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Abstract—In this paper, aiming at the process of preparing
C4 olefins from ethanol through coupling reaction, a multi-
objective optimization model is established with the goal of C4
olefin yield, and the system parameters such as catalyst
combination mode and temperature are searched and solved.
Firstly, it is found that there is a certain relationship between
ethanol conversion, C4 olefin selectivity and temperature
change, and multiple fanctions are used for regression analysis.
Taking catalyst Al as an example, the best regression model
ethanol conversion and temperature i y; =
0.003x% - 1.193x + 141.807. The best regression model
between C4 olefin selectivity and temperature is y; =
0, lJ_lJn-z —0.681x+88.406 . Ethylene selectivity time
Optimal model: y; = —8.936e — 05x% + 0.030x + 2.252 .
Then, the influence model of ethanol conversion rate is
established, the model is solved by the least square method,
and the genetic algorithm is used to optimize the model. The
optimal model of ethanol conversion rate is: Wy =
83.9812p 51 + 0.9895¢ +0.49258, /50, — 84.2251 .
The optimal model of C4 olefin absorption is: w, =
~2.20474, +0.6778¢ + 0.5841f, /510, — 44,4423,

Keywords—Least square method, Genetic  algorithm
' eptimization, Multiobjective nonlinear programming, Combined

L. INTRODUCTION

_Asani chemical raw material, C4 olefins are
widely used in the production of chemical products and
‘Pharmaceutical intermediates [1]. Ethanol is the raw
material for the production of C4 olefins. In the preparation
Iprocess, the selectivity and yield of C4 olefins are affected
by CO loading, Co / $i02 and HAP loading ratio, catalyst
‘combination of ethanol concentration and reaction
ftemperature. Therefore, it is of great significance to study
tthe process conditions for the preparation of C4 olefins by
ethanol catalytic coupling through the combination design
land preparation of catalysts. Among biomass resources,
bioethanol has received extensive attention from academia
and industry because of its wide source and low cost [2].

II. CATALYST COMBINATION ANALYSIS
4. Model preparation
1) Chemical background

Production of C4 olefins from ethanol: There are two
satalysts for the preparation of C4 olefins from ethanol, One
s an improved zeolite, Ethanol is dehydrated on the zeolite
o produce ethylene, and ethylene is dimerized to produce

18- 1-6654-2497-4/21/331.00 ©202] IEEE
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low-carbon olefins (c). The other is metal oxide, which can
catalyze cthanol to produce acetaldehyde and other
intermediates, and then couple to produce C4 olefins. Si02
HAP catalyst can produce the above two catalytic effects at
the same time, and can effectively improve the formation
rate of C4 olefins.

Coupling mechanism: It is found that butanol can be
formed by condensation of modified zeolite bonded ethanol,
and there will be by-products in the process, such as
acetaldehyde, butyraldehyde and so on.

2) Modeling method and model evaluation index
description

This topic selects temperature, ethanol conversion rate
and C4 olefin absorption rate as indicators, in which
temperature is the independent variable and ethanol
conversion rate and C4 olefin absorption rate are the
dependent variables. Regression analysis model is mainly
used to analyze the correlation between ethanol conversion
rate, C4 olefin selectivity and temperature. Common
univariate linear regression model and nonlinear regression
model,

(a) Univariate regression model:

y=Po+Px+e
{E (e) : 0, I;(t) =o? M

y; is each index of catalyst, B, B, is the regression
coefficient, and the regression variable x is temperature.

(b) Model goodness of fit

The fitting degree of the regression line to each index of
the catalyst is the goodness of fit, which is measured by the
determination coefficient (R?). The larger R?, the higher
the fitting degree of the regression equation,

R = !an U’! = p)z
Eﬁg; ()'E - ;')2 @
(c) Akaike information criterion
Akaike information ecriterion (AIC) can weigh the
complexity of the estimated model and the goodness of the
model fitting data. The smaller the AIC, the better the
model is fitted by a small number of explanatory variables,
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and the model is better.

AIC=2p—N-In(L) @

P is the number of explanatory variables, n is the
number of sample points, L is the likelihood function, and
In(L) is the log likelihood function.

