
 Chapter 4: The Ternary Component Graphical Design Methodology 

36 
 

of membrane. The feed and purity values of a particular component is combined to an axis for 

simplicity. This is possible as the axis are of the same scale. Figure 4-3 shows the adjustments 

to the axis of the binary design methodology to accommodate for the ternary design. The figure 

to the left is the binary design methodology graph, while the right is the new ternary design 

graph 

 

Figure 4-3: Change in Axis representation. N2 added to horizontal axis 

As considered in the binary feed composition graphical design, certain specifications will be 

required at the start of the design. 

 The overall Carbon Capture Ratio required (CCR) 

 The CO2 purity target 

 The membrane property permeance of each component 

 The process plant conditions 

o Flue gas composition 

o Flowrate 

o Exit Temperature 

The following procedure will be followed to utilize the Design Approach 1 

4.3.1. Step 1: Determine the CCR/stage 

At the beginning of the design stage, the number of stages in the final design is unknown. Since 

the number of stages affects the overall CCR, it is necessary to make an informed guess of the 

final number of stages. Usually, and from previous designs, it is safe to assume a 3-stage 

membrane system. This will imply that an overall CCR target of 90% will require a CCR/stage 

of 96.6% if three stages is to be the final design. 
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Optimization of the desired CCR at certain cost bracket can be done similar to as done in the 

binary feed composition as illustrated in Figure 4-4. However, local regulations can also affect 

what will be the overall CCR and the designer will have to start with that requirement. 

 

Figure 4-4: Relationship between Capture Cost, Permeate Purity with CCR 

4.3.2. Step 2: Plot the minimum cost/stage curve 

In the binary feed composition graphical design, the first plot drawn is the minimum cost curve 

that represents the purity achieved at lowest cost for every possible feed composition. In a 

ternary feed composition, for every CO2 feed there will be a multiple possible combinations of 

the remaining mole fractions of N2 and O2. With the new defined axis for ternary feed 

composition graphical design, a plot for all possible outcome will represent a variable point 

region below the middle diagonal line. As discussed in the introduction to this chapter, this 

variable point region is better represented in a three dimensional surface plot, but that is not 

easy to visualize. A simple compromise is then made to focus only on the particular feed 

composition from the process plant. This compromise introduces the idea of a stage-by-stage 

approach to designing the optimal solution to the membrane system. 

The compromise made to the design permits visualization of a lower boundary line at which 

point any purity level below it will indicate a higher cost. In this compromise, rather than plot 

for all feed composition, a plot is made for only feed composition of the desired process plant. 

Figure 4-5 is an illustration. 
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Figure 4-5: Minimum Cost per stage curve. Design Approach 1 

Figure 4-5 is a plot of the minimum cost/stage curve. The curve indicates a pathway from the 

feed composition to achieving the target purity of CO2. The curve is made up of small 

increments of CO2 purity increase representing individual stages. These stages are optimized 

for minimum cost, as such, only a small increase in the purity of CO2 is achieved. The 

importance of this curve is the representation of the lower boundary line below which purity is 

either attainable with a higher cost or is unattainable. The region below the minimum cost/stage 

curve is not important to the membrane system designer as it is a worse solution as compared 

to the region above it 

4.3.3. Step 3: Plot the maximum cost/stage curve 

The purity achieved does not continuously increase with increase in the cost of the membrane 

stage. A limit defines the maximum attainable purity, such that any further increase in cost for 

a membrane stage will not yield a corresponding increase in purity of CO2. This limit is defined 

as the maximum cost/stage curve. Since the driving force for the purity is the partial pressure 

of CO2, for the purpose of this design methodology, the maximum purity attainable is set by 

the pressure ratio across the membrane sides. The cost at this point is the maximum cost/stage. 
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Figure 4-6: Maximum cost/stage curve 

Figure 4-6 shows the maximum cost/stage curve in red. When this curve is combined with the 

minimum cost/stage curve, they enclose the attainable region of all possible outcomes of a 

membrane system for a process plant. This is shown in Figure 4-7. Regardless of the 

configuration, the solution to the design will lie within the two curves shaded green in Figure 

4-7. Worthy of note is that the minimum cost/stage curve and the maximum cost/stage curve 

does not represent the minimum or maximum overall cost of the membrane system. The cost 

optimization is done per stage. The overall cost of a membrane system is determined by the 

choices made by the designer from the plots. This is illustrated in the next step. 

 

Figure 4-7: The attainable Region for Ternary Graphical Design Approach 1 
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4.3.4. Step 4: Design the Membrane System 

Determining how the membrane system is designed is the choice of the designing engineer. 

The plots that describes the attainable region of the membrane serves as a guide to make these 

decisions in a cost optimal way. It also allows the designer to know the possibilities with 

different membrane system configurations. For every stage, there is a wide range of outcomes 

from the minimum cost to the maximum cost. However, the cost distribution is not evenly split 

across the range of outcomes. As the maximum cost/stage gets closer, an optimal solution is 

reached that achieves a reasonable cost for the stage matched with high purity.  

