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Abstract 

Including sustainable design into the core chemical engineering classes is becoming increasingly 

important.  As more and more attention is placed on the effects chemical process have on the global 

environment, the role of chemical engineers in addressing these concerns in increasing.  The module 

described in this contribution outlines a sustainable design project that can easily be integrated into an 

undergraduate process separations course.  Process separations is a core chemical engineering course in 

most curricula, so introducing sustainable design projects here is a good way to integrate these concepts 

to students.  The project described in this contribution is geared towards Junior level students and 

assumes a basic familiarity with process simulation software packages, such as ASPEN Plus. 
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Introduction 

Sustainability and the effect chemical processes have on the environment are becoming topics of 

increasing importance to the general public and the chemical process industries.  Furthermore, 

anecdotal evidence tells us that chemical engineering students are increasingly interested in pursuing 

careers in which they feel they can make have an impact in terms of the environment.  Therefore, 

especially in terms of recruiting and retention, it is important to expose students to the topics of 

sustainability, green engineering and renewable energy.  However in the already crowded chemical 

engineering curriculum, it is difficult to devote an entire course to these topics.   

This course module will describe a design project that introduces the concepts of sustainable design to 

the process separations course.  Since process separations is a core course in most, if not all, chemical 

engineering curricula, this is a good place to incorporate sustainability.  Furthermore, since the design 

project proposed is based on fundamental principles of separation engineering, it does not dilute or take 

away from the concepts that already must be included in a separations course. 

This module is based on the assumption that process separations is a junior level course and that the 

students have a basic familiarity with thermodynamics and process simulation software, such as Aspen 

Plus (Aspen Technology, 2010).  The project is presented as a semester project to be introduced during 

the second half of the course – after the students have covered the basics of distillation column design. 
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The learning objectives for this module are based on fostering an appreciation for the benefits of 

sustainable design early in the curriculum.  Specifically the learning objectives can be listed as follows: 

 Illustrate the concept that sustainable processes are often economically preferred over their 

traditional counterparts. 

 Introduce tools for assessing the impact of design choices on the environment. 

 Introduce students to design projects that prepare them for their capstone design courses later in 

the curriculum.   

 Cover the traditional core separations concepts in the context of sustainable design. 

Background 

Solvent recycle is a common industrial process, often involving recovery a solvent from water.  This 

process is often complicated by the fact that many solvents form azeotropes with water.  Azeotropes 

occur when both the liquid and vapor have the same concentration (Wankat, 2007), thus making 

separation by ordinary distillation impossible.  Assuming that the required solvent purity lies beyond the 

azeotropic composition this problem is typically addressed in one of two ways, either by combination of 

ordinary distillation and liquid-liquid extraction using a separate entrainer, or by use of membrane 

technology, such as pervaporation.  In pervaporation, the driving force for separation is the difference in 

activities across the membrane (Wankat, 2007).  The word pervaporation is a combination of 

permeation and evaporation (Wankat, 2007).  Pervaporation by itself is often prohibitively expensive 

when viewed as a stand-alone process, however, when coupled with ordinary distillation it is cost 

competitive with the liquid-liquid extraction based process.  As will be demonstrated, the comparison 

between these two options illustrates the potential advantages of considering energy efficiency and 

sustainability in the design of separation systems.  In addition to the benefits in terms of sustainability, 

previous work has also demonstrated how this same system can be used to illustrate the application of 

inherently safe process design (Seay and Eden, 2008). 

The project described in this module addresses four of the 12 principles of green chemistry, developed 

by the U.S. EPA (Anastas and Warner, 1998).  The four principles addressed by this module are 

highlighted in bold in the list below: 

1. Prevention 
2. Atom Economy 
3. Less Hazardous Chemical Syntheses 
4. Designing Safer Chemicals 
5. Safer Solvents and Auxiliaries 
6. Design for Energy Efficiency 
7. Use of Renewable Feedstocks 

8. Reduce Derivatives 
9. Catalysis 
10. Design for Degradation 
11. Real-time analysis for Pollution Prevention 
12. Inherently Safer Chemistry for Accident 

Prevention 

 

Sustainability Objectives 
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The sustainability objectives for this module are based on applying equipment design principles to 

minimize the energy usage of a separation process.  Specifically, this module will illustrate two principles 

commonly included in the process separations class from the perspective of sustainability.  The first 

principle is that of the design trade-offs between the total energy duty for a distillation column and the 

total number of stages.  The second principle is the usage of separation by difference on boiling point 

versus separation by physical barrier.  The effect on process energy usage based on applying these 

principles will be explored with this module. 

