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Abstract

Pressure Swing Adsorption (PSA) is an energy-efficient alternative to the traditional gas separation processes. This work presents a systematic optimization framework for com​plex PSA processes including multibed configurations and multilayered adsorbents. The effects of number of beds, PSA cycle configuration and various operating and design parameters on the separation quality and power requirements have been systematically optimized using recent advances on process optimization. The Unibed principle has been adopted relying on the simulation over time of only one bed while storage buffers have been used to model bed interactions. Two industrial multicomponent gas separa​tions have been used to illustrate the applicability and potential of the proposed ap​proach in terms of power consumption minimization and improvement of the product purity and recovery.
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1.  Introduction

Separation of gas mixtures by PSA has become a common industrial practice in the area of small to medium scale air separation, small to large-scale gas drying, small to large-scale hydrogen recovery from different petrochemical processes and trace impurity re​moval from contaminated gases. The theoretical modeling and optimization has accom​panied the PSA technological development and few studies have been reported in the literature (Nilchan, and Pantelides, 1998, Jiang et al, 2003 and 2004, Cruz et al, 2003 and 2005). As it has been clearly shown the selection of optimal design and operating parameters is a difficult task due to several reasons: a large number of trade-offs be​tween the key variables, large computational requirements to reach the Cyclic Steady State (CSS), and complicated models (large number of partial differential and algebraic  necessary to describe multi-scale transport phenomena in adsorbent column and adsorbent particles). In this work, an optimization framework of multibed PSA sys​tems is presented. A generic modeling framework previously presented by the authors (Nikolic et al, 2007) provides the basis for the development of the overall opti​mization approach.
2.  The optimization framework

A systematic optimization procedure, to determine the optimal de​sign and operating conditions of a PSA system requires significant computational effort. In order to efficiently perform optimization studies, several changes in the ex​isting modeling framework had to be made. The most important one is related to the reduc​tion of the size of the underlying model as all beds are simultaneously  simulated. Based on the work of Jiang et al (2004) the Unibed approach has been adopted. The Unibed approach assumes that all beds undergo identi​cal steps so that only one bed is needed to simulate the multibed cycle. Information about the effluent streams (during pressure equalization steps) are stored in data buffers and linear interpolation is used to obtain information between two time points. To this end a gPROMSTM  foreign object, VirtualBed, has been developed which imitates the behavior of the real adsorption col​umn, records and restores pressure, enthalpy and composition of the streams. According to the Unibed approach whenever the real column undergoes the pressure equalization step it interacts with one of the VirtualBeds (depending how many pressure equalization steps exist in the PSA cycle).

3.  Systematic analysis of the key optimization variables
In this work, three different systems have been investigated: I) hydrogen recovery from steam methane reformer off-gas (SMROG) by using activated carbon, II) hydrogen separation from SMROG by using two layered columns (activated carbon and zeolite 5A), and III) nitrogen separation from air by using RS-10 molecular sieve. Due to the high process complexity, a systematic procedure has been followed to identify the most important process parameters and suitable case-dependent objective functions. The procedure relies on a parameter analysis to establish dependencies of input variables (design and operating) as well as their relative importance. To this end, results and important conclusions from several studies published in the literature (Shin and Knaebel, 1988, Nilchan and Pantelides, 1998, Waldron and Sircar, 2000, Jiang et al, 2003, Cruz et al, 2005 etc) have been used. The parameters studied include the particle size, column length and diameter, step times, feed and purge flowrates,  distribution of adsorbents in multilayered adsorption columns, number of beds and PSA cycle design have been investigated. The base case parameters have been selected, only one variable at the time has been varied, and the effects analyzed.

3.1.1.  Effect of particle size

Particle size has a significant influence on the separation quality according to the well known linear driving force (LDF) equation. The LDF coefficient is inversely proportional to square of particle radius. On the other hand, a decrease in particle size increases pres​sure drop, which results in an earlier breakthrough and degradation of the performance. To tackle this problem Wankat, 1987 used the method of de​creasing the adsorbent par​ticle diameter while at the same time keeping the pressure drop constant (that is ratio Lbed/Rp2 = const since ∆P ~ Lbed/Rp2). Such technique resulted in fat, “pan-cake” column designs (very short columns with large diameter) which are capable to significantly reduce the dimensions of the column and amount of the adsorbent. In the systems under consideration in case studies I and II, a detailed analysis has shown that in the range of particle radius, bed length and diameter and velocities used, a smaller diameter has been always the preferable choice. However, in case study III, a trade-off has been revealed and particle radius was employed as the optimization decision variable.

