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Abstract  

Nitrogen must be removed as the existence of nitrogen in natural gas lowers the heating value and 

makes transportation less efficient. It also causes stratification and roller-over in liquefied natural gas 

industry. Nitrogen separation from methane, the main component of natural gas, is challenging due 

to their similarities in molecular size and physical properties. To date, cryogenic distillation is the only 

commercial process for nitrogen and methane separation, but the cost of keeping a low temperature 

environment in this process make it only economically viable for large scale treatment. With the 

continual growth in demand of natural gas, exploitation of small scale gas field or remote gas reserves 

becomes necessary thereby a commercial technology suitable for small volume or long distant gas 

field is required.   

Compared with other main competing processes, Pressure Swing Adsorption (PSA) process could 

potentially be used to reject nitrogen to lower the separation costs and to tailor for applications at 

various scales of gas flow. Owing to the low selectivity of adsorbent for methane and nitrogen, 

conventional PSA process is hard to achieve both high nitrogen purity and high methane enrichment.  

A dual reflux pressure swing adsorption (DR PSA) process using active carbon as the adsorbent was 

explored for N2 rejection from a binary mixture containing 75% CH4 and 25% N2 via non-isothermal 

numerical modelling. The four different configurations of DR PSA were studied and compared by 

changing heavy product/feed flow rate ratio (H/F), light reflux/feed flowrate ratio (RL/F), and step I/III 

duration to observe their performance in separating N2/CH4. The simulation results show that A-cycles 

were generally superior to B-cycles in terms of the achievable heavy product methane purity and 

methane recovery. The best achieving cycle, PL-A configuration, could obtain a separation 

performance with both yH and CH4 recovery at 93.33% when H/F ratio is 0.75, satisfying regional 

pipeline gas specifications and recovery target. The A-cycles required more energy consumption than 

B-cycles and the productivity for A-cycles was around 9% higher than that of B-cycles on average when 

the H/F ratio was larger than the value of feed composition 0.75. The impact of the feed inlet locations 

on the process performance was also studied with modeling. Simulation results showed that feed inlet 

positions had different influences on the four configurations, which indicated that changing the feed 

locations could afford more flexibility in the full optimization of DR PSA processes.  
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1. Introduction   

1.1 Overview of Natural Gas Demand and Consumption  

One of the most challenging issues facing our society today is to find more environmentally sound and 

more sustainable source of energy. This is being driven by rising demand for energy, dwindling fossil 

fuel reserves and growing climate change pressures. Stricter environmental regulations on pollutant 

emissions, especially in transport and shipping, are also accentuating the need for alternatives to 

crude oil and diesel.  

Nowadays, natural gas is one of the most wildly used fossil fuels around the world. It is consumed 

residentially and also by industry on a large scale. It can also be used for electricity generation. Besides 

that it is a valuable raw material for many organic products production, such as methanol, ammonia 

and acetic acid. When combusted, natural gas has a heating value of 55 𝑀𝑀𝑀𝑀 ∙ 𝑘𝑘𝑘𝑘−1 [1]. Compared with 

petroleum and coal, natural gas has its own advantages: The amount of pollutants generated during 

combustion is significantly reduced compared with the other two primary energy. To be specific,  

when natural gas is combusted, it produces around 30% less carbon dioxide (CO2) than oil products, 

and almost 45% less CO2 than coal. It also releases around 90% less sulfur oxide (SOX) and 80% less 

nitrogen oxide (NOX) than fossil fuels. [2]. More details could be referred to Table 1-1 showing amount 

of air pollutants produced by combustion of the three primary energy.  

Table 1-1 Pounds of air pollutants produced per billion BTU of energy [2] 

Pollutant  Natural gas Oil  Coal  

Carbon dioxide  117,000 164,000 208,000 

Carbon monoxide  40 33 208 

Nitrogen oxides  92 448 457 

Sulfur dioxide  0.6 1,122 2,591 

Particulates  7.0 84 2,744 

Formaldehyde  0.750 0.220 0.221 

Mercury  0.000 0.007 0.016 
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Owing to its advantage of less pollutant emissions, natural gas is an increasingly important stepping 

station on the journey toward a low-carbon economy. In 2017, an average primary energy 

consumption growth of 2.2% was witnessed by the world. Natural gas consumption, rising by 3%, 

accounted for the biggest increase in overall energy developments[3].  

The trend to a lower carbon fuel mix will continue with a rapid growth in renewable energy: an 

increase of more than 40% is predicted by 2040. With such a rapid growth, renewable energy will 

cover one fourth of the world’s energy. Oil, gas and coal are projected to each provide a quarter. 

Among primary energy, natural gas consumption will grow much faster compared with oil or coal, 

exceeding coal in history and reaching the same value as oil[4].  The strong growth of natural gas 

demand will be supported by a number of factors: continuous upgrading from coal to gas in some 

countries especially in China, industrialization and power demand from emerging economies, and the 

increasing availability of low-cost supplies. The US and the Middle East (Qatar and Iran) will contribute 

more than 50% of the production increment. By 2040, the US will occupy nearly 25% of global gas 

production[4].  

1.2 Challenge of Methane and Nitrogen Separation  

Natural gas is a mixture of gases with hydrocarbon being the main component. However, in many 

cases, raw natural gas contains the inert gas nitrogen (N2). The existence of nitrogen in natural gas not 

only lowers the heating value of gas, it also reduces the effective transportation volume. As a result, 

no more than 3-4% nitrogen is allowed in most pipeline specifications. In LNG production, the 

requirement is even stricter.  The nitrogen content for liquefied natural gas (LNG) should be below 1 

mol% to avoid stratification and rollover of LNG which might lead to safety problems in LNG storage 

and transportation [2].  

The control of nitrogen content in natural gas often involves the separation of nitrogen from natural 

gas, which has been a challenging issue as a consequence of the similar properties between nitrogen 

and methane molecules. The most widely used natural gas nitrogen rejection technology is the 

cryogenic distillation process. This process employs low temperature thermodynamic separation 

based on the difference of boiling point temperatures between methane (-161.5 °C) and nitrogen (-

195.8 °C), which is why it is commonly integrated with the production of LNG. While this process is 

able to achieve very high methane recovery (typically above 98%) and high N2 purity (approximately 

99% N2) [5], it may not be a feasible process to remove nitrogen for scenarios other than LNG 

production because of the parasitic energy required to cool the gas stream from ambient temperature 

to the low separation temperature. Various technologies have been studied to remove nitrogen at 
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ambient temperature, and pressure swing adsorption (PSA) process is one of those investigated that 

has shown promising energy efficiency. In PSA technologies, the adsorption and desorption amount 

of gas components on the adsorbents are determined by the pressures of the components. For 

conventional PSA processes, the difference between adsorption and desorption amount is dictated by 

pressure difference between high adsorption pressure and low desorption pressure. As a result, the 

performance of a conventional PSA is restricted by the nominal pressure ratio in the adsorbent column. 

To achieve a better separation performance at the same nominal pressure ratio, a dual reflux PSA (DR 

PSA) process with an intermediate feed and two refluxes was invented [6].  

1.3 Aims of This Research  

This research is carried based on simulation study with non-isothermal model built on Aspen 

Adsorption. With simulation, this study is aimed to cover the following aspects: 

1) In chapter 4, parametric study is performed to see the effect of different variables on 

separation performance. Investigated variables include product flowrate, step duration, and 

reflux flowrate. In this section, feed location is considered as a fixed value. The four 

configurations are also studied. Aimed at engineering design optimisation, an adsorbent 

utilization factor C is developed.  

2) In chapter 5, feed location effect is studied to obtain an optimized position for different 

mixtures. In this chapter, feed location remains a steady one, which means during the step 

feed location is not changed.   

3) In chapter 6, a dynamic feed location study is performed. To achieve a best separation 

performance, feed position changes during the step and a relationship between feed location 

and fraction profile is discussed.  

4)  
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2.  Literature review  

2.1 Overview of Nitrogen Rejection 

Considered as an energy source, natural gas extracted from the earth needs to be processed and 

purified before accepted by industries and customers. Due to different underground formation, 

natural gas compositions from different gas fields vary a lot. Besides the primary component methane, 

carbon dioxide, nitrogen, hydrogens sulfide and helium are the main components that can often occur 

in gas reserve.   

Gas fields having a composition of CO2 higher than 2%, N2 higher than 4%, and hydrogen sulphise (H2S) 

more than 4 part per million (ppm) are categorised as sub-quality natural reserves [2]. To develop 

those sub-quality natural reserves, new challenges have been presented to the gas processing industry. 

A large proportion of the gas reserves are defined as low quality due to the presence of nitrogen. 

Studies performed by the Gas Research Institute show around 14% of known reserved in the Unites 

States are subquality due to a large percentage of nitrogen content [7].  

The reason for nitrogen removal is that nitrogen lowers the calorific value of the gas and makes it 

unsalable to most pipelines. In industry, a typical pipeline specification for nitrogen content is 3% [2]. 

The presence of nitrogen in pipeline not only dilutes the heating value of the gas, but also decrease 

the transportation volume of the pipeline. In many cases, those subquality reserves cannot currently 

be exploited because of the lack of applicable nitrogen removal technology, particularly for small scale 

gas fields or remoted gas fields.  

For the liquefied natural gas (LNG) industry, there is even more stringent requirement on nitrogen 

content, which should be below one percent in general [2]. Nitrogen will nor freeze or causes corrosion 

in the plant, but such a specification is to avoid stratification and rollover in LNG storage and 

transportation caused by nitrogen in high concentrations as it is more volatile. To date, cryogenic 

distillation is the only commercialized method used for nitrogen removal in LNG plant.  

Nitrogen removal from natural gas is a difficult technical issue because of the similar molecular size of 

nitrogen and methane (CH4) and the lack of a selective reactivity such as the reaction for carbon 

dioxide or hydrogen sulphide in an amine plant.  Unlike acid gas removal, where chemical absorption 

process has been the mainstream for treatment, it is not a common practice to use absorption-based 

technology to remove nitrogen. Instead, cryogenic distillation, pressure swing adsorption and 
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membrane separation are the three main processes employed in industry to remove nitrogen from 

natural gas.  

2.2 Main Process for Nitrogen Rejection  

2.2.1 Cryogenic Distillation  

Then normal boiling point (NBP) of methane is -161.5˚C. Under a typical column pressure of 3150kPa 

at the middle stage of low temperature column in LNG plant, the boiling point (BP) is -94.7 ˚C.  For 

nitrogen, those two points are respectively -195.8 ˚C and -148.7 ˚C. That provides sufficient difference 

to separate nitrogen and methane by means of low temperature distillation. As a result, cryogenic 

distillation is the most widely used method in nitrogen rejection. But as cryogenic distillation requires 

very low temperature to separate two components, a refrigeration system coupled with the 

condenser is always required to generate a large temperature difference. Thereby it leads to high 

energy consumption. The high operation cost caused by high energy consumption make the process 

more viable for large volume gas treatment (above 25MMSCFD).  

Cryogenic distillation is able to achieve high purity nitrogen (methane content lower than 1%) and 

very high methane recovery (usually above 98%). In practice, most cryogenic NRUs can produce very 

pure methane with a high recovery rate and also reduces the methane content in nitrogen product. 

This could be achieved by adding stages in column, and adding the numbers of columns in design.  

Both methods would increase the capital cost of the unit.  

In practice, a so-called ‘Nitrogen Rejection Unit” (NRU) is used. The process used for NRUs could be 

categorised into single-column process, double-column process, and two-column process. The 

optimum design of NRU is highly dependent on nitrogen content in natural gas. For nitrogen 

concertation under 20%, a typical single-column process shown as Figure 2-1 can be used. With higher 

concentration of nitrogen, a two-column process shown as Figure 2-3 is preferred.  

2.2.1.1 Single-column Design  

Figure 2-1 shows the process for a classical single column nitrogen rejection [8]: in the process, feed 

gas is chilled and then letdown in pressure to the high pressure column in a JT valve, JT1. Nitrogen 

overhead vapor leaves from column top, and methane-rich liquid leaves from column bottom. The 

methane-rich liquid from bottom is then letdown via another JT valve JT2, making it further chilled 
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and goes to heat exchanger E-1. The low pressure gas leaving E-1 is then boosted to sales gas pressure 

with a compressor before leaving the unit as sales gas.  

