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Abstract

Reactive distillation (RD), being a frequently applied process intensification operation, has many benefits, among which reduced energy consumption, relative to the conventional reactor-separation-recycle structure. Internal heat integration between the reaction(s) and the separation in a RD column contributes often significantly to this reduction. Such a victory with the first law of thermodynamics for RD could be potentially diminished by increased exergy (second law) losses. Exergy loss can be seen as a measure for (lack of) sustainability. Increased exergy loss over an intensified system is possible because process intensification is founded on increasing the driving thermodynamic forces and molecular rate processes and so increasing the entropy production in the system. To explore this issue an comparative case study was made for two alternative processes for fatty acid esterification, the reaction of lauric acid with 2-ethylhexanol to 2-ethylhexyl dodecanoate. Designs of the conventional process and of the RD process were made and simulation based exergy analyses of steady state operations were performed over the key units and the relevant sections in the plants. Utility consumption and generation were accounted for. Relative to a segregated reactor and distillation the RD column gives rise to a decrease in exergy loss by 12 %, due to a lower reflux rate. Furthermore, The RD process has a significant reduction in recycling relative to the conventional design, so avoiding the many heating and cooling actions of the latter.  The RD process achieves overall savings on exergy loss of 17 % and 18 % on investment. It is concluded this RD process design outperforms its classical counterpart both in exergy and energy, as well as economics.
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1. Introduction

Sustainability requirements and economy call for step-outs in the effectiveness of resource utilization in the process industry. Better resource utilization involves a reduction of material usage and waste generation, less use of water and energy with associated reductions in CO2 emissions and smaller investments to enhance capital productivity. Over the decades the CAPE community has contributed to this goal by providing the technical means for optimizing process designs and plant operations. More recently, Process Intensification (PI) made additional contributions  to this goal by developing technologies that introduce stronger driving forces, combine multiple operations, accelerate transfer processes, exploit micro-engineering, thus leading to smaller and cheaper equipment and plants. The aim of PI is to develop processes which are cheaper, smaller and more safe, consume less energy and produce less waste [1]. In that way a significant contribution is made to more sustainable production systems.

A classical example of successful PI is reactive distillation (RD). It is extensively   applied in the process industry [2]. RD is an example of a multifunctional unit, where synergistic effects [3] are achieved by integrating in one column the reactions and the diffusion driven phase separations of components as in distillation and stripping. The potential benefits are increased product yield by overcoming reaction equilibrium limitations, enhanced separations, e.g., by circumventing azeotropes, and a reduction of energy demands by proper heat integration between the conversion and the separation steps. Huang and coworkers [4] have shown that the internal heat integration aspect can also lead to improvements in process dynamics and controllability but at the risk of severely diminishing operational flexibility. As a single RD column can replace a conventional reactor-distillation-recycle structure, less equipment is needed resulting in significant savings in investment and, often, in operational costs. 

While above benefits and savings are generally undisputed, the deeper issue arises to which extent RD actually contributes to an improvement in sustainability, compared with reactor-distillation-recycle structure. To quantify the quality or usefulness of energy, exergy is taken as a measure for sustainability. Savings on energy demand (from fossil origin) will definitely contribute to it. But PI could be less favorable by running up higher exergy (thermodynamic second law) losses by the very act of intensification. I.e., increased thermodynamic driving forces and associated fluxes in PI result in an associated increase in the rate of entropy production inside the intensified system, amounting to higher exergy loss over the system.

To investigate this issue two research questions have been posed:

1. Has a RD column due to its intensified operation possibly a higher exergy loss than the sum of the exergy losses in the corresponding conventional reactor and distillation column of the segregated conventional case, when considering the same productivity and feeds?

2. Has a RD section a smaller exergy loss than its corresponding classical counterpart, including the reactor-distillation-recycle with all auxiliary operations?

