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Distillation is the most applied separation technology. However, its major drawback is the low thermodynamic efficiency (typically around 10%). In response to environmental issues that concern energy consumption of distillation columns, HIDiC (heat integrated distillation column) is expected to have a large impact on energy saving. The aim of this study is to optimize the HIDiC sensitive parameters so as to minimize the Total Annual Cost (TAC). For this, a HIDiC simulation model is developed by using commercial software ProSimPlus. GA (Genetic Algorithm) is used to find the optimal HIDiC configuration where multivariable are optimized without initialization. Binary (Benzene/Toluene) separation case is examined. As a result, 7.4 % and 13.9 % TAC reductions are realized in comparison with the reported solutions in previous works.

Introduction

Distillation is a unit operation which is widely used in separation processes. It represents approximately 40% of the total energy of the chemical process industry and more than 50% of the plant operating cost. The major drawback of the distillation column (Figure 1-a) is the low thermodynamic efficiency which is less than 10%. This is due to the temperature difference between reboiler and condenser (Bruinsma et al., 2002). Usually, the energy consumption, capital and operating costs increase as the relative volatility decreases (Kiss and Olujic, 2014). In the literature, a promising solution to reduce the energy consumption is proposed. It is called Heat Integrated Distillation Column (HIDiC) (Figure 1-b). The rectifying section and the stripping section are separated and heat is transferred inside the distillation column from the rectifying to the stripping section. The compressor increases both the operating pressure and the stage temperatures of the rectifying section. As expected, an energy gain was observed in previous research on HIDiC simulation studies [START_REF] Jansens | Energy saving potential of a heat integrated distillation column[END_REF][START_REF] Ponce | Using an internally heat-integrated distillation column for ethanol-water separation for fuel applications[END_REF]. A 90% energy saving can be reached with binary system like Propylene/Propane with 1.15 relative volatility. In accordance with [START_REF] Kiss | Advanced Distillation Technologies: Design, Control and Applications[END_REF]Gutierrez-Guerra et al., 2016) conclusions, the best candidates of HIDiC are the mixtures of components with close boiling point. Furthermore, an optimization study of HIDiC schemes using genetic algorithms was achieved [START_REF] Shahandeh | Internal and external HIDiCs (heat-integrated distillation columns) optimization by genetic algorithm[END_REF]. The separation of benzene and toluene mixture was used as a case study. The variables were compression ratio, number of heat exchangers and heat exchangers location.

Results showed up to 6.60 % and 9.75 % TAC reduction in HIDiC optimization. In this work, some improvements are achieved on HIDiC optimization. A simulation procedure is proposed for the HIDiC design. Then, Genetic Algorithm is used so as to find the optimal heat distribution along the HIDiC while the fitness function is set to be the total annual cost (TAC). The best HIDiC configuration obtained is compared with the reported solutions in a previous work for the same examined case study [START_REF] Suphanit | Design of internally heat-integrated distillation column (HIDiC): Uniform heat transfer area versus uniform heat distribution[END_REF][START_REF] Shahandeh | Internal and external HIDiCs (heat-integrated distillation columns) optimization by genetic algorithm[END_REF]. In this paper, the design-optimization strategy is performed by using the Excel-ProSimPlus interface. 

Simulation and design approach

Based on MESH model calculations, a simulation procedure is proposed for heat integrated distillation columns (Figure 2).

o Step 1: the HIDiC simulation procedure starts with the synthesis of a conventional column for the given system based upon a classical approach (shortcut approach and adjustment of the distillation column parameters using a ProSim Simulation.

o

Step 2: Based upon this initial structure, rectifying and stripping section are decoupled. As the heat transfer technology is based upon a concentric column structure in our experimental pilot, rectifying and stripping sections of the HIDiC configuration are supposed to have the same number of stages. In this first configuration, simulation is performed without any heat transfer between the columns that will enable an efficient heat transfer. The purpose of the simulation is to determine the pressure ratio on the compressor. A minimum temperature approach is fixed to 5K.

