temperature & fich are tuned using relay feed-

it are included in the tem-

back. Temperaturesmea. .b;_ t lags o

perature loops. Flow and pies ure ontrolles are _—_-:L-i d their parameters are

heuristics va.l ‘ f “:\% rol| sed and their parame-

ters are he nomainal operating

condition. \
Testing of di€turcbanges it ) ’ \;ih
e Change i asgiflow ritt € % el production process
plant (CS1: “al’, 1998 ¢ ;sri.,2008), the fresh feed

inlet into tra.n' ificatién reac .'f re \’ 050 kg/h to 1150 kg/h at
' 1050 kg/h to 945 kg/h at time
045 kg/h to 1050 kg/h at time

time equals 50 _,.- ...r e
equals 200 to 35(]' :
equa 'ﬁ 0 :

o Chanlg 581 fo CS3 in biodiesel
production process 1998, C52 to CS3; Wongsri.,2008).
The trar ficreased from 60°C to
70°C at tuﬂ.ﬂals 50 to 200 minliiés, decreased from 70°C' to 50°C at

A EP’}WH AINB oo
’Qﬁ'lﬁﬁﬂ‘ifmmﬂﬂmﬁ d

sesterification reactor outlet temperature is i
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5.4.1 Change in the mass flow rate CS1 to CS3 in biodiesel
production process plant (CS1; Luyben et al., 1998,
CS2 to CS3; Wongsri.,2008)

Figure 5.4 to 5.17 show d .' ces of biodiesel production plant
in the material balan -___'-" 5 1 / follows: The palm oil and

methanol fresh feed i$ine kg/h at equals 50 to 200

minutes, decreased [rog ke 0 945 Kgyhwat equals 200 to 350 minutes and
increased from 945 kg 190 kg /h at equals 350 te 500 minutes.

From chau

dbion reactor, production

rate of biodiesel dig and methanol whem

increased palm @il in gbream Railo 1 that it nsed Lo control ratio between
palm oil and meth@inol gt ig'gemg to-4 it hanel stream adjustment to
follow ratio paldi oil ietil@nol (#48) "b¥Palm oillstréam § disturbance load and

methanol stream ighmamipilatéd  Con struc -\ ¢ design CS1 to CS3 in the
transeterification reacfior pasti _ tructure in ratio control part,
but it contrast in ligiid f"rﬂ-l' AriS ion reactor. That is CS1 ligiud
exit stream used to le ﬁ;ﬁ:_ﬁ - . ication reactor, CS2 ligiud exit
stream usedwio [re ntrol bef ecoyery column and CS3

ligind exifT e e

sLoye lmn wh
,.."'-‘ ry coulmn when
ce-0f temperature, since
i 'I

biodiesel feed *! m reactor change of material, CS1 will be change of condition,

biodiesel intoRaaM

but CS2 to CS3 r&at change because it’s controlled via feed flow and level reboiler

°fH AFRIMN I3 1wl b0

llqm quid extraction and phtﬁphenc acid strea.m Biodiesel will be (:ha.nge of

o TLIEN, ASUIIAN TR Y-
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Figure 5.6 D inge +10% kmole/h

of transesterification reac-

9 m RBET TR TTar (TR

change +10% kmole/h fresh feed in reactor (g) biodiesel production

flowrate
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pprrand

Figure 5.16ynagiic 88ponse _- ature in glyee olumn when change

erature of reboiler (x)

ammnwum@mwg

change +10% kmole/h fresh feed in reactor (y) purity of glycerol
(z) glycerol product flowrate
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5.4.2 Change in the thermal disturbance of hot stream
for CS1 to CS3 in biodiesel production process plant
(CS1; Luyben et al., 1998, CS2 to CS3; Wongsri.,2008)

more than 98 Al raturedt0’C" cor ofibiodiesel equal 98%,

so increasing tempéra increase conversion of

N,

biodiesel, on othér har "I"'-} elnipe reactoer decreased tempera-

ture at 50°C, conyérsio biodiesc! eaction, from Figure 5.9 (e),
biodiesel flow rate ii‘ = 2L 200 1\" 250 minute and increase at
230 to 350 minute af tenigefats Te -50°¢ ange of temperature 60°C' con-
version of biodiesel .,:E,*E_'j rature alternate at reactor, it's
effect in methan ' diegel" column and glyc-

I -
erol columil s led via temperal ,_.{ ontrol at rector,
i 1

temperature -'l" atstream 202C.

i ¥

AULINENTNEINS
ARIAINTUNNINGAY
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Figure 5.2 na § emipe hen change temperature

+ 1@°C i trdhsestefification (e) t utlet of transesterifi-

catio fer,

9 1&'1 A I NRIINYIAY.

temperature change +10°C in transesterification (g) biodiesel pro-

duction flowrate
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5.5 Evaluation of the Dynamic Performance

The dynamic performance index is focused on time relate characteristics of

the controller’s response to setpoint, chapges or deterministic disturbances. There

absolute error (IAE). Infegral Earorisgwell known and widely used. For

the formulation of asdyuaus

Note that \e responce from the

desired setpoir

amic performance of

the designed conty e result for the change

in material dist sesterification reactor

and Table 5.3 shoy o thermal disturbance of

transesterification rea

In material disturba age flow disturbance better than
other contrel stru

ELIG
L
before intogiigthanol recovery coulinn then-notefflectwithiquitifliquid extraction,

' \
biodiesel ce FA N 1 this case, we can

find IAE valu_ f CS the best

A
handle dlsturbances due to it gives better control performances.

Gutinmimans—
AMIANTUNNIINYAY

is contralled remain as over

control structure for
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Table 5.2 The IAE Result of the biodiesel production process, control structure
CS1 to CS3 in the mass disturbance of raw material before entering

transesterification reactor.

Controllen % § 1| cs2 | os3
Temperature C ”ﬁL, 0.25825 | 0.26813
Temperaig ‘l‘*’ L4788 | o] 15131 | 0.14808
TempeFaRIFE™I202 strel 0825050192 | 0.56092
TeniPerlircof 9020 strehm. | 0.02936 | 0:09600 | 0.02008
f' ;?fﬂ‘ﬁ m?& 1""&: H000O. | 0.00075
0.38842
1.39629

-
w
|

ntegral absolute error

(=
w

o ‘F"

c
"F1 Thoh 1378 ik hJim g

rom Table 5.2 show IAE Jalue is used to evalute the dynamic performa.nce

q WARNTL PRIV Y IE YN

performance of the designed control system.
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Table 5.3 The 1AE Result of the biodiesel production process, control structure
CS1 to CS2 in the thermal disturbance of temperature in transesterifica

tion reactor.

controllety W M1 [} £ cs2 | css
Temperature X stream ¥349 | 0.00000 | 0..0000
Tempera tus of Fencto E"_.'_::" #23636 | 4.22348

Temp@ F200 stream | L1039 080123 | 0.86308

Temers _..r” ek {005 005 | 001650
TemiBera e 007 fireaty | 0.08375./.0.00000. | 0.01458

e s
lflﬂg A esgss, ‘Bn 5.20114

aral absolute erro

k
I

i g
F,gE'] 'U%JJ;I NYUNI: WELND Q.

for CS1 to CS3 in #lodluel productlon process

ARIANNTEM URNINYIA Y



CHAPTER VI

) RECOMMENDATIONS

CONCLUSION AT '
6.1 Conclusion \ /
4 _—-/.-..-".a-

In this research | ur disenssed ¢ontro "'""-’--rg,__{_-!_o{_. gn for biodiesel produc-

tion process, using the g % X) and Wongsri (2008),Luy-
‘-. '- ““‘-w-.,,‘

ben’s method WVongsri’s method is

the process vari “hiey “Fixture point theo-
rem”. The proced olled variable that the most
disturbances pgopagate (0 plantwide “pre g stic approach. The
maximum (scale) Ih"«\' bles with manipulated

variable,

In material di flow disturbance better than

other control struct 106 is controlled remain as over
before into methanol recove ...-HE«‘ 2% ,/"‘ ; peffect with liquid-liquid extraction,

biodiesel colamn, » mn. 40 this case, we can

L

find TAE v aine of CS1rlnestr-COR T e —C SO thr—Hest=bofitrol structure for
\
handle v ne ,'. _

¥

In therimia WVhen we compare CS1

disturbance, CS2 is the best controller.
to CS3, CS2 vefsﬂler IAE value tharfiG81 and CS3.

AU IS ...

Whnogsri performance more thaggcontrol structur Sl designed via L

Qﬁﬁﬁﬁﬂimﬂﬁﬂﬂmﬁ&l
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6.2 Recommendations

1. Study and design of control structure via Luyben’s method and Wongsri’s

method

2. Performance evaluat

esel o d .' ) rocess via integral absolute
i 7 }/’ n p gr
error (IAE)

:‘F’
!" i

AULINENTNEINS
AR TUAMINYAE
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APPENDIX A

PROCESS STREAM DATA FOR SIMULATION AND
EQUIPMEN A SPECIFICATION

l,J o
Wil/

Table A.1 Data 6MBiSaEse Broduct

Temperature (°C| 122.34 60.0
30 110

£ ,- i
S e J;%Wﬁ B T TR
| w".l 5.

