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Abstract

Designing and optimizing chemical reactors based on novel chemistry is dependent on laboratory data.  Based on experimental results alone, it may appear to be an obvious choice to pick the operating conditions that result in the maximum selectivity of the desired product.  However, these conditions do not necessarily lead to an optimized process for all systems, when all aspects of performance are considered.  This research will show that only by including the complete process, including the recycle loops and downstream separation systems, can the true optimum operating conditions be determined.  This contribution will show how the tools of computer aided process engineering can be applied to the optimization of a laboratory chemical reactor.
Keywords: Glycerol dehydration, design of experiments, process design.
1. Introduction
To ensure that conceptual processes are based on reactor conditions leading to optimal process configurations, it is proposed that process simulation and optimization be integrated into the determination of chemical reaction parameters.  Because the conditions that result in the highest reaction yield may not lead to optimal process performance when the entire process is considered, a general method for including the process preformance with the laboratory experimentation is required.  Previous work has described the structure of such a general methodology [1].  By integrating techniques such as statistical design of experiments with process simulation, it is possible to determine the operating conditions that lead to optimum performance.  This contribution will describe the application of this general methodology to a case study for the laboratory optimization of a chemical reactor.
To analyze the impacts of reactor conditions on the entire process, a conceptual process flowsheet must be developed.  This can be accomplished using a hierarchical approach based on standard design heuristics.  By developing a simulation of the process, the overall performance can be calculated and evaluated for each set of reactor operating conditions.  Additionally, the application of optimization tools, such as thermal pinch analysis, allows an entire process to be quickly analyzed and evaluated while the process chemistry is still being developed in the laboratory.  The result of this integration is a process optimized for any given set of performance indicators.  For this analysis, the chosen performance index is simply an arbitrary value based on the operation of the process as a whole.  Using comercial process  simulation tools to analyze how the operating conditions in the reactor affect the entire process, it is possible to ensure that the reactor parameters chosen for detailed development are the ones that lead to an optimized process.  Therefore, the conceptual process development activities are not constrained by the laboratory results.  

2. Background

The process investigated in this research is the acid catalyzed dehydration of glycerol.  Numerous chemical products can be manufactured from glycerol.  These products include, 1,3-propanediol, acrolein, hydroxyacetone and acrylic acid [2][3][4][5]. The process for each of these products is similar, differing only with regard to the feed composition, catalyst and reactor conditions.  The process described in this contribution is generally applicable to any of these products.  Previously published work on this research has presented how a conceptual process was developed based on the glycerol dehydration [1][6].  A block flow diagram of this proposed conceptual process is illustrated in Figure 1, below.  The next step for the development of an industrial process is determining the optimum operating conditions for the reactor.  By integrating laboratory experimentation, process simulations and performance assessments, the optimum conditions will be identified.  
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Figure 1. Glycerol dehydration process block flow diagram.
3. Determining Ranges of Experimental Variables

The first step of this process is to determine which variables have the greatest impact on the operating results.  There are four variables that not only have an appreciable impact on the process performance but also can be evaluated using the process simulation model.  These variables are: Reactor operating temperature; Glycerol to water ratio in the liquid feed; Liquid to gas ratio in the reactor feed; and Reactor space velocity.
With the exception of space velocity, which is measured experimentally as flowrate to the reactor, each of these variables can easily be evaluated using the process simulation.  Although these variables affect the process chemistry, effects on the kinetics of the reaction can only be determined experimentally.  Therefore, the simulation models will be used to screen which sets of reactor operating conditions lead to the best performance.  In this analysis, the performance is optimized when the value of the performance index variable is at a minimum.