o Step 3: A complete HIDiC with full heat integration is carried out. As suggested by [START_REF] Suphanit | Design of internally heat-integrated distillation column (HIDiC): Uniform heat transfer area versus uniform heat distribution[END_REF], the heat duty calculated in the conventional column reboiler (Qreb) is uniformly distributed on the stages (see Equation 1).
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Where N is the stage number in each section (rectifying stage 1 and stripping stage N are respectively the condenser and reboiler stages).

o

Step 4: In HIDiC, the liquid is evaporated gradually and uniformly along the stripping section, at the same time, the steam is condensed along the rectifying section. In this step, a maximum amount of energy (QT max=∑Qi max) is determined by gradually increasing the level of heat transfer between the two columns, until there is no more liquid in the stripping column or no more vapour in the rectifying column.

The HIDiC design results are the maximum heat (QT max), reboiler and condenser remaining heat duties, the compression ratio that respects the minimum temperature difference constraint and reflux ratio. The utility cost (OPEX), capital cost (CAPEX) and energy saving are evaluated in the end of HIDiC simulation.

o

Step 5: In optimization by Genetic Algorithm, a multivariable initialization is not essential. The exchanged heat profile of the resulting HIDiC configuration is optimized and the method is explained in part 3.

Figure 2: Synthesis procedure for HIDiC.

Optimization methodology

A stochastic optimization based upon genetic algorithms is performed to determine the heat exchange (Qi) profiles that will minimize the TAC. The stochastic approach is chosen so as to make the simulation possible by multiplying the variables and the fitness function. HIDiC simulation is based on the Newton-Raphson method while GA is utilized for optimization. Additionally, parameters of genetic algorithm during the optimization are taken from [START_REF] Shahandeh | Internal and external HIDiCs (heat-integrated distillation columns) optimization by genetic algorithm[END_REF]. To be comparable to the previous works, the calculation parameters presented below are fixed in the script. In the current work, the optimization objective function (TAC) is a combination of capital cost and utility costs. TAC estimation formulation is demonstrated in equation 2.

(2)

Here, n =10 years and i = 7 %.

Estimation of Capital Cost (CC)

HIDiC consists of column shells and sieve trays, a reboiler and a condenser as heat exchangers and a compressor. For each equipment, the installed cost estimates are calculated as given by (Olujic et al., 2006;Douglas, 1988). As used before, the M&S Index value of 1463.2 averaged for process industries in the 1st quarter of 2008 is applied. All constant coefficients for compressor and heat exchangers cost estimation with various types are illustrated by (Olujic et al., 2006). Column diameter is designed at 80 % flooding using Fair correlation. Then, it was assumed that all stages in both sections are sieve tray with 1.5 feet tray spacing. The HIDiC column is constructed as a concentric column. Its cost is then estimated from two-column shells. Due to the large variation in the vapor flow along the column, average diameter of the rectifier and maximum diameter of the stripper is taken into account for economical computations.

Capital cost of column shell is multiplied by a factor of 1.5 to account for construction difficulty. The isentropic efficiency of the compressor is set to 72 %. The value of the overall heat transfer coefficient in the heat panel along the HIDiC column is assumed constant at 1000 W/m 2 K.

Estimation of Utility Cost (UC)

The available utilities are electricity, low pressure steam, and cooling water with unit costs of $0.1/ kWh, $13/t, and $0.03/t, respectively. The evaluation of TAC is on the basis of 8000 operating hours per year. Column diameters, CC, UC and TAC are evaluated in the end of HIDiC simulation.

Case study

Benzene-toluene separation has been previously studied [START_REF] Suphanit | Design of internally heat-integrated distillation column (HIDiC): Uniform heat transfer area versus uniform heat distribution[END_REF][START_REF] Shahandeh | Internal and external HIDiCs (heat-integrated distillation columns) optimization by genetic algorithm[END_REF]. For this reason, the binary equimolar mixture of benzene-toluene was chosen.

A feed flow rate of 100 kmol.h -1 is introduced. Feed stream is available at the temperature and pressure conditions of 94 °C and 100 kPa. RK-Soave equation of state has been employed for thermodynamic properties computation. The purity specifications of benzene in the distillate and toluene in the bottom product are both 99.5 % mol. In addition, both the conventional sequence and the HIDiC sequence have the same total number of stages. Similarly, both rectifying and stripping sections have the same number of stages.

