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The optimal design of an extractive distillation column and entrainer regeneration column sequence is studied with a MINLP method. The objective function minimizes the energy consumption per product flow rate under purity and recovery constraints. Total annual cost (TAC) for the process is calculated. A trade-off between the two columns variables is found and optimal parameters with lower energy consumption and TAC than literature results are found. A case study is provided with the extractive distillation separation of acetone-methanol with entrainer water (class 1.0-1a).

Introduction

Extractive distillation is considered as an alternative distillation process to azeotropic distillation for the separation of azeotropic or close-boiling mixtures. Hot topics of extractive distillation are focused on two main issues: entrainer selection and process optimisation. The entrainer selection issue for the separation of all non-ideal zeotropic or azeotropic mixtures with heavy, light or intermediate entrainer, and how it sets the attainable products and process configuration is now well understood, though the combined analysis of residue curve maps and univolatility curve location [START_REF] Shen | Extension of Thermodynamic Insights on Batch Extractive Distillation to Continuous Operation. 1. Azeotropic Mixtures with a Heavy Entrainer[END_REF]. Here we focus on the most frequent case, the separation of a minimum boiling azeotrope acetonemethanol with a heavy entrainer water, corresponding to the (1.0-1a) extractive class separation [START_REF] Rodriguez-Donis | Thermodynamic Insights on the Feasibility of Homogeneous Batch Extractive Distillation. 1. Azeotropic Mixtures with Heavy Entrainer[END_REF].

Regarding the extractive process performance, [START_REF] Lynn | Multi-effect extractive distillation for separating aqueous azeotropes[END_REF] carried out the extractive dehydration process of ethanol with ethylene glycol as entrainer and found that it was competitive in terms of energy consumption compared with azeotropic distillation. A well-designed extractive distillation process should enable to get high product purity, low entrainer loss and low energy consumption both for the extractive column and the regeneration column [START_REF] Knapp | Thermal integration of homogeneous azeotropic distillation sequences[END_REF]. Thus, we optimise the homogeneous extractive distillation process with the regeneration column.

Optimal process design method

Method

For a detailed process design, an economic trade-off must be found between the investment and operating costs. For the extractive distillation process both the extractive column and the entrainer regeneration column should be included and connected with the solvent recycle stream. For finding optimal parameters for the acetonemethanol separation with water, some authors have run a sensitivity analysis over the process variables, namely the reflux ratio, the entrainer-feed flow rate ratio, the number of trays in each of the rectifying, extractive, stripping column sections and the distillate flow rate [START_REF] Hilal | The reduction of extractive agent in extractive distillation and auto-extractive distillation[END_REF][START_REF] Langston | Simulation and optimisation of extractive distillation with water as solvent[END_REF], Lyuben, 2008[START_REF] Gil | Extractive distillation of acetone/methanol mixture using water as entrainer[END_REF]. However, the procedure is tedious and may fail to find the best solution. Mixed integer nonlinear programming (MINLP) optimisation can solve this issue but may require some programming outside a process simulator as used for the same mixture [START_REF] Kossack | A systematic synthesis framework for extractive distillation processes[END_REF] or for ethanol dehydration (Garcia-Herreros et al., 2011).

In this work, we use UNIQUAC model with binary parameters built-in Aspen plus and De Figueiredo et al. ( 2011) optimising procedure: basing on an SQP scheme built in Aspen plus simulator for optimising the continuous variables and a sensitivity analysis over the stage numbers. Unlike de Figueiredo's work and following [START_REF] Kossack | A systematic synthesis framework for extractive distillation processes[END_REF], we consider the two column sequence of extractive distillation process as in Figure 1. The two columns are strongly coupled: The entrainer-feed flow rate ratio F E /F F and composition x FE are key optimisation variables, along with the reflux ratio R 1 . But as F E /F F and x FE impact the liquid residue which feeds the entrainer regeneration column, they also affect the reflux ratio of the entrainer regeneration column R 2 . Besides, the entrainer recycle purity and flow rate from the regeneration column affect the extractive column separating effect, possibly preventing to achieve the distillate purity as specified. The optimisation flowsheet is an open loop (Figure 1b) and the optimal solution is ultimately simulated in the closed loop flowsheet (Figure 1a).

