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Abstract

In this research, the ethanol dehydration process via extractive Received: 16 November 2024
distillation is investigated using ethylene glycol and glycerol from Accepted: 23 May 2025
both economic and controllability perspectives. The research Page Number: 21-34

method involves steady-state and dynamic simulations using Aspen
Plus software; first, the steady-state simulation is employed to
determine the design parameters of the extractive distillation
columns, and then closed-loop dynamic simulations are conducted
to evaluate the control system’s performance and its sensitivity to
disturbances. In addition, the controllability is assessed by
calculating the condition number as an index, while the total
annual cost (TAC) is estimated as an economic indicator.
The results show that although using glycerol yields higher relative
volatility, ethylene glycol is a more optimal solvent for ethanol Controllability,
dehydration due to its lower operating costs and better control Condition Number,
performance in response to feed composition disturbances. TAC
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Figure 1. Schematic of ethanol dehydration process.
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Table 1. Extractive and recovery columns specification data [6].

Ethylene glycol Glycerol
Solvent
Number of stages 24 10 24 10

Solvent flow rate, kmol/h 60 - 60 -
Reflux flow rate, kmol/h 66.85 21.02 9.60 1.58

Azeotrope feed stage 18 - 18 -

Solvent feed stage 4 - 4 -

Feed stage - 5 - 5
Reboiler duty, KW 2022.97 550.99 1471.3 510.2

20 Ao L Lia 953 ol Al b ladwaidio duwlis Y Jgua
Table 2. Comparison of design parameters between this research and reference article.

Comparison Criteria Reference Article [6] Validation Result

Present Study

Number of stages (extractive) 24 stages 24 stages v Complete match
Number of stages (recovery) 10 stages 10 stages v Complete match
Solvent flow rate 59.88kmol/h 60 kmol/h v Very close
Reflux rate (extractive) 67.19 kmol/h 66.85 kmol/h v Very close
Reflux rate (recovery) 22.76 kmol/h 21.02 kmol/h v Very close
Column diameter (extractive) 0.91 m 0.82 m v Very close
Column diameter (recovery) 0.53 m 0.44 m v Very close
Reboiler duty (extractive) 1713.07 kW 2022.97 kW v Close
Reboiler duty (recovery) 507.41 kW 550.99 kW v Close

Yb Iranian Chemical Engineering Journal — Vol. 24 - No. 143 (2026)
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Table 3. Formula and parameters used in calculating economic costs [22].
M&S
Cost = <m) X 474.668 x A%65(2.29 + F,)

Fc = (FatFp) Fm
E, = 3.75, Fa= 1.35(kettle reboiler)
Fa=0.8 (for the fixed tubesheet heat exchangers)
Pressure correction term: F,

Heat Exchanger P/atm <10.2 20.4 272
E, 0.00 0.10 0.25
A is heat exchange area (m?); Q is the duty of heat exchanger (kW); At is temperature difference (K);
k is heat transfer coeffcients ( kWZ).
Km
M&S
Cost = <ﬁ) X 937.636 x (D)1966 x (H)O%92 x (2.18 + F.)
H—061><(NT 3>+6
- 0.75
Column vessel F, = EnFp, B, = 3.67, Pressure correction term: F,
Platm <3.4 6.8 13.6
I8 1.00 1.05 1.15
D is column diameter (m); H is column height (m); N is number of column stage.
M&S
Cost = (—) X 97.243 X (D)5 x H X F,
280
Plate

F,=Fs+F,+E,
Fs=10,F,=0,F, =17

Cost = CsxQr
Annual steam . . . .
Qr is reboiler duty (GJ); Cs is steam price ($/GJ)
Annual cooling Cost = CwxQc
water Qc is condenser duty (GJ); Cw is price of cooling water

LP stream (433 K): 7.78 $/GJ
MP stream (457 K): 8.22 $/GJ
HP stream (527 K): 9.88 $/GJ
Hot oil (600K): 14.15%/GJ
Cooling water (310 K): 0.354 $/GJ
Refrigerated water (278 K): 4.43 $/GJ

Energy cost

Here, M&S is Marshall & Swift index, M&S=1431.7 (data from CEPCI IN 2024)

1. Total Operating Cost 2. Total Capital Cost
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Table 4. Columns and reflux vessels’ physical dimensions.

Ethylene glycol Glycerol
Solvent
Column diameter (m) 0.82 0.44 0.72 0.52
Reflux vessel length (m) 2.36 0.93 2.16 0.81
Reflux vessel diameter (m) 1.18 0.46 1.08 0.40
Sump height (m) 2.28 2.08 2.27 2.34
Sump vessel diameter (m) 1.14 1.04 1.13 1.17
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2. Relay-Feedback Tests
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Figure 2. Basic Control structure for the extractive distillation system for anhydrous ethanol production: (a) Ethylenglycol, (b) Glycerol.
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Table 5. Temperature controller parameters.

Controller Controlled Manipulated variable 71 (min)
variable (K) P '

g Extractive column Cl TC T,, = 383.61 QR1 (kg/hr) 2.188 3.65
<
% Recovery column C2 TCl1 T¢ = 440.05 QR2/F2 2.230 3.45
<
3 Recovery column C2 TC2 T3 = 383.66 R2 2.689 3.50

Extractive column Cl TC Ty, = 369.97 QR1 (kg/hr) 2.002 4.00
o
é Recovery column C2 TC1 Te = 479.87 QR2/F2 0.589 5.65
S

Recovery column C2 TC2 T, = 400.86 R2 10.491 2.80
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Figure 3. The effect of different solvents on equilibrium data.
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Figure 4. Economic evaluation of using ethylene glycol and glycerol as the solvent.
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Figure 5. Dynamic responses for azeotropic feed flow rate disturbances: (a) Water mole fraction in the distillate of extractive column (b)
Ethanol mole fraction in the distillate of recovery column.
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Figure 6. Dynamic responses for feed composition disturbances: (a) Ethanol mole fraction in the distillate of extractive column (b) Water
mole fraction in the distillate of recovery column.
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