Designing the membrane system involves two activities: 

1. Plotting all outcomes between the minimum and maximum per stage curves. 

2. Marking out the cost distribution. 

The first activity enables visualization of the CO2 and N2 purity. While the CO2 purity is of 

most importance as it is the target component, the N2 purity is also of significance, as it is 

needed for the start of the next stage. This need to know the N2 purity is essentially the main 

difference of the ternary to the binary design methodology. It also constitute the main challenge 

in having a graphical design concept. A plot is drawn from the minimum to the maximum 

cost/stage curve. This plot represents the possible purity outcomes across gradually increasing 

cost. 

The second activity marks the plot at intervals with a cost. The designer will have to decide at 

what purity is of reasonable cost, above which cost increase becomes too high for the added 

benefits of purity. Figure 4-8 shows the two activities of Step 4. 
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Figure 4-8: Plot of possible outcomes and the cost interval 

Figure 4-8 shows the two activities completed. The black curve within the attainable region 

(AR) is the plot of all possible outcome between the minimum and maximum cost/stage. The 

curve is used to indicate the CO2 and N2 purity. Beside the curves is a cost section marking out 

the cost intervals. From the cost interval, the cost fluctuations across the CO2 purity is 

visualized. This fluctuation is due to the rate of change of the cost of membrane area and of 

compressor work. 

Once the designing engineer decides on what best fits his membrane system at minimum cost, 

the membrane stage design is completed. In this example, the red arrow marks the optimal 

solution for the first stage. At that point on the plots, the cost is with a reasonable CO2 purity. 

The corresponding N2 purity is indicated by the green dotted arrows from the possible outcome 

curve within the attainable region in Figure 4-8. The information for the next stage is now 

available. Interesting to note is that the two subsequent cost interval above the optimal solution 

are considered to show a rapid increase in the cost with little gain on CO2 purity. Therefore, 

though with higher purity, they are not the cost optimal solution. 
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Figure 4-9: Completed membrane design with two stages 

The Figure 4-9 shows a completed illustration of the graphical design methodology for ternary 

feed. The second stage of the design meets the target purity. The cost evaluation here is just as 

required to meet the target specification. If the optimization of the first stage had been properly 

done, the optimal cost for the membrane system is then determined by the addition of the first 

stage cost indicated by the red arrow in Figure 4-9 and the cost to reach the target purity of the 

second stage. 

 

Figure 4-10: Ternary Membrane Design for Coal Power Plant 
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The Figure 4-10 shows a completed membrane system design with the ternary design 

methodology for actual plant parameters. The parameters are: 

Table 4-1: Coal Power Plant Specification and Parameters 

Type of Plant Coal Power Plant 

CO2 Purity Target 90% 

CCR Overall Target 90% 

Feed Composition Mole Fraction 

CO2 14.1% 

N2 82.1% 

O2 3.8% 

Membrane Properties Permeance 

CO2 5.94 

N2 0.1188 

O2 0.85 

The steps are followed as described in the procedure. Stage 1 of the design is optimized at the 

cost of 53 $/ton indicated by the grey arrow. Cost here is defined as the capture cost/ton of 

CO2. Any further increase in purity leads to a significant increase in cost. Stage 2 of the design 

is optimized at a cost of 12 $/ton indicated by the red arrow with the plot of all possibilities of 

Stage 2 being the green curve. Again, a higher purity will require a significantly higher cost. 

Even at the highest possible cost, Stage 2 is unable to achieve the required CO2 purity of 90%. 

Another stage will therefore be required. The required purities for the start of Stage 3 is 

determined. The plot of all possibilities is shown by the blue curve. Here, the target purity is 

achieved. The engineer needs only to select the solution that meets the CO2 purity requirement. 

This is at a cost of 6 $/ton. 

The membrane system design is completed. Looking at the cost distribution of the first and 

second stages, there is very little room for a better optimization. Stage 1 is obviously optimized 

fully. The cost is higher in both directions of CO2 purity. Stage 2 however shows some promise 

as a lower CO2 purity could give a better cost. However, this would imply a lower starting 

purity for the next stage, and hence a higher cost to reach CO2 purity of 90%. The designing 

engineer will have to make the decisions of which would be the better solution, both in terms 

of cost and complexity of the membrane system. Adaptability to existing systems in the process 

plant will also be considered in the making the decision.  

4.3.5. Membrane Properties Evaluation 

The design methodology of Approach 1 defines a certain area between the two extreme curves 

as the attainable region of a membrane. This region is the workable area of a membrane within 
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which a feasible solution to the membrane design exist. Outside of this region, there exist either 

no solution or a solution with a significantly higher cost with a worse CO2 purity. The size of 

this region therefore defines the flexibility of the designing engineer in shaping his membrane 

system. A wider attainable region will indicate a greater flexibility and good opportunity to 

optimize and minimize cost. A narrower attainable region will indicate little chance for 

optimization. With a very narrow attainable region, the engineer simply accepts the available 

solution as no significant cost different exist between minimum and maximum cost/stage. 