Pressure(kPa)

Malar flow(Kkg 5.04 3.60

Mass flow (kg/h 1177.20  1060.21
Liquid volum i Illlt 1.300 1.108
o—— a4/ I ‘IEE. v 1\1\

Methanol 0.006 0.003
Palm oil 0.0 \ 0.045  0.050
FAME (biodiesel) 0000 0,000 “ 0.000  0.853 0.946
Glycerol ( 0.088 0.000
NaOH 0.000 0.008 0.000
H20 0.000 0.000 0.001

H3PO4 0.000 0.000 0.000
NazPO4 0.000 0.000

Stream name 306 501 502
Temp M"F 7 6.2 112
Pressure ek _-"i 40 50
Malar fig ) ) 0.42 1.52
Mass flow (kg/h 597t 9.02 113.29
Liquid volurm ‘_! w (m®/h)  0.15 .287 .16 1.440 0.140 1.300 1.108
Component mass f:ra.ctmn
Methanol 0.032 0.3 0.000
F? =
e i NS
0.085
0.000 ‘u 000 0.000 0.008 0.000

Qﬁﬁ@ﬂﬂ‘i@ﬂﬁq? iR/ 2




Table A.2 Column Specifications of Biodiesel Production Process

Main Process Equipment,

Separation Unit T-200 '. mperature, °C

28122
20/30

H;iﬁjiff 0.4
0.5
N_ ‘mal vapor f16 ke 330

' ~ 0.6x10
1190
0.8x10
194/415
10/20
13
17
3100
1.2x12
46/114
40/50
1.0
1.0
740
0.8x10

Snze(l)x}{)

ﬂuEI’J‘VIEWI‘iWEI']ﬂ’i

ammnimumwmaa

88
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Table A.3 Reactor Specifications of Biodiesel Production Process

Main Process Equipment

Transesterification Reacto

mperature, °C 60

400

1.8x5.4
Neutralization Reactor R-3000 Temperature 8C  Room Temperature

Atmosphas

:‘F’
!" i
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APPENDIX B

PARAMETER TUNING OF CONTROL STRUCTURES

B.1. Tuning Flow, e al mperature Loops
Flow Controllers

The dym ime constants for mov-

ing control be tured with a small
integral or reset L nutes works in most flow
controllers. The va , uld be kept mod est because flow mea-
surement, signalgfire s6mafinge Qi the turbule ‘ ow through the orifice
plant. A value of gontrglle K4t offer ed. De ivative action should not

be used.

In a real plant : ¢ How signal is also recommened
becauseof the niose. 8 output signal and a good

number to use for a flow 1 rr = $
*‘ e RE

Level Con

' )
‘f_ s d on with a gain of 1
to 2. This u"E les the maxin W smootipg: Proportional control

dF
means there wi be steady-state offset (the level will not be retuned to its setpoint

whﬁmfﬁ”?f 3414 b

f alevel controller is K cu

Qﬁﬂﬂﬁﬂﬁmﬂﬁﬂﬂmﬁﬂ

Setting the integral time equal to about 2 to 4 times the process time con-

stant and useing a reasonable controller gain usually gives satisfactory pressure
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control. Of course the gain used depends on the span of the pressure transmit-
ter. Some simple step tests can be used to find the value of controller gain that

yieldssatisfactory pressure control. Typical pressure controller tuning constants for

arew, so PID control is used.

typically, the controllemgain shot ¢ sel between2 1o 10, the integral time, 7y,

should set betweeps2°to 40 esy and lerivative time 74, should be set

B.2 Repay-Fee

If we ‘have inserted reason-

able lages and dgadtigges, s necd 44 d simple meghod for identifying the
dynamic parameters : . \"«,‘ frrdback controller. The
relay-feedback testis a af Serves U ¢ The results of the test are
the ultimate gain and ' _ ormation is ususlly sufficient
to permit us to calculate someTeas ‘ roller tuning constants.
el b ,u
The _n;'/

The only p: g

n the feedback loop.
.r;‘-’-' v h. This height is

N,
typically 5 to T:‘i 0 OFL bop=start to oscillate around

the setpoint, with the controller output switching ecery

(PV) signal crossgé ﬂsetpomt

Frldal %m‘lfluﬂ'lﬂ FUEIDT o

ﬁ'omthe equation:

’Qﬁ'lﬁﬁﬂ‘if”ﬁﬁﬂ?ﬂ&ﬂﬁ&l

The period of the output PV curve is the ultimate period Pu. From these two

> the process variable

parameters, controller tuning constants can be calculated for PI or PID controllers,
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using a variety of tuning methods proposed in the literature that requir only the

ultimate gain and ultimate frequency, e.g., Ziegler-Nichols, Tyreus-Luyben, etc.

The test has many positive features that have led to its widespread use in

real plants as well in simulati
1. Only one parameétei to be spetifit 8 -ei.ght)

2. The time it takes to rua the tést is sk articularly compared to the ex-
1KES 10 ] - ania Yy p

tended periods reg

3. The test 1s clg n_away from the setpoint.

4. The informati requency range that is

importangfor a-lcedback contr imatefrequency)

5. The impa q st can be detected by a

change t0 asyy

All these features m identification tool.

&

Knowing the ultima ‘.,.ﬁ.. fnate period P, permits us to cal-

culate controller sei Arese lods that require only thses two

parameters, &k : : ] ‘ -}'- are:

A

JERPRINRE 1528 1t 0

vatwget.tmg with increased rabustness The TL equatlons for a PI controller

’QWlMﬂ‘iﬁUHWI’mmﬁﬂ

71 = 2.2Pu
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Relay feedback testing can be done in HYSYS. It simply click the /tuning
bottom on the controller faceplate, select Autotuning and click the strat autotuning
botton. The loop will strat to oscillate. After several cycles, the tuning is stopped

and some recommended settings forfa controller are suggested.

:‘F’
!" i
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Table B.1 Parameter tuning of biodiesel pros tpcess|CS1

Controller Controlled variable o 7 i r ] Td

RATIO-100 | Ratio control between palm oil and an i j " N ; ; -
TIC-105 Preheat temperature ’ vers ! 3 | 0.107
PIC-101 Pressure of transesterification 4 e st %, b [ s
TIC-100 Temperature of transesterification reacjd F i : air . s
LIC-100 Level of condenser at T-20 ' WD :
LIC-109 Level of reboiler at T-2 ' B01 Lk~ . -
TIC-200 Temperature reboiler at T-200 ‘ T2004%4¥2 A 1. 2 | 0.0671
PIC-102 Pressure of condenser at T- " N : ‘
TIC-104 temperature at stream 202C ' & -— . 0.583 | 0.120
FIC-102 water flow rate F vivaoia’ < . 0.3 -
FIC-104 liquid flow rate from T-300 v P _ 0.3 .

RATIO-101 | ratio control between stream 302 and HyPO4' ey ) 1 =
LIC-103 Level of reboiler at T-400 : 2 = i
PIC-104 Pressure of condenser at T-400 ALY | 2 10 .
LIC-105 Level of condenser at L . - -
TIC-400 Temperature reboiler at =400 400 — 7 ) 0.1
FIC-101 Unconvert oil low rake ° i -
PIC-103 Pressure of condenser at - -
LIC-103 Level of condenser at T-50 I 2 B
TIC-500 Temperature reboiler at T-500 H T500 reverse 1.75 0.015

AULININTNEINS
ARIANTAUNNIING 1A Y

¥6



Table B.2 Parameter tuning of biodiesel pioe ..n""";’ ess S2 .

Controller Controlled variable AT T4
RATIO-100 | Ratio control between palm oil and methang l ‘f! 4 . ‘ 1‘ 5‘.1 -
TIC-105 Preheat temperature ‘r F f : 0.107
PIC-101 Pressure of transesterification réacto -
TIC-100 Temperature of transesterification rea -
FIC-105 liquid exit flow rate from R1G ’ j’ overse -
LIC-102 Level of condenser at T-200 ¢ | 4 [Reil _‘JE , - -
0.0671

TIC-200 Temperature reboiler at T-200 8 | JH T200 70 ]

PIC-102 Pressure of condenser at T-20

FIC-106 Recycle flow rate 0.3 -
LIC-103 Level of reboiler at T-200 - -
TIC-104 Temperature of stream 202C 0.1
FIC-102 water flow rate 0.3
FIC-103 liquid flow rate exit from T-300 0.3
PIC-106 Pressure of condenser at T-400 10
LIC-107 Level of condenser at T«

TIC-400 Temperature reboiler aty =200

F‘WEJ’J‘VIEWI?WEJ’]ﬂ‘i
QW’]Nﬂ‘iﬂJmﬂﬂﬂﬁl’mﬂ

G6



Table B.2 Parameter tuning of biodiesel jpuod

Controller Controlled variable Kc | 1 Td
FIC-101 Biodiesel flow rate " | 05 | 03 -
LIC-105 | Level of reboiler at T-4004f| 4 / Vi _':_‘r' -' 2 | - | -
LIC-106 Level of reboiler at T-§ l l I L : 2 - -
PIC-103 | Pressure of condenser at T- Ar l 2 10 -
LIC-500 Level of condenser at T4500 ’ M bk '{. 2 - -
TIC-500 | Temperature reboiler at T-5§ J' “. jﬁ 13.2 | 0.302 | 0.0671
FIC-104 Glycerol flow rate V-2 05| 03 | -

o

I fﬁf; ._ ._._;.f.