Due to the large difference between boiling point of nitrogen and methane, a sharp separation 

between the two components could be expected. The single-column design can produce a nitrogen 

product with methane less than 1%, and a methane product less than 1% nitrogen. The drawback of 

this process is the high energy consumption required by the heat exchanger and gas compressor.  

 

Figure 2-1 Single-column nitrogen rejection process 

2.2.1.2 Double-column Design  

Figure 2-2 shows a schematic flow of the double-column nitrogen rejection. In this process, two 

columns are integrated into one with different operating pressures (low pressure column and high 

pressure column). In this design, the reboiler of low pressure column (LP) is thermally linked to the 

condenser of high pressure column (HP). 

The nitrogen-rich feed mixture is first cooled in the heat exchanger E1 and then letdown via a JT valve 

JT1.  The flow then enters to the HP column, which is designed to produce an overhead gas with a 

nitrogen content around 50-60 mol%. Bottom product of the HP column is subcooled in heat 

exchanger E2 and letdown through JT valve JT3 before feeding to the LP column. The overhead 
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product from HP column is relatively pure nitrogen. It is condensed in E4, which is integrated with the 

column. A part of the liquid nitrogen leaving from the condenser returns to the HP column as cool 

reflux, while the remainder flows to the heat exchanger E3, reduced in pressure across JT valve JT2, 

and feeds to the LP column on top section.   

The LP column is a low pressure fractionation column with two feeds: one feed is from HP column 

bottom product and the other from HP column overhead product. Overhead from the LP column is 

vented with a high content of nitrogen. Bottom product from the LP column is methane. In principle, 

when the nitrogen content in the feed gas is high, the refrigeration can be achieved by the JT valves 

via pressure letdown of the feed gas and products without external refrigeration. But when nitrogen 

content in the feed gas is low, JT cooling is limited, which may not be enough for fractionation 

purposes, resulting in lower recoveries of methane.  

 

Figure 2-2 Double-column nitrogen rejection process 

2.2.1.3 Two-column Design  

The two column process is similar to the double column process with the difference that the two 

columns are not linked. As shown in Figure 2-3, two separate columns are used in process. Such a 
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design provides more flexibility for heat recovery and integration among different streams, improving 

the efficiency of the process.  

The HP column can be considered as a pre-treatment column as this column removes most of the 

heavy hydrocarbons and CO2. The HP column produces a bottom liquid composed mostly of C2+ 

hydrocarbons and an overhead nitrogen-rich vapor, with a typical composition of 60 mol% nitrogen 

and 40 mol% methane. The overhead vapor of the HP column cools down through the heat exchanger 

E2 and pressure reduced before separated in a separator. Liquid stream from the separator is further 

letdown and feeds to the LP column from middle section. The vapor stream of the separator is further 

chilled and then letdown in pressure via a JT valve JT2. After that, the steam feeds to the LP column 

top. The overhead gas is fractionated into an overhead nitrogen stream and a methane bottom stream.  

A similar limitation to that of double-column process exists for the two column process: when nitrogen 

content in feed mixture is low, there is not sufficient nitrogen in the HP overhead vapor, and as a 

result, sufficient refrigeration cannot be provided by mere JT operation. In that case, the methane 

content in the nitrogen stream is higher than desirable. As a result, the process is recommended to 

treat feed gas containing nitrogen higher than 25 mol%. 

 

Figure 2-3 Two-column nitrogen rejection process 

https://www.sciencedirect.com/topics/engineering/heat-integration
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2.2.2 Membrane Separation  

Membrane separation is a newly developed technology for gas separation since 1980. Actually before 

applying to the area of gas separation, membrane technology has won successful application in water 

purification and seawater desalination for many years. With the progress made in development of 

membrane materials, especially the commercialized production of membrane materials, membrane 

gas separation grows rapidly and become a competitive technology [9]. A milestone chart displaying 

the development of membrane gas separation technology is shown in Figure 2-4 [10].  

 

Figure 2-4 Milestones of membrane gas separation technology 

Membrane separation is based on two important factors: permeability and selectivity of the 

membrane material to certain component in feed mixture. Permeability means it allows certain gas 

to penetrate the membrane, while selectivity means there is difference between penetration rates 

through the material for different components in feed. Process efficiency of membrane separation is 

largely depend on the two factors.  
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In industrial membrane plant, due to the large amount of membrane required to achieve separation, 

membranes are usually packaged into modules. In early development stage, the plate-and-frame 

modules are used which consists of flat sheets of membrane formed in a filter press. But nowadays 

two other designs-the spiral-wound module and the hollow fiber module have been the mainstream 

because of their low cost and high efficiency. Schematics of the three main model types that are 

employed by the industry are shown as Figure 2-5, Figure 2-6, and Figure 2-7.  

 

 

Figure 2-5 Cross section of Spiral-would module 

 

Figure 2-6 Bore-side feed hollow-fibre modules 
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Figure 2-7 A cross-flow fiber module used to obtain better flow distribution and reduce concentration polarization 

Cryogenic distillation process is economically feasible when the processing capacity is large. When it 

comes a nitrogen-rich gas from smaller fields with flowrate around 1-20 MMSCFD, it is not feasible to 

build a cryogenic plant.  

Membrane technology could be used to separate gas mixture in that case. Either nitrogen-permeable 

or methane-permeable membrane could be used. Figure 2-8 is a schematic figure showing the 

membrane selectivity required to treat a feed stream composed of 10% nitrogen and 9% methane. In 

a methane-permeable membrane process, the feed mixture split into two product gas: one has a 

nitrogen content of 4%, which could be delivered to the pipeline. The other gas consist of 50% nitrogen 

and 50% methane. Which could be used as fuel gas. In this separation scenario, methane recovery is 

93% corresponding to methane in product gas, which is an acceptable value in nitrogen rejection 

process. A methane-permeable membrane with a methane/nitrogen selectivity of 6 is required to 

achieve the target separation. In nitrogen-permeable membrane process, a nitrogen/methane 

selectivity of 17 is required to achieve the target, which is much higher than currently known 

membrane.  
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Figure 2-8 One-stage membrane separation of 10% nitrogen/90% methane feed gas to produce a 50% nitrogen/50% 

methane reject stream and a 4% nitrogen/96% methane product gas [9]. The target can be achieved by either (a) a 

methane-permeable membrane with a selectivity of 6, or (b) a nitrogen-permeable membrane with a selectivity of 17 

In practice, membrane technology often combines with cryogenic distillation process, functioning as 

a pre-treatment unit to treat natural gas preliminarily. Figure 2-9 shows an example of the combined 

process. The feed gas, containing 15% nitrogen, first goes through a membrane and is separated into 

two streams: a residue stream contains 30% nitrogen and a permeate stream contains 6% nitrogen. 

The residue stream flows to the cryogenic plant and treated further. The permeate stream containing 

6% nitrogen mixes with product stream of cryogenic plant which has a nitrogen content less than 1%. 

With a membrane pre-treatment in front of the cryogenic plant, processing capacity of the cryogenic 

distillation unit could be reduced and thereby cost reduced remarkably. In addition to that, 

concentrations of water, heavy hydrocarbons, and sour gas like carbon dioxide are all reduced to low 

levels after getting through the membrane as these components preferentially permeate the 

membrane.  
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Figure 2-9 Combined membrane/cryogenic distillation plant for removal of nitrogen from natural gas[11] 

As mentioned above, most gas separation membranes are designed into modules, which makes it an 

advantage for membrane gas separation compared with other mature. Such a modular design makes 

it intrinsically advantageous for operation in remote regions, where actually many gas fields are 

located. The module design also makes it possible to relocate the membrane separation unit to 

another field after the life cycle of a certain gas field. Absence of moving parts within the membrane 

unit is another attractive point as it provides high reliability with static equipment.  The obstacle to 

wide application of membrane technology to nitrogen rejection unit lies in the development of highly 

selective membranes that have significantly different permeability between nitrogen and methane. 

The schematic diagram shown as Figure 2-10 illustrates a commercialized process which produces 

pipeline-quality gas and a nitrogen-rich fuels from raw feed gas. 

 

Figure 2-10  Nitro-Sep™ Process for Nitrogen Separation[12] 

2.2.3 Pressure Swing Adsorption (PSA) 

Pressure swing adsorption is a technology used to separate different gas components from a mixture 

of gases. The core idea of the PSA process is it uses a material, which is generally referred to as an 
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adsorbent, to selectively separate gases. As a basic requirement for all adsorption process, an 

adsorbate that preferentially adsorb one component in feed mixture shall be used in PSA process[13]. 

Three basic concepts are important to PSA technology: equilibrium adsorption capacity, equilibrium 

selectivity, and adsorption kinetics.  

2.2.3.1 Basic concepts of adsorption  

Equilibrium adsorption capacity  

One of the most important properties to describe adsorbents is the equilibrium adsorption capacity. 

It is defined as the amount of gas that can be adsorbed per mass of adsorbent under certain 

temperature and pressure. A larger equilibrium adsorption capacity is desirable for adsorption process 

as it determines how much adsorbent is required to process the feed gas. The amount of adsorbent 

further determines the size of equipment used in the process, which decides the capital cost.  

To calculate the amount of gas adsorbed at equilibrium state, an adsorption isotherm is used. The 

adsorption isotherm illustrates a relationship between adsorption capacity and pressure at a fixed 

temperature. Different isotherm equations have been developed, among which the Langmuir 

isotherm has been the most widely uses. The Langmuir isotherm was formulated based on the concept 

of dynamic equilibrium between the rate of adsorption and desorption. The isotherm could be 

described by Equation 2-1, Equation 2-2 and Equation 2-3 [14].  

𝑞𝑞 = 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 ∙ 𝜃𝜃                                                             Equation 2-1 

𝜃𝜃 = 𝐾𝐾∙𝑝𝑝
1+𝐾𝐾∙𝑝𝑝

                                                               Equation 2-2 

𝐾𝐾 = 𝐾𝐾0 ∙ 𝑒𝑒𝑒𝑒𝑒𝑒 (−∆𝐻𝐻
𝑅𝑅𝑅𝑅

)                                                           Equation 2-3 

Where 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚  is the maximum amount of gas that can be adsorbed, 𝜃𝜃 is the fraction of adsorbent 

coverage, K is the Langmuir adsorption constant, 𝐾𝐾0  is the equilibrium parameter at an infinite 

temperature,  ∆𝐻𝐻 is the heat of adsorption ( in equation, a minus sign is used as the adsorption process 

is always exothermic), 𝑅𝑅 is the universal gas constant and 𝑇𝑇 is the adsorbate temperature. 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚, 𝐾𝐾0 

and ∆𝐻𝐻 ae usually obtained by data fitting over a range of measured adsorption data under different 

temperatures and pressures.  

Equilibrium selectivity  
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Equation 2-1, 2-2 and 2-3 show how to calculate the amount adsorbed at equilibrium for single gas. 

However in practice it is usually gas mixture with two or more components that is exposed to the 

adsorbent. 

The Langmuir isotherm for single gas could be extended to a mixture gas by applying the equation to 

each component, which is knowns as the extended Langmuir isotherm[15] . With a 𝑛𝑛-component 

mixture, the adsorbent coverage of component 𝑖𝑖 could be formulated as:  

𝜃𝜃𝑖𝑖 = 𝐾𝐾𝑖𝑖∙𝑝𝑝𝑖𝑖
1+∑ 𝐾𝐾𝑗𝑗𝑝𝑝𝑗𝑗𝑛𝑛

𝑗𝑗=1
                                                             Equation 2-4 

In a multi-component mixture, individual component has different adsorption capacity under 

respective partial pressure. to display that difference among different components, equilibrium 

selectivity is introduced and its definition could be illustrated by Equation 2-5 [16]:  

𝛼𝛼𝑖𝑖 𝑗𝑗⁄ = 𝑞𝑞𝑖𝑖 𝑝𝑝𝑖𝑖⁄
𝑞𝑞𝑗𝑗 𝑝𝑝𝑗𝑗⁄                                                                   Equation 2-5                                                

The equilibrium selectivity is also an important factor in adsorption process design. In case of mixture 

separation with adsorbent, components usually undergo competitive adsorption. To be specific, in 

terms of gas separation, the selectivity of each component has its impact on energy consumption: 

with a higher selectivity, lower energy is required and as a result operating costs reduced.   