(d) Overall significance test of equation

The overall significance test of the equation is used to
test whether all independent variables as a whole can well
explain the explained variables. All statistics are F:

F= (b Zy1%; + bEyx3) /2
Tei/(n-3) @

When F > F_g(k,n—k — 1), the larper the rejection
Hy and F, the more significant the regression equation is. a
Is the significance level, indicating the probability of small
probability events.

After preliminary analysis, there are many data to be
processed. We take the goodness of fit, Akaike information
criterion and the overall significance of the equation as the
model evaluation index,

B. Establishment of catalyst combination temperature
regression analysis model

The relationship between ethanol conversion and C4
olefin selectivity and temperature was studied for 21

catalyst combinations, Firstly, the scatter diagram was made
with temperature as the abscissa and ethanol conversion and
C4 olefin selectivity as the ordinate, The changing trends of
ethanol conversion and C4 olefin selectivity were observed
with the change of temperature. The regression analysis
mo?tﬂ of catalyst combination was established by regression
analysis,

1) Establishment of scatter diagram

In order to study the relationship between ethanol
conversion, C4 olefin selectivity and temperature under
different catalyst combinations, we drew a scatter diagram,
By observing the scatter diagram, it is found that under
different catalyst combinations, ethanol conversion and C4
olefin selectivity have a strong correlation with temperature,
Through analysis, it is found that ethanol conversion and C4
olefin selectivity change with the increase of temperature,
some show linear changes and some show exponential
changes. The overall trend increases with the increase of
temperature, For example, B3 catalyst combination shows a
gentle upward trend between 300-330 °C, but shows an
exponential growth between 330-350 °C. Therefore, we
adopt the regression analysis of different fitting functions,

2) Construction of regression analysis curve

Taking catalyst combination Al as an example, the
regression analysis model of catalyst combination for
ethanol conversion, C4 olefins and temperature was studied.

Set the fitting functions as linear, logarithmic, quadratic
and cubic exponential functions respectively, and use the
least square method to fit the data to obtain each fitting
function, such as:

TAB | FITTING FUNCTION BETWEEN ETHANOL CONVERSION AND TEMPERATURE

Equation R F Significance AIC

x y = 0.333x — B4.074 0932 41.203 0.007 1.001
Ig x y = =541.393 + 97.821lgx,x >0 0.909 30.142 0.011 0.965
%2 y = 0.003x! = 1.193x + 141.807 0979 48,340 0.020 9.133
il y = 4.561e— 062" + 0.002x* 4 25.740 0981 52314 0.018 9.852
& y = 0.002e293% 0.957 67.671 0,003 £.122

It can be seen that for the relationship between

temperature and ethanol conversion, no matter what fzttipg
model is used, there is a positive correlation, that is, with
the increase of temperature, the ecthanol conversion

increases.

The corresponding goodness of fit is shown in Table 1
Al can be obtained when performing quadratic and cubic
fitting. The value of R? is divided into 0.980 and 0.981,
which is close to 1, and the fitting degree of the regression

equation is high. The significance levels of secondary fitting

and tertiary fitting were 0.020 and 0.019 respectively, which
were less than 0.05, which was within the acceptable range.
The AIC of quadratic fitting is 9.1336 and that of cubic
fitting is 9.8528. The AIC of quadratic fitting is less than
that of cubic fitting, and the effect of quadratic fitting is
better than that of cubic fitting, Therefore, quadratic
function is selected as the best fitting model.

That is, for catalyst combination Al, the best fitting
model of ethanol conversion temperature relationship is:

vy =0003¢* ~ 1193z + 141807 (g)

For the relationship between C4 olefin selectivity and
temperature conversion, no matter what fitting model is
used, it shows a positive correlation, that is, the ethanol
conversion increases with the increase of temperature.

When the catalyst is combined with Al, the fittn
models are also set as linear, logarithmic, quadratic and
cubic exponential functions. The selectivity and temperalur®
of C4 olefins are fitted by MATLAB software, and each
fitting function is obtained, as shown in Table II:

TaB [l GOODNESS OF FIT BETWEEN C4 OLEPINS AND TEMPERATURE.