With this behaviour of the graphical design methodology, it is therefore possible to conduct an 

evaluation of different membrane material properties solely for the purpose of visualizing 

which has the greater possibility for optimization. This is important in the membrane industry, 

as membrane material technology is still in the early stages of development. Knowing what 

type membrane properties shows flexibility to save cost will be important for the development 

of the membrane material. An illustration is shown of two membrane types. 

 

Figure 4-11: Attainable Regions of low selectivity membrane 
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Figure 4-12: Attainable Regions of high selectivity membrane 

The first plot in Figure 4-11 has a larger attainable region than Figure 4-12. The membrane 

property of permeance and their selectivity (relative permeance) between the components 

determines how large the attainable region will be. A membrane where the selectivity CO2/N2 

and CO2/O2 permeance ratio is low will have a broader attainable region than a membrane with 

high selectivity. This implies that membrane materials with high selectivity will not have a 

high degree of flexibility for design optimization as the difference between the minimum and 

maximum overall cost will not be much. It will also imply that the opportunity to increase or 

decrease the number of stages will be limited for highly selective membrane material type. 

4.3.6. Design Summary 

Design Approach 1 simplifies the ternary graphical design methodology from a potential three-

dimensional surface plot to a two dimensional plot by utilizing an axis of plot for both CO2 

purity and feed. It then adds the second axis as another component N2. It establishes an 

attainable region by plots of the minimum and maximum cost/stage. This region defines the 

possible outcome of all purity at a reasonable cost. By dividing the possible outcomes of purity 

into cost intervals, the design approach enables optimization of the membrane stage by 

comparisons of cost and purity values. Finally, the design also assists in evaluation of the 

flexibility for optimization of a membrane material type by definition of the size of the 

attainable region. 
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4.3.7. Limitations of the Design 

The main challenge with utilizing this design approach is the narrow size of the attainable 

region in some membrane material type. While this will indicate little flexibility to the design, 

any form of optimization available will be very difficult to visualize. Another challenge is the 

stage-by-stage solution to designing. Unlike the Lindqvist and Anantharaman (2014) design 

where the graphical plots are completed before the actual design and optimization process, this 

design will require optimization for each stage before the next plot is made. Finally, due to the 

new axis of plot, there is difficulty to have a region of constant cost known as the iso-cost curve 

in binary graphical design methodology. Cost are simply defined by intervals. 

4.4. Design Approach 2 

The first approach highlighted the difficulty in finding a methodology where the possible 

outcomes within the attainable region can be depicted across all possible feed composition. 

This challenge made the graphical methodology to be presented in stage-wise curves where 

optimization is done before moving to the next stage. However, the approach retained a single 

graph for the plots. Since the analysis of this graph is done stage-wise, it presents an opportunity 

to focus on graphical solutions with a stage-wise optimization rather than a system-wise 

optimization. 

The following approach attempts a graphical solution with a focus on stage-by-stage 

optimization. This approach takes advantage of a secondary axis for the introduction of a cost 

curve corresponding to all possible purity outcomes from a stage. By having the purity and cost 

curve plot on the same graph, the designer is able to visualize the trade-off between the CO2 

purity and cost, making it easy to decide at which purity will be the most cost efficient.  This 

approach is illustrated in the following steps. 

Again, as considered in approach 1, the following will be required at the start of the design 

 The overall Carbon Capture Ratio required (CCR) 

 The CO2 purity target 

 The membrane property permeance of each component 

 The process plant conditions 
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4.4.1. Step 1: Determine the CCR/stage 

The activities here are identical to that of Design Approach 1 Step 1. A desired CCR can be 

determine by a plot of capture cost versus CO2 Capture Ratio or set by regulations for overall 

CCR and then back calculated to CCR for each stage. 

4.4.2. Step 2: Plot the purity curve between cost boundaries 

The cost boundaries here defines the attainable region for the membrane. It represents the 

solutions possible by changing the variables that constitute the cost, that is, the pressure ratio 

and area. The attainable region itself will not be visible in this approach. The plot will only be 

for values defined within the attainable region. This simplification is possible as the analysis 

per stage allows a closer look into the behaviour of the membrane with varying cost function. 

 

Figure 4-13: Purity outcomes within Attainable Region (AR) 

Figure 4-13 is a similar depiction as illustrated in Step 4 of Approach 1. The purity of CO2 on 

the vertical axis is plotted against the purity of N2 on the horizontal. The initial starting point 

is the feed from the plant or a feed from a previous membrane separation. The curve is a plot 

of all possible purity attainable between two cost boundaries. The cost boundaries are defined 

by the two extremes of the pressure ratios (lowest possible pressure ratio and highest 

practicable at which point no significant changes to purity) of the membrane system. 

