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The techno-economic analysis of chemical processassually based on steady state
simulations. When dynamic processes are presemplified or surrogate models are used to
avoid the dynamic simulation of the overall systBi@vertheless, this usually results in loss
of information when the simplified model is usec&darge number of parameters when the
surrogate model is applied. To circumvent this pealy a hybrid surrogate model is proposed
that combines the low-cost prediction of the averbghavior by a simplified model with the
fine tuning provided by a multilinear look-up tabl&his concept was applied to the
homogeneous alkaline transesterification of thébsay oil with ethanol in a batch reactor.

The hybrid approach enabled a 70% reduction inthenber of points of the look-up table
compared to the pure interpolator model, for anwecy tolerance of 0.01 mol/l.

RESUMQO

A analise técnico-econdmica de processos quimiostuma se basear em simulagfes
estacionarias. Quando processos dindmicos estageptes, modelos simplificados ou meta-
modelos sdo usados para evitar a simulagéo dinAndeatodo processo. Mas isso

normalmente resulta em perda de informagdo, no casmodelo simplificado, ou em um

grande namero de parametros no caso dos meta-nmdelra contornar isto, um meta-

modelo hibrido é proposto, que combina a predic&o baixo custo computacional do

comportamento médio do sistema por um modelo siogalo, com o refinamento provido

por um interpolador multilinear. Esta metodologia &plicada na transesterificacao alcalina

homogénea do 6leo de soja com etanol em um reatetdala. O modelo hibrido reduziu em
70% o numero de pontos da tabela de inspecéo paeatalerancia de 0.01 mol/l de precisao
comparado ao modelo de interpolador puro.




. 1. INTRODUCTION

It is already a consensus that a shift towardsrbhoca
neutral economy is mandatory. To allow this traositmultiple
options and sources will probably coexist, withrbass as an
important source for both energy and materials (@zioo et al.,
2020). In this context, a good alternative for peltremical
derived fuels is biodiesel. Biodiesel is a monobhbkster of a
fatty acid produced from renewable sources, sucregetable
oils and animal fat (Mahlia et al., 2020).

The biodiesel production is usually based on th

transesterification reaction of a triacyl glycerigigh an alcohol.
It can be homogeneously catalyzed by acids, basksraymes
or heterogeneously by oxides of alkaline earth merzolites,
immobilized enzymes, among other options (Guerr2éd,1).

capable of performing process simulations, optitize,

parameter estimation and data reconciliation. $tdmainterface
with MATLAB through Simulink and python. The lookpuable
model, used in this study, was included in EMSOarjalug in

(Furlan et al., 2016), since it is not well suifedthe equation-
oriented approach due to its algorithmic modelling.

The rigorous model for the transesterification@flsean
oil with ethanol, using sodium ethoxide as cataligspresented
by Dias (2016). The global reaction rates are bamedhe
pseudo-components that represent the triacyl ghyeer(TG),
diacyl glycerides (DG) and monoacyl glycerides (M®)e
eefhyl esters that compose the biodiesel (EE), aloitly the
glycerol (GL) and the ethanol (ET). This reacti@euars in three
steps, represented by reversible reactions describg
Equations 1-3.

Methanol is mainly used as the alcoholic compoun®@G + ET 2 DG + EE 1)

Nevertheless, there is a trend in Brazil towards tise of
ethanol, given the potential of the ethanol andsigustry and
the possibility to achieve a more renewable fuebdbh this
route (Guerrero, 2011).

DG + ET 2 MG + EE @)
MG + ET 2 GL + EE ®3)

The kinetics models of these reactions are repteddry

Most of the catalysts options listed are still natquations 4-9.

consolidated in industry. Therefore, it is of pacamt
importance to perform techno-economic and envirartaie

Tr¢ = —ky*Crg* Cgr + ky* Cpg * Cpg 4)

analyses to assist their development towards indUsty, . =k, Cre-Cpr —ky* Cpg - Cop — ks - Cpg * Cor + ky -

application (Furlan et al., 2016). Since theseyam®d are usually
based on steady-state simulations, essentially rdina
processes, such as batch and feed batch reaatersainly
represented by simplified models (stoichiometriacters, for
example). These simplified models present low amurfor
describing the influence of process conditions lo@ $ystem
performance.