Design Project Problem Statement 

The problem statement for this project is quite simple.  The students are given some background 

information on solvent extraction based and membrane based separation processes for separating a 

mixture of isopropanol and water.  The design objective for this problem is for the students to prepare 

process simulations for both processes, then recommend one of these two options and justify their 

choice from the perspective of both economics and potential environmental impacts.  The following 

data are provided to the students to begin their designs: 

 Feed rate:       100 gal min-1 
Feed Temperature:      80 deg C 
Feed Pressure:      25 psig 
Feed Composition:      20 wt % IPA/ 80 wt % water 
Maximum Waste Water Composition:   1500 ppm IPA 
Minimum Recovered Solvent Composition:   >99% pure IPA 

 

When beginning to develop simulation flowsheet, one problem the students immediately run into is that 

there is no unit operation block in Aspen Plus Model Library to model the membrane separation.  

However, there are numerous literature sources available that provide data on permeance and 

selectivity for a variety of membranes (Chapman, et al.: 2008)(Cséfalvay, et  al.: 2007)(Ghazali, et al.: 

1997)(Urtiaga, et al.:2006).  These data can easily be incorporated in a component separator block in 

Aspen Plus to model the separation achieved by the selected membrane.  For the purpose of this 

discussion, the published data on the water flux across the membrane and the concentration of water in 

the permeate from Urtiaga, et al., (2006) will be used.  Based on the activity of the water in the feed to 

the pervaporation membrane, a flux of 2.0 kg m-2 h-1 and a water concentration of 0.95 wt% in the 

permeate will be used.  These values are based on a feed temperature of 80°C.  

 

A more rigorous approach would be to use a FORTRAN block within Aspen Plus or an interface to a 

Visual Basic for Applications (VBA) program to calculate the membrane performance.  This approach has 

been well described by Verhoef, et al., (2008), however, this was not done for this project in order to 

keep it simple for the undergraduate students. 

 
Design Project Simulation Results 
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Aspen Plus flow sheets of the traditional azeotropic distillation process and the membrane based 

process are shown in Figures 1 and 2, below.  
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Figure 1. Traditional Azeotropic Distillation Process 
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Figure 2. Aspen Plus Simulation of Pervaporation Process. 

The Winn-Underwood-Gilliland model in Aspen Plus was used to determine the number of theoretical 

stages, reflux ratio and optimum feed location for each of the columns in both the traditional and 

membrane based design options.  A sensitivity analysis was then conducted to determine the 

relationship between the number of theoretical stages and the reflux ratio, which of course is an 

indication of the overall energy requirement of the column.  The results of this sensitivity analysis for 

the azeotrope column are illustrated in Figure 3.  
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Figure 3. Reflux ratio vs. number of theoretical stages for azeotrope column. 

 

It should be noted that the azeotrope column is identical for both the traditional process and the 

membrane process; therefore the design results using the Winn-Underwood-Gilliland model are the 

same for each case.  A similar analysis was carried out for the solvent column for both the traditional 

process and the pervaporation based process; refer to Figures 1 and 2 for illustration.  The principal 

difference between these two columns is that the traditional process is a three component system with 

isopropanol, water and hexane present, whereas for the pervaporation process, only isopropanol and 

water are present.  These results of the analysis of the molar reflux ratio versus number of theoretical 

stages for the traditional process are illustrated in Figure 4 and the results for the pervaporation process 

are illustrated in Figure 5.  The point of diminishing returns for both cases is clearly seen in these results 

graphs.  The results of this Winn-Underwood-Gilliland analysis and the subsequent values chosen for the 

distillation column rating simulation runs are included in Table 1. 
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Figure 4. Reflux ratio vs. number of theoretical stages for solvent column - traditional process. 
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Figure 5. Reflux ratio vs. number of theoretical stages for solvent column - pervaporation process. 
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Table 1. Column Design Parameters from Winn-Underwood-Gilliland Model 