Results and discussions

In this part, the HIDiC design-optimization results obtained by applying the procedure are presented. Then, they are compared with literature to evaluate the proposed method.

The results of HIDiC design without optimization are summarized in Table 1 and they are compared to the conventional distillation column (CDiC). Total stage number of 32 is obtained, that includes 16 stages in the stripping and rectifying columns when the pressure drop for each stage is negligible. 15 stages are thermally integrated considering the condenser in the first stage of rectifying column and the reboiler in the last stage of stripping column. HIDiC reboiler and condenser heat duty are reduced up to 85 % and 51.8 % respectively. The required energy for a compression ratio of 256.7 kPa is 250.4 kW. The maximum heat to be integrated per stage is 99.39 kW and the total exchanged heat is 1490.9 kW. The HIDiC simulation results respecting the simulation procedure with optimization are shown in Figure 3. Then, the optimal heat distribution along the HIDiC obtained by GA is presented in Figure 4. After simulation, the temperature difference results (Figure 5) and the optimized heat distribution allow to determine the heat panel area for each paired trays (Figure 6). Reference work 1 refers to Shahandeh proposal and reference work 2 refers to Suphanit proposal. In this case, the minimum temperature difference between rectifying stage and stripping stage is 8 K. The heat transfer area distribution of the optimized HIDiC as proposed in the reference work 1 is variable and larger near the ends and smaller towards the middle. By contrast, the reference work 2 requires a constant heat panel area of 4.58 m². Table 2 clearly shows the improvements achieved in HIDiC design and TAC employing GA with the proposed method. TAC is reduced up to 7.4 % and 13.9 % compared to reference work 1 and reference work 2 respectively. The evaluation of the best HIDiC configuration is summarized in the Table 2. Compared to the previous work (Table 2), the utility cost of the optimized HIDiC is decreased by 15 % and 22 %, as for capital cost, the diminishment is up to 0.55 % and 6.54 %. Total heat transfer area (119.3 m²) and total exchanged heat (1473.5 kW) of the optimized HIDiC are larger than reference works. The vapour through compressor of HIDiC from the present work is higher by 4.3 % (reference work 1) and 0.9 % (reference work 2). However, due to the reported optimum pressure of the rectifying column (294 kPa), the compressor heat duty of the reference work 2 is more important (282.4 kW). Moreover, the major reason for the improvement on the HIDiC in the present study is the proposition of new HIDiC configuration by determining the maximum heat integration with the proposed synthesis procedure.

Conclusions

A simulation procedure has been developed for the HIDiC design. HIDiC model is used as a basic file for the HIDiC stochastic optimization. Multivariable are optimized with the selected method (Genetic Algorithm). The process is performed by the EXCEL-ProSimPlus interface using a rigorous model. Benzene-toluene separation is the most investigated case study. That's why the proposed method has been evaluated against previous works using the same binary mixture. Based on the final results, up to 7.4 % and 13.9 % reduction in TAC have been obtained with the proposed method compared to the literature.

In addition, an experimental pilot was designed and built at LGC Toulouse. The experimental set-up is a concentric column containing a novel technology of gas-liquid contactor. An experimental study was performed to evaluate the heat and mass transfer in the novel column internal. Thereafter, the physical feasibility of HIDiC simulation results could be validated by the thermal conductance (UA experimental [W.K -1 ]) determined experimentally.
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 1 Figure 1: a. Conventional distillation column, b. HIDiC.
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 346 Figure 3: Schematic diagram of HIDiC resulting from design procedure

Table 1 :

 1 Simulation results of CDiC and HIDiC design

		Qreboiler kW	Qcondenser kW	Qcompressor kW	Reflux ratio Prectifier kPa
	CDiC	990	1,198	-	1.79	100
	HIDiC design	147.8	576.8	250.4	0.1	256.7

Table 2 :

 2 Comparison between HIDiC optimum results and references work.