A generic theoretical answer to these questions is hard to obtain due to the many design and operational decision variables involved and the system specific features. Therefore, a pragmatic approach is taken by performing model based case studies, the results of which may offer some insights into the practical relevance of these questions. The results of a case study on RD for fatty acid esterification, the reaction of lauric acid with 2-ethylhexanol to 2-ethylhexyl dodecanoate, [5], are presented here. As steady state operation is considered, any entropy production effects inside the process system are accounted for by differences in the exergy contents of the streams entering and leaving the system. 

2. Process description

The general aspects of reactive distillation design and design of reactor-distillation-recycle systems and analysis of second law or exergy losses are well covered by text books, [6-8] in that order. The specifics of the fatty acid esterification process will be explained. The reaction is that of 2-ethylhexanol with lauric acid to 2-ethylhexyl dodecanoate as shown in eq. (1), with ΔrH0 = -4.16 kJ/mol and ΔrG0 = -21.8 kJ/mol.
C12H24O2 + C8H18O → C20H40O2 + H2O




(1)

The key physical properties are listed in Table 1, showing that water is the most volatile component, while 2-ethylhexyl dodecanoate is the heaviest one.

Table 1: The key physical properties of the process components.
	
	
	C12H24O2
	C8H18O
	C20H40O2
	H2O

	Tboil @ 0.3 bara
	K
	526
	419
	560
	373

	ΔHvap0
	kJ/mol
	81.3*
	50.7
	67.1
	40.7


* @ 164°C
Short descriptions of the conventional process and its RD counterpart are presented. The conventional process is shown in Figure 1. The system is operated at a vacuum of 0.3 bara. The recycle and fresh alcohol are mixed and added to the reactor (modeled as RGIBBS, meaning that it reaches equilibrium) in an excess of 1.5 on molar basis with respect to the acid. This excess is in favor of shifting the reaction equilibrium to the right. For both cases the feed streams are modeled as pure reactant streams. The reactor is designed to have a conversion of ±99.5% on the lauric acid. The water removal takes place in an eight stage distillation column. In the reflux vessel, phase separation of the organic and water phase takes places, resulting in 99.9 % purity for the water stream. The organic phase is used as reflux. Having vacuum the separation in the distillation column can occur at a lower temperature. For the separation of the ester from the other organics (mainly the 2-ethylhexanol) the pressure need to be reduced further to 0.032 bara. The 4-stage evaporation column gives a stream of 99.9% pure 2-ethylhexyl dodecanoate. The overall yield of the process is ±99.8% on the lauric acid. The production rate is set to 3 kmol/h (935 kg/h), for both the conventional and RD process.

In the process a recycle for the excess of alcohol is present and a lot of cooling and heating takes place. These are possible inefficiencies in the process, which can (partially) be avoided with reactive distillation.
The RD process is shown in Figure 2. In the RD process the reaction takes place both catalyzed and un-catalyzed. The catalyzed stages are 1 - 13 of the 14 stages of the RD column, counting the stages top-down. The lauric acid is fed as a liquid at boiling point above stage 1 and the 2-ethylhexanol, also a liquid at boiling point, above stage 14.
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Figure 1: Aspen process simulation diagram of the conventional fatty acid esterification process.
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Figure 2: Aspen process simulation diagram of the reactive distillation process for the fatty acid esterification.

The hold-up at the reactive stages is 75 L. The applied excess of the alcohol in the column is 1.05 on molar basis instead of the 1.5 in the conventional case. Again a liquid phase separation takes place in the reflux vessel. Also the pressure reduction for the evaporator is required; only the evaporator requires only two stages this time to meet the fatty acid specs. The 2-ethyl hexanol is again recycled, only a smaller flow compared to the non-RD case.
3. Set-up of a comparative analysis
The approach is to perform an exergy analysis on both the ‘conventional’ process and the reactive distillation process. Then by comparing the results one can see if reactive distillation is indeed more ‘sustainable’ by having smaller exergy losses. Also a comparison based on economics will be made. This is done because economics and exergy issues can oppose. For example concerning exergy in distillation an infinite number of trays is favorable, while this is obviously not economically optimal.