 Traditional Process Design Sustainable Process Design 

Azeotrope 
Column 

Solvent  
Column 

Azeotrope 
Column 

Solvent  
Column 

Minimum No. of 
Theoretical Stages 

14 6 14 17 

Minimum Reflux Ratio 1.34 0.18 1.34 4.40 

Selected No. of 
Theoretical Stages 

30 10 30 25 

Selected Reflux Ratio 1.6 0.62 1.6 7.9 

Selected Feed 
Location 

Stage 25 Stage 2 Stage 25 Stage 9 

Condenser Duty -323.4 kW -123.7 kW -323.4 kW -123.1 kW 

Reboiler Duty 360.7 kW 101.9 kW 360.7 kW 49.65 kW 

 

Environmental Impact Results  

To provide a clear picture of the potential environmental impact (PEI) of the traditional versus the 
membrane based process the tool used is the Waste Reduction (WAR) algorithm, developed by the U.S. 
Environmental Protection Agency (Young and Cabezas: 1999)(Young et al.: 2000).  The WAR algorithm is 
a weighted average of 8 categories of environmental impacts.  These impacts are as follows: 
 

 Human Toxicity Potential by Ingestion 

 Human Toxicity Potential by Inhalation or Dermal Exposure 

 Ozone Depletion Potential 

 Global Warming Potential 

 Photochemical Oxidation Potential 

 Acidification Potential 

 Aquatic Toxicity Potential 

 Terrestrial Toxicity Potential 
 
The weighting of these factors is determined by the user, and thus careful consideration should be given 
to the values chosen.  The PEI of a given quantity of material and energy can be defined as the effect this 
material or energy would have if it were emitted directly to the environment (Young and Cabezas: 
1999)(Young et al.: 2000).  For the purposes of this design project, only the PEI of the streams leaving 
the process is considered.   Applying the WAR algorithm to each of the design options, the PEI of each 
process calculated.  The results are illustrated in Figure 6, below.  For the results presented, each 
environmental impact factor is given equal weight. As an additional educational objective, considering 
the individual results for each impact category can be included.   
 
As anticipated, the sustainable process design performs better with regard to environmental impacts 
than the traditional, extraction based process.  This is primarily due to the increased energy usage of the 
traditional process and fact that the traditional process utilizes hexane which is discharged from the 
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process.  By exchanging separation by distillation for separation by membrane, the total energy usage is 
reduced and the requirement for a flammable and toxic chemical, n-hexane, is eliminated thus 
improving the sustainability of the process. 
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Figure 6. Results of Potential Environmental Impact Analysis 

Economic Analysis Results 

Finally, a simple economic analysis has been conducted to give an overview of the differences between 

sustainable and traditional options.  To illustrate the differences, the costing functionality of the Aspen 

Plus software package were utilized.  For illustrative purposes, default values for all sizing and costing 

functions have been used.  This has been done to simplify the problem, while still providing the students 

with meaningful results.  The only exception to this was the cost of the pervaporation membrane unit.  

This unit was assumed to be of a Plate and Frame design with a unit cost of 400 USD per square meter of 

membrane surface area (Peters, et.al, 2003).  The results of the economic analysis are summarized in 

Table 2, below. 

Table 2. Economic Analysis Results for Sustainable and Traditional Process Options 

 Sustainable Process Option Traditional Process Option 

Total Capital Investment $1,316,506 $1,727,397 

Annual Operating Cost $1,176,226 $1,547,497 
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As can be seen from these results, although the total project cost is higher for the pervaporation 

process, the operating costs are significantly lower.  This is due to the much lower estimated utility cost.  

From this data, a payback period of less than 1 year is easily calculated based on energy savings. 

Learning Outcomes 

The learning outcome of this project is to introduce students to the applications of sustainable process 

design in the context of the Process Separations course.  This will illustrate to students that 

sustainability and design for the environment are not subjects that require exotic tools, but can be 

achieved through the application of traditional principles.  Finally, this project should give students an 

appreciation of the impacts of their design choices on the triple bottom line of society, environment and 

economics.  This is important because it is at the design stage where the engineer has the most impact 

on the final process. 