4.4.3. Step 3: Plot the cost curve between the cost boundaries 

The cost curve data is from the same calculation results as Step 2. Rather than the CO2 purity 

versus the N2 purity plot, it will be the CO2 purity versus the Capture Cost plot. The boundaries 
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are set same as Step 2. The axis of plot is set on the secondary horizontal axis of the graph. 

This allows superimposition of the cost curve on the purity curve. 

 

Figure 4-14: Cost curve of outcomes within the AR 

The Figure 4-14 represents the combinations of the two plots of purity and cost. The cost curve 

varies along the purity of CO2 enabling visualization of the cost at every outcome.  

4.4.4. Step 4: Optimization 

After plotting the curves for purity and cost, the next step is the optimization and design step. 

These two curves allows the design engineer to visualize the cost distribution across all possible 

solutions for the membrane stage. This permits selection of a desired CO2 purity corresponding 

to a reasonable cost. The undulating section of the cost curve in Figure 4-15 shows a region of 

the membrane system where the cost of membrane area vary inversely with the cost of 

compression. The magnitudes of these cost changes non-linearly across a wide range of purity 

giving the opportunity to maximize the purity achieved without a significant increase in cost. 
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Figure 4-15: Optimization region 

The region in the Figure 4-15 marked with a red rectangle, shows that there are regions of 

higher purity with lower cost marked ‘C’ as compared to the region ‘D’. These occurs when 

the magnitude of cost for the area is significantly higher than that of compression at region ‘D’. 

As the compressor pressure ratio is increased, the area will decrease and the purity increases. 

The overall cost of the stage does not necessarily increase. At region ‘C’ the rate of increase of 

the cost of compression is lower than the rate of decrease of the cost of membrane area. This 

leads to a lower overall membrane stage cost at region ‘C’. This is not always the case as will 

be seen in practical example later 

In the process of optimization, the designer will take into consideration the effect of his 

decisions on the current stage to the subsequent stages in the membrane system. Always, the 

aim is to optimize fully the purity at the first stage as it often has the best region for 

optimization. This is also observed in the previous binary graphical design methodology for 

membrane design. The cost savings is high in the first and second stage as they often have a 

higher opportunity for increase in purity with little additional cost. The designer also considers 

that the chances of have more than the required number of membrane stages increases if the 

first stage is not properly optimized. That is a low purity can lead to more than required number 

of stages, which will prevent attainment of the carbon capture ratio. Due to the ability to have 

a closer look at the optimization for a stage-wise approach to membrane design, the need to go 

back and forth in order to find the best or minimum overall cost as done in the previous binary 

design methodology is minimized. If this stage wise approach is implemented correctly, there 
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is an opportunity to get it right the first design try, giving a system with achieved purity and 

capture ratio at minimum possible cost and complexity. 

4.4.5. Step 5: Prepare for the next membrane stage 

One of the good features of this design approach is that since the purity curve comprises purity 

of both the CO2 and N2, it is easy to have the necessary information of the mole fractions of 

the composition after this membrane stage, and used in the next membrane stage. After the 

designer visually selects the point in the optimization process, a straight horizontal line meeting 

the purity curve will enable determination of the purity of both CO2 and N2. 

 

Figure 4-16: Purity of optimal solution 

Point 1 on Figure 4-16 indicates the corresponding point of the designers optimized cost on the 

purity curve. Further extension of the line horizontal and vertically will mark the purity of CO2 

and N2 as shown by points 2 and 3 respectively. These values are required for the start of the 

next membrane stage.  

Once the optimized cost, purity of CO2 and N2 are determined, the membrane stage design is 

complete. The purity information is used as the new start composition for the next stage. The 

steps as described above is repeated until the target values of purity is achieved. There is a 

possibility of repeating the process if the optimization was not initially well done or there is a 

need to adjust a stage to meet certain conditions. Any change to a previous stage will require 

recalculation and optimization of the subsequent stages. 

For a practical example, the following data is used 
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Table 4-2: Coal Power Plant Specification and Parameters 

Type of Plant Coal Power Plant 

CO2 Purity Target 90% 

CCR Overall Target 90% 

Feed Composition Mole Fraction 

CO2 14.1% 

N2 82.1% 

O2 3.8% 

Membrane Properties Permeance 

CO2 5.94 

N2 0.1188 

O2 0.85 

 

 

Figure 4-17: Stage 1 
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Figure 4-18: Stage 2 

 

Figure 4-19: Stage 3 

The three figures Figure 4-17, Figure 4-18 and Figure 4-19 represents the graphs for stages 1, 

2 and 3 of the membrane system. The noise shown as indicated by ‘A’ and ‘B’ in the Figure 

4-17 represents the point of change in the number of compressor stages. The third figure shows 

that the required purity of CO2 of 90% is achieved. The number of stages also meets the 

requirements to enable a CCR of 90%. Looking at the third stage of the membrane system, the 

designer has the ability to visualize that the target purity of 90% is achieved with relatively low 

pressure ratio in the stage. This will suggest the possibility to further optimize the membrane 

system to two stages. However, on looking for opportunities to increase the purity in the 



 Chapter 4: The Ternary Component Graphical Design Methodology 

53 
 

previous two stages, it is clear to the designer that the cost curve beyond the optimized points 

for the first and second stage increases with a high slope. This is more obvious in the second 

stage. This will possibly lead to an even higher cost than the three-stage solution. The two-

stage solution is ruled out easily as not being a better low cost solution.  