These results will be used to guide the laboratory experiments for optimizing the operating conditions.  For this analysis, a “one factor at a time” (OFAT) approach will be used to determine the sensitivity of each variable on the process results.  Using the process simulation, the performance index was evaluated for each of the design cases.  The result of this analysis is illustrated in Figure 2, below. 
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Figure 2. Process performance index sensitivity analysis results

This analysis indicates that lower glycerol to water ratios, lower liquid to gas ratios and lower reactor temperatures have a positive influence on the performance.  It is also clear that the biggest impact on variable cost is due to glycerol to water ratio.  It should be noted, however, that each of these cases are based on the same assumed glycerol conversion and product yield.
From Figure 2, it is clear that the variable with the greatest influence on performance is the glycerol to water feed ratio.  Although temperature does not appear to significantly affect the results, it is important since it could have an effect on the reaction rate.  The liquid to gas feed ratio has a minor influence at high glycerol to water ratios, therefore, a fixed value will be selected for the laboratory analysis.  From this analysis, the ranges of values for the variables have been determined.  In addition, space velocity, will also be considered for the laboratory analysis.
4. Statistical Design of Experiments

Using the Minitab software package, a list of optimization experiments was generated using a Box-Behnken response surface design [7].  The upper and lower limits of the three variables under consideration can be visualized as a cube in three-dimensional space.  The 13 Box-Behnken points include the center of the cube and the middle of each edge of the cube.  This optimization technique is especially useful when the optimum point lies away from a corner.  The initial analysis of the experimental results indicated that this is not the case.  Therefore, six more experimental points, the center point of each face of the cube were added.
5. Optimization of the Reactor Operating Parameters

The results of the 19 experiments were analyzed to determine the glycerol conversion and product yield.  Due to the relatively short catalyst life, reactor results over the first 90 minutes of operation were analyzed.  Samples of the reactor effluent were taken at regular intervals and the geometric mean square average was taken to determine the conversion and yield for each set of operating conditions.  From the results, certain trends become apparent.  Lower temperatures, flowrates and glycerol to water ratios result in higher product yields.  
Contour plots of the results, as illustrated in Figure 3, provide a picture of these trends.  From the results, a prediction can be made regarding the operating conditions that result in the maximum yield.   Additional experiments confirmed this prediction. However, this value conflicts with the results shown in Figure 2.  Since this initial assessment was completed without the experimental results, the next step in the optimization is to update the simulations using the actual laboratory data.  From this initial result, the benefit of integrating process simulation with the experimental optimization is already clear.
The global minimum of the performance index function for each of the experimental cases was then calculated.  Based on the conditions chosen, the performance is optimized when the performance index function is minimized.  The process simulation, updated with the laboratory results was used for this optimization.  The results of this calculation indicate which conditions lead to the optimum performance.  As with the product yield, the optimum performance occur at the lowest values of temperature and flowrate, however, the overall performance optimum occurs at the highest value of glycerol to water ratio.  Contour plots, as illustrated in Figure 3, provide a picture of these trends.  Therefore, a prediction can be made regarding the operating conditions that result in the optimum performance.  This prediction was confirmed in the laboratory.
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Figure 3. Contour plot results for reactor yield and performance index

6. Process Optimization via Heat Integration

To complete the optimization, it is necessary to apply holistic tools, like thermal pinch analysis, to ensure the optimal resource utilization.  Therefore, a thermal pinch analysis was conducted for each case to ensure that the case leading to the optimal performance remains the optimum case at minimum utility usage.  The minimum utility usage is based on the hottest heating utility and coldest cooling utility assumed to be available on a large multi-user chemical site.

Based on the results of the heat integration, it was determined that although there is potential for a reduction in the total energy usage due to heat integration, the effects are essentially the same for all cases.  Therefore, the case originally selected as the optimally performing case is still the preferred option.  The minimum energy performance index values were then calculated based on the minimum utility requirements.  It should be noted that for this analysis, the increased equipment and infrastructure requirements for the heat exchanger network needed to achieve this minimum utility case has not been considered.

7. Conclusions

In conclusion, the research presented in this contribution has clearly shown the benefits of utilizing a general methodology for integrating process simulations with laboratory experimentation.  Only when the entire process is considered does the true process performance picture become clear.  By applying tools of computer aided process engineering along with the tools of statistical design of experiments, in the experimental phase of process development, the design of an optimized conceptual process can be streamlined.  
From the glycerol dehydration case study example, it is clear that not only does this approach improve the results, relying on a traditional approach of simply maximizing the reactor yield will lead to less than optimal results. Finally, by ensuring that laboratory experiments are only conducted under conditions that lead to performance optimized solutions, the time and expense of laboratory experimentation can be minimized.
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