Objective function (OF)

De Figueiredo et al. (2011) used the ratio of the reboiler heat duty of extractive distillation column and the specified production flowrate (Q R /D) as objective function. The condenser heat duty is then neglected despite its impact on the process cost; and the regeneration column is not taken into account. [START_REF] Arifin | Design and control of an isopropyl alcohol dehydration process via extractive distillation using dimethyl sulfoxide as an entrainer[END_REF] used the total annual cost (TAC) including capital cost and operating cost as objective function. They showed that it exhibits a minimal value vs the total number of trays for the extractive process sequence columns. Our objective function for the optimization of variables is: Constraints 1 and 3 concern the products purity in D 1 and D 2 . Constraint 2 in bottom W 1 aims at keeping high the main product recovery. Constraint 4 focuses on the recycling entrainer purity. Q r1 and Q c1 : extractive column reboiler and condenser duty, Q r2 and Q c2 : entrainer regeneration column reboiler and condenser duty, D 1 and D 2 extractive column and entrainer regeneration column distillate flow rate, k = 5.9: product price factor for acetone vs methanol, m = 0.036: energy price difference factor for condenser vs reboiler. Update of k and m is done by using chemicals prices and [START_REF] Douglas | Conceptual design of chemical processes[END_REF] costs method with Marshall and Swift inflation index corrections.
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The meaning of OF is the energy consumption used per product unit flow rate (kJ/kmol). It accounts for both columns and also reflects the weight coefficient of the two product prices and reboiler -condenser heat duty. OF is sensitive to the variables

F E /F F , R 1 , R 2 , D 1 , D 2
and the thee feed location as well.

Finally the TAC is calculated for each optimal solution for a given total number of trays. We use the TAC formula of [START_REF] Li | New Operation Strategy for Separation of Ethanol-Water by Extractive Distillation[END_REF] (2)

Optimisation procedure

Step 1, minimizing OF by optimising continuous variable F E , R 1 and R 2 under fixed stage numbers N Ext and N Reg and feed positions N FE , N FF , N FReg .

Step 2, minimizing OF by optimising D 1 , D 2 , F E , R 1 and R 2 as variables.

Step 3, minimizing OF, taking N FE , N FF , N FReg , F E , R 1 and R 2 as variable with to get optimal value while keeping values of D 1 and D 2 .

Step 4, corroborating the optimal values by simulation and calculating TAC.

Result

3.1. First step. [5;25] for N FReg was made by using experimental planning procedure so as to avoid local minimum. Results are in Table 2.

From Table 2, we observe that (1) F E , R 1 and R 2 are changing as the thee feed stages change. The impact on OF is nonlinear, highlighting again the coupling of all variables and the necessity to consider the regeneration column as well.

(2) The best OF value is 30741 kJ/kmol, a 9.3 % decrease compared to step 2 and 15.1 % decrease compared to the OF for Luyben's design.

(3) The minimum value of OF is found for a greater number of trays in the extractive section than Luyben. Rodriguez Donis et al. (2009) have explained for the (1.0-1a) class separation that this is needed to keep the methanol content as low as possible in the extractive section stable node composition. 1b) where F E is pure water. As the product purities are constrained in the objective function, they are satisfied. For example, we obtain x acetone,D1 = 0.995002 with optimal values from step 3. However when simulating the extractive process flowsheet with a closed recycle loop as in practice, we obtain x acetone,D1 = 0.99484 with the optimal values from step 3. This happens because the recycled entrainer purity is then 99.98 % and not pure water and show the importance of the purity of recycled entrainer. Increasing R 2 would seem at first relevant to improve the recycled entrainer purity, but it is not efficient here because that purity is already very high: a small increase of R 2 to 1.495 to get x water,W2 = 0.99999 affects the OF that increases from 30741 to 32142 kJ/kmol. Increasing R 1 from 2.797 to 2.823 keeps OF low and raises x acetone,D1 from 0.99484 to 0.99500 in the closed loop simulation.

The final results are shown in Table 3 and4 (2) a 12.0 % saving in TAC (3) a greater production (D 1 ) while maintaining the product purity and using less both energy and total annual cost. (4) the recovery of acetone is greater though the recovery of methanol is smaller as the weigh coefficient of acetone is higher than methanol. 

Conclusions

We have obtained optimal parameters for an extractive distillation process for separating the minimum boiling azeotropic mixture acetone-methanol with water (class 1.0-1a) as entrainer, taking into account the both extractive distillation and the entrainer regeneration columns and compared it with Luyben's design under the constraint of 0.995 mole fraction acetone and methanol products. In a MINLP scheme we have combined SQP optimization for the continuous variables F E , R 1 , R 2 , and sensitivity analysis for D 1 , D 2 , N FE , N FF , N FReg . We have proposed a new objective function accounting for all the energy consumption of per product flow rate value. Compared with Luyben's design in literature, the total annual cost and energy consumption are reduced by 12.0 % and 14.5 % respectively based on the same column stage numbers. It can be pridict that more energy and total annual cost will be saved if the column stage numbers are changed and optimised follow the optimization process mentioned in this work.

Figure 1 .