Nevertheless, there is opportunity to balance the third stage with a higher cost and lower the 

cost in the first and second stage. Since purity target in achieved quickly in the third stage, the 

cost of the third stage may not justify the effort of separation. Some of the cost can be spread 

out to the previous stages. This may or may not lead to a lower cost. The designer has to 

consider the necessity of it and make these decisions. Integration to other processes in the plant 

might also affect how the designer distributes the workload and hence cost in each stage. 

4.4.6. Design Summary 

This approach focuses on the stage-wise optimization of a membrane system. Rather than 

defining an attainable region, it makes only plots within the attainable region. This gives a 

closer look at the plots of both purity and cost curves for ease of determining the most optimal 

solution to the stage. Due to the detailed approach, it presents an opportunity to visualize 

quickly further overall optimization of the membrane system. The cost curves shows the rate 

of increase in magnitude with respect to the purity of CO2. 

4.4.7. Limitations of the Design 

Similar to Approach 1, unlike the Lindqvist and Anantharaman (2014) design where the 

graphical plots are completed before the actual design and optimization process, this design 

methodology will require optimization for each stage before the next plot is made. 
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Chapter 5 

5. Expansion of the Graphical Design Methodology 

(Binary Feed) 
 

5.1. Introduction 

The application of the graphical design methodology for binary feed by Lindqvist and 

Anantharaman (2014) is in the CO2 post combustion separation. The methodology is hence 

limited for use in power plants, cement plants and similar process plants were CO2 is a by-

product of a combustion process with its removal due to emission restrictions. However, the 

membrane technology has a very broad area of application beyond post combustion CO2 

capture. It is widely used in the food technology, biotechnology and pharmaceutical industries.  

There is a continuous increase in the global demand for membrane technology. It is estimated 

to be worth approximately 15.6 billion USD in 2012. New development and improvement in 

membrane material science and process technology has led to increase in global demand and 

emergence of new applications. The market is expected to increase by around 8% annually in 

few years, with a forecast of 21.22 billion USD in 2016 and further 25 billion USD in 2018 

(Intelligence, 2013). 

The opportunities for membrane technology is therefore large and ever growing. The graphical 

methodology can provide design solutions to the different applications of membrane 

technology. However, with the current methodology, there is a need to adapt the method of 

applying the graphical design to a more generic and robust system. This will enable its use in 

all membrane technology application without a need to change the basic principle of design in 

the graph or the code that it runs on. 

Making the graphical design methodology a generic system for membrane system synthesis 

will require elimination of all parts of the method that uniquely links it to a post combustion 

CO2 capture. It will also involve considerations for different possible process scenario that were 

not considered in the existing method. It will not be practical to consider all unique scenarios 

of every available application of the technology. However, there are certain applications with 

specific features that represent other common scenarios different from the existing method.  
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Two of such applications are considered. These are: 

 Biogas Clean-up 

 H2 Separation 

Biogas Clean-up 

With the current energy crises, there is a need to seek alternative sources of energy aside the 

conventional fossil fuels. In order to have long-term sustainable development across the world, 

the continuous dependence of fossil fuel with the associated environmental impart will have to 

reduce. This leads to opportunities for renewable energy resources like biogas. Biogas is a 

renewable energy source for natural gas. It is considered as one of the best alternatives for 

fossil fuels. (Imam et al., 2013) 

Biogas typically refers to a mixture of different gases produced by the breakdown of organic 

matter in the absence of oxygen. Biogas can be produced from raw materials such as 

agricultural waste, manure, municipal waste, plant material, sewage, green waste or food waste. 

Biogas is a colourless, flammable gas produced via anaerobic digestion of these raw materials, 

to give mainly methane, carbon dioxide and traces of other gases such as nitrogen, hydrogen, 

ammonia, hydrogen sulphide, water vapour etc. It is smokeless, hygienic and more convenient 

to use than other solid fuels. 