Adsorption Rate 

Another important factor that should be taken in account in process design is the adsorption rate. This 

parameter is more often described as mass transfer rate. The Linear Driving Force (LDF) is one of the 

models used to describe the mass transfer in adsorption process[17].  The LDF model is formulated as 

Equation 2-6 [13]:  

𝜕𝜕𝑞𝑞
𝜕𝜕𝜕𝜕

= 𝑘𝑘�𝑞𝑞∗ − 𝑞𝑞(𝑡𝑡)�                                                    Equation 2-6 

Where 𝑞𝑞∗ is the loading amount in equilibrium state corresponding to a certain partial pressure for 

individual component.  𝑘𝑘 is the lumped mass transfer coefficient.  

The linear driving force model has been widely used to describe the dynamic adsorption process in 

adsorption process design because it greatly simplified formulas for unsteady-state diffusion in porous 

particles[17, 18]. To simplify the system, LDF model do not distinguish between the adsorbed phase 
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and the diffusing phase in solids. As a result, the model is not as rigorous as the Fickian diffusion model. 

But in estimation of separation performance of the adsorption process, kinetic properties at different 

levels, including the particle, the adsorbent bed and the cyclic steady state, will be averaged. Therefore 

the ignorance of difference between the adsorbed phase and the diffusion phase has limited impact 

on final separation performance[17]. Based on that, the LDF model is chosen and used in our 

simulation models.  

2.2.3.2 Conventional pressure swing adsorption  

A typical PSA process has two core steps: (1) adsorption step, during which the strongly adsorbed gas 

is adsorbed in adsorbate and the adsorbate become saturated, and (2) regeneration or desorption 

step, during which the previously adsorbed gas is removed from the adsorbent thus the adsorbent is 

regenerated and prepared for next cycle. The difference in loading capacity between two pressures, 

i.e. the high adsorption pressure and the low regeneration pressure, is utilized to create a working 

capacity.  

Based on its objective, pressure swing adsorption process mainly categorises into two types: (1) 

stripping PSA, and (2) enriching PSA. The stripping PSA process excels at stripping heavy component 

from the feed mixture by adsorption, and enriching PSA aims to enhance the concentration of heavy 

component in the feed mixture.  

The stripping PSA is derived from the Skarstrom cycle. A schematic apparatus drawing of Skarstrom 

cycle is shown as Figure 2-11 , and a step schematic drawing is shown as Figure 2-12 [19]. As shown 

by Figure 2-11, two beds are involved in the cycle. And each bed undergoes four steps in a complete 

cycle. The steps are (1) feed pressurization, (2) high pressure adsorption, (3) blowdown 

depressurization, and (4) purge with a fraction of the product.  

 As shown by Figure 2-12, at the start of the cycle, i.e. at the beginning of step 1, bed 1 is under a low 

pressure and is almost free of heavy component (ideally). During step 1, feed mixture enters into bed 

1 to pressurize it. At the end of step 1, bed 1 is pressurized to high pressure and ready for step 2 high 

pressure adsorption process.  Following that, during step 2 bed 1 undergoes high-pressure adsorption 

step with high pressure feed input. Heavy gas from the feed mixture, which refers to the component 

that is strongly adsorbed by the adsorbent, is adsorbed by the bed, leaving a relatively pure light gas 

(refers to the component that is weakly adsorbed by the adsorbent) released from the other end of 

the column. Part of the purified gas (stripped of heavy gas) from bed 1 passes through bed 2 to purge 

the bed to a low pressure. The bed is then depressurized to a low pressure during step 3 to be ready 
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for the low pressure purge step. Heavy component is then desorbed from the adsorbent during low 

pressure purge stage with a fraction of purified product from the other bed returning to the bed as 

purge gas. At the end of step 4, the bed return to the initial point of the cycle and is ready for a new 

cycle.  

 

Figure 2-11 The Skarstrom cycle 
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Figure 2-12 Two-bed four-step Skarstrom cycle 

Since the invention of the Skarstrom cycle in 1960, PSA process has been rapidly developed and widely 

used for air drying, oxygen production, nitrogen production, and hydrogen purification [20]. The 

Skarstrom cycle has been widely used for bulk separation owing to its low operating cost compared 

with cryogenic distillation process. But the negative side of the cycle is that the product recovery was 

not high resulting in high energy consumption. As a result, much effort has been made to improve the 

process. One of the simplest method is to use pressure equalization to conserve mechanical energy. 

Pressure equalization is achieved by interconnecting both beds, so that the pressure of the bed under 

high pressure adsorption step is released to the bed that is under low pressure desorption step. By 

doing that, energy requirement of compression could be reduced.  

The other PSA process is often referred to as the enriching PSA, or rectifying PSA. In principle, the 

enriching PSA is capable of producing a pure heavy product. But enriching PSA has its limitation to 

enhance the purity of light product. Similar to the stripping PSA, enriching PSA also have four steps 

and two beds involved in operation. The difference between the two types of PSA is that in enriching 

PSA feed enters the low pressure bed and high pressure gas used as purge gas under high pressure 

adsorption step, while in stripping gas, feed enters the high pressure bed and low pressure gas used 
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as purge gas under low pressure desorption step. No commercial application has been realised for 

enriching PSA.  

2.2.3.2 Limitation of conventional pressure swing adsorption   

One advantage of PSA process is its simplicity caused by its heatless operation. Besides that, PSA is a 

very fast process because pressure changes very fast and make it possible to operate under a fast 

cycle. As a result, the adsorbent productivity, which is measured by the amount of product or feed 

processed per unit amount of adsorbent per unit time, is able to be increased by the short cycle. 

 However, among the two types of PSA, the stripping cycle is able to produce a very pure light product, 

but the enriching cycle is limited in the enrichment ratio of the heavy component. There have been 

some publishment of research work with enriching PSA. Ebner and Ritter developed a model of 

enriching PSA and showed the feasibility of enhancing methane from 1 mol% in feed to 100 mol% in 

product. Methane recovery is around 80% [21]. Yoshida et al. performed experiment to increase 

concentration of Xe and CO2 from air with enriching PSA process. An enrichment ratio of 80 was 

achieved while the pressure ratio was 12.5 [22]. Reynolds et al did experiments with flu gas as the 

feed mixture. CO2 concertation was enhanced to as high as 99.2% with a recovery of only 15.2%[23].  

This also propose one problem with the enriching PSA: even though it is capable of producing a very 

pure heavy product, it is achieved at the cost of very low heavy gas recovery.  

Apparently, in the case of nitrogen rejection, where nitrogen is to be removed from a methane-rich 

feed mixture, methane concentration in final product and methane recovery are equally important. 

Thereby it is unlikely to achieve nitrogen rejection by merely using stripping PSA or enriching PSA.  

2.3 Dual Reflux Pressure Swing Adsorption (DR-PSA) 

2.3.1 Introduction to DR-PSA 

To overcome the limitation of enriching PSA and stripping PSA, a new process named as dual-reflux 

pressure swing adsorption (DR-PSA) process was first proposed in 1990s which combines the stripping 

PSA and enriching PSA into a new cycle.  To achieve that, the enriched gas leaving the stripping PSA 

column (desorption bed) is refluxed and reprocessed in the enriching PSA column (adsorption bed), 

and lean gas leaving the enriching column (adsorption bed) is refluxed and reprocessed in the stripping 

PSA column (desorption bed).  
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A typical DR-PSA cycle consists of twin beds and four steps: low pressure desorption (LP), 

pressurization (PR), high pressure adsorption (HP) and blowdown (BD). Figure 2-13 depicts the four 

steps in the form of half-cycle as each half-cycle is totally symmetric and status of each bed swaps 

during the second half. As shown by the figure, LP/HP and PR/BD respectively occurs in pairs: low 

pressure desorption step and high pressure adsorption step are operated under stable pressure, while 

the pressurization step and blowdown step are under changing pressure. Feeds enters into the system 

and two products are obtained during the period of step I/III. In Step II/IV, the system becomes a 

closed system with a discontinuation of feed input and product output.   

Instead of entering from end of the bed as in conventional PSA, feed enters into one of the bed from 

an intermediate point. A part of the enriched gas or heavy gas (strongly adsorbed gas) leaving the low 

pressure desorption bed is returned to the high pressure adsorption bed after pressurized through a 

compressor. This part of enriched gas is referred to as enriched reflux or heavy reflux. The remaining 

enriched gas leaves the system as product. Similarly, lean gas or light gas (weakly adsorbed gas) leaves 

the high pressure adsorption bed. A fraction of the light gas is recycled into the light pressure bed 

using as the purge gas. This part of lean or light gas is referred to as stripping reflux or light reflux. The 

remaining gas leaves the system as another product. 

 

Figure 2-13  DR-PSA: four-step twin-bed system (DR-PLA as an example) 

2.3.2 Four Configurations of DR-PSA 

Depending on which column the feed enters into in operation, and which gas is used for pressure 

transfer during Step II and step IV, the dual-reflux PSA could have four basic configurations: the feed 

stream can either enter into the low pressure or high pressure column. When it enters into high 

pressure column, the configuration is referred to as PH and PL when entering into low pressure. 

Step I Heavy product 

Light product 

Feed 

Step III Step IV 

Bed 2 

BD 
Bed 1 

PR 

Step II 

Bed 2 

HP 
Bed 1 

LP 

Light reflux 

Heavy reflux 
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Similarly, the pressure inversion could be achieved by either transferring heavy gas A (it indicates the 

more adsorbed component in the mixture) or light gas B (the less adsorbed component in the mixture). 

As a result, DR-PSA could have four configurations in total: PL-A, PL-B. PH-A and PH-B.  

LP HP

Compressor A

Or feed to 
High Pressure

(PH)

Feed to either 
Low Pressure

(PL)

Light Product B

LP HP

Compressor A

Heavy Product A
                                             

step I/III                                                                             step II/IV 

Figure 2-14  Schematic Diagram of DR-PSA-A cycle 

Figure 2-14 illustrates a general process flow of A cycles for DR-PSA: when feed enters into high 

pressure column (solid line), the configuration is referred to as PH. And as in step II/IV, A gas is used 

for pressure transfer, the cycle is named as PH-A. When feed enters into low pressure column (dashed 

line), the configuration is referred to as PL. and as in step II/IV, A gas is used for pressure transfer, the 

cycle is named as PL-A.  

LP HP

Compressor A

Or feed to 
High Pressure

(PH)

Feed to either 
Low Pressure

(PL)

Heavy product A

Light product B

LP HP

Compressor B

                        
step I/III                                                                           step II/IV 

Figure 2-15 Schematic Diagram of DFR-PSA-B cycle 
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Figure 2-15 illustrates a general process flow of B cycles for DR-PSA: when feed enters into high 

pressure column (solid line), the configuration is referred to as PH. And as in step II/IV, B gas is used 

for pressure transfer, the cycle is named as PH-B. When feed enters into low pressure column (dashed 

line), the configuration is referred to as PL. and as in step II/IV, B gas is used for pressure transfer, the 

cycle is named as PL-B.  

2.3.3 Development of DR-PSA in Modelling and Experiment  

There have been a number of studies on DR-PSA system both from simulation and experiment aspect. 

The first experimental study was performed by Diagen et al. in 1994[6]. The apparatus was used to 

investigate CO2 removal from air-CO2 mixtures. Experimental results showed CO2 fraction was 

increased from 20% in feed to about 90% in enriched stream, and around 2.5% in the lean gas. A 

numerical model was then developed by Diagne et al. to investigate the effects of different operation 

parameters[24]. A good agreement was obtained between the model predication and experimental 

data. Ebner and Ritter proposed equilibrium theory of DR-PSA for binary mixture separation in 2004 

[25]. Their analysis revealed the possibility of achieving 100% separation under a very low pressure 

ratio with the dual-reflux process. Kearns and Webley enhanced the theory in 2006 with a 

development of four configuration of DR-PSA (the four configurations will be discussed further in next 

section). The four configurations were compared in terms of energy consumption, productivity and 

selection of specific configuration based on feed composition was proposed as a conclusion[26, 27].  