The necessary process data will be obtained from simulations with Aspen Plus 12.1 [9] (no pieces of equipment are lumped in the simulations), with use of the add-on ExerCom [10] to calculate the exergy values of the process streams. The principle of exergy calculations with ExerCom is demonstrated by Hinderink [11]. The economical evaluation is made in Aspen Icarus Process Evaluator 12.2 [12].

To arrive at a fair comparison it is important that the boundaries (battery limits) of the (sub-) systems to be compared are clearly specified. This is even more true when also local exergy loss of the reactor distillation section is compared to the RD section of the other process. Figure 3 presents a schematic overview of the overall system boundaries (outer block) and an inner block, covering the reactor and distillation in the first process and the RD column in the second process. The outer block considers the same feed rate and the same product output rate for both processes. Furthermore, utilities consumption accounts for production inefficiencies and effluent losses.
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Figure 3: Schematic representation of the process and battery limits.
4. Results & Discussion

The key results of the simulations are shown in Table 2. It is noticed that due to the more beneficial feed ratio between the reactants in the RD process, the reflux in the RD column is smaller than in the distillation column of the conventional process (105 vs. 221 kg/h), and also as a consequence of the feed ratio the evaporator duty is lower. Further, by integration of reaction and separation no intermediate cooling is required between the reaction and separation part. The result is that the RD process is overall as well locally better on exergy performance by 17% respectively 12%. The difference on local basis is smaller probably due to larger driving forces caused by the coupling of reaction and distillation.

Table 2: Key numbers for the simulation results.
	Variables
	Units
	Conventional
	RD

	MP steam
	kg/h
	90
	0

	HP steam
	kg/h
	357
	294

	Cooling water
	kg/h
	12673
	7019

	Electricity
	kW
	5.90
	11.40

	Exergy loss ((B)
	GJ/tonne
	0.753
	0.625

	Energy consumption ((E)
	GJ/tonne
	1.045
	0.718

	Relative exergy loss ((B/(E)
	-
	0.721
	0.870


Concerning the economics of the two alternatives; the RD process saves on pieces of equipment by the integration, but also due to the smaller reflux and recycle the equipment can also be smaller. The total investment costs are 18% lower for the RD process. The operation costs do not differ much; making the RD process the economical preferred option.

For this case it is shown that reactive distillation can indeed be more sustainable on energy basis, without paying by poorer economical performance. While the total exergy loss has decreased for RD, it is observed (last entry Table 2) that the relative exergy loss per unit of energy consumed has slightly increased. This seems to point to the effect that the exergy loss due to higher entropy production by having stronger driving forces and fluxes is on the rise, but it is of less influence than the reduction in loss obtained by the savings on energy consumption, as expressed by operational parameters as the reflux ratio.

5. Conclusions

Considering the research questions the following conclusions can be drawn.

Concerning the first question, dealing with the effect of local entropy production, it was expected that due to the coupling of reaction and separation the local exergy loss will be larger for the reactive distillation process. The local analysis showed that this is not necessarily true. The reason is that, due to the favorable heat integration inside the column and the smaller excess of  the 2-ethylhexanol, the RD column can run at a lower reflux ratio than the distillation column in the conventional process, making the RD column also more exergy efficient. The decrease in exergy loss for this section is 12 %.
The second question assumed that the overall exergy loss will be lower for the RD process, because of less auxiliary operations like pumping and heating. This effect is indeed confirmed. The total decrease in exergy loss for the RD process is 17 %. This increased savings are obtained by elimination/saving on cooling and heating action also in interaction with a significantly reduced recycle. The reduction in exergy loss is dominated by the very significant savings in energy consumption, off-setting an increased entropy production by the nature of the intensification operations.

The presumption that exergy saving will cost money is not proven true here, as  the RD process saves 18% on the investment cost and having also slightly lower operating cost, all relative to the conventional process. 

Overall, it can be concluded that that this RD process design outperforms the conventional process design on energy, exergy and economics.
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