An option to circumvent this problem is to use egate
models. Surrogate models aim at representing comahel
costly systems using cheaper functions. Severalogate
modeling functions are available (Alizadeh et 2020). One
option is the multilinear look-up table (Nelles,(9, which
consists of a set of data points positioned in Hirdimensional
grid. These data are based on the simulation ofrigm@ous
model. The surrogate output is obtained by thepaiation of
the points of the smallest n-dimensional cube tioatains the
point of interest. The advantage of this type aofegate model
is the lack of a training step, since the datauity fused. A
disadvantage is that it demands a large numberobftpto
describe the output of nonlinear systems accurately

In this context, this study presents a hybrid mod

composed by an analytic solution of an approxinmatid the
original ODE and a multilinear look-up table. Tharher is
responsible for a rough approximation of the outphile the
latter improves the local behavior. The hybrid maseapable
of accurately representing the dynamic model betravith a
smaller number of parameters, when compared toptire
multilinear look-up table. The approach was appltedthe
ethylic transesterification of soybean oil. The slation was
performed in EMSO (Soares & Secchi, 2013), an eguoat
oriented process simulator.

2. MATERIALS AND METHODS

All the simulations were performed in EMSO, whish i
an equation-oriented process simulator with arrireobject-
oriented modelling language (Soares & Secchi, 2008)SO is

Cume * Ceg (5)
Tme = k3 Cpg * Cgr — ks Cyg * Cgg — ks * Cyg * Cor + ke -
Cer " Ceg (6)
TEE =kl'CTG'CET_kz'CDG'CEE+k3'CDG'CET_k4'
Cumc " Cgp + ks " Cyg " Cgr — ke Cgr " Crg (7
Ter = ks Cug - Cor — ke " Cor * Cig 8)
Ter = —TgE 9

Wherer; is the global reaction rate of each compound
' (TG, DG, MG, EE, GL, ET).k, is the kinetic constant of
each specific reaction “n” ang is the concentration of each
compound “i".

Two approaches are compared: a pure interpolador t
directly approximates the rigorous model’s outpsihg a look-
up table; and a hybrid model, composed by a simedlimodel
of exponential equations which represents a rough
approximation of the rigorous model combined to an
interpolator that refines the output. The pure ripdéator
dFmands many points to make the look-up table.é&fbes, the
Rtter is proposed as a way to reduce the numbesoofts
necessary to produce an interpolator with the ddgirecision.
For this purpose, equations (4) to (9) were modifie they
formed a system of equations with known algebralict®n that
still approximates the rigorous model output bebgvi
representing the dynamic nature of the system. Bigo
interpolator is just responsible for the correctidthe deviation
between the rigorous model and this simplified nhoddich
presents a non-linear behavior yet, but with leggations.

The considerations made to provide the simplified
model were:

* The concentration of ethanol is considered
constant during the reaction;

« The kinetics of the reverse reactions are
disregarded; so, the solutions for the kinetics
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of the reactions of formation and consumptionther concentrations were obtained using the @Rt

of the acyl glycerides are defined analyticallystoichiometries and mass balances. With these miatiipns of
« The other compounds are defined bf.quations 18-20, the concentrations of ethanolyl edisters

stoichiometry. (biodiesel) and glycerin are represented by Eqonatiti-23.

These conditions create a system of ordina@FT = Cero + 3 (Crg = Crgo) + 2 (Cpg — Cpgo) + Cug —
differential equations represented by Equation472.0- MGo (21)

rr¢ = —ki - Crg (10) Cer = =3 (Crg = Crgo) = 2 (Cpg — Cpgo) — (Cug —
roe = ki - Crg — k- C (11) Cuco) (22)
o Lo 2o Cor = Cmco — Cug *+ Cpgo — Cpg + Cuco — Cue (23)
Tme = k3 Cpg — ks * Cug (12) . -

The inputs of the multilinear look-up table based
Tge = k1 Crg + k3~ Cpg + ks - Cug (13) surrogate model were the reaction time and the malto
=kl C (14) between ethanol and soybean oil at the beginninghef
GL = ™5 MG reaction. The concentration of soybean oil used W@@
Tgr = —TgE (15) mol/m?, the same value used during the experiments fhem t
k! = kky, - Corg (16) reference (Dias, 2016).