To use biogas as a conventional fuel, it has to be cleaned and upgraded. Cleaning requires 

removal of water and hydrogen sulphide. Upgrading requires removal of CO2 to improve the 

calorific value. It is in this biogas upgrade that membrane technology has found application. In 

the case of biogas, we would need a selective membrane that will have a large permeability 

difference between CO2 and CH4. (Hagen et al., 2001) 

Hydrogen (H2) Separation 

The application of membrane technology has presented a pathway for hydrogen separation 

economically. Membranes are now available in the commercial market for hydrogen 

separation. The application of membranes in H2 separation exist in different stages of H2 use. 

Membranes are used in both hydrogen production and as proposed for the future in hydrogen 

transportation in existing natural gas pipelines.  

H2 is a valuable material generally produced by the reactions of metals and strong acids. It is 

consumed in billions of cubic meters per day by various industries especially in the petroleum 
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industry as hydrodealkylation, hydrodesulphurization and hydrocracking (Paglieri & Way, 

2002). Hydrogen is also considered as a potential alternative energy source that can help to 

reduce the dependence on oil and gas. Hydrogen technologies are important to  solving 

problems related to the energy and environmental sectors (Milciuviene et al., 2006). It differs 

from conventional energy sources like the oil and gas because it is potentially inexhaustible, 

and is an environmentally friendly sustainable resource. There is an increase in the demand for 

it and this therefore motivates research into the production processes of hydrogen in which H2 

separation is of significance. The success of many of the hydrogen technology like fuel cell 

technology is dependent on the purity of hydrogen to a high degree of 99.99% (Shao et al., 

2009). 

The pressure swing adsorption method is most commonly used method of separation in 

hydrogen processes (Linde, 2010). This method is rather energy intensive due to the high 

volume of adsorbent used in the separation process and it records waste of H2 in the 

regeneration process thereby reducing the overall efficiency of the system. Therefore, the use 

of membrane technology has great opportunities in H2 separation and could if proper research 

is done in optimization, be the best method to meet the growing demand for pure hydrogen. 

The above applications for membrane technology adds two unique process scenarios that are 

not considered in the post combustion CO2 capture. They are: 

 High pressure feed 

 Retentate side cascade 

5.2. High pressure feed 

Unlike in the post combustion CO2 capture were the process plant exit pressure is 

approximately 1 bar, other process scenarios will vary in the exit pressure of the plant to the 

membrane system. High pressure in this case will serve as a positive to the separation system 

as it reduces the cost of compression of the feed stream. Nevertheless, this poses a new 

challenge to the graphical design methodology.  

The graphical design methodology works on an assumption related to the pressure of the stream 

to each membrane stage. This pressure is corrected and it will always be at about 1 bar at the 

start of each stage. This corresponds to the feed stream pressure at the inlet to the membrane 

system. To take advantage of the high pressure feed membrane system, the first stage of the 

membrane system will have a feed pressure greater than 1 bar. The subsequent stages will 
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maintain a feed pressure of 1 bar. The difference in feed pressure of the first stage to the 

subsequent stages hinders the use of just one minimum cost curve for the membrane design. 

To make the graphical design methodology more generic, the high-pressure feed to the first 

stage will have a different minimum cost curve superimposed on the other. This is illustrated 

in Figure 5-1. 

 

Figure 5-1: Normal and High Pressure minimum cost curve 

Figure 5-1 shows both the high-pressure cost curve and the min cost curve. The high-pressure 

cost curve does not need to be fully drawn for all CO2 feed. Since it is only required for the 

first stage cost analysis, it is drawn so much as to cover the first stage CO2 composition. 

Determining the number of stages and their operating conditions is the same as described is 

theory in Chapter 2. However, for the first stage, the high-pressure cost curve is used rather 

than the min cost curve. Subsequent stages are analysed with the min cost curve. Figure 5-2 

shows a completed graphical design with a high-pressure feed to the membrane system. The 

same principles for optimizing the overall cost and number of stages as described in Chapter 2 

applies. 



 Chapter 5: Expansion of the Graphical Design Methodology (Binary Feed) 

58 
 

 

Figure 5-2: Completed Design with High Pressure Feed Stream 

5.3. Retentate Side Cascade 

So far, the described membrane separation processes have had the component of interest with 

the higher permeance. This ensures that the permeate side of the membrane will always be the 

feed to the next membrane stage as shown in Figure 5-3. This can be referred to as a permeate 

side cascade. The component that diffuses fastest to the permeate side is determined by the 

selectivity of the membrane material (the component permeance). Obviously, the membrane 

material can be equally selectable to the other component, but such material can be limited by 

existing technology. Therefore, it is necessary to consider a design methodology for a scenario 

where the important component has a lower permeance. An example is the biogas clean-up. 

 

Figure 5-3: Permeate side cascade 
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Figure 5-4: Retentate side cascade 

 

The challenge here is that CH4 which is the component of interest in a biogas plant has a 

permeance lower than that of CO2 for certain common membrane material. This means that the 

bulk of CH4 will be on the retentate side of the membrane. Therefore, the next stage of the 

membrane system will have to take its feed from the output of the retentate side. This is called 

retentate side cascade and is illustrated in the Figure 5-4. The capture rate of the membrane 

stage is usually defined by the volume of the important component captured on the permeate 

side to the feed volume. If the component of interest is on the retentate side, the capture ratio 

will be defined by the volume of the important component captured on the retentate side to the 

volume of the feed as seen in the equation below. This requires a minor adjustment to the 

specification section of the program to effect the new capture ratio definition. 