McIntyre et al. designed an experimental setup based on DR-PLA configuration to separate ethane 

from nitrogen. An enrichment ratio of as high as 50-90 times was achieved for ethane under the 

pressure ratio of 8. High purity of nitrogen was also observed with a small containment of 30 ppm 

ethane [28]. Bhatt et al. simulated the process of DR-PLA to separate ethane and nitrogen in the 

software Aspen Adsim, and the results were compared with experimental results reported by 

McIntyre et al. [29]. As a simplified method, Bhatt used the so-called ‘single bed approach’ to simulate 

the two-bed DR-PSA system and the simulation is an isothermal model[30]. Bhatt et al. later reported 

a triangular operating zone for the optimal operation of the four DR PSA configurations using the 

equilibrium model [30-33]. Recently, simulation of DR PSA processes has been extended from 

equilibrium model analysis to full numerical modelling to study the process more realistically [34-38]. 

The definition of adsorption bed capacity ratio was further developed in latest study of Eric et al[37]. 

May and co-workers [36-38] developed a comprehensive non-isothermal numerical DR PSA model to 

take into account the mass transfer resistances and the heat balances in the adsorption process which 

were crucial to adsorption process but completely ignored in equilibrium theory based models. They 
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validated their numerical models with experiments performed for the four DR PSA configurations and 

developed an approach for the design of a DR PSA process. 

Saleman et al. reported the performance of their lab-scale DR-PSA apparatus to separate methane 

and nitrogen binary mixture [39]. A total of 24 runs were performed with different methane fraction 

in feed. An enrichment ratio of 21 times were observed for methane, increasing from 2.4% in feed to 

51% in heavy product (strongly adsorbed gas), with a pressure ratio of merely 3.6. Zhang et al. built a 

non-isothermal model in Aspen Adsorption and compared the 24 runs experimental data of Saleman 

with simulation results[38]. Parametric studies were also performed to investigate the effect of reflux 

flow, feed step duration, dispersion and mass transfer coefficient. Dongdong Li et al. performed both 

simulation and experiment study to separate CO2 and N2 from dry flu gas (15% CO2/85% N2). High 

recovery and purity for both gases were achieved: CO2 concentration was enriched to 99.18% with a 

recovery of 99.6%, while N2 enriched to 99.6% with a recovery of 99.56% [40]. More recently, Zhang 

and co-worked did more studies on DR-PSA apparatus with different feed mixture. They used LiLSX 

zeolite as the adsorbent to separate nitrogen from oxygen with a composition of 21 mol% O2 + 79 mol% 

N2[41].  Both equilibrium theory based and numerical based DR PSA models have been developed to 

describe the experimental results and to improve the process performance. 
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3. Simulation Model Description  

3.1 Model Assumptions 

DR PSA model was constructed using the commercial software Aspen Adsorption. Assumptions and 

equations used in the model are as follows:  

1. Ideal gas behaviour; 

2. Pressure drop equation: Ergun Equation; 

3. Equilibrium isotherm equation: Extended Langmuir 2; 

4. Heat balance: non-isothermal with gas and solid conduction; 

5. Linear driving force kinetic model: described by constant mass transfer coefficient; 

6. Mass balance: axially dispersed plug flow. 

3.1.1 Idea Gas Behaviour  

                                                               𝑃𝑃𝑦𝑦𝑖𝑖 = 𝑅𝑅𝑇𝑇𝑐𝑐𝑖𝑖                                                              Equation 3-1 

Where, P is the total pressure, 𝑦𝑦𝑖𝑖  is mole fraction of component i, 𝑅𝑅 is universal gas constant, 𝑇𝑇 is 

gas phase temperature, 𝑐𝑐𝑖𝑖  is concentration of component i.                                                           

3.1.2 Mass Balance 

Material balance assumption used is “convection with constant dispersion”, which considers a 

constant axial dispersion coefficient for all component. The flow patter within the column is then 

represented as an axially dispersed plug flow. 

The overall mass balance for a multi-component gas phase accounts for the convection of material 

and adsorbate transfer from the gas phase to the adsorbent.  

Overall mass balance: 

                                            
𝜕𝜕(𝑣𝑣𝑔𝑔𝜌𝜌𝑔𝑔)

𝜕𝜕𝜕𝜕
+ 𝜌𝜌𝑏𝑏 ∑

𝜕𝜕𝑤𝑤𝑘𝑘
𝜕𝜕𝜕𝜕𝑘𝑘 = 0                                              Equation 3-2 

 For each component in the gas phase, the differential fluid phase mass balance is given by:  

Component mass balance: 

                 −𝜀𝜀𝑖𝑖𝐷𝐷𝐿𝐿
𝜕𝜕2𝑐𝑐𝑘𝑘
𝜕𝜕𝜕𝜕

+ 𝜕𝜕�𝑣𝑣𝑔𝑔𝑐𝑐𝑘𝑘�
𝜕𝜕𝜕𝜕

+ �𝜀𝜀𝑖𝑖 + (1 − 𝜀𝜀𝑖𝑖)𝜀𝜀𝑝𝑝�
𝜕𝜕𝑐𝑐𝑘𝑘
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝑏𝑏
𝜕𝜕𝑤𝑤𝑘𝑘
𝜕𝜕𝜕𝜕

= 0                        Equation 3-3 
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 Where, 𝒗𝒗𝒈𝒈 is gas phase superficial velocity, 𝝆𝝆𝒈𝒈is gas phase density, 𝝆𝝆𝒃𝒃 is adsorbent bulk density, 𝒘𝒘𝒌𝒌 

is the loading amount of component k, 𝜺𝜺𝒊𝒊  is interparticle voidage, 𝜺𝜺𝒑𝒑  is intraparticle voidage, 𝒄𝒄𝒌𝒌  is 

concentration of component k. 

3.1.3 Momentum Balance 

Momentum balance and pressure drop is described by the Ergun Equation: the equation is valid for 

both laminar and turbulent flow, and is the most popular option.  

                              
  𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= ± �1.5×10−3(1−𝜀𝜀𝑖𝑖)2

�2𝑟𝑟𝑝𝑝𝜑𝜑�
2𝜀𝜀𝑖𝑖3

𝜇𝜇𝑣𝑣𝑔𝑔 + 1.75 × 10−5𝑀𝑀𝜌𝜌𝑔𝑔𝑣𝑣𝑔𝑔2
(1−𝜀𝜀𝑖𝑖)
2𝑟𝑟𝑝𝑝𝜑𝜑𝜀𝜀𝑖𝑖3

�              Equation 3-4 

Where, 𝑟𝑟𝑝𝑝 is particle radius, 𝜑𝜑 is shape factor of the adsorbent particles, 𝑀𝑀 is molecular weight, 𝜇𝜇 is 

dynamic viscosity.  

3.1.4 Equilibrium Isothermal  

Isothermal of the gas mixture is predicted by Extended Langmuir 2 given as follows:  

                                           𝑤𝑤𝑖𝑖 = 𝐼𝐼𝜕𝜕1𝑖𝑖∙ 𝑒𝑒
𝐼𝐼𝐼𝐼2𝑖𝑖

𝑇𝑇𝑠𝑠
�

∙ 𝜕𝜕𝑖𝑖

1+∑ (𝐼𝐼𝜕𝜕1𝑘𝑘𝑒𝑒
𝐼𝐼𝐼𝐼2𝑘𝑘

𝑇𝑇𝑠𝑠∙
�

 𝜕𝜕𝑘𝑘)𝑘𝑘

                                                        Equation 3-5 

where 𝑤𝑤𝑖𝑖 is the loading amount of component i, 𝐼𝐼𝑃𝑃1𝑖𝑖  ~𝐼𝐼𝑃𝑃4𝑖𝑖  is the isothermal parameter 1 ~4 of 

component i. 

3.1.5 Energy Balance  

A non-isothermal with gas and solid conduction is considered in the simulation. Energy balance 

comprises of three parts: energy balance for gas phase, for solid (adsorbent) phase, and for column 

wall.  

Gas phase energy balance: 

−𝑘𝑘𝑔𝑔𝜀𝜀𝑖𝑖
𝜕𝜕2𝑅𝑅𝑔𝑔
𝜕𝜕𝜕𝜕2

+ 𝐶𝐶𝑝𝑝𝑔𝑔𝑣𝑣𝑔𝑔𝜌𝜌𝑔𝑔
𝜕𝜕𝑅𝑅𝑔𝑔
𝜕𝜕𝜕𝜕

+ �𝜀𝜀𝑖𝑖 + (1 − 𝜀𝜀𝑖𝑖)𝜀𝜀𝑝𝑝�𝐶𝐶𝑝𝑝𝑔𝑔𝜌𝜌𝑔𝑔
𝜕𝜕𝑅𝑅𝑔𝑔
𝜕𝜕𝜕𝜕

+ 𝑃𝑃 𝜕𝜕𝑣𝑣𝑔𝑔
𝜕𝜕𝜕𝜕

+ ℎ𝑠𝑠𝑔𝑔𝑎𝑎𝜕𝜕�𝑇𝑇𝑔𝑔 − 𝑇𝑇𝑠𝑠� + 4ℎ𝑔𝑔𝑔𝑔
𝐷𝐷𝐵𝐵

�𝑇𝑇𝑔𝑔 − 𝑇𝑇𝑤𝑤� = 0    Equation 3-6 

Solid phase energy balance:  

−𝑘𝑘𝑠𝑠
𝜕𝜕2𝑅𝑅𝑠𝑠
𝜕𝜕𝜕𝜕2

+ 𝐶𝐶𝑝𝑝𝑠𝑠𝜌𝜌𝑠𝑠
𝜕𝜕𝑅𝑅𝑠𝑠
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝑠𝑠 ∑ �𝐶𝐶𝑝𝑝𝑖𝑖𝑤𝑤𝑖𝑖�
𝜕𝜕𝑅𝑅𝑠𝑠
𝜕𝜕𝜕𝜕

𝑛𝑛
𝑖𝑖=1 + 𝜌𝜌𝑠𝑠 ∑ (∆𝐻𝐻𝑖𝑖

𝜕𝜕𝑤𝑤𝑖𝑖

𝜕𝜕𝜕𝜕
𝑛𝑛
𝑖𝑖=1 ) + ℎ𝑠𝑠𝑔𝑔𝑎𝑎𝜕𝜕�𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑔𝑔� = 0                                      Equation 3-7   
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Column wall energy balance:  

−𝑘𝑘𝑤𝑤
𝜕𝜕2𝑅𝑅𝑔𝑔
𝜕𝜕𝜕𝜕2

+ 𝐶𝐶𝑝𝑝𝑤𝑤𝜌𝜌𝑤𝑤
𝜕𝜕𝑅𝑅𝑔𝑔
𝜕𝜕𝜕𝜕

− ℎ𝑠𝑠𝑤𝑤
4𝐷𝐷𝐵𝐵

(𝐷𝐷𝐵𝐵+𝑊𝑊𝑇𝑇)2−𝐷𝐷𝐵𝐵2
�𝑇𝑇𝑔𝑔 − 𝑇𝑇𝑤𝑤� + ℎ𝑚𝑚𝑚𝑚𝑏𝑏

4(𝐷𝐷𝐵𝐵+𝑊𝑊𝑇𝑇)2

(𝐷𝐷𝐵𝐵+𝑊𝑊𝑇𝑇)2−𝐷𝐷𝐵𝐵2
(𝑇𝑇𝑤𝑤 − 𝑇𝑇𝑚𝑚𝑚𝑚𝑏𝑏) = 0                       Equation 3-8    

where, 𝑘𝑘𝑔𝑔  is gas phase thermal conductivity, 𝑇𝑇𝑔𝑔  is gas phase temperature, 𝐶𝐶𝑝𝑝𝑔𝑔  is gas phase heat 

capacity, P is pressure, ℎ𝑠𝑠𝑔𝑔  is heat transfer coefficient between gas phase and solid phase, 𝑎𝑎𝜕𝜕  is 

particle surface per unit volume bed, 𝑇𝑇𝑠𝑠 is solid phase temperature, ℎ𝑔𝑔𝑤𝑤 is heat transfer coefficient 

between gas and wall, 𝑇𝑇𝑤𝑤 is inner wall temperature, 𝑘𝑘𝑠𝑠 is solid phase thermal conductivity, 𝐶𝐶𝑝𝑝𝑠𝑠 is solid 

phase heat capacity, 𝐶𝐶𝑝𝑝𝑖𝑖 is the heat capacity of adsorbed gas component I, ∆𝐻𝐻𝑖𝑖  is adsorption heat of 

component I, 𝑘𝑘𝑤𝑤 is wall thermal conductivity, 𝐶𝐶𝑝𝑝𝑤𝑤 is wall heat capacity, 𝜌𝜌𝑤𝑤 is wall density, ℎ𝑠𝑠𝑤𝑤 is heat 

transfer coefficient between solid and wall, 𝐷𝐷𝐵𝐵 is adsorption bed diameter, 𝑊𝑊𝑅𝑅 is width of column wall, 

𝑇𝑇𝑚𝑚𝑚𝑚𝑏𝑏 is ambient temperature.  