ﬂUEJ’J‘VIHVIﬁWEJ’]ﬂ‘i
qmmﬂimumfmmaa

96

96



Table B.3 Parameter tuning of biodiesel pi process|CS

Controller Controlled variable ' _ n T4

RATIO-100 | Ratio control between palm oil an 1an . R Siractiy, : -
TIC-105 Preheat temperature i : = _ MR 3 0.107
PIC-101 Pressure of transesterification r F g7 7| i Y N N [ -
TIC-100 Temperature of transesterification reaci r 7 dirgct | 10 -
FIC-105 Level of reboiler at T-200 4 j 103 A% AN E
TIC-200 Temperature reboiler at T- ' ] gop Mk~ 1 0.302 | 0.0671
PIC-102 Pressure of condenser at T-200 " JBC T200%4"2 direct. 10 -
TIC-104 Temperature of stream 202 ‘ g .QC2 = ‘ . -
FIC-105 liquid exit from stream 202 ‘ ~ _ ' 0.3 =
FIC-102 water flow rate , VLV-300 * - : 0.3 *
FIC-103 liquid flow rate exit from T-300 R e . 0.3 -
PIC-106 Pressure of condenser at T-400 i _ 9l - : 10 E
LIC-107 Level of condenser at T-400 = 2 - -
TIC-400 Temperature reboiler at T-400 MO % 13.2 | 0.302 | 0.0671
FIC-101 Biodiesel flow rate L 0.3 .
LIC-105 Level of reboiler at Tz 102 -
LIC-106 Level of reboiler at T -
PIC-103 Pressure of condenser at T 3 -
LIC-500 Level of condenser at T-500/ : 2 -
TIC-500 Temperature reboiler at T-500+ H T500 reverse 13.2 0.0671

AULININTNEINS
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APPENDIX C

FIXTURE POl

Table C.1 : List of M ariablegfopthe biodiesel Production Process.

T THEOREM DATA

Manipulated Variabi
VLV-106
VLV-10
VLV-102

iion reactor valve
bottom valve
1 feed recycle vale

bottom vale

VLV-301 : on column upper valve
VLV-302 Y o (e cfion column bottom valve
VLV-303 ke o g sphoric acid valve

VLV-304 alization reactor valve
VLVN=305 . rage’ne tor hettom valve

VE ..E_.’ﬁ'-—-' : phel valve
VINAD: . feed valve
VLV-40; ige biodiese! column figttom vale

VLV- 500 Prage glycerol column upper valve

ﬂﬁmwﬂﬁﬁmm

E-RIOO He t duty of transesterification reactor valve

0 Rasns Ty




Table C.1 (Cont)

Manipulated Variables Description

H T400 eat duty of bidiesel column

H T500 duty of glycerol column

QC 201 r ( -'f’!- Ledim 201 (methanol recovery stream)
QC 202 ndnse “Cue ol Sligam 202(bottom stream)

QC T200 — anol recovery column

QC T400 “bBiodiesel column

QC T5é ' ' . -"' gerol column

ﬂ'HEI’JVIEW]‘iWEI’]ﬂ’i
ammnimumwmaa



Table C.2 IAE Results of Flow Rate Deyiadi rockss "
Stream | VLV-100 | VLV-101 | VLV-102 | V VLV-400 | VLV-401 | VLV-402 | VLV-303 | VLV-304
103B-M | 0.1480 | 0.0450 | 0.1084 | 0.074 0.0528 | 0.0419 | 00523 | 00525 | 0.0525
103C-M | 0.1480 | 0.0450 0.1084 2 0. 0.0528 | 0.0419 | 0.0523 0.0525 | 0.0525
105A-M | 0.3283 | 0.8322 | 0.6881 0.4733 ¥ 0. 49 | 0.3342 | 0.2662 | 0.3316 0.3327 | 0.3327
105B-M | 03286 | 08322 | 06881 | 04 0 .33 ' 0.3345 | 02660 | 03316 | 0.3327 | 03327
105C-M | 0.3424 | 08771 0.7015 8 3448 W ep8476 /[ X 0.3487 | 02769 | 03453 | 03464 | 0.3464
106-M | 1.8109 1.7799 1.5846 | 5.79 1.8094 801804 3 1.7872 1.4521 1.7723 1.7801 1.7781
106A-M | 18109 | 17806 | 15846 | &7 o], 18088 1. 17872 | 14508 | 17723 | 17801 | 17781
201-M | 02597 | 02618 | 02785 | 0.2648 .34 ol 2590 | 0.2573 | 0.2099 | 0.2558 | 0.2609 | 0.2664
201A-M | 0.2375 0.2301 0.2657 | 0.2475 0,385 110 02340 | 0.2363 0.1865 | 0.2349 | 0.2403 | 0.2412
201B-M | 0.2375 0.2293 0.2646 | 0.2400 5 = 0.2331 0.2358 | 0.1899 | 0.2349 | 0.2403 | 0.2412
201IN-M | 0.2375 0.2301 0.2646 | 0.2474 9 5284 | 661 0.2340 | 02358 | 0.1899 | 02349 | 0.2403 | 0.2412
202B-M | 2.8520 2.8540 2.7730 3.4434 2.8658 a5t .8083 2.8638 2.9066 0.5027 2.9081 2.8425 2.8435
202C-M | 0.4232 0.4277 0.4207 | 05827 | 0.4250471" Dby 4|+ 0.4249 0.4298 0.3428 0.4281 0.4282 0.4270
301-M | 1.4421 1.4262 1.4317 2974 4451 1.4428 1.2069 1.4339 1.4386 1.4386
301A-M | 14421 1.4262 1.4317 1.4451 1.2069 1.4339 1.4386 1.4386
302-M | 0.0018 | 0.0018 | 0.0018 0.0018 | 0.0015 | 00018 | 00018 | 0.0018
302A-M | 00018 | 00018 | 00018 | bl 1 0.0018 | 00015 | 0.0018 0.0018 | 0.0018
304-M | 0.0022 0.0022 | 00022 | o .002; 0 0. 0.0022 | 00018 | 00022 | 00022 | 0.0022
304A-M | 0.0000 | 0.0000 | 00000 | 0. 0.0000 | 0.0000 | 0.0000 | 00000 | O. 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000
401-M | 0.5192 0.5132 0.5145 | 04672 | 0.5201 0.5176 | 0.5185 | 0.2324 | 0.5195 | 0.5195 0.4316 | 05156 | 05173 | 05173
401A-M | 05189 0.5128 05148 | 04676 | #GBas1 | 05175 | 05 0.2324 | 05199 | 05199 | 04316 | 05156 | 05173 | 0.5165
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Table C.2 IAE Results of Flow Rate Deviati

-

|

AMIAN TN INAE

Stream | VIV-305 | QC | QC2 | QC T200 VLV-501 | VLV-502 [ SUM
103B-M | 0.0525 | 0.0749 | 0.0528 | 0.0354 00525 | 0.0525 | 1.5295
103C-M | 00525 | 0.0749 | 0.0529 | 0.035 0.0525 | 0.0525 | 1.5301
105A-M | 03327 | 0.1867 | 0.3351 | 0.2185 03327 | 03327 | 9.3457
105B-M | 03327 | 0.1867 | 0.334d | 0.2185 0.3327 | 03327 | 9.3586
105C-M | 0.3464 | 0.1867 | 0.3483 | 0.2276 03464 | 03464 | 9.7017
106-M | 1.7827 | 2.1255 | 1.8088 | 2.9632 17781 | 1.7827 | 50.9337
106A-M | 1.7827 | 2.1255 | 1.8084 | 2.9936 17781 | 17827 | 50.9739
201-M | 02585 | 0.4153 | 0.2656 | 7.0342 0.2728 | 0.2664 | 0.2585 | 13.6536
201A-M | 0.2350 | 0.3468 | 0.2388 | 7.9607 0.2413 | 0.2412 | 02350 | 13.9470
201B-M | 02350 | 0.3389 | 0.2388 | 7.9586 0.2413 | 02412 | 02350 | 13.9315
20IN-M | 02350 | 0.3468 | 0.2388 | 7.9607 248 0.2413 | 02412 | 02350 | 13.9520
202B-M | 000590 | 4.1783 | 3.2469 | 1.4282 | 3.0330 | 3.0330 | 26522 | 28435 | 29059 | 71.8201
202C-M | 04303 | 0.6044 | 0.6933 | 0.2905 | 0.4381 0.4182 | 0.4270 | 0.4303 | 11.1831
301-M | 1.4386 | 1.1988 | 1.4408 14386 | 1.4386 | 37.3335
301A-M 1.4386 1.1820 | 1.4408 1.4386 1.4386 37.5511
302-M | 0.0018 | 0.0026 | 0.0018 0.0018 | 0.0018 | 0.0463
302A-M | 0.0018 | 0.0026 | 0.0018 0.0018 | 0.0018 | 0.0463
304-M | 00022 | 0.0031 | 0.0022 0.0022 | 00022 | 0.0554
304A-M | 0.0000 | 0.0000 | 0.0000 0.0000 | 0.0000 | 0.0006
401-M | 05173 | 0.4441 | 0.5181 05173 | 05173 | 12.8826
401A-M | 05173 | 0.4448 | 0.5181 05165 | 05173 | 12.8780
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Table C.2 IAE Results of Flow Rate

Stream VLV-100 | VLV-101 | VLV-102

402-M 42.6746 | 42.0021 | 42.2809

402A-M 42.5867 | 42.0883 | 42.3682 .34

403-M 0.2892 0.2858 0.2871 0. .2
403A-M 0.2895 0.2861 0.2871 7
H3PO4-1M | 0.0001 0.0001 0.0001

H3PO4-2M | 0.0001 0.0001 0.0001 f

R1-1M 0.0206 0.0183 0.0859 0302 i o

R1-2M 0.0208 0.0185 0.0861 0.0

R2-1M 0.0001 0.0001 0.0001 0. 80.0001

R2-2M 0.0001 0.0001 0.0001 0 0001
WATER-IM | 0.0019 0.0019 0.0019 0.0017
WATER-2M | 0.0019 0.0019 0.0019 0.0017 0.00

501-M 0.5192 0.5132 0.5145 0.4672 20
501A-M 0.5189 0.5128 0.5148 "y 0.