Wherek! h d fth do-kineti In the base case, the surrogate model was responsib
erekn represents the product of the pseudo-inetyg, approximating the behavior of the rigorous nmodn the
constantsck,,, analogue to the real kinetic constant, and tia)

initial . t othandl he batch | fther hand, in the hybrid surrogate model, therpaiator was
Initial concentration of ethan@lgr,. The batch reactor mo aresponsible for correcting the deviation betweendhtputs of
balance is given by Equation 16.

the rigorous model and the simplified model (EquatP4).

aci _ . 17) Therefore, the output of the hybrid surrogate masl¢the sum
dt ! of the simplified model one and the interpolatoe dgquation
Where t represents the time of reaction. 11). A MATLAB® based program developed by Lino (2018)

was used to construct the look-up table usingntisrface with

Then, we can achieve an analytic solution to descr g\so. The program systematically refines the talmitl the
the concentration of the acyl glycerides with tigu&ions 18- ,ax absolute error (MAE - Equation 26) achievepeciied

20. tolerance. A Latin-hypercube sampling approach wsesd for

Cre = Croo - okt (18) ?o?gg validation (Saltelli et al., 2008) with 10@@alidation
k1-CrGo K- Kl —Kl-

Cog = Sy (€711 = e75) 4 Cpgo - 715" (19) a, =cm—cm (24)

Co = gt kyCrao e—kit_p-k3t _ o~k _p—kb't N Cihm =M+ d; (25)

MG = B3 G kh—k] K-k} MAE = max(|cl™ — ¢T™|) (26)

- ’. - ’.
Cogor(o 76 ek Where d is the deviation from the rigorous model
concentration@™), C/™ is the simplified model concentration,

_ _ c/™ is the hybrid surrogate model concentration afdE is
These new constants were fit to the rigorous modgk max absolute error.

data. Model fitting was performed using “Parameter

Estimation” environment in software EMSO (Soare80D. In the pure look-up table case, the MAE is caladat
Since the new System of equations presents Juﬂetthth the concentration from the |OOk'Up table imsteof the
independent reactions, it was only necessary taimhthe concentration from the hybrid model.

concentrations of the acyl glycerides by the rigisrmodel. The

+ CMGO ) eké.t (20)

Je—e3

3. RESULTS AND DISCUSSION

Table 1 — Results of simplified model's pseudo cotast
Initially, the simplified model was fit to the rigous fitting.

model outputs. The used data were generated sirthdation
of the rigorous model. The output variables were t
concentrations of TG, DG and MG. The input variablere the kka 1.295 x 16 0.99
time, evaluated at values between 0 and 25 minuis0.5
minutes steps, and the ethanol/soybean oil mdiar, evaluated kkz 8.717x 10 0.83
at values between 6 and 12 with 0.5 steps. Thenteas values kks 8.700 x 16/ 0.85
obtained are shown in Table 1.

Pseudo-constant Value / n¥. mol! . st R2/ #

The deviation between the behavior of the simgdifi
model and the rigorous model are shown in Figurelie
concentrations calculated by the simplified modet ghe
rigorous model are shown in Figure 2, both for aitial
ethanol/soybean oil molar ratio of 9/1 and 700 mdbf initial
concentration of soybean oil, for the mono (MG)([AG) and



triacyl glycerides (TG). As it can be seen in biures, the concentrations depending on the region.
simplified model systematically under and overraates the
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Figure 1 — Deviation,d;, between the concentrations calculated by the rigous model and the simplified model for each
acyl glyceride.
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Figure 2 — Concentrations of TG, DG and MG calculatd by the rigorous model (“r" index) and by the sinplified model
(“s” index).

For the construction of the hybrid surrogate mailfelt to 9 and initial concentration of soybean oil equ@d mol/m3.
unites the simplified model and the multilinear kaap table, Figures 4 and 5 shows the comparison between gfueoris
the maximum absolute error of the final model wassidered model and the hybrid model for the tolerances d¥ 46d 10
as stopping criteria. The grid of points used by ititerpolator mol/m3, respectively. As expected, as the maximiosohute
was chosen as the one which achieve the specitiedracy error allowed decreases, the systematic error predeoy the
tolerance in the validation test consisting of 1Q@fnts. In simplified model is reduced. The improvement i aisticed
Figure 3 the correspondence between the resultshef by the increase in the coefficient of determinatiaue (R2).
simplified model and the rigorous model are shown the The pure simplified model presented a R2 of 0.8%te hybrid
diacyl glyceride (DG), the compound with the higheslues of model presented R2 of 0.919 and 1.00, for tolerauie€400 and
error. The results are at an ethanol/soybean ddmnatio equal 10 mol/m3, respectively.
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Figure 3 — DG concentration obtained from rigorous
dynamic model versus the concentration predicted bthe
simplified model.
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Figure 4 — DG concentration obtained from rigorous
dynamic model versus the concentration predicted bthe
hybrid model with 100 mol/m3 error tolerance.
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Figure 5 — DG concentration obtained from rigorous
dynamic model versus the hybrid model with 10 mol/th
error tolerance.