3.1.6 Mass Transfer Rate  

Constant mass transfer rate (MTC) is specified using the lumped resistance linear formula to describe 

the mass transfer rate between gas phase and solid phase:  

Mass transfer driving force for component i:  

                                               𝜕𝜕𝑤𝑤𝑖𝑖
𝜕𝜕𝜕𝜕

= 𝑀𝑀𝑇𝑇𝐶𝐶𝑖𝑖(𝑤𝑤∗
𝑖𝑖 − 𝑤𝑤𝑖𝑖)                                                                 Equation 3-9   

where, 𝑀𝑀𝑇𝑇𝐶𝐶𝑖𝑖  is the mass transfer rate of adsorbed component I, 𝑤𝑤∗
𝑖𝑖 is the maximum loading amount 

of component i in equilibrium under its partial pressure.   

Mass transfer rate is hard to measure in experiment. As a result, in numerical simulation model, the 

mass transfer rate is determined based on a trial and error method. The method is developed as 

follows: a numerical model for dynamic column breakthrough is built on software to generate a 

breakthrough curve, which is then compared with the curve from experimental data. By adjusting the 

mass transfer coefficient, breakthrough curves from experiment data and simulation predications 

would be close enough to get a most appropriate value. Figure 3-1 shows such a comparison of 

breakthrough curves between experiment and simulation.  
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Figure 3-1 Breakthrough curve comparison of experimental measure data and simulation predicted data with feed 

composed of 75% CH4+25% N2 to obtain an appropriate mass transfer coefficient                 

3.2 Model Layout 

Depending on which column feed enters and which gas is used for pressure reversal during step II and 

step IV, DR PSA could have four basic configurations: when feed enters the high pressure column, the 

configuration is referred to as PH. When it enters the low pressure column, the configuration is 

designated as PL. Similarly, the pressure inversion could be achieved by transferring either heavy gas 

A (it indicates the more adsorbed component in the mixture) or light gas B (the less adsorbed 

component in the mixture). As a result, DR PSA could have four basic configurations in total: PL-A, PL-

B, PH-A and PH-B. The constructed numerical model is capable of simulating all these four 

configurations. A process flow diagram of the model is shown in Figure 3-2. Features of the model 

include:  

1. Two separate adsorption beds were used to respectively represent the upper and bottom 

section of one column. By changing the height of each bed, feed inlet position is changed. As 

a result, the model could be used to study the effect of feed location on separation 

performance.  

2. Two compressors (Com_top and Com_bot in Figure 3-2) were used: Com_top was used in “B” 

cycles during pressure transfer step, while Com_bot was used in “A” & “B” cycles: in “A” cycles 

the compressor was used in both the feed and pressurization/blowdowns steps, and in “B” 
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cycles the compressor was only used in the feed step. Thus, the model was fully developed to 

study process performance of the four configurations.  

3. Two blocks of ‘PID Controller’ (‘C1’ & ‘C2’ in Figure 3-2) were used to control pressure of the 

two columns. The set point for controller C1 was 1.4b ar, and compressor (Com_bot) inlet 

volume was used as the variable to adjust the desorption pressure. The set point for controller 

C2 was 5 bar, and valve openness (Cv) of the back pressure regulator BPR1 was varied to reach 

the set point.  

 

Figure 3-2 DR PSA numerical model layout 

3.3 Simulation Settings   

In this research, Norit RB3 was used as the adsorbent. Adsorbent properties listed in Table 3-1 were 

sourced from related papers [38, 42, 43]. All the equipment parameters, such as adsorbent column 

height, internal diameter, column thickness, etc. were set to be the same as the experiment apparatus 

in order to reproduce the experimental conditions.   

 

V1 V2

Feed

BV1

BV3 BV4

BPR4
BV2

C1
Compressor  inlet volumeTank Pressure

TV5

TV1

TV6

TV2

Heavy product surge tank
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B4

Com_bot

On/off  Valve

Control Valve
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Void tank

Compressor
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Table 3-1 Main parameters used in simulation 

Parameter   Value 
Column parameters  
Total length (L) 0.98m 
Axial feed position (ZF) 0.5 
Column internal diameter  0.035m 
Column wall thickness  0.0016m 
Column heat transfer coefficient   
Heat transfer coefficient between 
column wall and ambient  

10W/m2/K 

Wall thermal conductivity 
Wall specific heat capacity  
 
Adsorbent parameters 
Inter-particle voidage 
Intra-particle voidage  
Bulk density 
Adsorbent particle radius 
Adsorbent shape factor 
Adsorbent specific heat capacity 
Adsorbent heat conductivity 
 
Operational parameters  
High pressure column pressure  
Low pressure column pressure  
Environment temperature  
PR/BD step time  
 
Mass transfer coefficient  
N2 mass transfer coefficient 
CH4 mass transfer coefficient 
 
Adsorption isotherm parameter  
 
Qmax                      

B0 
∆𝑯𝑯 
 
Others  
N2 heat capacity 
CH4 heat capacity 
Gas phase heat conductivity  

16W/m/K 
500J/kg/K 
 
 
0.42 
0.65 
435 kg/m3 
0.0015 m 
0.752 
1000 J/kg/K 
0.8 W/m/K 
 
 
500kPa 
140kPa 
293K 
60s 
 
 
3 s-1 

1 s-1 

 
 
N2                                      

4.17 mmol/g 
1.75E-6 
-14.3 kJ/mol 
 
 
29 kJ/kmol/K 
35 kJ/kmol/K 
0.16 W/m/K 

 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CH4 

5.53mmol/g 
1.19E-6 
-17.3kJ/mol 

 

Dual reflux pressure swing adsorption is a dynamic batch wise process as the two columns undergo 

step changes over cycles. Step definitions could be referred to papers by May et al [37, 38]. Transient 

simulation results will keep changing until the simulation reaches a cyclic steady state (CSS). The 
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criteria of CSS is specified in a special tool “Cycle Organizer” provided in Aspen Adsorption, where CSS 

tolerance could be set. In this study, CSS tolerance was set at 10-5: the relative change of the total 

loading and solid temperature at the end of a cycle compared with those of the previous cycle. If the 

relative difference is lower than the set tolerance, the simulation is considered to have reached CSS.  

All the simulations were initiated with columns filled with the feed gas. It usually took around 300 

cycles for a simulation to reach cyclic steady state on an Intel i7-6700HQ processor. For a simulation 

setup with step I/III feed duration 60 s and step II/IV pressure transfer 60 s, the integrator time was 

36000 s, and the real time was about 4-5 hours. 

3.4 Simulation Benchmark  

Before continuing with parametric study of DR-PSA simulation, a consistency check between current 

simulation and previous experiment data obtained by Saleman et al was performed. Primary purpose 

of such a consistency check is to ensure the simulation is working well by showing a good agreement 

between simulation predictions and experimentally measured data. So further study based on the 

simulation model could be regarded as reliable data.   

Run 13 experiment data mentioned in Saleman et al[39] was used as the comparison basis. Figure 3-

3 shows a comparison between simulated and measured pressure profile of the two columns 

(pressure is measured at the top of the column). Figure 3-4 shows a comparison of flowrate between 

simulation and experiment values. As shown by the two figures, a good agreement was achieved 

between simulation and experiment in terms of pressure profile and flowrate profile. As a result, 

simulation model is considered to generate reliable data and could be used to continue with 

parametric study.  
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Figure 3-3  Pressure profile comparison of simulation and experiment data over a cycle after reaching CSS Solid lines indicate   
measure data, while dashed lines indicate simulation predictions. T1_top refers to pressure at top of column 1, while T2_top 
refers to pressure at top of column 2. 

 

Figure 3-4  Reflux flowrate profile comparison of simulation and experiment data over a cycle after reaching CSS. Solid lines 
indicate experimentally measured data, while dashed lines indicate simulation predictions. LR refers to light reflux, and HR 
refers to heavy reflux.  

3.5 Simulation Material Balance Error Correction 

Owing to the non-conservative nature of the finite difference discretisation method used for solving 

partial different equations [44] of the adsorption process, DR PSA numerical models constructed with 

Aspen Adsorption have mass balance errors as reported by Zhang et al. [38]. In Zhang’s paper, he 
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introduced an “intersection” method to correct the simulation mass balance errors. However, this 

method was unable to find a reasonable mass balance point for the gas mixture used in this work. 

Instead, a more direct method for mass balance correction was adopted.   

The overall mass balance error can be corrected by Equation 1 since both feed and heavy product flow 

rates were set constant in each simulation:  

𝐿𝐿𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟 = 𝑦𝑦 − 𝐻𝐻                                                                                   Equation 3-10                                                                    

The component (CH4 and N2) mass balance can be corrected as follows:  

The difference between methane flowing in and out of the system was calculated by:  

𝛿𝛿𝑀𝑀𝐶𝐶𝐻𝐻4 = 𝑦𝑦𝐹𝐹 ∙ 𝑦𝑦 − 𝑦𝑦𝐻𝐻𝑠𝑠𝑖𝑖𝑚𝑚 ∙ 𝐻𝐻 − 𝑦𝑦𝐿𝐿𝑠𝑠𝑖𝑖𝑚𝑚 ∙ 𝐿𝐿𝑠𝑠𝑖𝑖𝑚𝑚                                                        Equation 3-11 

This amount of CH4 could be allocated into heavy product and light product based on product 

flowrate ratio to offset the CH4 mass balance error. Thus amount of CH4  to be added into heavy 

produt is:  

𝛿𝛿𝑀𝑀𝐶𝐶𝐻𝐻4,𝐻𝐻 = 𝑦𝑦𝐹𝐹 ∙ (𝑦𝑦𝐹𝐹 ∙ 𝑦𝑦 − 𝑦𝑦𝐻𝐻𝑠𝑠𝑖𝑖𝑚𝑚 ∙ 𝐻𝐻 − 𝑦𝑦𝐿𝐿𝑠𝑠𝑖𝑖𝑚𝑚 ∙ 𝐿𝐿𝑠𝑠𝑖𝑖𝑚𝑚)                                            Equation 3-12 

And the amount of CH4 to be added into light product is:  

𝛿𝛿𝑀𝑀𝐶𝐶𝐻𝐻4,𝐿𝐿 = (1 − 𝑦𝑦𝐹𝐹 ) ∙ (𝑦𝑦𝐹𝐹 ∙ 𝑦𝑦 − 𝑦𝑦𝐻𝐻𝑠𝑠𝑖𝑖𝑚𝑚 ∙ 𝐻𝐻 − 𝑦𝑦𝐿𝐿𝑠𝑠𝑖𝑖𝑚𝑚 ∙ 𝐿𝐿𝑠𝑠𝑖𝑖𝑚𝑚)                                   Equation 3-13 

For N2 correction, the amount of nitrogen difference flowing in and out of the system is negative to 

that of methane, thus is expressed as:  

𝛿𝛿𝑀𝑀𝑁𝑁2 = −(𝑦𝑦𝐹𝐹 ∙ 𝑦𝑦 − 𝑦𝑦𝐻𝐻𝑠𝑠𝑖𝑖𝑚𝑚 ∙ 𝐻𝐻 − 𝑦𝑦𝐿𝐿𝑠𝑠𝑖𝑖𝑚𝑚 ∙ 𝐿𝐿𝑠𝑠𝑖𝑖𝑚𝑚)                                     Equation 3-14 