502-M 0.2892 0.2858 0.2871

502A-M 0.2895 0.2861 0.287

503-M 42.6746 | 42.0021 | 42.2809

503A-M 42.5867 | 42.0883 | 42.3682 486

v_r!g
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VLV-302 | VLV-400 | VLV-401 | VLV-402 | VLV-303 | VLV-304
231 | 42.7339 | 44.8450 | 42.6312 | 42.7531 | 42.7541
52 | 42.7339 | 44.8450 | 42.6312 | 42.7531 | 42.7541
029 2904 0.2895 | 0.2408 0.4254 | 0.2889 | 0.2889
) 0.2900 0.2408 0.4254 0.2889 0.2889
J 1 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
0001 0001 0.0001 0.0001 0.0001 0.0001 0.0001
148 | 211 0.0077 0.0168 0.0209 0.0200 | 0.0209
13’ 0.0212 | 0.0213 0.0169 0.0211 | 0.0211 0.0211
1 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
- 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
0. 0.0019 0.0019 0.0015 0.0019 0.0019 0.0019
0.0005 | 0.0019 0.0019 | 0.0015 | 0.0019 | 00019 | 0.0019
24 | 0.5195 0.5195 | 04316 | 05156 | 05173 | 0.5173
05409 | 05199 | 04316 | 05156 | 05173 | 05165
) 0.2895 | 02408 | 04254 | 02880 | 0.2889
0.2000 | 02408 | 04254 | 02880 | 0.2880
42,7339 | 44.8450 | 42.6312 | 42.7531 | 42.7541
2730 52 42,7339 42,7537 42.6312 42,7531 42,7541
S



Stream | VLV-305 | QC | QC2
402-M 42.7537 | 42.4699 | 42.3553
402A-M | 727537 | 41.5611 | 42.4410
403-M 0.2889 | 0.2338 | 0.2885
403A-M 0.2889 | 02342 | 0.2885

H3PO4-IM | 0.0001 | 0.0001 | 0.0001

H3PO4-2M | 0.0001 | 0.0001 | 0.0001
R1-1M 0.0001 | 0.0001 | 0.0001
R1-2M 0.0209 0.0119 0.0211
R2-1M 0.0211 | 0.0119 | 0.0212
R2-2M 0.0001 | 0.0001 | 0.0001

WATER-IM | 0.0001 | 0.0001 | 0.0001

WATER-2M | 0.0019 | 0.0027 | 0.0019
501-M 0.0019 | 00027 | 0.0019
501A-M 0.5173 | 04441 | 05181
502-M 0.5173 0.4448 0.51814™
502A-M 0.2889 0.2338 0.2885 A
503-M 42.7537 | 42.4699 | 42.3553 |
503A-M 42,7537 41,5611 | 42,4410

H T500 | VLV-501 | VLV-502 | SUM
42.5440 | 42.7541 | 42.7537 | 1092.7400
42.0487 | 42.7541 | 42.7537 | 1089.4551
02916 | 02889 | 02889 | 89850
02919 | 02889 | 02889 | 9.0194
0.0001 | 00001 | 00001 | 0.0021
0.0001 | 00001 | 00001 | 0.0021
0.0001 | 00001 | 00001 | 0.0021
0.0213 0.0209 0.0209 0.5818
0.0214 0.0211 0.0211 0.5985
0.0001 | 00001 | 0.0001 | 0.0019
0.0001 | 0.0001 | 00001 | 0.0019
0.0019 | 00019 | 00019 | 00482
0.0019 | 00019 | 00019 | 00482
0.5231 0.5173 0.5173 12.8826
P+ 05213 | 05165 | 05173 | 12.8789
Jo.2016 | 02889 | 0.2889 | 89850
425440 | 427541 | 44.8450 | 1092.3198
42,9487 | 42,7541 44.8450 | 1089.4551
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Table C.3 IAE Results of Pressure Devi

L}

Y
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Stream | VLV-100 | VLV-101 | VLV-102 1 A . VLV-400 | VLV-401 | VLV-402 | VLV-303 | VLV-304
103B-P | 0.00823 | 0.00260 | 0.00548 | 0.003 el 003 0.00302 | 0.00247 | 0.00302 | 0.00304 | 0.00304
1083C-P | 0.00437 | 0.00387 | 0.00821 i 0.00450 | 0.00367 | 0.00450 | 0.00453 | 0.00452
105A-P | 0.00236 | 0.00604 | 0.00443 | 0.00307 ’ 0.00243 | 0.00199 | 0.00244 | 0.00245 | 0.00245
105B-P | 0.00325 | 0.00401 | 0.00611 | 0.0 .00 0.00 0.00335 | 0.00273 | 0.00835 | 0.00338 | 0.00337
105C-P | 0.00437 | 0.00387 | 0.00821 0568 C - 05 0.00450 | 0.00367 | 0.00450 | 0.00453 | 0.00452
106-P | 0.00437 | 0.00387 | 0.00821 | 0.0056%°| 0.00435 8 0.00426. | 6 30 | 0.00450 | 0.00367 | 0.00450 | 0.00453 | 0.00452
106A-P | 0.30378 | 0.30840 | 0.26705 | 0.310% 01 0. - 0. 0.30646 | 0.25357 | 0.30706 | 0.30711 | 0.30675
201-P | 0.45272 | 0.46860 | 0.40334 0.46?84 4 . P 9 | 0.45594 | 0.38543 | 0.45633 | 0.45828 | 0.46085
201A-P | 0.00596 | 0.00595 | 0.00729 | 0.00551 #F 0.0 0.90564 | 0.00169 703 | 0.00600 | 0.0048¢ | 0.00602 | 0.00615 | 0.00620
201B-P | 0.00437 | 0.00387 | 0.00821 | 0.00747 | 0.00435 — 0.001 0.00530 | 0.00450 | 0.00368 | 0.00450 | 0.00453 | 0.00452
20IN-P | 0.56849 | 0.57080 | 0.50734 | 0.51623 25 0.66431 | 0.57165 | 0.47189 | 0.57550 | 0.58848 | 0.59118
202B-P | 0.03170 | 0.03197 | 0.02763 | 0.03456 00922 | 0.03787 | 0.03267 | 0.73104 | 0.03299 | 0.03250 | 0.03226
202C-P | 0.13076 | 0.13362 | 0.11423 | 0.14293 45 | 0.15529 | 0.13607 | 0.10947 | 0.13626 | 0.13371 | 0.13350
301-P | 0.00000 | 0.00000 | 0.00000 0000 0000 . 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
301A-P | 0.41881 | 0.42291 | 0.37518 J0.42466 | 0.36469 | 0.42555 | 0.42855 | 0.42773
302-P | 0.00000 | 0.00000 | 0.00000 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
302A-P | 0.00003 | 0.00003 | 0.00003 0.00003 | 0.00002 | 0.00003 | 0.00003 | 0.00003
304-P | 0.00006 | 0.00006 | 0.00006 | O. . _ X 0.004 0.00006 | 0.00005 | 0.00006 | 0.00007 | 0.00007
304A-P | 0.00039 | 0.00040 | 0.00035 | 0. 0.00039 | 0.00038 | 0.00040 | 0.00011 | 0.06€ 0.00040 | 0.00033 | 0.00040 | 0.00040 | 0.00040
401-P | 0.58098 | 0.58619 | 051924 | 0.47319 | 0.57691 | 0.55397 | 0.50458 | 0.35804 | 0.69276 | 0.58815 | 0.50955 | 0.59001 | 0.59416 | 0.59303
401A-P | 0.00000 | 0.00000 | 0.0 ‘ 0.00000 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
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Table C.3 [AE Results of Pressure Devi

