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Abstract — 2,3-Butanediol (2,3-BDO), which is used in various fields such as cosmetics and fertilizers, is a high value-
added substance and the demand for it is gradually increasing. 2,3-BDO produced from the fermentation of
microorganisms not only contains by-products of fermentation, but also varies greatly in feed composition depending on
fermentation conditions, so it is difficult to efficiently operate the separation process to reach the target purity of the
product. Therefore, in this study, through dynamic optimization of the bio-based 2,3-BDO distillation process, the
optimal control route was explored to control the 2,3-BDO concentration of the bottom product to 99 wt% or more,
when feed concentration changes. Steady and dynamic state process simulation, proportional integral (PI) controller
design, and dynamic optimization were sequentially performed. As a result, the error between the 2,3-BDO
concentration and the set point of the bottom product was reduced by 75.2%.
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Fig. 1. Schematic diagram of 2,3-BDO distillation column.
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Fig. 2. Schematic diagram in this work.
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Fig. 3. Process model of 2,3-BDO distillation column.
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Table 1. Specification of each stream and block in process model

o

Stream & Block Specification Value Unit
Temperature 46.4 T
Pressure 2 kg/em’g
Flow rate 119.5 kg/hr
Feed 2,3-BDO 472
.. Water 51.5
Composition Acetoin ) wt %
etc 0.3
Total number of stages 22 -
Stage where feed in 5 -
Column 1 5
Top pressure -0.95 kg/cm-g
Reflux ratio 0.9 -
Total number of stages 24 -
Stage where feed in 15 -
Column 2 .
Top pressure -0.95 kg/cm-g
Reflux ratio 1.3 -

T RES G A REs o] 8-5to] AFEES o, reflux
drum®} sump®] T3 HO[E 5 AA| AARE ulF o= st
reboiler?] specification<> Log-mean temperature difference (LMTD)
method & ©]8-3}31 2™ duty= ‘:]”gjﬂr o] ARTHA 7,8). 0

W 7, @ wEh] 9 25, 7,2 A5 ¥ 1E 2k,
Tmedm‘—— medium ‘IT?:} ‘——E’ Tmedoutt medium ‘PF% _‘Q:LZ_’ T—E %
& A A, 4 AAlsh 30lo] 15 ot o,
LMTD = ( med,in_ uu/) +( med,out in) (7)
lnTmed,in Tout
Tmed,in_Tuut
Duty = UxAxLMTD ®)

Packed bed column AA| 2= @7t EASEA] 9471 wiszel o]
E Ad=0], Height equivalent to theoretical plate (HETP)E 7l
‘_}—8}031:} HETPE tha 2o] AXket H column & 4 o], N&
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AlEEOAE % AdElell lmdsto] K o) WskrE 9l w7k
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gl Aloje] Ala o= it
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A7} 24 5s] 2wl QlEA] vERd = glot. whebx] AR AR E
HF S 2 column F Aol(H)} =AM 7FA 2] Aol vl & F3l
9] &5 AA ol Edehs B2 stage(n)E ARSFATE
(21 10) (Table 2). AlAFSt stage?] %+ UiFS o] &35t =&3}
Rt} F =2 24 Al HEkskA R 24 9] AAIZE dlo|E7} ¢l
7] Wizl s/0] 2dE AET sl on, MEH s 2elx %
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Table 2. Stage corresponding to sensor position

Column Sensor Stage
T1-1 5.5

Columnl T1-2 11.5
T1-3 20.5
T2-1 7.4

Column2 T2-2 13.6
T2-3 22.7

A 2] &8} A stage = E(T,,,0) AF°] ¢l Normalized root
man square error (NRMSE) & A4l B2-& 25Tk 11).
3749 4 dold= 4 AE7E A= 14719] series (1,4,,,)
e 7t SerieS HR T ptansman)> A Tpapimin)> L2131 3
TR g OV G319}, B4 mel e welo] o efol =
= sA7H A0 7 H T 24 W Ak 02 2] & _g_
SABIATE. 7 e 2o A A7E Table 390, 52 22
e AIE Table 40l JEFATE 2} case vttt 2210 HH kS 7]
AF5F1 2.1 | columnl3} column2®] 2215 22} Fig. 4(a)9t (b)ell
UERHTE 2 caseclld] 44 38 Rl 54 22 25 NRMSE]
Hitako] 4% viRlo] BE spaky pEle A|sk 4= 9lri16].