Similarly, N2 to be corrected into heavy product is:  

𝛿𝛿𝑀𝑀𝑁𝑁2,𝐻𝐻 = −𝑦𝑦𝐹𝐹 ∙ (𝑦𝑦𝐹𝐹 ∙ 𝑦𝑦 − 𝑦𝑦𝐻𝐻𝑠𝑠𝑖𝑖𝑚𝑚 ∙ 𝐻𝐻 − 𝑦𝑦𝐿𝐿𝑠𝑠𝑖𝑖𝑚𝑚 ∙ 𝐿𝐿𝑠𝑠𝑖𝑖𝑚𝑚)                         Equation 3-15 

N2 to be corrected into light product is:  

𝛿𝛿𝑀𝑀𝑁𝑁2,𝐻𝐻 = −(1 − 𝑦𝑦𝐹𝐹  ) ∙ (𝑦𝑦𝐹𝐹 ∙ 𝑦𝑦 − 𝑦𝑦𝐻𝐻𝑠𝑠𝑖𝑖𝑚𝑚 ∙ 𝐻𝐻 − 𝑦𝑦𝐿𝐿𝑠𝑠𝑖𝑖𝑚𝑚 ∙ 𝐿𝐿𝑠𝑠𝑖𝑖𝑚𝑚)                                 Equation 3-16 

As a result, corrected yH  is calculated as:  
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𝑦𝑦𝐻𝐻𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟 = 𝑦𝑦𝐹𝐹 ∙ �𝑦𝑦𝐹𝐹 ∙ 𝐹𝐹−𝑦𝑦𝐻𝐻
𝑠𝑠𝑖𝑖𝑠𝑠∙𝐻𝐻−𝑦𝑦𝐿𝐿

𝑠𝑠𝑖𝑖𝑠𝑠∙𝐿𝐿𝑠𝑠𝑖𝑖𝑠𝑠�+𝑦𝑦𝐻𝐻
𝑠𝑠𝑖𝑖𝑠𝑠∙𝐻𝐻

𝐻𝐻
                                             Equation 3-17 

Corrected yL is calculated as: 

𝑦𝑦𝐿𝐿𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟 = (1−𝑦𝑦𝐹𝐹 )∙(𝑦𝑦𝐹𝐹 ∙𝐹𝐹−𝑦𝑦𝐻𝐻
𝑠𝑠𝑖𝑖𝑠𝑠∙𝐻𝐻−𝑦𝑦𝐿𝐿

𝑠𝑠𝑖𝑖𝑠𝑠∙𝐿𝐿𝑠𝑠𝑖𝑖𝑠𝑠)+𝑦𝑦𝐿𝐿
𝑠𝑠𝑖𝑖𝑠𝑠∙𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝐿𝐿𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
                                             Equation 3-18 
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4. Variable Study with a Fixed Feed Location 

In this chapter, all simulations are based on a fixed feed location which is at the middle of the column. 

Other variables, including product flowrate, reflux flowrate, step duration, and feed composition are 

studied to see their effect on separation performance.   

4.1 Effect of Product Flowrate  

Theoretically, separation limit of the DR PSA system is only constrained by material balance, and the 

desired separation performance could be targeted by adjusting the (heavy or light) product flowrates 

for a constant feed flow rate and composition. In this section, we changed the heavy product flow rate 

and used the ratio of heavy product flowrate to feed flowrate as a variable to study its effect on 

separation performance. With the feed consisting of 75 mol% methane and 25 mol% nitrogen, the 

separation constraints (yH and yL) could be expressed as a function of H/F ratio:  

For 𝑦𝑦𝐻𝐻 �
𝑦𝑦𝐻𝐻 ≤ 1,         𝑤𝑤ℎ𝑒𝑒𝑛𝑛 𝐻𝐻

𝐹𝐹
≤ 𝑦𝑦𝐹𝐹

𝑦𝑦𝐻𝐻 ≤
0.75
𝐻𝐻/𝐹𝐹

,     𝑤𝑤ℎ𝑒𝑒𝑛𝑛 𝐻𝐻
𝐹𝐹
≥ 𝑦𝑦𝐹𝐹

�                                            Equation 4-1 

 For 𝑦𝑦𝐿𝐿  �
𝑦𝑦𝐿𝐿 ≥

0.75−�𝐻𝐻 𝐹𝐹� �
1−�𝐻𝐻 𝐹𝐹� �

,  𝑤𝑤ℎ𝑒𝑒𝑛𝑛 𝐻𝐻
𝐹𝐹
≤ 𝑦𝑦𝐹𝐹

𝑦𝑦𝐿𝐿 ≥ 0,                𝑤𝑤ℎ𝑒𝑒𝑛𝑛 𝐻𝐻
𝐹𝐹
≥ 𝑦𝑦𝐹𝐹

�                                  Equation 4-2 

The effect of H/F ratio on separation performance of the four configurations were studied via a total 

of 40 simulations (10 cases for each configuration). In all these 40 cases, light reflux to feed flow rate 

ratio was set at 3, and feed location ZF was 0.5. Step duration for step I/III is 25s, while that of step 

II/IV was set at 90s. For each configuration, the data were obtained by changing H/F ratio from 0.1 to 

0.9. Simulation results of the 40 runs are tabulated in table 4-1 and plotted in figure 4-1.  

Table 4-1 Predicted results of separation performance under difference H/F ratio 

Cases  H/F ratio corrected 𝑦𝑦𝐻𝐻 corrected 𝑦𝑦𝐿𝐿 corrected CH4 Recovery 

PL-A-case1 0.1 97.60% 72.49% 13.01% 

PL-A-case2 0.2 97.52% 69.37% 26.00% 

PL-A-case3 0.3 97.34% 65.43% 38.93% 

PL-A-case4 0.4 97.38% 60.08% 51.94% 

PL-A-case5 0.5 96.81% 53.19% 64.54% 

PL-A-case6 0.6 96.30% 43.05% 77.04% 
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Cases  H/F ratio corrected 𝑦𝑦𝐻𝐻 corrected 𝑦𝑦𝐿𝐿 corrected CH4 Recovery 

PL-A-case7 0.7 94.91% 28.54% 88.58% 

PL-A-case8 0.75 93.19% 20.43% 93.19% 

PL-A-case9 0.8 90.49% 13.03% 96.53% 

PL-A-case10 0.9 82.81% 4.73% 99.37% 

PH-A-case1 0.1 94.55% 72.83% 12.61% 

PH-A-case2 0.2 94.34% 70.17% 25.16% 

PH-A-case3 0.3 94.32% 66.72% 37.73% 

PH-A-case4 0.4 94.23% 62.18% 50.25% 

PH-A-case5 0.5 94.28% 55.72% 62.86% 

PH-A-case6 0.6 94.15% 46.27% 75.32% 

PH-A-case7 0.7 93.64% 31.52% 87.39% 

PH-A-case8 0.75 92.50% 22.49% 92.50% 

PH-A-case9 0.8 90.31% 13.75% 96.33% 

PH-A-case10 0.9 82.89% 4.00% 99.47% 

PL-B-case1 0.1 92.60% 73.04% 12.35% 

PL-B-case2 0.2 92.03% 70.74% 24.54% 

PL-B-case3 0.3 91.66% 68.02% 36.52% 

PL-B-case4 0.4 90.34% 64.77% 48.18% 

PL-B-case5 0.5 89.01% 60.99% 59.34% 

PL-B-case6 0.6 87.39% 56.42% 69.91% 

PL-B-case7 0.7 85.16% 51.29% 79.48% 

PL-B-case8 0.75 83.79% 48.64% 83.79% 

PL-B-case9 0.8 82.23% 46.09% 87.71% 

PL-B-case10 0.9 78.76% 41.16% 94.51% 

PH-B-case1 0.1 96.96% 72.56% 12.93% 

PH-B-case2 0.2 96.20% 69.70% 25.65% 

PH-B-case3 0.3 95.00% 66.43% 38.00% 

PH-B-case4 0.4 93.33% 62.78% 49.77% 

PH-B-case5 0.5 90.96% 59.04% 60.64% 

PH-B-case6 0.6 87.80% 55.81% 70.24% 

PH-B-case7 0.7 84.19% 53.55% 78.58% 

PH-B-case8 0.75 82.40% 52.80% 82.40% 

PH-B-case9 0.8 80.68% 52.28% 86.06% 

PH-B-case10 0.9 77.57% 51.90% 93.08% 
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Figure 4-1 Predicted CH4 concentration in the heavy and light products (yH & yL) and separation constraint with 𝑦𝑦𝐹𝐹  =0.75. 

Feed location is at the middle point of the column.  

As shown in Figure 4-1, the two solid lines represent the separation limit calculated from the overall 

and component mass balance as a function of H/F ratio. Simulated results shown that methane could 

be enriched to high purity (higher yH) in the heavy product at a cost of more CH4 loss (higher yL) in the 

light product when H/F ratio is smaller than yF (H/F ratio < 0.75); or could be stripped to a low level 

(smaller yL) in the light product with a reduced CH4 purity in heavy product when H/F ratio is larger 

than yF (H/F ratio > 0.75). It is also worth noting that the best separation performance (two pure 

products) could only be achieved when the H/F ratio equates the mole fraction of CH4 (yF) in feed. 

Numerical simulation results (data points) in the figure show that the performance of PL-A and PH-A 

configurations traces the separation limit closely while that of PL-B and PH-B configurations deviates 

from the separation limit. On a general basis, the PL-A and PH-A results indicate that these two 

configurations are more likely to achieve separation goals, and for this work in particular, the “A” 

cycles seem to be more appropriate for the rejection of nitrogen from a methane rich mixture.  

The effect of heavy product flowrate (or H/F ratio) on product purity has been shown in figure 4-2: as 

heavy product flowrate decreased, heavy product purity increased. But when heavy product flowrate 

get smaller, more methane was lost with light product. Since the purpose of this work is to remove 

nitrogen from a CH4-rich feed mixture, methane loss shall be minimized thus product recovery is 

another important factor to be considered. Methane recovery could be defined by the following 

equation:  
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Methane recovery =𝑦𝑦𝐻𝐻∙𝐻𝐻
𝑦𝑦𝐹𝐹∙𝐹𝐹

× 100%                                                Equation 4-3 

The values for methane recovery are listed in table 4-1, and a Pareto plot of methane recovery versus 

methane purity in heavy product is shown in figure 4-2. 

 

Figure 4-2   Pareto plot of CH4 recovery/CH4 concentration in the heavy product 

The effect of H/F ratio on the relation between CH4 recovery and CH4 mole fraction in the heavy 

product (yH) for the four configurations is plotted Figure 4-2. Overall, the general correlation between 

CH4 recovery and yH for nitrogen rejection is similar to that of nitrogen purification discussed by May 

et al. [37]: CH4 recovery decreases and yH increases with the decrement of H/F ratio. In other words, 

yH is increased at the cost of CH4 recovery because less CH4 is obtained as heavy product and more 

CH4 is vented as light product. In addition, Figure 4-2 also shows some evident differences between 

“A” and “B” configurations. For “A” configurations, the H/F has a more distinct impact on yH than on 

CH4 recovery when H/F > 0.75; and a much less obvious influence on yH than on CH4 recovery when 

H/F < 0.75. For “B” configurations, both CH4 recovery and yH vary in a gradual way with the decrease 

of H/F ratios, and no sudden change occurs around H/F ratio of 0.75. With regard to separation 

performance, “A” cycles are superior to “B” cycles on an overall basis. Especially when H/F ratio is 

bigger than yH, “A” cycles have both higher yH and CH4 recovery than “B” cycles. But as H/F decreases, 

such a superiority is reduced as yH of “A” cycles drops fast. When H/F is very small (< 0.3), PH-B 

achieves a better purity than PH-A and is approximately the same as PL-A. Of all the four configurations, 

PL-A could achieve the highest methane product purity (yH > 97 mol %). However, CH4 recovery for 

these cases with purity higher than 97 mo % CH4 is prohibitively low with the highest recovery only at 
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65%, which is far less than a desirable recovery of 90%. PL-A configuration could achieve a separation 

performance with both yH and CH4 recovery at 93.33% when H/F ratio is 0.75.  