Stream | VLV-305 QC Qcz2 | Qc ' H \ { T500 | VLV-501 | VLV-502 | SUM

103B-P | 0.00302 | 0.00356 | 0.00292 | 0.00148 g#¥0.00 g .00308 | 0.00304 | 0.00302 | 0.08463
103C-P | 0.00450 | 0.00531 | 0.00435 | 0. ) g 4 60 | 0.00452 | 0.00450 | 0.11831
105A-P | 0.00243 | 0.00113 | 0.00235 | 0.00116 .00 0.00248 | 0.00245 | 0.00243 | 0.06324
105B-P | 0.00335 | 0.00155 | 0.00323 | 0.001 0.00821 341 31 341 | 000337 | 0.00335 | 0.08751
105C-P | 0.00450 | 0.00208 | 0.00434 | 0.00215 ! 00458 | 0.00452 | 0.00450 | 0.11497
106-P | 0.00450 | 0.00208 | 0.00434 | 0.00214 .0045 0. 0.00458 | 0.00452 | 0.00450 | 0.11497
106A-P | 0.30522 | 0.36818 | 0.29779 | 0.101 0.30613 i ‘ 13 |'0.31543 | 0.30675 | 0.30522 | 7.56272
201-P | 0.46188 | 0.55372 | 0.44823 | 0.14790 96 i 575 ‘ 0.47981 | 0.46085 | 0.46188 | 11.36596
201A-P | 0.00600 | 0.00570 | 0.00585 | 0.09056 [0 0. X 61 0.00611 | 0.00620 | 0.00600 | 0.24283
201B-P | 0.00450 | 0.00208 | 0.00434 | 0.00214 | 0.004% 3 0.00458 | 0.00452 | 0.00450 | 0.11676
20IN-P | 0.57203 | 0.73288 | 0.55796 | 1.32699 | 0.87376 #LJO “n. 376 | 0.57822 | 0.59118 | 0.57203 | 15.27286
202B-P | 0.03279 | 0.03911 | 0.03417 | 0.01117 | 0.03306 3 0.03306 | 0.03326 | 0.03226 | 0.03279 | 1.53820
202C-P | 0.13571 | 0.15894 | 0.14546 | 0.04863 | 0.13627 & 4.0 0.13627 | 0.13639 | 0.13350 | 0.13571 | 3.33227
301-P | 0.00000 | 0.00000 | 0.00000 | 0: | 060000 | 0.00000 | 0.00000 | 0.00000
301A-P | 0.42549 | 0.28930 | 0.40874 1 0.42773 | 0.42549 | 10.43610
302-P | 0.00000 | 0.00000 | 0.00000 0.00000 | 0.00000 | 0.00000
302A-P | 0,00003 | 0.00004 | 0D.00003 | 0. i ; 3 | 0.00003 | 0.00003 | 0.00075
304-P | 0.00006 | 0.00008 | 0.00006 | 0. 0. 00006 00007 | 0.00007 | 0.00006 | 0.00159
304A-P | 0.00040 | 0.00047 | 0.00039 | 0. 0.00039 | 0.00041 | 0.00041 | 0.00037 | 0.00039 “4+0.00041 | 0.00040 | 0.00040 | 0.00977
401-P | 0.58991 | 0.41855 | 0.56594 0.59814 0.58091 | 14.30555
401A-P | 0.00000 | 0.00000 | O. 0.00000 | 0.00000
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Table C.3 IAE Results of Pressure Deviati

Stream | VIV-100 | VLV-101 | VLV-102 | VLV-

402-P 0.58098 | 0.58516 | 0.51999

402A-P | 000000 | 0.00000 | 0.00000 4*0.00

403-P 0.26672 | 0.26911 | 023893 | 0 0.2
403A-P | 0.00000 | 0.00000 | 0.00000

H3PO4-1P | 0.00000 | 0.00000 | 0.00000 | 0.0

H3PO4-2P | 0.00006 | 0.00006 | 0.00006 | 0g0005 J50.
R1-1P 0.00499 | 0.00443 | 0.00939 4
R1-2P 0.00000 | 0.00000 | 0.00000 | 0.

R2-1P 0.00006 | 0.00006 | 0.00006 | O. 00006
R2-2P 0.00000 | 0.00000 | 0.00000 | 0.00000 4% 0.0
WATER-1P | 0.00000 | 0.00000 | 0.00000 | O.
WATER-2P | 0.00000 | 0.00000 | 0.00000 | 0.00000
501-P 0.14525 | 0.14655 | 0.12981 | 0.11830
501A-P 0.00000 0.00000 0. 0.

502-P 0.14525 | 0.14629 | 013

502A-P | 0.00000 | 0.00000 | 0.000¢

503-P 0.10669 0.10765 0.0955 !

503A-P | 0.00000 | 0.00000 | 0.00000 0000

s
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A -302 | VLV-400 | VLV-401 | VLV-402 | VLV-303 | VLV-304
) 9337 | 0.58815 | 0.50955 | 0.59001 | 0.59416 | 0.59303
0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
3 31870 | 0.27005 | 0.23087 | 0.27088 | 0.27279 | 0.27227
0. 000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
.00008 0.00006 0.00005 0.00006 0.00007 0.00007
Y 00606 | 0.00514 | 0.00420 | 0.00514 | 0.00518 | 0.00517
‘ 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
.~ 0.00008 | 0.00006 | 0.00005 | 0.00006 | 0.00007 | 0.00007
0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
0. 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
8973 | 0.17319 | 0.14704 | 0.12739 | 0.14750 | 0.14854 | 0.14826
0.08000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
' » 0.14704 0.12739 0.14750 0.14854 0.14826
0.00000 0.00000 0.00000 0.00000 0.00000
8 | 0.10802 | 0.09235 | 0.10835 | 0.10911 | 0.10891
0 000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
=
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Table C.3 IAE Results of Pressure Deviati

Stream VLV-305 QcC QC2
402-P 0.58991 | 0.42498 | 0.56594
402A-P 0.00000 | 0.00000 | 0.00000
403-P 0.27084 | 0.17644 | 0.26017
403A-F 0.00000 | 0.00000 | 0.00000
H3PO4-1P | 0.00000 | 0.00000 | 0.00000
H3PO4-2P | 0.00006 | 0.00008 | 0.00006
R1-1P 0.00514 | 0.00238 | 0.00496
RI1-2P 0.00000 | 0.00000 | 0.00000
R2-1P 0.00006 | 0.00008 | 0.00006 | 0.00008
R2-2P 0.00000 | 0.00000 | 0.00000 | 0.00000
WATER-1P | 0.00000 | 0.00000 | 0.00000 | 0.00000
WATER-2P | 0.00000 | 0.00000 | 0.00000 | 0.00000
501-P 0.14748 | 0.10464 0.07182
501A-P 0.00000 | 0.00000
502-P 0.14748 | 0.10624
502A-P 0.00000 | 0.00000
503-P 0.10834 | 0.07058
503A-P 0.00000 | 0.00000

H T500 | VLV-501 | VLV-502 SUM
0.55947 | 0.59303 0.58991 | 14.27489
0.00000 | 0.00000 0.00000 | 0.00000
0.26190 | 0.27227 | 0.27084 | 9.54967
0.00000 | 0.00000 0.00000 | 0.00000
0.00000 | 0.00000 0.00000 | 0.00000
0.00007 | 0.00007 | 0.00006 | 0.00159
0.00524 | 0.00517 | 0.00514 | 0.13142
0.00000 | 0.00000 0.00000 | 0.00000
0.00007 | 0.00007 | 0.00006 | 0.00159
0.00000 | 0.00000 0.00000 | 0.00000
0.00000 | 0.00000 | 0.00000 0.00000 | 0.00000
0.00000 | 0.00000 | 0.00000 0.00000 | 0.00000
0.14826 0.14748 3.57639
0.00000 | 0.00000 0.00000
0.14826 0.14748 3.56872
0.00000 | 0.00000 | 0.00000
0.10891 0.10834 | 3.81987
0.00000 0.00000 | 0.00000
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Table C.4 IAE Results of Temperatu

Y

ARIAN TN INAE

1 1

33.913

13,9121

Stream | VLV-100 | VLV-101 | VLV-102 -103 - 1 V- V-302 | VLV-400 | VLV-401 | VLV-402 | VLV-303 | VLV-304
103B-T | 0.00079 | 0.00023 | 0.00059 | 0. 0 e — ' 0.00027 | 0.00020 | 0.00027 | 0.00027 | 0.00027
103C-T | 0.00079 | 0.00023 | 0.00059 2 |8 o927 [ 0.00027 | 0.00020 | 0.00027 | 0.00027 | 0.00027
105A-T | 0.00042 | 0.00107 | 0.00089 | o0. 0. 62 | 0.00044 | 0.00032 | 0.00043 | 0.00043 | 0.00043
105B-T | 0.00042 | 0.00107 | 0.00089 | 0 DO T 0.038 0.00044 | 0.00032 | 0.00043 | 0.00043 | 0.00043
105C-T | 0.03937 | 0.12129 | 0.09757 | 0.06858 .0 - D.03968 | 0.04012 | 0.02935 | 0.03975 | 0.03978 | 0.03987
106-T 0.03852 0.14071 0.08412 0.065 [ i 3 i 135 0.03997 0.02918 0.0:3982 0.03977 0.03975
106A-T | 0.16370 | 0.27312 | 0.21688 | 0.2 69 i 0.17148 | 0.16855 | 0.12797 | 0.16725 | 0.16896 | 0.17153
201-T | 555475 | 5.71933 | 5.48223 | 6.51620 .6 82437 5 1 | 552244 | 4.23857 | 5.46808 | 5.45596 | 5.50380
201A-T | 1.06806 | 1.03595 | 1.06264 | 1.39 1.10837 k¢ 0.2 04663 | 1.07134 | 077034 | 1.06371 | 1.06015 | 1.05412
201B-T 1.06806 1.03353 1.06016 1.02630 96 = = 29, 1.04419 1.06882 0.77822 1.06371 1.06015 1.05412
20IN-T | 1.06604 | 1.03649 | 1.06109 | 1.39439 .104 Lt 267 | 1.04722 | 1.06943 | 0.77866 | 1.06431 | 1.06076 | 1.05474
202B-T 2.17449 2.20439 2.18483 3.21423 2.18205 ).60591 2.16466 2.18213 14.69918 2.18300 2.17851 2.17767
202C-T | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.0 - b 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
401-T | 0.00000 | 0.00000 | 0.00000 : " 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
301A-T | 0.00000 | 0.00000 | 0.00000 (/0,00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
302-T 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
302A-T | 0.00000 | 0.00000 | 0.00000 , ' 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
304-T 0.00012 0.00012 0.00012 0. 0. 0. 0.00012 0.00009 0.00012 0.00012 0.00012
304A-T | 0.00000 | 0.00000 | 0.00000 | 0. 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0. 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
401-T 14.06086 | 13.97562 | 13.95203 | 13.5778 14.07266 | 14.04932 | 13.88403 | 39.19361 | 13.89000 | 14.02656 | 13.04883 | 14.04573 | 14.05031 | 14.08517
401A-T | 13.99207 | 13.90725 | 13 . 4.1 14.04888 | 13.02940 | 14.02231 | 14.02703 | 13.95267
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Table C.4 TAE Results of Temperatur