𝐶𝑎𝑝𝑡𝑢𝑟𝑒 𝑅𝑎𝑡𝑖𝑜(𝑆𝑡𝑎𝑔𝑒𝑐𝑢𝑡)

=
𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 (𝐶𝐻4) 𝑜𝑛 𝑅𝑒𝑡𝑒𝑛𝑡𝑎𝑡𝑒 𝑆𝑖𝑑𝑒

𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐶𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡  (𝐶𝐻4) 𝑜𝑛 𝐹𝑒𝑒𝑑 𝑆𝑡𝑟𝑒𝑎𝑚
 

The more important challenge here is the graphical representation. As mentioned in the theory 

in Chapter 3, the graphical design methodology already has provisions for retentate side 

evaluation. However, how to use this provision had not been developed and applied. This is 

discussed next.  
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Figure 5-5: Retentate side curves of Iso-cost curve and Min cost curve 

Figure 5-5 is an illustration of the developed methodology by Lindqvist and Anantharaman 

(2014) for the retentate side cascade. The iso-cost curves and minimum cost curve are similar 

to that for permeate side cascade but plotted with retentate purity of CO2. For a binary feed 

assumption, the mole fraction of CH4 is 1 less the mole fraction of CO2. This will imply that 

on the axis for CH4, the purity will increase in opposite direction to that of CO2. This is 

deliberate for consistency in the design methodology. The analysis of the stages will then be 

from right to left. The methodology is the same as explained in Chapter 2. Optimization of the 

membrane system will require a trade-off on each stage for higher purity at a higher cost. The 

iso-cost curve will serve as guide in determining the best stages for optimization. An example 

of optimized membrane system for a retentate side cascade is shown in Figure 5-6. 
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Figure 5-6: Completed retentate side cascade. 2 membrane stages 

5.4. Sweep Gas Consideration 

One of the main challenges in implementing membrane technology is the cost of energy 

required to generate a sufficient partial pressure difference across the membrane. Typically, 

the required partial pressure difference is achieved by either the compression of the feed side, 

the use of a vacuum on the permeate side or the combination of both. With this, a total pressure 

difference is created across the membrane. This total pressure difference will enable the partial 

pressure of CO2 on the feed side to drive it across to the permeate side. This is not the only 

method to have a partial pressure differential of CO2 across the membrane. 

 

Figure 5-7: Use of Sweep gas illustration 

The use of a sweep gas provides an opportunity to have this partial pressure for CO2 without 

the need for a high-cost compression or vacuuming system. Merkel et al. (2010) had focused 

on improved membrane technology in combination with the use of incoming combustion air 



 Chapter 5: Expansion of the Graphical Design Methodology (Binary Feed) 

62 
 

as sweep gas to generate driving force. The driving force for the transmembrane permeation is 

achieved by having a sweep gas on the permeate side of the membrane. This reduces the mole 

fraction and hence the partial pressure of the permeant below that on the feed side of the 

membrane. With the use of a sweep gas (usually air), it will be possible to have the total 

pressure of both sides of the membrane system to be the same or even higher on the permeate 

side. It can also be combined with compression or vacuum system for a combined effect. 

The graphical design methodology for both the binary and ternary feed is based on models by 

Weller and Steiner (1950) and Pettersen and Lien (1994) respectively. The models do not 

consider a sweep gas in the permeate side of the membrane. Therefore, implementation of a 

sweep gas to the existing graphical design methodology will require an adaptation of the 

models or a complete replacement of the model with a new model that considers a sweep gas. 

Unfortunately, there is not much literature on membrane models with sweep gas. Franz et al. 

(2013) did an investigation into the influence of sweep gas on CO2/N2 membranes for post-

combustion capture. They made use of the simulation tool Aspen Plus® software (Aspen Tech 

Inc.) for their evaluation.  

Important to the graphical design methodology is the impact of the sweep gas to the visual 

representation of membrane system. At this point it is important to mention that both models 

by Weller and Steiner (1950) and Pettersen and Lien (1994) for the binary and multicomponent 

feed system are applicable to the Lindqvist and Anantharaman (2014) graphical design 

methodology for membrane systems. The graphical design methodology in this case is 

independent of the model used for evaluation. Therefore, any model operating within the same 

assumptions can be used with the graphical design methodology remaining the same. However, 

the sweep gas introduces changes to the whole capture process as O2 permeation is affected 

leading to an increase in the required air flow rate and membrane area (Franz et al., 2013).  