4.2 Effect of Step Duration  

Based on cycle definition, two step durations are involved in DR-PSA: step I/III duration for high 

pressure adsorption/low pressure regeneration, and step II/IV duration for pressure reverse. Step I/III 

duration is studied in this section to investigate its effect on separation performance.  

To assess the effect of step I/III duration on separation performance, feed mixture composed of 75 

mol% methane and 25 mol% nitrogen with PLA cycle was studied. H/F ratio is set at 0.75 equaling to 

heavy product composition in feed. Light reflux versus feed flowrate ratio (LR/F) is set at 3. A series of 

durations including 10s, 15s, 25s, 30s, 40s, 50s and 60s are involved in simulation. Simulations results 

are plotted as Figure 4-3.  

 

Figure 4-3 product purity change as a function of step I/III duration 

As shown in the figure, an optimum step duration exists for both heavy and light product purity when 

the time is increased from 10s to 60s. In the beginning stage, product purity is increased with the 

increase of step duration. But after a certain point, further increase in step duration caused a decline 

in product purity. That could be explained by the fact that a larger section of the adsorbent bed would 

be utilized with a longer step duration. However, increasing step duration also has its negative effect: 

during high pressure adsorption step, with a longer step duration, heavy reflux would penetrate into 

the column deeper. That means more heavy gas would penetrate into upper section of the column 
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and leaves from top side as light product. As a result, more CH4 breakthrough would happen. The 

positive effect (more adsorbent bed utilized) and negative effect (more CH4 breakthrough) compete 

with each other, causing an optimum step duration for N2 separation from CH4 in this scenario.  

4.3 Effect of Reflux Flowrate  

Reflux flowrate is another variable that is important in deciding the final separation performance. In 

this study, PLA cycle is used as the basic configuration. To assess the effect of light reflux flowrate on 

separation performance, feed mixture composed of 75 mol% methane and 25 mol% nitrogen with PLA 

cycle was studied. H/F ratio is set at 0.75 equaling to heavy product composition in feed. Step I/III 

duration is set at 60s. Light reflux flowrate represents in form of light reflux /feed flowrate ratio. A 

series of LR/F changing from 0.2 to 3 are involved in simulation and results are plotted as Figure 4-4.  

 

 

Figure 4-4 Heavy product purity change as a function of light reflux/F flowrate ratio 

As shown in Figure 4-4, a similar trend as that of step I/III duration was observed when changing light 

reflux flowrate. Methane composition in heavy product yH  first increases when light reflux/feed 

flowrate ratio was increased from 0.2 to 1, reaching a maximum value when the ratio is around 1~1.5. 

After that, methane composition declines gradually with a further increase of LR/F ratio. In the low 

pressure desorption step, light reflux gas works as a low pressure purge gas, which helps to remove 
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heavy component from the adsorbent bed. As a result, when light reflux flowrate is small, increasing 

the flowrate is beneficial for the desorption process. That explains why heavy product purity increases 

when LR/F is increased from 0.2 to 1. But with a larger light reflux flowrate, more light product get the 

opportunity of flowing through the adsorbent bed and leaves from bottom of the column. As a result, 

heavy product contains more light component and purity declines.  

4.4 Processing Capacity Ratio C  

In section 4.1-4.3, three variables are studied, i.e. product flowrate, reflux flowrate, and step duration. 

To quantify their effect on separation, the concept of processing capacity ratio was first introduced by 

Bhatt et al [32] for ideal separation and further developed by May et al [37] for practical gas separation 

with the following equations:  

ℂ = 𝑦𝑦𝐻𝐻∙𝑅𝑅𝐻𝐻∙𝜕𝜕𝐹𝐹𝐹𝐹
𝑛𝑛𝐴𝐴
𝑔𝑔𝑔𝑔𝑠𝑠+𝑛𝑛𝐴𝐴

𝑔𝑔𝑎𝑎𝑠𝑠 + 𝑦𝑦𝐹𝐹∙𝐹𝐹∙𝜕𝜕𝐹𝐹𝐹𝐹
(𝑛𝑛𝐴𝐴

𝑔𝑔𝑔𝑔𝑠𝑠+𝑛𝑛𝐴𝐴
𝑔𝑔𝑎𝑎𝑠𝑠)

   Equation 4-4 

𝑛𝑛𝐴𝐴
𝑔𝑔𝑚𝑚𝑠𝑠 = (𝑦𝑦𝐻𝐻 − 𝑦𝑦𝐻𝐻

′) �𝜕𝜕𝐻𝐻𝑉𝑉𝑏𝑏𝑏𝑏𝑎𝑎𝜀𝜀
𝑅𝑅𝑅𝑅

�    Equation 4-5 

𝑛𝑛𝐴𝐴𝑚𝑚𝑎𝑎𝑠𝑠 = 𝑚𝑚𝑚𝑚𝑎𝑎𝑠𝑠[𝑄𝑄𝐴𝐴(𝑒𝑒𝐻𝐻 ,𝑇𝑇,𝑦𝑦𝐻𝐻) − 𝑄𝑄𝐴𝐴(𝑒𝑒𝐻𝐻 ,𝑇𝑇,𝑦𝑦𝐻𝐻′ )] = 𝑚𝑚𝑚𝑚𝑎𝑎𝑠𝑠 ∙ ∆𝑄𝑄𝐴𝐴  Equation 4-6 

Here yH and yF are the CH4 mole fraction in the heavy product and feed, respectively; RH and F are the 

heavy reflux and feed flow rates, respectively; tFE is the feed/purge step time; PH is the high pressure, 

yH′  is the average CH4 mole fraction in the high pressure bed after the pressurisation step; Vbed is 

volume of the bed undergoing heavy reflux, ε is the bed void, R is the ideal gas constant, T is the bed 

temperature, mads is the mass of the adsorbent, and QA is the adsorbent capacity.  

According to its definition, ℂ could be affected by a number of variables. In this work, we mainly 

investigated the effect of heavy reflux flowrate (RH) and feed duration (tFE) on e ℂ factor. The effect of 

RH on separation performance was studied by adjusting the light reflux flowrate RL . RH was a free 

variable correlated to the specified RL with current simulation settings while the product flowrate and 

the feed flowrate were fixed. 4-5 shows the heavy and light product CH4 mole fraction plotted as a 

function of ℂ for the four configurations. As shown in Figure 4-5.b, there is an obvious ℂ value 

corresponding to the lowest yL value for each of the four configurations, with the ℂ value being around 

0.25 for PL-A and PH-A, 0.30 for PL-B and about 0.50 for PH-B cycle. Lower yL is beneficial because it 

means the loss of CH4 in the process is lower, resulting in higher CH4 recovery. Corresponding to the 

ℂ values for the lowest yL on Figure 4-5b, there are optimal yH values for each configuration as shown 

in Figure 4-5a although the variation of yH with ℂ value is not as evident as that of yL. It is interesting 
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to note from Figure 4-5 hat the ℂ values for the PH-B configuration are higher than those of the other 

three configurations. This was mainly caused by the much higher yL values achieved in the PH-B cycles, 

and can be further inferred from the CH4 mole fraction front shown in Figure 4-6.  

 

 

Figure 4-5 Heavy (a) and light (b) product CH4 mole fraction as a function of adsorption bed’s processing ratio ℂ  of the four 

cycles (PL-A/PH-A/PL-B/PH-B). Graph obtained by varying the RL/F ratio. Feed composition: 75 mol% CH4 +25 mol% N2. 

Feed location ZF=0.5. Feed duration is 60 s. 

Methane composition front within the column at the end of each step was further analyzed to 

understand the correlation between yH and C. As shown in figure 4-6(b) and 4-6(c), for “A” cycles, the 

lower 70% of the column was saturated with high methane composition (> 80 mol%) at the end of 

step II (counter-current pressurization), leaving only the upper 30% of the column available to process 
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the CH4 fed to the column in subsequent step III (high pressure adsorption). In comparison, for “B” 

cycles in Figure 4-6 b), methane mole fraction was much lower than that of “A” cycles in the lower 80% 

section at the end of step II, which seemingly indicates the bed would hold more methane in the 

adsorbents. But during the step following the adsorption step, i.e. blowdown step, methane will be 

pushed upward as nitrogen is driven to another column for pressurization. In that case, methane 

concentration front could not be too close to middle point of the column otherwise more methane 

breakthrough would happen in blowdown step. And as a result, still only a limited percentage of the 

bed could be used to adsorb methane in B cycles.   

   

(a) End of step I                                                                                (b) End of step II 

                          LP feed/light purge (PL cycles)                                          counter-current pressurization (“A” cycles)     

                          Light purge (PH cycles)                                                          co-current pressurization (“B” cycles)      

   

                      (c) End of step III                                                                            (d) End of step IV 
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                     HP heavy purge (PL cycles)                                                          counter-current blowdown (“A” cycles) 

                      HP heavy purge/HP feed (PH cycles)                                           co-current blowdown (“B” cycles)  

Figure 4-6  Simulated methane fraction profile within bed 1 at the end of each step (Step I: low pressure gas purge; Step II: 

pressurization; Step III: high pressure adsorption; Step IV: blowdown). All the four simulation cases are with the same 

operation condition: F=1.25 SLPM, feed duration=60s, pressurization/blowdown=60s, RL/F=2, H/F=yF=0.75. z=0 indicates 

bottom of the column, while z=1 indicates top of the column. 

The results of different step durations are plotted against ℂ as shown in Figure 4-7. The figure shows 

that both the optimum ℂ and the maximum yH varies with step durations: when step duration of step 

I/III is increased from 60 s to 90 s, the maximum yH decreased from 93.2% to 92.4% and the 

corresponding optimum ℂopt increased from 0.25 to 0.28. The increase of ℂ values could be explained 

by the fact that a larger section of the adsorbent bed was utilized with the extension of step duration. 

However, increasing step duration has its downside: during high pressure adsorption step, with a 

longer step duration, heavy reflux would penetrate into the column deeper. That means more CH4 

would penetrate into upper section of the column and leaves from top side as a loss in the light 

product. There is a trade-off between the positive effect (more adsorbent bed utilized) and negative 

effect (more CH4 breakthrough). In this scenario, the negative effect outweighs, which is reflected by 

a decreased methane concentration in heavy product.  
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Figure 4-7  Product purity change as a function of adsorption bed’s processing ratio ℂ  with different FE/PU step duration. 
Simulation prediction is based on PL-A model. Feed location ZF=0.5. Feed duration is 60s/75s/90s.The curve is obtained by 
increasing light reflux ratio (RL/F) as ℂ increases 

4.5 The Role of Pressure Transfer Step for “A” Cycles and “B” Cycles  

Figure 4-1 and Figure 4-2 have shown that “A” cycles generally perform better than “B” cycles in terms 

of product purity and recovery. Such different separation performances are mainly due to the 

direction of depressurisation in the column and the type of gas (heavy or light) used for column 

pressurisation as shown by the schematic in figure 4-8. For “A” cycles, heavy gas composed of large 

percentage of heavy component (in this work it is CH4, herby referred to as gas A), is transferred out 

from high pressure Bed 2 to low pressure Bed 1 from their bottom connection. For “B” cycles, light 

gas enriched with the light component (in this work it is N2, herby referred to as gas B), leaves the high 

pressure column Bed 2 and enters the low pressure column Bed 1 from the top connection. To further 

understand the reasons underneath the different separation performances, the gas phase CH4 molar 

fraction in the column during step II, i.e. the pressure transfer step, displayed in figure 4-10 is 

examined. 