Equation [ F Significance ﬁfs
1 y = 0.115x — 29.454 0388 23.965 g.:é: 8
lgx y==187.073 4+ 33.760lgx,x > 0 0.856 17.931 X i
xt ¥ = 0.001x% — 0.681x + B8.406 0.991 113.073 0,008 oo
= ¥ = 1471 - 062> + —0.283x +49.129 0.990 102492 0.009 b
L3 y m (001005 0.974 116.760 0.001
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selectivity can be established based on multiple lincar
regression equation.
A. Model preparation

1) Model preparation

According to the data pre analysis results and the control
variable idea of chemical experiment, the relevant v_arinbl
of catalyst composition such as CO / S$i02 quality, CO
loading and ethanol concentration are fixed groups of
values[$). In order to better quantify the size of differcnt
substances, we take Al catalyst combination as the
benchmark and quantify the differences between the values

of other variables and the benchmark size, Take the
difference value as the value of the change.

2) Dimensionless treatment of variables

After quantifying the differences of  different
combinations of catalysts, in order to make the quality of
CO/ 8i02 and the load of CO have the same expressiveness,
dimensionless processing is carried out, that is, the
dimensions are unified by compression in data analysis, so
that the variance of each variable becomes 1. Namely:

B. Establishment of ethanol conversion influence model and
C4 olefin selectivity influence model

The influence of individual indexes on the reaction was
analyzed by using the control variable method. Six indexes
were extacted from different combinations and
temperatures of the catalyst, namely, the loading amount of
CO, the quality of CO / Si02, the loading ratio of CO /
Si02 and HAP, the concentration of ethanol, whether to
replace hap with quartz sand and the loading mode. The
effects of these six indexes on ethanol conversion and C4
alefin selectivity were analyzed by controlling variables.

(1)Effect of ethanol concentration on ethanol conversion
and CA olefin selectivity

With the increase of ethanol concentration, the
conversion rate of ethanol showed a downward trend at
different temperatures, Let the conversion amount of
ethanol be wy. The feeding amount of ethanol is wa. The
conversion rate of ethanol is p, and the conversion amount
of ethanol is less than the inlet amount of ethanol, so the
conversion rate of ethanol will decrease.

Wy

P=“T:

(8)

When the ethanol concentration is O.SJ:ﬂfmin-lluﬂfmin.
the higher the temperature, the faster the reaction ratc.
Therefore, at 350 °C, the ethanol conyersion is large, the
ethanol conversion is dominant, and the change of
conversion rale is basically unchanged in the four
temperatures, 5o the slope of the graph is small. When the
amount of ethanol per minute is 0.5-1ml/min, with the
increase of the amount of ethanol per minute, the increase of
ethanol accounts for the main position, and the change of

il
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conversion rate is basically unchanged at the four
temperatures. Therefore, the slopes of the curves at these
temperatures are basically the same.

When the amount of ethanol per minute is from
0.5ml/min 10 1.5ml/min, the selectivity of C4 olefins
increases with the increase of the amount of ethanol per
minute, indicating that the catalyst is conducive to
promoting the coupling of ethanol to produce C4 olefins
(that is, thig reaction is the main reaction), When the amount
of ethanol per minute exceeds 1.5ml/min, the selectivity of
C4 olefins decreases with the increase of the amount of
ethanol per minute. At this time, the side reactions such as
dehydration of ethanol to produce ethylene and oxidation to
acetaldehyde intensify, resulting in the decrcase of the
sclectivity of C4 olefins, With the increase of temperature,
the reaction rate of ethanol coupling to C4 olefins
accelerates, the growth rate of C4 olefins increases, and the
selectivity of C4 olefins increases.

(2) When the loading ratio of CO / $i02 and HAP is 1,
the effect of the quality of CO / Si02 on ethanol conversion
and C4 olefin selectivity,

}VhentheloadingratioofﬁOiSiOZandHA.Pisl,Wilh
the increase of the mass of CO / $i02 and HAP, the contact
area between the corresponding catalyst and ethanol
increases, the reaction ratc increases and the ethanol
conversion increases. The increase of catalyst mass is much
greater than that of ethanol surface area, so the ethanol
conversion tends o decline when the quality is high.

With the increase of the mass of CO / Si02, the
selectivity of C4 olefins first decreased and then increased
at 4 temperatures. The selectivity of C4 olefins was the
lowest at 50mg, increased when it was higher than 50mg,
and the growth rate was the fastest at 350 °C.