Finally, the hybrid surrogate model was compared to
the pure interpolator surrogate model. For this, tiamber of
points necessary for the look-up table to achieeegtan
precision of each model was observed. Table 2Taide 3
present some results of the number of points aadatterage
evaluation time of ten simulations varying the ethissoybean
oil molar ratio by 6.6 to 12 with steps of 0.6cé#n be seen that
the number of points in the hybrid model was 70-888%6 than
the pure interpolator model for the same tolerakaslly, this
is translated in a decrease in evaluation timeh Wit hybrid
model showing average evaluation times 40-52% sm#ibn
the pure interpolator model. It can be seen thatrihorous
model evaluation time is 1.65 times the hybrid mMisder the
10 mol/m3 threshold. Although this difference ispapently
small, it is expected to increase when the wholecess
(including upstream and downstream) is considerEde
simulations were made in a computer with a Cord(@5U
1.7GHz and 3M cache. The time of simulation of tigerous
model for the same ten simulations was 1.44+0.05.

Table 2 — Number of points and simulation time foithe
hybrid surrogate model and the pure interpolator
surrogate model for an error tolerance of 100 mol/rh

Analysis Pure look-up Hybrid Reduction

parameters  table model model [ %
Number of

points / # 2 4 e
Simulation 5 304002 0.18+0.06 40

time/s




hand, the difference in the simulation time of th models
increases, which indicates that the increase itatble-up table
evaluation time is superlinear with the number @ihfs. Also,
the simulation time of the hybrid model was fadtesin the

Table 3 — Number of points and simulation time foithe
hybrid surrogate model and the pure interpolator
surrogate model for an error tolerance of 10 mol/m3

Analys;s Pur? Itc))lok-up Hyb(;'dl Red/u(;t'o rigorous model for both tolerances tested, whike ghre look-
parameters able mode ni up table presented a higher simulation time for@emol/m3
Number of 645 195 70 tolerance.

SOl Through this approach it is possible to
Simulation 1.82+0.10 0.88+0.09 52 integrate batch process models with continuous eadi¢hout

time /s loss of information. For the present case studg, whll allow
the simulation, techno-economic analysis, and dpétion of

_Itcan be noticed that, as the error tolerancedsiced, he glopal flowsheet of an ethyl biodiesel prodoetiwhich
the difference in the number of points of the hgttamd the pure ¢ des a continuous purification step with diatibn

look-up table models decreases. This indicatesttigatmpact columns, evaporators and decanters (Marchetti, ®ligel

of the approximation by the simplified model in tleeluction of £..o-\, 2008: Santana et al.. 2010 Campos, 2009)
the number of points of the look-up table decrea®aghe other ' ' B ' ' '

Tese (Doutorado em Engenharia de Alimentos) —
Faculdade de Engenharia de Alimentos, Universidade

Th £ multili look-up tabl | Estadual de Campinas, Campinas, 2016. Available in:
e use of multiinear look-up tables as Surromes http://repositorio.unicamp.br/jspui/bitstream/RERR/355100/1/Dias

of dynamic systems in steady-state simulationssi¢aca high _TelmaPorcinavilasBoas_D.pdAccessed in: July 2020.
number of parameters. The hybrid surrogate modebgeed FyRLAN, F. F.. COSTA, C. B. B.. SECCHI, A. R.:
reduces the complexity of the model using a linear WOODLEY, J. M.: GIORDANO, R. C. Retro-techno-
approximation_ of tht_—} ordinary di_ﬁerential equaspnwith economic analysis: using (bio) process systems
known analytic solution. Using this method, the tam of engineering tools to attain process target values.

4. CONCLUSION

necessary points for the surrogate model to achimr&in
accuracy was reduced between 70 and 88%, depeotiithg

Industrial & Engineering Chemistry Research, v. p5,
9865-9872, 2016a.

chosen accuracy. Additionally, the simulation tirhad a FURLAN, F. F.: LINO, A. R. A.: MATUGI, K.: CRUZ, Al.

reduction of 40-52%, and the simulation time of thgrid
model was minor than the rigorous model, on thereon of

G.; SECCHI, A. R.; GIORDANO, R. C. A simple
approach to improve the robustness of equatiomtmik

pure multilinear look-up table model. Although therrogate simulators: Multilinear look-up table interpolators
model was used in the case study of homogeneous bas  computers and Chemical Engineering, v. 86, p. 1-4,
transesterification of soybean oil, the approacheseral and 2016b.

can be applied to any system of differential equatiThis GJORDANO, R. C.: ELIAS, A. M.: FURLAN, F. F. Virtda

reactor in global flowsheets of production of biesb!. toward a low carbon economy. In: Filho, E. X. Fakt
(Eds). Recent Advances in Bioconversion of
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