3.1.2.  Effect of column length and diameter

Simulation results indicate that as the length-to-diameter ratio (L/D) in​creases, the product purity increases while recovery passes through the maximum.

3.1.3.  Effect of feed and purge gas pressures

An increase in the feed pressure (for a constant amount of feed) imposes an increase in prod​uct purity and recovery due to the type of isotherm - adsorbent capacity increases as the pressure increases. On the other hand, an increase in the feed pressure leads to an increase in power needed for compression. To take advantage of potential opportunities (in terms of improving product purity and recovery) offered by com​plex cycle designs it is necessary to find the optimal feed pres​sure which ensures feasible pressure equaliza​tion steps and co-current depressurization with purge. In other words, to effectively use void gas in the column, the length of unused bed (LUB) has to be high enough to adsorb strong adsorptive components moving towards the end of column during co-current depressurization(s). This ensures that the product leaving the column is completely pure and can be used to repressurize and purge other columns. High LUB can be achieved by interrupting  the adsorption step long before the concentration front reaches the end. This can be practically achieved by: (i) decreasing the feed flowrate (in the case of constant length), or (ii)  extending the column length (in the case of constant feed flowrate) or (iii) increasing the adsorbent capacity by increasing the feed pressure. In this work, the adsorbent productivity has been kept constant, and the feed pressure is used to control the LUB (since the feed is available at the high pressures, up to 50bar, as the product of steam methane reforming).

3.1.4.  Effect of feed  flowrate

3.1.5. A higher feed flowrate leads to a decrease in product purity and increase in product re​covery. In system I both the product purity and recovery are not significantly affected by the feed flowrate mainly due to the high LUB.
3.1.6.  Effect of purge−to−feed ratio

The Purge-to-feed ratio (that is purge gas flowrate) is one of the most important oper​ating variables in PSA whose increase leads to an increase in purity and a significant de​crease in recovery. It has been employed as an optimization variable in case studies I and III.

3.1.7.  Effect of number of beds and cycle design 

The number of beds and cycle design are important decision parameters because well designed multibed PSA processes offer significant advantages in terms of continuous production and feed consump​tion, increased product recovery and energy savings. This can be achieved by using co-current depressurization steps (to repressurize and purge other columns), while simulta​neously carrying out a number of certain operating steps. For instance, it is possible to repressurize the column by using high pressure product from the ad​sorption step thus reducing investments in additional equipment such as storage tanks or compressors. The effect of cycle design and number of beds has been analyzed in case study I due to the scale of the process – hydrogen production is a typical large-scale process where a large number of beds and complex configurations are typically employed. On the other hand, air separation is used for small to medium scale production.
3.1.8.  Effect of step times

In the range of parameters used in case studies I and II step times have negligible effects on product purity and recovery (due to the high LUB, as it is explained earlier). However, in case study III, the effect on process performance is significant. For instance, as the duration of pressurization (by using feed stream) increases, the purity decreases but recovery increases. This can be justified by the increased amount adsorbed during the prolonged step duration, which lowers the purity. The effect on product recovery is rather complicated since decrease in purity also decreases recovery but at the same time the product quantity in​creases in larger rates and the overall effect is an increase in recovery. In addition, longer pressurization s increases the power requirements. Regarding the duration of the ad​sorption step, longer adsorption times leads to an increase in purity and  decrease in re​covery. Purge and blowdown step times have similar effects: as the times increase, product purity increases but recovery decreases (longer time allows more impurities to desorb while at the same time more product is loss during the step). The power re​quirements slightly increase since larger quantities of feed are needed to repressurize the bed.

3.1.9.  Effect of carbon to zeolite ratio

The results of the analysis agree well with the literature studies (Park et al, 2000): the product recovery increases as the zeolite fraction increase while purity passes through a maximum. In addition, it is noticed that this effect is more important at lower pressures.