Summary 

Due to the changing nature of the chemical industry, the education of undergraduates in chemical 

engineering must keep pace.  Among other things, this includes sustainability and energy efficiency.  

With this module, the introduction these concepts without sacrificing the fundamental concepts that 

must be included in a separations course can be achieved.  Furthermore, this project introduces 

students design projects that further prepare them for their capstone design courses later in the 

curriculum.  Overall, this project can be used to meet the following goals: 

 Demonstrate the decision making process involved in design for sustainability. 

 Incorporate the traditional topics of process separation and distillation column design. 

 Introduce students to process simulation and optimization as design tools 

Most importantly, incorporating design projects early in the curriculum gives students a sense of the 

“bigger picture” and improves their understanding as they progress through the curriculum. 
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This guide is intended to provide a resource for instructors with little or no experience using process 
simulation tool, such as Aspen Plus.  Although not a complete overview of the software package, 
following these guidelines will allow instructors to duplicate the results achieved by the authors. 
 
Specifying the Physical Property Method 
Starting from a general template with English units in Aspen Plus, specify the component list and 
property method, as illustrated in Figure A1 and A2, below.  The NRTL property method works well for 
this system.  Note that the n-hexane is only required for the simulation of the traditional process. 
 

 
Figure A1. Aspen Plus screen shot of component specification input form 
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Figure A2. Aspen Plus screen shot of physical property method specification input form 
Building the Flowsheet 
 
Once the components have been specified and the physical property model selected, the next step is 
building the process flowsheet.  The flowsheet for the Traditional and Pervaporation processes are built 
as illustrated in Figures A3 and A4.  The common equipment for both processes include the AZEO and 
SOLVENT columns and the AZEO-WGU and SOL-WGU unit operation blocks.  Details on specifying each 
of these equipment blocks will follow. 
 
Common Equipment 
The AZEO and SOLVENT columns in each process are modeled using the RADFRAC block.  RADFRAC is the 
rigorous distillation modeling block in Aspen Plus.  The AZEO-WGU and SOL-WGU and modeled using the 
DSTWU block.  DSTWU is the shortcut distillation column design block in Aspen Plus.  DSTWU allows 
users to calculate the optimum number of stages, feed location and reflux ratio using the Winn-
Underwood-Gilliland equations.  The DSTWU blocks are not part of the process; they are only used to 
determine the design parameters for the RADFRAC blocks, which are part of the actual process 
flowsheet structure. 
 
Traditional Process 
In addition to the common equipment described previously, specific equipment to the Traditional 
Process is the Entrainment vessel.  This is modeled using the DECANTER block.   
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Figure A3. Finished flowsheet for the Traditional Process 
 
Pervaporation Process 
The equipment specific to the Pervaporation Process include the pervaporation unit itself, modeled 
using the COMPONENT SEPARATOR block in Aspen Plus, the Vacuum pump, modeled using 
COMPRESSOR block and heat exchanger B2, modeled using the HEATER block.  The Azeotrope Column 
and the AZEO-WGU design block are identical to their counterparts from the traditional process. 
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Figure A4. Finished flowsheet for the Pervaporation Process 
 
Specifying the Columns 
 
Common Equipment 
 
The DSTWU block is specified first.  This is used to determine the optimal number of theoretical stages.  
The input for this block is illustrated in Figure A5, below.  

 
Figure A5. DSTWU Specification for Azeotrope Column 
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The optimal number of stages and reflux ratio determined using the DSTWU block is transferred to the 
RADFRAC block in the main process flowsheet.  There is no need to delete the DSTWU block from the 
simulation.  The input forms required to specify the RADFRAC block are illustrated in Figure A6 and A7, 
below. 
 

 
Figure A6. RADFRAC Configuration specification form for Azeotrope Column. 
 
 
Traditional Process 
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Figure A7. DSTWU Specification for Traditional Process Solvent Column 
 
Pervaporation Process 
 

 
Figure A8. DSTWU Specification for Pervaporation Process Solvent Column 
 
 
Specifying the Decanter 
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 The required input form for the liquid-liquid separator block is illustrated in Figure A9, below. 
 