-NL
n=N (10)

JZ( mod ™ plan/ avg)

plant

NRMSE(%) = % 100 (11)
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Table 3. Steady state validation results

Column Sensor Composition
Casel Case2 Case3 Case4 CaseS
TI1-1 3.05 2.78 2.88 291 2.84
Columnl T1-2 2.31 2.20 2.18 2.23 2.20
T1-3 4.85 2.20 221 3.18 2.40
T2-1 1.16 1.14 1.14 1.15 1.14
Column2 T2-2 3.82 3.86 3.86 3.85 3.86
T2-3 417 4.18 417 4.10 4.18
Table 4. Dynamic validation results
Column Sensor Composition
Casel Case2 Case3 Case4 CaseS
TI1-1 3.05 2.79 2.88 2.85 2.77
Columnl T1-2 2.31 2.35 237 2.35 2.36
T1-3 4.88 2.44 3.15 0.65 2.45
T2-1 1.16 1.12 1.11 1.13 1.12
Column2 T2-2 3.81 3.89 3.89 3.86 3.89
T2-3 3.36 337 337 3.35 3.35
(@) 4 u Steady (b) N u Steady
= Dynamic = Dynamic
3 r 3 F
3 8
W2t ozl
z z
zZ 1 | z L
0 0
Casel Case2 Case3 Cased Case5 Case1l Case2 Case3 Cased Case5

Fig. 4. Average error of temperature in (a) columnl and (b) column2.

= s |-C

o | JE—

Fig. S. Process model and controller of 2,3-BDO distillation column.
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Fig. 6. Block diagram of control model.

Table 5. Ziegler-Nichols method for tuning PI controller

Parameter Equation value
K, 045K, 335
T, Zﬂ 18
12
A7g3HA SHFA column2 & QP A 02 243 4= Qltt. Fig. 5%
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Fig. 7. Simulation results of before and after dynamic optimization.

Table 6. Comparison of before and after dynamic optimization

5 6 7 8 9 10 11 12 13 14

223
0.325
0.320 L o o o e e e
~ 0315 +
= 0.310 |
g .
90.305 +
S 0.300 +
0.205 &I — Afteroptlm}zetlor\
=== Before optimization
0.290 —
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Time (hr)
1.000
0.998 -
0.996 A n
— ) H K
s
+— 0.994 + | !
© " v H
" v
0.992 + "
1]
0.990 1 "‘ m— After optimization
=== Before optimization
0.988 +——+—+—F+—F+—F+—F+——F+——F+—F+—+—+—+
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Time (hr)
5 0.9985
=1
g — After optimization
"‘; === Before optimization
7] 1
G 0.998 "¢\\~
€ ° bl
4
2 .
g 0.9975 1 g
N | PN S
P
3]
3
o 0.997 +——t——t—+
o

Time (hr)

Variable Before optimization After optimization Dift Unit
IAE 2.246 0.557 75.2% wt%xhr

Oing 0.319 0.307 3.8% Gl/hr

c(f) Maximum overshoot 0.267 0.221 17.2% wt%

Maximum undershoot 0.635 0.155 75.6 wt%

Maximum a(?) 0.895 0.420 53.1 wt%

23-BDO 517t Wghet uf aheke] 23-BDO =9} 47451 9] IAES
FH sk #49 Ao A=E At 1 A #H A3 97
F A8} Aol v]3l 1AE 7} 75.2%, 3F<+2] 2,3-BDO A &2
o LHFET} 17.2%, Hth AETFET} 75.6%, sHck2] Ho) oAl

Q) A R go] 53.1% fHasto] T Uk Aol s nylon,
07} 3.8% 7125101 T AL oUx) 205 uelth oA 9=
o] Walrl 4e vlo] o T|ik £ TR Heakdt 9eke
T 54 H48E B4 42 Alo] Ak 55o] AL,
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M7=
r : activity coefficient
V4 : coordination number
q : surface area parameter
0] : segment fraction
0, 6’ : area fraction
Au : characteristic energy
T, : external exchanger inlet temperature
T, : external exchanger outlet temperature
Tedin : the medium inlet temperature
Tedow  : the medium outlet temperature
U : overall heat transfer coefficient
A : contact area between liquid and jacket and/or coils
H : length of column
N : total number of stage
n : number of stage corresponding to the sensor
/ : length from top to sensor
T rod : temperature of model
Tplamavg - @verage temperature of plant
T pantmax  + Maximum temperature of plant
T pantmin  + Minimum temperature of plant
Pplant : number of series of process data
u(t) : manipulate variable
e(t) : error between set point and controlled variable
c(t) : bottom 2,3-BDO mass fraction (wt%)
c* : set point of bottom 2,3-BDO mass fraction (wt%)
a(t) : bottom acetoin mass fraction (wt%)
[0/)) : reboiler duty (GJ/hr)
d(t) : disturbance variable
Ovg : average reboiler duty (GJ/hr)
te : final time (hr)
ty : initial time (hr)
X, : variables after optimization
X, : variables before optimization
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