AMIAN TN INAE

Stream | VLV-305 Qc QCc2 | QC 1 HT500 | VLV-501 | VLV-502 SUM

103B-T | 0.00027 | 0.00027 | 0.00027 | 0 0 7 0.00035 | 0.00027 | 0.00027 | 0.00795
103C-T | 0.00027 | 0.00027 | 0.00027 8 W 0.00035 | 0.00027 | 0.00027 | 0.00795
105A-T | 0.00043 | 0.00017 | 0.00044 | 0.0005 0 i \ 39 | 0.00057 | 0.00043 | 0.00043 | 0.71363
105B-T | 0.00043 | 0.00017 | 0.00044 | 0. 0 T= 7 0. 0.00057 | 0.00043 | 0.00043 | 0.05169
105C-T | 0.03974 | 0.02026 | 0.04003 | 0.03724 4 0.0 ‘ 4 , 3550 | 0.05265 | 0.03987 | 0.03974 | 1.18971
106-T 0.03969 0.01750 0.03936 0.034728 0 0.04 96 0.05196 0.03975 0.03969 1.86553
106A-T | 0.17084 | 0.13664 | 0.17085 | 0.3 | 52 ' 0.15251 | 0.22730 | 0.17153 | 0.17084 | 5.19219
201-T | 5.56924 | 5.88221 | 5.65933 | 3.26208 0 ‘ 1631 | 6.01989 | 5.50380 | 5.56924 | 141.00569
201A-T 1.05316 0.86960 1.04870 1.232108F 0. -6 18 4 1.0 04236 1.38558 1.05412 1.05316 27.68519
201B-T | 1.05316 | 0.85863 | 1.04615 | 1.54355 | ( = 02 094236 | 1.87344 | 1.05412 | 1.05316 | 27.28641
20IN-T | 1.05376 | 0.87046 | 1.04678 | 0.52333 | 0.942 o 3 0.94201 | 1.38065 | 1.05474 | 1.05376 | 26.67677
202B-T | 2.18663 | 2.16427 | 3.53373 | 227275 | 1.94057 : 06620 | 1.94057 | 2.85872 | 217767 | 2.18663 | 70.67797
202C-T | 0.00000 | 0.00000 | 0.00000 | 0.00000 | O. - b 1o 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
301-T | 0.00000 | 0.00000 | 0.00000 ‘ . 0.00000 | 0.00000 | 0.00000 | 0.00000
301A-T | 0.00000 | 0.00000 | 0.00000 00! 0.00000 | 0.00000 | 0.00000 | 0.00000
302-T | 0.00000 | 0.00000 | 0.00000 10.00000 | 0.00000 | 0.00000 | 0.00000
302A-T 0.00000 0.00000 0.00000 ~ 0.00000 0.00000 0.00000 0.00000
304-T 0.00012 0.00012 0.00012 0.00012 0. . 0. 0.00015 0.00012 0.00012 0.00299
304A-T | 0.00000 | 0.00000 | 0.00000 | 0. 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0. 0.00000 | 0.00000 | 0.00000 | 0.00000
401-T | 14.03399 | 14.37269 | 13.81501 | 14.30446 4 14.27742 | 13.93670 | 14.74962 | 13.67247 | 14.27742 | 14.74962 | 14.08517 | 14.03399 | 390.22199
401A-T | 14.01074 | 14.43519 | 13.79243 | §4s724 | 13.71113 13.64966 | 14.25724 | 14.72074 | 13.95267 | 14.01074 | 384.11981
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Table C.4 IAE Results of Temperaturg De
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AMIAN TN INAE

Stream | VLV-100 | VLV-101 | VLV-102 VLV-400 | VLV-401 | VLv-402 | VLv-303 [ VLv-304
4027 | 1184101 | 11.70388 | 11.81647 11.80870 | 10.85370 | 11.80566 | 11.81136 | 11.84067
402A-T 10.64621 10.58167 | 10.6869 10.65228 | 10.02932 | 10.66103 | 10.66570 | 10.69217
403-T 18.46008 18.34817 | 18.47336 18.44246 | 15.15925 | 18.53352 | 18.53667 | 18.58267
403A-T | 1874770 | 18.63405 | 1869117, 18.77793 | 15.36851 | 18.76141 | 18.76428 | 18.81083
H3PO4-1T | 000000 | 0.00000 | 0.00000 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
H3PO4-2T | 0.00000 | 0.00000 | 0.00000 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
RI-IT | 003849 | 014103 | 008409 0.03042 | 0.02034 | 003978 | 0.03973 | 0.03972
RI-2T | 003780 | 0.14056 | 0.08532 0.03854 | 003920 | 0.02887 | 003915 | 0.03910 | 0.03008
R2IT | 000012 | 000012 | 0.00012 0.00012 | 0.00012 | 0.00009 | 0.00012 | 0.00012 | 0.00012
R22T | 000013 | 0.00013 | 0.00013 0.00013 | 000013 | 000010 | 0.00013 | 0.00013 | 0.00013
WATER-IT | 0.00000 | 0.00000 | 0.00000 0.00000 | 0.00000 | 000000 | 0.00000 | 0.00000 | 0.00000
WATER-2T 0.00000 0.00000 0.00000 0.00000 | 0.0000G=—4=H:H060 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
501-T | 140.06086 | 13.97562 | 1395203 14.02656 | 13.04883 | 14.04573 | 14.05031 | 14.08517
501A-T | 13.99207 | 1390725 | 13905 14.04888 | 13.02040 | 14.02231 | 14.02703 | 13.95267
502-T | 11.84101 | 1170388 | 118147 1143910 | 1180164 | 11.80870 | 10.85370 | 11.80566 | 1181136 | 11.84067
502AT | 1064621 | 10.58167 | 10.6888 10,6566 10.65228 | 10.02032 | 1066103 | 1066570 | 10.60217
503-T | 42.67461 | 42.00215 | 42.2800 |=35.948 42.73391 | 44.84501 | 42.63117 | 42.75307 | 42.75405
S03A-T | 42.58671 | 42.08830 | 42.36816 | 8. 12 5076 §8675 | 12.27303 | MB.64523 | 42.73301 | 42.75373 | 42.63117 | 42.75307 | 42.75405
-t E
AUEAINENTNEINS
Y
S




Table C.4 TAE Results of Temperature

Stream VLV-305 QC QO 2

402-T 11.79764 | 12.87095 | 11.65379 | 1

402A-T 10.65332 | 11.91688 | 10.52945 ;

403-T 18.51515 | 17.12052 | 18.16734 | 18.58

403A-T 18.74248 | 17.41906 | 18.37637 64 1
H3PO4-1T | 0.00000 | 0.00000 | 0.00000 ° :
H3PO4-2T | 0.00000 | 0.00000 | 0.00000 0

RI1-1T 0.03966 | 0.01759 | 0.03932 49 1

R1-2T 0.03906 | 0.01732 | 0.03869 | 0.03

R2-1T 0.00012 | 0.00012 | 0.00012 | 0.0 .00010

R2-2T 0.00013 | 0.00013 | 0.00013 | 0.00014 & 0.0001
WATER-1T | 0.00000 | 0.00000 | 0.00000 | 0. 04
WATER-2T | 0.00000 | 0.00000 | 0.00000 | 0.00000 | O.

501-T 14.03399 | 14.37269 | 13.81591 | 14.30446 | 1

501A-T 14.01074 | 14.43519 | 13.792¢ 14.

502-T 11.79764 | 12.87095 | 11.

502AT 10.65332 | 11.33984 | 10.52

503-T 42.75373 | 42.46980 | 42.355 :

503A-T 42.75373 | 41.56108 | 42.44105 [ 2894,

T500 | HT500 | VLV-501 | VLV-502 SUM

.06843 | 12.91311 | 11.84067 | 11.79764 | 299.57240

7998 | 11.33984 | 10.69217 | 10.65332 | 270.71265

19.33181 | 15.04152 | 18.58267 | 18.51515 | 458.08392

15. 8.70534 | 15.31049 | 18.81083 | 18.74248 | 464.55436
0.00000 | 0.00000 | 0.00000 | 0.00000

0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000

051 03541 | 0.05179 | 0.03972 | 0.03966 | 1.86522
; 7 0.03485 | 0.05113 | 0.03908 | 0.03906 | 1.84947

15 | 0.00010 | 0.00015 | 0.00012 | 0.00012 0.00299
13 | 0.00012 | 0.00018 | 0.00013 | 0.00013 | 0.00340

00 0.000: 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000

3.67247 | 14.27742 | 39.19361 | 14.08517 | 14.03399 | 390.22199

1426724 | 33.91307 | 13.95267 | 14.01074 | 384.11981

12.91311 | 11.84067 | 11.79764 | 299.57240

8 | 11.91688 | 10.69217 | 10.65332 | 270.71265

3 | 42.54396 | 42.75405 | 44.84501 | 1092.31984

48003 | 42.94875 | 42.75405 | 44.84501 | 1089.45515
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Table C.5 IAE Results of Biodiesel Pro