(3) Loading mode

Taking catalyst combinations A2 and BS as examples,
under different loading modes, the results of selecting data
at 350 °C show that there is little difference between ethanol
conversion and C4 olefin selectivity, indicating that
different loading modes do not affect mge two indexes.

(4) HAP

Taking catalyst combinations A12 and A 14 as examples,
there is no HAP in A11 and HAP in Al4. When the daa is
selected at 350 °C, it can be seen that whether there is AHT
u; tII_m cailcygsl_has little effect on ethanol conversion and C4
olefin selectivity, indicating that the presence or absence of
AHT does not affect the:?tgwo indc:ﬁ. i

(5) Charge ratio

Taking catalyst combinations A12, Al3 and Al4 88
examples, the loading ratio of A12 is 1, the loading ratio
of AL3 is 2:1 and the loading ratio of A13 is 1:2. When the
selected data is 350 °C, it can be scen that the catlyst
combined loading ratio has linle offect on ethanol
conversion and C4 olefin sclectivity, indicating that the

catalyst combined loading ratio does not affect these tWO
indexes.

C. Model solution

According to the analysis results of control variables, we
know that the loading mode has little effect on ethanol
conversion and C4 olefin selectivity. There is only one set
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tperimental data composed of quartz sand as catalyst.
sample data is too small, and the experimental data with
5 ratio of 2:1 and 1] also have the problem of too few
ple data, Therefore, we decide to select the following
xes as variables, Perform multiple linear regression:

D Temperature

2 When the charge ratio of CO / $i02 and HAP is 1,
mass of CO / 8i02

@ Ethanol concentration
@ Coload

We decided to use the stepwise regression method to
lyze the multiple linear regression. Taking the influence
del of ethanol conversion rate as an example, we first
aducted multiple linear regression between all
iependent variables (temperature, Co / §i02 mass,
anol concentration, CO load) and ethanol conversion rate,
1 conducted t-test, F-test and normal distribution test.
cording to the test results, Decide whether to eliminate
fependent variables and re conduct multiple linear
fression analysis,

(1) Influence model of ethanol conversion

The goodness of fit obtained through multiple linear
i;l‘:sri\?n analysis of the above four indicators is shown in
1 3

Tab [V GOODNESS OF FIT
R 2 i 2 Error in standard
R Mjprnd R cstimation
0.88%a 0.790 0.781 10,955

1‘_:0-3_89. which meets the fitting conditions, so a
wiltiple linear regression model is established:

wy = 0158, — 8.75%ethana + 0.334¢

‘|" [Il 09‘(33, ‘fﬂo: - 34.249 (9)

It is found that the loading amount of CO does not pass
he t-test and has little effect on the ethanol conversion rate.
l'hﬂpfore, remove the loading amount of CO and conduct
nultiple linear regression again. The goodness of fit is
thown in Table V;

TAB V GOODNESS OF FIT
7 2 Error in standard
R B Adjusted R e
0.889 0.750 0.783 10.899

slightly, but the whole obeys the normal distribution. Afier
testing, regression analysis can be carried out,

The whole sample comes from the centralized normal
distribution. Some samples deviate slightly, but the whole
obeys the normal distribution. After testing, regression
analysis can be carried out.

(2) C4 olefin selectivity model

The process of establishing C4 olefin selectivity model
is similar to that of establishing ethanol conversion model.
The goodness of fit of C4 olefin selectivity model is
obtained by screening the ethanol concentration that does
not pass the t-test, as shown in Table VI.

TaB VI GOODNESS OF FIT.
, Ervor in standard
R R Adjusted R? axtiimaiion
0.843 0.715 0,706 TAT34

A C4 olefin selectivity model was established:

Wy = =3.0012, + 0.190t + 0.076Bc, /510,

- 45953 an

Through residual analysis, it can be found that the
sample is normally distributed as a whole, but its
standardized residual has some protrusions in 3 places, but
the overall distribution obeys the normal distribution. After
testing, regression analysis can be carried out.

D. Model optimization

A preliminary parameter estimation can be obtained by
solving the parameters by the least square method, but there
are still some errors in the solution results. Therefore,
genetic algorithm is selected to optimize the parameters of
multiple linear regression.