Other changes to the membrane system by the sweep gas is the possible elimination of 

compression and vacuum cost. One of the important concept of the graphical design 

methodology highlighted by Lindqvist and Anantharaman (2014) is the elimination of the two 

design parameters (installed membrane area and the pressure ratio) and, in their place use cost 

as a design parameter. This significantly simplifies the synthesis of a membrane system. It also 

ensures the inclusion of additional cost factors, such as that needed to provide a sweep gas, 

does not affect in any way the methodology of the graphical design. 
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Without a working model for the implementation of the sweep gas, it will remain inconclusive 

for now its impact on the graphical design methodology. However, the independence of the 

methodology on membrane models, the simplification of all design parameters as a single 

function of cost, and the visual representation of the membrane system by the relationship of 

cost and purity will suggest that the graphical design methodology can be extended for the 

synthesis of a membrane system with sweep gas.  

5.5. Other Changes to Design Methodology 

There are minor changes to the existing methodology that converts it to a generic methodology. 

The terminologies used by the existing design is as used in CO2 post combustion capture. This 

will be changed to terms more suitable to be applied in every situation 

Carbon Capture Ratio (CCR) 

The carbon capture ratio CCR is in reference to carbon capture and storage in CO2 producing 

process plant. The term is a measure of volume of CO2 removed compared with the volume of 

CO2 fed into the membrane system. This is equivalent to the stage-cut of the component of 

interest. As explained in the retentate side cascade, the stage cut calculation is not always on 

the permeate side of the membrane. Therefore, for a generic definition applicable to all process 

condition or composition, the stage-cut of the component of interest is appropriate rather than 

the CCR. 

Axis Titles 

The horizontal and vertical axis of the graphical design methodology are both defined by the 

feed and purity of CO2 respectively. CO2 being the component with the higher permeance is 

used to plot the curves in the graph. Therefore, the component that permeates faster as decided 

by the membrane material selection defines what is used to plot the curves. This component is 

called ‘component A’. In the retentate side cascade, for ease of visualization, secondary axis is 

introduced to represent the direction of increase of ‘component B’, as in the case CH4 

separation. 

5.6. Summary 

Two possible scenarios were considered for the expansion of the graphical design methodology 

for binary feed. Processes with high pressure feed were incorporated with alterations to the 

design curves by including a new cost curve for high pressure on the first stage. For processes 

that requires the retentate side cascade, the Lindqvist and Anantharaman (2014) design 
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methodology was developed with the stage cut of component of interest (Component B) 

adjusted within the code, to apply for the retentate side. Finally, the terminologies with 

attributes to CO2 post combustion capture were changed to more generic terms. 

5.7. Limitations of the Design 

The high-pressure cost curve is only applicable to the first stage of the membrane system in 

this design methodology. It will require a stage-by-stage approach to the design methodology 

if high-pressure feed is to be considered for every stage, maintaining a system design as 

originally done for the binary graphical design methodology requires a compromise. This 

compromise requires having the high-pressure cost curve only on the first stage. This may or 

may not be considered a limitation, as maximizing the high-pressure on the first stage reduces 

the complexity of the membrane design (lower number of stages). 
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Chapter 6 

6. Conclusions and Recommendations 
 

6.1. Conclusion 

The graphical design methodology has been improved on two separate platforms. The first was 

the extension of the design methodology from a binary feed to a ternary feed. Two design 

approaches were proposed as a solution to the graphical representation for ternary feed towards 

the optimal design of membrane systems. Both proposed design enabled a design engineer or 

any user to make decisions regarding how the membrane system will be configured at the best 

cost. They visually represented stages of the membrane system with information about the feed 

and exit conditions easily acquired from the plots. The use of any of the design approach will 

assist in making a more precise estimation of the design configuration and cost of a membrane 

system. 

Secondly, this report expanded the application of the existing graphical design methodology 

for binary feed applied for CO2 post combustion capture to other processes utilizing membrane 

technology. Graphical design methodologies were proposed for two process scenarios of high-

pressure feed and retentate side cascade, which were not considered before. The proposed 

methodologies, if correctly applied, will enable the application of the graphical design 

methodology to more processes using membrane technology. 

6.2. Recommendations 

The graphical design methodology depends on the accuracy of both the model for the 

membrane separation and the code that evaluates the mathematics of the model. The robustness 

of the coding language determines the ability to have accurate results useful for the graphical 

design plots. The behaviour of the model used in this report suggests a need for further 

investigation into optimization tools where minimization of costs are determined. An option 

will be the inclusion of certain constraints to the feed or permeate side pressure thereby limiting 

the variables of the model. The applicability of this will have to be investigated. 

Also interesting for further studies will be the use of sweep gas. Though the opportunity for 

cost reduction is debatable considering the complications of introducing a sweep gas, the 
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principle suggests possible gains. A new model may be required for this, after which a graphical 

design methodology can be developed or the existing graphical methodologies adapted to 

include the use of sweep gas. 
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