AMIAN TN INAE

14.04888

Stream | VLV-100 | VLV-101 | VLV-102 | V VLV-400 | VLV-401 | VIV-402 | VLV-303 | VLV-304
103B-M | 0.14799 | 0.04503 | 0.10836 | 0.074 6 | 005276 | 0.04192 | 005228 | 0.05245 | 0.05245
103C-M | 0.14799 | 0.04503 | 0.10839 4 0.05276 | 0.04192 | 0.05228 | 0.05245 | 0.05245
105A-M | 0.32829 | 0.83225 | 068811 | 0.473 3 7 | 033421 | 026621 | 0.33160 | 0.33268 | 0.33268
105B-M | 0.32862 | 0.83225 | 0.68811 | 0.4 ( .3 76 0.34 0.33454 | 0.26595 | 0.33160 | 0.33268 | 0.33268
105C-M | 0.34243 | 0.87711 | 0.70150 78 403 8475 8 0.34868 | 0.27694 | 0.34528 | 0.34641 | 0.34641
106-M | 1.81086 | 1.77991 | 1.58459 | 5.7923g# 1300438 1.8018 9 01 | 178717 | 145214 | 1.77231 | 178007 | 1.77810
106A-M | 1.81086 | 1.78056 | 1.58459 | 5.7 2 1801811 1.80087 | 1.78717 | 1.45084 | 177231 | 178007 | 1.77810
201-T | 555475 | 571933 | 548223 | 6.51620 |B.61 shekdy - " 54641 | 552244 | 4.23857 | 546808 | 5.45596 | 5.50380
201A-T 1.06806 1.03595 1.06264 1.49708 1.1 1 j":..‘ 0.2¢ 104663 1.07134 0.77034 1.06371 1.06015 1.05412
201B-T | 1.06806 | 1.03353 | 1.06016 | 1.02630 - 0.2932 1.04419 | 1.06882 | 0.77822 | 1.06371 | 1.06015 | 1.05412
20IN-T 1.06604 1.03649 1.06109 1.39439 ; I 26 1.04722 1.06943 0.77866 1.06431 1.06076 1.05474
202B-M | 285197 | 2.85403 | 2.77302 | 3.44342 80833 | 2.86382 | 2.90658 | 0.59274 | 290814 | 2.84248 | 2.84346
202C-M | 0.42323 | 0.42767 | 0.42066 | 0.58266 o 43 | 0.42491 | 0.42983 | 0.34277 | 0.42809 | 0.42822 | 0.42699
301-M 1.44211 1.42620 1.43174 9739 - 44507 1.44276 1.20685 1.43388 1.43856 1.43856
301A-M | 1.44211 | 1.42620 | 1.43174 | 44507 | 1.20685 | 1.43388 | 1.43856 | 1.43856
302-M 0.00184 0.00182 0.00183 0.00184 0.00146 0.00182 0.00183 0.00183
302A-M | 000184 | 0.00182 | 0.00183 _ 0.00184 | 0.00146 | 0.00182 | 0.00183 | 0.00183
304-M | 0.00220 | 0.00218 | 0.00219 | o. j 0. 0.00220 | 0.00175 | 0.00218 | 0.00219 | 0.00219
304A-P | 0.00039 | 0.00040 | 0.00035 | 0. 0.00039 | 0.00038 | 0.00040 | 0.00011 | 0.0804% | 0.00040 | 0.00033 | 0.00040 | 0.00040 | 0.00040
401-T | 14.06086 | 13.97562 | 13.95203 | 13.57783 | 14.07266 | 14.04932 | 13.88403 | 39.19361 | 13.89000 | 14.02656 | 13.04883 | 14.04573 | 14.05031 | 14.08517
401A-T | 13.99207 | 13.90725 | 13.95777 | 1402551 | 14.11 33.91307 | 1391211 13.02940 | 14.02231 | 14.02703 | 13.95267
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Table C.5 TAE Results of Biodiesel Proc ont)

Stream | VLV-305 QC Qc2 | Q H H T500 | VLV-501 | VLV-502 | SUM

108B-M | 0.05245 | 0.07490 | 0.05283 | 0.03 0 2 5 | 0.05321 | 0.05245 | 0.05245 | 0.14799
103C-M | 0.05247 | 0.07494 | 0.05288 5340 1 0. 0.05330 | 0.05245 | 0.05247 | 0.14799
105A-M | 0.33268 | 0.18665 | 0.33509 | 0.21853% o 0.33782 | 0.33268 | 0.33268 | 0.83225
105B-M | 0.33268 | 0.18665 | 0.33443 | 0. 0. 0.33782 | 0.33268 | 0.33268 | 0.83225
105C-M | 0.34641 | 0.18665 | 0.34826 | 0.22758 #* 0.38801 35108 7 0| %0.35 0.35108 | 0.34641 | 0.34641 | 0.87711
106-M | 1.78268 | 2.12552 | 1.80876 | 2.963 1.85 068 443 | 1.85983 | 1.77810 | 1.78268 | 5.79236
106A-M | 1.78268 | 2.12552 | 1.80843 | 2.99) 1 = o L% |, 185 1.86016 | 1.77810 | 1.78268 | 5.79236
201-T | 556924 | 588221 | 565933 | 3.26208 0 s 580874 | 5.01631 | 6.01989 | 550380 | 5.56924 | 7.48013
201A-T | 1.05316 | 0.86960 | 1.04870 | 1.2321 0.94236 1. 94236 | 1.38558 | 1.05412 | 1.05316 | 1.54726
201B-T | 1.05316 | 0.85863 | 1.04615 | 1.54355 236 1 1.0 0.94236 | 1.37344 | 1.05412 | 1.05316 | 1.54355
20IN-T | 1.05376 | 0.87046 | 1.04678 | 0.52333 942914 vt 023 0.94201 | 1.38965 | 1.05474 | 1.05376 | 1.39439
202B-M | 2.90588 | 4.17825 | 3.24687 | 1.42816 | 3.033 = 86000 | 3.03300 | 2.65217 | 2.84346 | 2.00588 | 4.17825
202C-M | 0.43031 | 0.60442 | 0.69335 | 0.29048 | 0.4 ¥ 98 | 043812 | 0.41824 | 0.42699 | 0.43031 | 0.69335
301-M | 1.43856 | 1.19879 | 1.44075 21 D 4509+~ 145372 | 1.43856 | 1.43856 | 2.32565
301A-M | 1.43856 | 1.18199 | 1.44075 J 145372 | 143856 | 1.43856 | 2.46537
302-M | 0.00183 | 000261 | 0.00184 | 0.00186 | 0.00183 | 0.00183 | 0.00261
302A-M | 0.00183 | 0.00261 | 0.00184 0.00186 | 0.00183 | 0.00183 | 0.00261
304-M | 0.00219 | 0.00313 | 0.00221 | 0. : 0. 0.00222 | 0.00219 | 0.00219 | 0.00313
304A-P | 0.00040 | 0.00047 | 0.00039 | 066820 | 0.00039 | 0.00041 | 0.00041 | 0.00037 | 0. 0.00041 | 0.00040 | 0.00040 | 0.00047
401-T | 14.03399 | 14.37260 | 13.81501 | 14.30446, | 14.27742 | 13.93670 | 14.74962 | 13.67247 | 14.27742 | 14.74962 | 14.08517 | 14.03399 | 39.19361
401A-T | 14.01074 | 14.43519 | 13.79243 13.71113 | 14, 13.64966 | 14.25724 | 14.72074 | 13.95267 | 14.01074 | 33.91307

AMIAN TN INAE

113

€Il



Table C.5 IAE Results of Biodiesel Pr
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Stream | VLV-100 | vIv-101 | VLV-102 VLV-400 | VLV-401 | VLV-402 | VLV-303 | VLV-304
402-M | 42.67461 | 42.00215 | 42.28089 42.73391 | 44.84501 | 42.63117 | 42.75307 | 42.75405
402A-M | 42.58671 | 42.08830 | 42.36816 42.73391 | 44.84501 | 4263117 | 42.75307 | 42.75405
403-T | 18.46008 | 18.34817 | 18.47336 18.44246 | 1515025 | 18.53352 | 18.53667 | 18.58267
403A-T | 18.74770 | 18.63405 | 18.69117 | 18.77793 | 15.36851 | 18.76141 | 18.76428 | 18.81083
H3PO4-1M | 0.00008 | 0.00008 | 0.00008 0.00008 | 0.00007 | 0.00008 | 0.00008 | 0.00008
H3PO4-2M | 0.00008 | 0.00008 | 0.00008 0.00008 | 0.00008 | 0.00007 | 0.00008 | 0.00008 | 0.00008
RI-IP | 0.00000 | 0.00000 | 0.00000 , ) : 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
R12P | 0.00000 | 0.00000 | 0.00000 | 0. 00000 0.00000 |—0.001 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
R2-1P | 0.00000 | 0.00000 | 0.00000 | 0. - gu 8 gmd : 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
R22P | 0.00000 | 0.00000 | 0.00000 | 0.00000 o | 0.00000 | 000000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
WATER-IM | 0.00191 | 0.00189 | 0.00190 0.00191 | 0.00191 | 0.00152 | 0.00190 | 0.00190 | 0.00190
WATER-2M | 0.00191 | 0.00189 | 0.00190 | 0.00172 000054 | 0.00191 | 000191 | 0.00152 | 0.00190 | 0.00190 | 0.00190
501-T 14.06086 | 13.97562 | 13.95203 14.02656 | 13.04883 | 14.04573 | 14.05031 | 14.08517
501A-T | 13.99207 | 13.90725 | 13.957 14.04888 | 13.02040 | 14.02231 | 14.02703 | 13.95267
502T | 1184101 | 1170388 11.80870 | 10.85370 | 11.80566 | 11.81136 | 11.84067
502AT | 10.64621 | 10.58167 1065228 | 10.02032 | 10.66103 | 10.66570 | 10.69217
503-M | 42.67461 | 42.00215 | 42.73391 | 44.84501 | 42.63117 | 42.75307 | 42.75405
503A-M | 42.58671 | 42.08830 | 42.36816 F] 34861 | 4 12.27303 || #2.64523 | 42.73301 | 42.75373 | 42.63117 | 42.75307 | 42.75405
oy i
=