 
Figure A9. ENTRAIN Block Specification for the Traditional Process 

 
 
Specifying the Pervaporation Unit 
The pervaporation unit is modeled as a SEP block in Aspen Plus.  The data for the split between the 
isopropanol and water comes from literature data.  The input from for this block is illustrated in Figure 
A10, below. 
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Figure A10.  SEP Block Specification for the Pervaporation Process 
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Table B1. Stream Table for Traditional Process 
 

 
AZEO-DST HEX-FEED SOL-DST WTR-RICH SOL-RICH FEED IPA-PROD WTR-PROD AZEO-BOT 

          Temperature F              178.6 77 129.6 124.7 124.7 185 179.8 178.8 212 

Pressure    psia           14.7 39.7 14.7 14.7 14.7 39.7 14.7 14.7 14.7 

Vapor Frac                 0 0 0 0 0 0 0 0 0 

Mole Flow   lbmol/hr       67.157 0.006 22.526 52.225 37.464 211.178 14.938 196.245 144.02 

Mass Flow   lb/hr          1829.41 0.5 1650.98 940.925 2539.962 4423.977 888.987 3535.493 2594.567 

Volume Flow cuft/hr        35.569 0.012 39.672 15.578 58.063 80.208 19.705 60.43 45.28 

Enthalpy    MMBtu/hr       -8.303 0 -2.274 -6.412 -4.166 -25.73 -1.966 -23.754 -17.342 

Mass Flow   lb/hr                            

  IPA                      884.795 0 354.686 0.119 1239.363 884.795 884.676 0.119 0 

  WATER                    944.614 0 36.027 940.807 39.835 3539.182 3.81 3535.374 2594.567 

  HEXANE                   0 0.5 1260.264 0 1260.764 0 0.501 0 0 

Mass Frac                                    

  IPA                      0.484 0 0.215 0 0.488 0.2 0.995 0 0 

  WATER                    0.516 0 0.022 1 0.016 0.8 0.004 1 1 

  HEXANE                   0 1 0.763 0 0.496 0 0.001 0 0 

Mole Flow   lbmol/hr                         

  IPA                      14.723 0 5.902 0.002 20.623 14.723 14.721 0.002 0 

  WATER                    52.434 0 2 52.223 2.211 196.454 0.211 196.243 144.02 

  HEXANE                   0 0.006 14.624 0 14.63 0 0.006 0 0 
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Table B2. Stream Table for Membrane Process 
 
 

 
AZEO-BOT AZEO-DST FEED IPA-PROD PERMEATE RETENT8 SOL-FEED SOLV-DST VAC-DIST WTR-PROD 

           Temperature F              212 176.7 185 179.9 176.7 179.7 196.7 178.9 564.4 210.9 

Pressure    psia           14.7 14.7 39.7 14.7 3 14.7 14.7 14.7 14.7 14.7 

Vapor Frac                 0 0 0 0 1 1 0 1 1 0 

Mole Flow   lbmol/hr       187.058 24.12 211.178 14.794 9.325 19.744 9.325 4.95 9.325 196.383 

Mass Flow   lb/hr          3370.129 1053.849 4423.98 878.842 175 1157.816 175 278.967 175 3545.129 

Volume Flow cuft/hr        58.815 22.332 80.208 19.476 21227.061 9215.85 3.074 2307.578 6971.383 101.987 

Enthalpy    MMBtu/hr       -22.524 -3.078 -25.73 -1.947 -0.964 -2.26 -1.128 -0.564 -0.932 -23.652 

Mass Flow   lb/hr                              

  IPA                      0.326 884.47 884.795 874.463 10 1145.514 10 271.044 10 10.326 

  WATER                    3369.803 169.379 
3539.18

2 4.379 165 12.302 165 7.923 165 3534.803 

Mass Frac                                      

  IPA                      0 0.839 0.2 0.995 0.057 0.989 0.057 0.972 0.057 0.003 

  WATER                    1 0.161 0.8 0.005 0.943 0.011 0.943 0.028 0.943 0.997 

Mole Flow   lbmol/hr                           

  IPA                      0.005 14.718 14.723 14.551 0.166 19.061 0.166 4.51 0.166 0.172 

  WATER                    187.053 9.402 196.454 0.243 9.159 0.683 9.159 0.44 9.159 196.211 

 
 