4.  Case studies
Based on the above analysis, three different case studies have been studied. The focus in case study I is on the effect of number of beds and PSA cycle design, in case study II on the effect of carbon-to-zeolite ratio while in case study III all operating variables and column design have been optimised. The general form of the optimization problems being solved is pre​sented in Figure 1. 
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Figure 1. – The mathematical definition of the optimization problems
All process parameters (base case column geometry, process and adsorption isotherm parameters) have been adopted from the work of Park et al, 2000 (case studies I and II) and Shin and Knaebel, 1988 (case study III). Six different PSA cycle configurations with one, two, four, five, and eight beds have been selected and analyzed. Configuration C1 includes no pressure equalization steps, C2 and C4 include one, C5a and C5b two, and C8 three pressure equalization steps. Configurations C4 and C5b include one addi​tional co-current depressurization step during which the product gas is used to purge other column (the limiting factor is that impurities are not allowed to breakthrough and contaminate purged column). Configurations C4, C5a, C5b, and C8 are properly de​signed to continuously produce hydrogen (and consume the feed) and to use the part of the pure product from adsorption step to finally counter-currently repressurize other columns (to the feed pressure). Feasible sequence of all operating steps has been automatically generated according our previous work (Nikolic et al 2006). 
The general optimization problems (presented in Figure 1) have been solved by using gPROMS implementation of reduced sequential quadratic programming algorithm and the orthogo​nal collocation on finite elements of 3rd order with 20 elements have been used to dis​cretize the spatial domain. The typical size of the NLP problem was about 90,000 variables and the CPU time to reach the optimal solution varied from 13 to 50 hours de​pending on the complexity of the problem and the initial guesses used. 
4.1. Case study I: Hydrogen recovery from SMROG

The objective is to maximize product recovery for given minimum requirements in prod​uct purity (99.99%) while optimizing purge-to-feed ratio (0.5−2.5)*, feed pressure (15-30bar), L/D ratio (3-20) and gas valve constants (during blowdown and pressure equali​zation steps). All studies have been carried out keeping the cycle time, column volume, and adsorbent productivity constant. This way it was possible to analyze the separation quality for a given minimum purity and different process designs which process the same amount of feed in the same period of time. A comparison of the results between the base case (L/D ra​tio=5, purge-to-feed ratio=1, feed pressure=25bar, and base case gas valve constants) and the optimized case is presented in Figure 2. 
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Figure 2. – Optimization results (Case study I)
The results show that product recovery is improved by 7-38% of  comparing to the base case design. An interesting result is that there are no significant differences in the process performance of configuration C4 compared to C5a, and C5b compared to C8. Although they include a lower number of beds and one pressure equalization step less, they employ a co-current de​pressurization step to purge other columns, which results in a significant effect of the process per​formance. In addition, the optimal feed pressure in C4 and C5b is higher compared to C5a and C8, respectively, due to the larger amount of gas needed to purge compared to the amount of gas spent in the last pressure equalization. This fact may be the limiting factor if the feed is not available at high enough pressure. However, these two effects are strongly depend on the system under consideration and it might not always possible to exploit them. 
4.2.  Case study II: Hydrogen recovery from SMROG (double layer)

Two scenarios have been analyzed: a) maximization of product recovery for given minimum pu​rity (99.99%) while optimizing carbon-to-zeolite ratio (0-1), and b) maximization of  pu​rity for given minimum recovery (30%) while optimizing carbon-to-zeolite ratio (0-1). Two adsorbent layers and the same base case parameters as in the case study I (configu​ration C1) have been used. In case a) the maximal recovery is 40.38% and carbon-to-zeolite ratio 0.54. In case b) the maximal purity is 99.999%, recovery 41.29% and carbon-to-zeolite ratio 0.39.
4.3.  Case study III: Nitrogen production from air

The objective is to minimize power consumption for given minimum requirements in product purity and recovery while optimizing the feed pressure (300−600kPa); the feed flowrate (0.001−0.003m3STN); purge-to-feed ratio (0.5−2.0); step times for constant cycle time such blowdown (10−20s), adsorption (10−20s; particle radius (0.2−1.5mm); column length-to-diameter ratio (5−15) for constant column volume. ), It should be noted that  purge time is calculated based on the total cycle time. Configuration C1 has been used and pressurization is done co-currently by using the feed stream. The optimization indicate a  product purity of  99.99%, recovery of  5.06%, length-to-diameter ratio 5, purge-to-feed ratio 0.85, feed pressure 3.5bar, feed flowrate 2.67E-2m3STN/s, adsorption time 10.17s, blowdown time 15s and particle size 1.5mm.
5.  Conclusions
A systematic optimization framework for complex PSA systems has been developed. The results clearly indicate the benefits (in terms of prod​uct purity, recovery, and power requirements) that can be achieved by using the proposed approach. Future work will focus on applications in large-scale industrial processes involving complex multicomponent  gas separations.
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