Table C.5 IAE Results of Biodiesel Processel

Stream | VLV-305 | QC QC2 HTs500 | VLv-501 | viv-s02 [ sum
402-M | 42.75373 | 42.46990 | 42.35530 42.54396 | 42.75405 | 42.75373 | 45.26517
402A-M | 4275373 | 41.56108 | 42.44105 bg6 | 4948003 | 42.94875 | 42.75405 | 42.75373 | 44.84501
403-T | 1851515 | 17.12952 | 18.16734 | 1803819 },19.33181 | 15.04152 | 18.58267 | 18.51515 | 19.33181
403A-T | 18.74248 | 17.41906 | 18.37637 | 115125067 | W8i70534 | 15.31049 | 18.81083 | 18.74248 | 19.70534
H3PO4-1M | 0.00008 | 0.00012 | 0.00008 | Bipoousy, | 0.00008 | 0.00008 | 0.00008 | 0.00008 | 0.00012
H3PO4-2M | 0.00008 | 0.00012 | 0.00008 0.00008 | 0.00008 | 0.00008 | 0.00012
R1-1P | 0.00000 | 0.00000 | 0.00000 0.00000 | 0.00000 | 0.00000 | 0.00000
R1-2P | 0.00000 | 0.00000 | 0.00000 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
R2-1P | 0.00000 | 0.00000 | 0.00000 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
R2-2P | 0.00000 | 0.00000 | 0.00000 0.00000 | 0.00000 | 0.00000 | 0.00000 | 0.00000
WATER-IM | 0.00190 | 0.00272 | 0.00192 , 193] 0.00195 | 0.00193 | 0.00190 | 0.00190 | 0.00272
WATER-2M | 0.00190 | 0.00272 | 000192 | 000128 | 0.00195—f 0:06i04{ B00811 | 0.00188 | 0.00195 | 0.00193 | 0.00190 | 0.00190 | 0.00272
501-T | 14.03399 | 14.37260 | 13.81501 | 14.30a46 | Jgawrat Ml 1d 6sir0 ) : 14.27742 | 39.19361 | 14.08517 | 14.03399 | 39.19361
S01A-T | 14.01074 | 14.43519 | 13.79243y i § : 33.91307 | 13.95267 | 14.01074 | 33.91307
502T | 1179764 | 12.87095 | 1165407 12.91311 | 11.84067 | 11.79764 | 12.91311
502AT | 10.65332 | 11.33984 | 10.52045 ¥ 10 1191688 | 10.69217 | 10.65332 | 11.91688
503-M | 42.75373 | 42.46000 | 42.35530°] 88 42.54396 | 42.75405 | 44.84501 | 44.84501
S03A-M | 42.75373 | 41.56108 | 42.44105 42.94875 | 42.75405 | 44.84501 | 44.84501
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Table C.6 [AE Results of Temperatur

T-200 (Methanol Recovery Column)

1 and Glycerol Column

AMIAN TN INAE

Stream | VLV-100 | VLV-101 | VLV-102 | VLV- 015 VLV VLV-400 | VLV-401 | VLV-402 | VLV-303 | VLV-304
Tray 1 | 16.9591 | 17.3372 | 16.8171 0 ' 16.8032 | 17.4096 | 16.8249 | 16.8551 [ 17.035

Tray 2 | 18.2097 | 187251 | 182334 [ 215 18 3 18.2047 | 18.8177 | 18.2209 | 18.1087 | 18.2064

Tray 3 | 56.4346 | 56.3607 | 56.4024 | 50. 2 96 81 14,56. 56.7096 | 57.0935 | 57.0956 | 57.1005 | 57.1161
Tray 4 | 56.1633 56.1115 56.1714 50.4808 )74/ : 4258 56.4348 56.8126 56.8116 56.8212 56.835

T-400 (Biodiesel Column) , ’

Stream | VLV-100 | VLV-101 | VLV-102 | VLV 200" |. VLV- LV-802 | VLV-400 | VLV-401 | VLV-402 | VLV-303 | VLV-304
Tray 1 44.125 44.125 44.125 44,125 BF 957 44.013 48.424 44.426 44.415 44.415

Tray2 | 40131 | 40131 | 40131 | 40131 8" 4048 400 154. 988 | 40035 | 43.632 | 40.386 | 40.377 | 40.377

Tray3 | 37225 | 37.225 | 37.225 | 37.225 5 -+ 458 W 37.099 37.14 40.211 37.45 37.442 | 37.442

Tray 4 35.509 35.509 35.508 35.509 .509 ok - 506 35.395 35.433 38.117 35.711 35.701 35.703

T-500 (Glycerol Column)

Stream | VLV-100 | VLV-101 | VLV-102 | VLV-103 | VLV-2004 1 | VLV-302 | VLV-400 | VLV-401 | VLV-402 | VLV-303 | VLV-304
Tray 1 | 20.0100 | 20.6607 | 20.0066 3221, 564 40 19.8577 | 20.6543 | 19.8816 | 19.925 | 20.1323
Tray 2 | 34.098 | 34.0900 | 34.098 134.027 | 36414 | 34.289 34.28 34.282

Tray3 | 35509 | 35509 | 35.508 35433 | 38.117 | 35711 | 35701 | 35.708

Tray4 | 37225 | 37.225 | 37.225 37.14 40.211 37.45 37.442 | 37.442
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Table C.6 IAE Results of Temperature

T-200 (Methanol Recovery Column)

AULININTNEINS

Stream | VLV-305 | VLV-500 | VLV-501 | VLV

Tray 1 17.0495 16.8551 17.035 1 . 3
Tray 2 18.3967 18.1087 18.2964 18.3967 8.2
Tray 3 57.0877 57.1005 57.1161 57. 5 (]
Tray 4 | 56.8078 56.8212 56.835 56.8078 B3
T-400 (Biodiesel Column)

Stream | VLV-305 | VLV-500 | VLV-501 | VLV 2
Tray 1 44.415 44.415 44.415 44.415 .41
Tray 2 40.377 40.377 40.377 40.377 40.:
Tray 3 37.442 37.442 37.442 47.442 E)
Tray 4 35.703 35.703 35.703 35.703 03
T-500 (Glycerol Column)

Stream | VLV-305 | VLV-500 | VLV-501 | VLV-502 QC 2
Tray 1 20.2051 19.925 20.1323 2051

Tray2 | 34282 | 34.282 | 34.282 2

Tray 3 35.703 35.703 35.703

Tray 4 37.442 37.442 37.442

] and Glycerol Column (Cont)

H T200 | HT400 | HT500 | SUM
04 18.037 | 17.2145 | 17.2145 | 444.5295
19.5546 | 18.6908 | 18.6908 | 480.0523
71.293 | 56.4169 | 56.4169 | 1488.2951
78 | 71.2513 | 56.1517 | 56.1517 | 1482.1833
0 | HT200 | HT400 | HT500 | SUM
1 1 | 44088 | 39.950 | 39.959 | 1251.061
41.83 1 | 40.099 | 36.544 | 36.544 | 1157.514
723 47.057 | 47.196 | 34.035 | 34.035 | 1076.072
358 | 35.481 | 32.621 | 32.621 | 1067.787
QC T500 | H T200 | H'T400 | HT500 | SUM
51 .3534 | 20.5496 | 20.5496 | 526.5197
072 | 30.16 30.16 | 883.739
481 | 32621 | 32.621 | 922932
196 | 34.035 | 34.035 | 967.655
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Table C.7 IAE Results of Level Deviatignsjomthe Pragess Streart

1‘"

ARIANTAUNININGIAE

Stream | VLV-100 | VLV-101 | VLV-103 01 4 ¥ V-303)| Vol |02 VLV-305
L-R100 | 00121 | 01887 | 1.5664 | 75 | 003729 0.0372
L-R101 | 00038 | 00038 | 00038 3\ 0.2135
L-C-T200 | 16.0442 | 15.0803 | 18.5305 15.4553
L-C-T400 0.0035 0.0051 0.0033 0.0029
L-C-T500 | 00246 | 00246 | 00246 0.072
L-R-T200 | 16.0442 | 15.0803 | 18.5305 15.4553
L-R-T400 | 00201 | 00291 | 0.0291 0.0291
L-R-T500 | 00173 | 00173 | 0.0173 0.0743
Stream | VLV-501 | VLV-502 | QC T200 MAX
L-R100 | 00372 | 00372 | 07606 | o 1.5664
L-R101 | 00038 | 00038 | 00038 | 0.0038 0.314
L-C-T200 | 15.4553 | 154553 | 54.3565 | 15.4604 54.3565
L-C-T400 | 00020 | 00029 [ 00050 | 4.2504 18.5056
L-C-T500 | 0.0442 | 00245 [ 003 L 0.0246 , 0.072
L-R-T200 | 15.4553 | 15.4553 | 54.3565, L. 25400, 543565
L-R-T400 | 00201 | 00201 | o0.0301 | e 0272
L-R-T500 | 0.0167 | 05479 | 0.024 ° mE

—

il
AP |
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