Genetic algorithm is a model calculated according to the
principles of natural selection and genetic variation in
Darwin's theory of biological evolution. We use genetic
variation to find the accurate optimal solution of ethanol
conversion influence model and C4 olefin selectivity model.
When using genetic algorithm to calculate the exact optimal
solution of ethanol conversion impact model and C4 olefin
selectivity model, each possible solution of the relationship
between ethanol conversion, C4 olefin selectivity and
variables is regarded as the relevant individual of the
relationship between ethanol comversion, C4 olefin

selectivity and variables, and the fitness of each solution is
evaluated according to the predetermined goal, The suitable

R=0.889 meets the fitting conditions. Therefore, based
on the above analysis, the influence model of ethanol
conversion with ethanol concentration, temperature and Co /
Si02 quality as independent variables is established.

wy = —84.196Pan0 + 0344t + 0.1098¢, /5102

Carry out residual analysis: the whole sample presents a
centralized normal distribution. Some samples deviate

individuals are retained and the unsuitable ones are
eliminated, After crossing, the good traits are retained to
form a genetic operation to make the results reach the local
optimum, and then the solution is disturbed by variation to
find the global optimum solution.

The gene coding method adopts binary coding. Taking
the coefficients obtained by the least square method as the
benchmark value, the lefi and right steps are taken as 2 and
the total length of the interval is 4 as the acourate iteration
range of the coefficients. At the same time, in order to
further improve the accuracy, we narrow the search step.
The binary coding length of each coefficient is & and the
total length of chromosome is 24, After the results are

862
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obtained, transcoding is also required:
(1) Convert a binary to a decimal number:

21
(bg -+ byghyy); = (Z by 'Zl) =x (12)
10

=0

(2) Real number of the interval;

2-(¢1)
Fi-1 (13)

‘Re,:wrilte the fitmess function according to the
optimization objective;

x==1+x"

fimess = 'Z @-y? (14)
i=1

There are many selection algorithms in genetic
algorithms, such as the famous roulette algorithm,
tournament algorithm, etc. Here we choose roulette
algorithm as the basis for selection.

There are many crossover operators in genetic algorithm.
Here we adopt single point crossover. The specific principle
is shown in the figure | below:

01 00101 [0

7070 10,0170

Fig.! Schematic diagram of single point crossing.

The parameters such as crossover probability and
mutation probability need to be obtained through multiple
experiments, Theoretically, the greater the number of
iterations n, the closer the result is to the optimal, but it will
lead to long calculation time and heavy computer operation
load. After many cxperiments and combined with the
operation results, we decided to take the crossover
probability as 0.65, the mutation probability as 0.05 and the
number of iterations as 200,

The optimal model is:

563
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wy = 83.9812Pethanol 0.9895¢

+ 049250, /8103 ~ 84.2251 (15)

Wy = =2.2047A, + 0.6778t + 0.5841Bc, 500,

The goodness of fit evaluation shows that the ethanol
conversion model R * 2 is 0.896 and the C4 olefin
absorption rate R? is 0,931, which is significantly higher
than the results of the least square method, and the accuracy
is also improved.

IV. CoNCLUSION

In order to find the relationship between ethanol
conversion, C4 olefin selectivity and temperature, we use
the regression analysis method for fitting. Taking AIC index
and goodness of fit as evaluation indexes, we establish the
optimal regression curve. The correlation is that the ethanol
conversion and C4 olefin selectivity increase linearly with
the increase of temperature. In view of the problem of
exploring the relationship between catalyst combination and
time under certain conditions, we conduct regression
analysis on the variables and construct the index time curve
by regression fitting method. When the temperature is
350 °C and the catalyst is given, the ethanol conversion and
the selectivity of methylbenzaldehyde and methylbenzyl
alcohol decrease with time. Ethylene selectivity, C4 olefin
selectivity, fatty alcohol selectivity with carbon number of
4-12 and other parts increase with time,

There is a multivariate linear relationship between
ethanol conversion and ethanol concentration, temperature
and Co / SiO2 quality, which is consistent with the abave
ethanol conversion influence model. There is a multivariate
linear relationship between C4 olefin selectivity and co
loading, temperature and Co / $i02 quality, which is in line
with the above C4 olefin selectivity influence model.
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