 1 Figure 1. Extractive distillation process flow sheet (a) simulation (b) optimization.

  . For practical implementation, we have ultimately rounded up the optimal values: F E = 807 kmol/h, R 1 = 2.880, D 1 = 271 kmol/h, R 2 = 1.231, D 2 = 271.1 kmol/h, N FE = 31, N FF = 48, N FReg = 17. We can see (1) a 14.5 % energy consumption reduction compared to Luyben's design based on the same stage number of columns (N Ext =57, N Reg =26).

  with Douglas' costs correlations. The capital cost includes column shell, tray and heat exchanger costs; the operating cost group the reboiler and condenser energy cost. Pump, pipe, valves costs are neglected.

	TAC	payback capital	period cost	operating	costs

Table 1 .

 1 Table1displays the optimised F E , R 1 , R 2 while the other variables are kept constant. Results are compared to[START_REF] Luyben | Comparison of extractive distillation and pressure-swing distillation for acetone -methanol separation[END_REF] results that were taken for initializing the procedure. N Ext =57, N Reg =26, N FE =25, N FF =40, N FReg =14, equimolar F F =540 kmol/h. We observe (1) a OF significant decrease as more variables are taken into account. (2) a 4.9 % energy consumption saving if F E , R 1 and R 2 are optimised at the same time. (3) that optimising the regeneration column together with the extractive column improves further the OF: when R2 is taken into account, R1 becomes bigger, FE decreases and R 2 gets smaller, If less entrainer is fed to the extractive column, a greater R 1 is needed to get the same separation effect. Meanwhile the concentration of entrainer fed to the rege-Step 1, optimal results of F E , R 1 and R 2 , R 1 and R 2 . The results are shown in Figure2.From Figure2, we observe that D 1 =270.7 kmol/h and D 2 =271.1 kmol/h published in Lyuben's results are not optimal values for our OF. Also, OF decreases with the increase of D 2 (resp. D 1 ) when D 1 (resp. D 2 ) is fixed. As we will optimise other variables such as N FE , N FF , N FReg , N Ext and N Reg in the subsequent steps, we select D 1 =271 kmol/h and D 2 =271.1 kmol/h; those values corresponding to a product recovery high enough but not too high so as to make the flow sheet convergence difficult. The corresponding OF value is 33911.2 kJ/kmol, with F E =901.5 kmol/h, R 1 =3.255 and R 2 =1.406.

	variable	Optimised value Luyben (2008) F E	F E and R 1	F E R 1 and R 2
	F E , kmol/h	1100	809.0	922.7	883.3
	R 1	3.44	3.44	3.228	3.277
	R 2	1.6	1.6	1.6	1.491
	OF, kJ/kmol	36,194.4	35,564.1	34,864.7	34,421.7

3.3. Third step.

The variables N FE , N FF and N FReg are varied through sensitivity analysis and F E , R 1 , R 2 are optimised while D 1 and D 2 are fixed. N FE , N FF , N FReg impact the OF not independently of each other. Thus, the sensitivity analysis over the thee feed positions with ranges [25;50] for N FE , [>N FE ;56] for N FF ,

Table 2 .

 2 Optimal results of F E , R 1 , R 2 , N FE , N FF , N FReg under fixed D 1 and D 2Figure 2. Effects of D1 and D2 on OF with D1, D2, FE, R1 and R2 as variables 3.4. Fourth step. All the optimisation procedure was done with an open loop flowsheet (Figure

	N FE	N FF	N FReg	F E	R 1	R 2	OF kJ/kmol
	25	40	14	901.5	3.255	1.406	33,911.2
	25	40	15	911.8	3.246	1.340	33,541.9
	29	44	16	847.3	2.934	1.264	31,618.6
	29	46	17	776.3	2.910	1.216	31,104.6
	30	44	16	904.0	2.871	1.289	31,589.9
	31	44	17	927.7	2.866	1.344	31,917.1
	31	48	15	846.0	2.760	1.321	31,145.3
	31	48	16	810.8	2.791	1.254	30,851.4
	31	48	17	806.3	2.797	1.230	30,741.4
	31	49	18	802.3	2.816	1.258	30,962.9

Table 3 .

 3 Comparison of our optimal results with Luyben's design

	variable	F E	R 1	R 2	D 1	D 2	N FE N FF N FReg OF kJ/kmol TAC 10 6 $
	This work 807	2.880 1.231 271	271.1 31	48	17 30916.6	3.069
	Luyben	1100 3.44	1.61	270.7 271.1 25	40	14 36194.8	3.489

Table 4 .

 4 Product purities from optimal results and Luyben's design

	mole fraction	Mole Frac	D 1	D 2	W 2 =water W 1 =F 2	recovery
	This work	Acetone Methanol Water	0.99516 0.00066 0.00418	0.00115 0.99529 0.00356	1.88E-12 9.84E-05 0.999901	0.00029 0.25084 0.74887	99.88% 99.93%
		Acetone	0.99573	0.00168	9.51E-15	0.00033	99.83%
	Luyben	Methanol	0.00017	0.99578	5.64E-06	0.19715	99.98
		Water	0.00410	0.00254	0.999994	0.80252