Figure 4-9 (a) shows CH4 molar fraction profiles at the start and end of step II (pressurization step) 

within Bed 1 for PL-A and PH-A cycles. It can be seen that CH4 molar fraction increased over step II in 

the lower 80% section of the bed and decreased in the upper 20% of the bed, indicating the fact that 

CH4 in the heavy reflux introduced to Bed 1 was adsorbed in the lower part and N2 was pushed to the 

upper part. Hence, the following step III (adsorption step) could start with a more saturated bed (with 

more CH4) which ultimately leads to a higher purity CH4 product. On the other hand, figure 4-9(b) 

shows the CH4 molar fraction profiles at the start and end of step II (pressurization step) within Bed 1 
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for PL-B and PH-B cycles. The CH4 molar fraction decreased over step II in the lower 90% of the bed 

and increased in the upper 10% part, indicating the fact that CH4 in the lower part of the bed was 

diluted with N2 entering from the top of the bed. Therefore, the following step III (adsorption step) 

starts with a less saturated bed (with less CH4) which ultimately leads to a lower purity CH4 product.  
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(a) “A” cycles      (b) “B” cycles 

Figure 4-8 Schematic drawing of pressure transfer stage of different cycles 

 

(a) “A” cycles 
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(a)  “B” cycles 

Figure 4-9  Simulated methane mole fraction change during step II.  All the four simulation cases are with the same 
operation condition: F=1.25 SLPM, feed duration=60s, pressurization/blowdown=60s, RL/F=2, H/F = yF =0.75. Feed 
composition: 75% CH4 + 25% N2.  

4.6 Energy Consumption  

Energy consumed in DR PSA process is for the compression duty of the two compressors as shown in 

Figure 3-2. The compression work could be categorized into two parts: 1) compression work used to 

increase the pressure of heavy reflux before it flows into the high pressure column during step I/III, 

and 2) compression work used to increase the pressure of transferred gas during step II/IV from 

equalized pressure to high pressure. Calculations of compression work could be referred to previous 

papers [27, 38, 39]. 

Figure 4-10 shows the quantity of work required to process each mole of feed. When H/F ratio is less 

than feed fraction 0.75, the general sequence of energy consumption per unit mole of feed is PL-A>PL-

B>PH-A>PH-B. The energy consumption difference between PH and PL cycles lies in the characteristics 

of the cycle operations. In PH cycles high pressure feed enters into the column during high pressure 

adsorption stage, thereby the flowrate of heavy reflux required to return to the high pressure column 

is smaller than that of PL cycle. As a result, the flowrate of gas flowing through the compressor in PH 

cycles is smaller than that of PL cycles, leading to less energy consumption in PH cycles than in PL 

cycles. As for the difference between “A” and “B” cycles, during pressure transfer stage, more gas is 

required to pressurize the column in “A” cycles than that of “B” cycles.  That’s because the adsorbent 
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adsorbs more CH4 (heavy gas) than N2 (light gas) in pressure transfer stage. To reach the same pressure, 

more heavy gas would be required if heavy gas is used to transfer pressure between the two columns. 

When the H/F ratio is larger than the feed fraction of 0.75, the work consumption difference between 

PL-B and PH-A cycles diminishes and the consumption sequence changes to PL-A>PL-B≈PH-A>PH-B.  

 

Figure 4-10 Energy per mole feed processed kJ/mol 

In addition to the unit work per mole of feed gas, the amount of compression work required to capture 

each mole of methane from the feed mixture is considered as another important energy indicator as 

it take methane recovery into account. Unit work per mole of CH4 captured is calculated by dividing 

unit work with the amount of CH4 recovered in heavy product. As shown in figure 4-11, the unit work 

required to capture methane for all of the four curves decreased significantly with the increase of H/F 

when H/F ratio was smaller than 0.5. This could be explained by the fact that the unit work per mole 

of feed for each configuration is almost constant (figure 4-10) when changing H/F ratio, but the CH4 

recovery increases dramatically. When H/F ratios are within the range of 0.5 - 0.9, the compression 

work decreased gradually because CH4 recovery increases on a slow trend with the increase of H/F 

ratio. Overall, similar to what has been observed in unit work required to process each mole of feed 

gas, energy consumption sequence is PL-A>PL-B>PH-A>PH-B. In terms of configuration performance, 

calculation results show that PH cycles consume 18% more than PL cycles, and “A” cycles consumes 

7% more than “B” cycles.  
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Figure 4-11  Work consumption per mole of CH4 captured versus H/F ratio 

4.7 Adsorbent Productivity  

Adsorbent productivity is another indicator that is used to evaluate the performance of adsorption-

based separation processes. For a given separation, the size of the adsorbent bed is usually inversely 

proportional to the adsorbent productivity which is defined by the amount of product per unit amount 

of adsorbent per unit time [13] as shown in equation 16.  

𝑃𝑃𝑟𝑟𝑃𝑃𝑃𝑃𝑃𝑃𝑐𝑐𝑡𝑡𝑖𝑖𝑣𝑣𝑖𝑖𝑡𝑡𝑦𝑦 = 𝜕𝜕𝐹𝐹𝐹𝐹/𝐼𝐼𝑃𝑃∙𝑦𝑦𝐻𝐻∙𝐻𝐻
(𝜕𝜕𝐹𝐹𝐹𝐹/𝐼𝐼𝑃𝑃 +𝜕𝜕𝐼𝐼𝑃𝑃/𝐵𝐵𝐵𝐵)∙𝑚𝑚𝑔𝑔𝑎𝑎𝑠𝑠

     Equation 4-7 

Figure 4-12 shows the adsorbent productivity of the four configurations plotted as a function of H/F 

ratio. A nearly linear relationship between adsorbent productivity and H/F ratio has been observed. 

When H/F ratio increased, adsorbent productivity increased gradually. Simulation results also show 

that “A” cycles (solid lines) are generally more productive than “B” cycles (dash lines), which is 

consistent with previous studies of methane concentration and recovery as shown in figure 4-1 and 

figure 4-2. Especially when H/F ratio is larger than the value of feed composition 0.75, “A” cycles is 

around 9% more productive than “B” cycles on average. Compared with the obvious difference 

between “A” and “B” cycles, the differences between PH and PL were negligible.  
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Figure 4-12 Adsorbent productivity of different configurations as a function of H/F ratio. Feed flowrate=1.25 SLPM. Feed 
composition: 75 mol% CH4 + 25mol % N2. Light reflux flowrate: 2.5 SLPM. FE/PU duration=60 s. PR/BD duration=60 s. 
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5. Fixed Feed Location Study   

Based on the definition of DR-PSA, it combines enriching PSA and stripping PSA into an integral cycles 

by feeding gas mixture at an intermediate position. By analogy to distillation, the feed inlet position 

divides the column into two sections: the enriching section and the stripping section (as shown in 

Figure 5-1). As a result, feed inlet location is an important operating variable as it decides the length 

of each part and it is necessary to investigate the effect of feed location on separation performance.   

In this work, the effect of zF in the range of 0.1 to 0.9 was studied for the four DR PSA configurations 

via changing the length ratio and accordingly the number of nodes in each of the two sections 

composing one column. 
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Figure 5-1 DR-PSA: feed inlet position divides one column into enriching section and stripping section.  

 5.1 Fixed Feed Location Study of PLA 

To study the effect of feed location on PLA configuration, nine (9) locations were set in simulation, 

axial location ranging from 0.1 to 0.9. Product purity were plotted against axial location and the results 

are shown in Figure 5-1. Case 1-9 are used to name the 9 cases with case 1 represents the simulation 

with a dimensionless feed inlet position of 0.1, and so forth.  
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Figure 5-2 product purity change as feed Location for PLA configuration. Graph obtained by varying dimensionless  feed 
location from 0.1 to 0.9.  Feed composition: 75 mol% CH4 +25 mol% N2. Feed duration is 60 s. 

As shown in figure 5-1, product purity were comparatively stable when feed entering point changing 

from 0.1 to 0.3. With feed entering point moving further toward column top, product purity increased 

with a small slope. The CH4 purity reached at a maximum value when feed enters at the middle of the 

column. After that, product purity declined and the trend accelerated when feed location approaches 

the top of the column.  

To explain why such a trend happens, a sketch of PLA was drawn as shown in Figure 5-3. In PLA mode, 

during step I, i.e. the low pressure purge/feed stage, low pressure feed flows downward. During this 

stage, the bed goes through a desorption process. CH4 Concentration profile within the bed increases 

from up to bottom as the light reflux functions as a light purge gas and is beneficial for desorption. As 

a result, the top section has the lowest CH4 concentration as shown in figure 5-4. In the simulation 

scenario, feed gas contains 75%(mol) of CH4, which is a CH4-rich mixture. Owing to its high content of 

heavy gas, feed gas cannot play the role of light purge. Instead, the flowing area of the feed gas shall 

be reduced so it would not concentrate the fraction within the bed. The fraction profile shows no 

much difference when feed location changes from 0.1  to 0.5. But at the location of Zf=0.7, the bed 

fraction was concentrated from 0.4 to 0.52 under the effect of incoming feed gas. The same happens 

in the case of 0.8 and 0.9: both bed fraction were enhanced. That indicates the desorption effect of 

light purge gas was offset by introducing a CH4-rich feed gas which contains high concentration of CH4. 

This is also displayed by the final separation result:  no obvious difference was observed when feed 

location changes from 0.1 to 0.7, but after that there is an evident drop on both concentration of 

heavy product and light product.  
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Figure 5-3 Simplified Flow of PLA during step I 

 

Figure 5-4 CH4 fraction profile at the end of step I for PLA 

5.2 Fixed Feed Location Study of PLB 

To study the effect of feed location on PLB configuration, nine (9) locations were set in simulation, 

axial location ranging from 0.1 to 0.9. Product purity were plotted against axial location and the results 

are shown in Figure 5-4.  
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Figure 5-5 product purity change as feed Location for PLB configuration. Graph obtained by varying the RL/F ratio. Feed 
composition: 75 mol% CH4 +25 mol% N2. Feed duration is 60 s. 

As shown in Figure 5-5, product purity was not significantly changed when axial feed location is smaller 

than 0.7, indicating that when feed enters into the column from bottom section, minor change was 

observed in simulation. When feed enters into the column beyond 0.7, production concentration 

slightly decreased. Actually, the effect of feed location on PLA and PLB is similar: when feed location 

is below 0.7, no significant change has been observed. When feed enters column approaching the top, 

product purity declined. During step I, feed is supposed to function as a purge flow to enhance 

desorption. In this situation, feed shall enter into a point where methane composition in feed is lower 

than that of the bed, otherwise it cannot work as a purge gas. Figure 5-7 shows the fraction profile at 

the end of step IV (also referred to as the start of step I). It is observed that only the top 20~25% 

section has a methane fraction lower than feed composition. As a result, when feed enters into column 

within this section, methane moves from feed to bed driven by concentration difference. Such a 

methane component movement is opposite to desorption effect and as a result has a negative on final 

separation performance. That why we see a sudden increase in case 7 and case 9 in figure 5-6.  
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Figure 5-6 CH4 fraction profile at the end of step I for PLB 

 
Figure 5-7 CH4 fraction profile at the end of step IV for PLB 

5.3 Fixed Feed Location Study of PHA 

To study the effect of feed location on PHA configuration, nine (9) locations were set in simulation, 

axial location ranging from 0.1 to 0.9. Product purity were plotted against axial location and the 

results are shown in Figure 5-8.  
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Figure 5-8 Product purity change as feed Location for PHA configuration. Graph obtained by varying the RL/F ratio. Feed 
composition: 75 mol% CH4 +25 mol% N2.  Feed duration is 60 s. 

When feed location moves from 0.1 to 0.7, unnoticeable change in product purity has been observed 

in simulation which is displayed by a stable curve in Figure 5-8. After that, both purity experienced a 

large decline, with CH4 composition in heavy product dropping from 0.92 to 0.84 and N2 composition 

in light product dropping from 0.77 to 0.52.  

To explain why product purity drops fast after feed entering point moved beyond 0.7, a simplified 

schematic drawing of PHA configuration was shown as Figure 5-9. In PHA mode, high pressure feed 

enters into adsorption bed during step III, i.e. the HP purge/feed adsorption step, and HP feed flows 

upward under the pressure flow of heavy reflux from bottom. At the start of step III (also known as 

the end of step II), the fraction profile (Figure 5-10) shows only the upper section has a CH4 

concentration lower than 75%. To be more exact, the bottom 70% section has a concentration higher 

than 0.75. That means for a feed containing 75% CH4, the 70% bottom section is saturated and cannot 

adsorb CH4 from the feed mixture. Comparing figure 5-10 and 5-11, the conclusion is further verified 

as only the upper section beyond 70% of the column has an increase of CH4 fraction during step III.  

When feed enter under the point of 0.7,   it will goes upward and CH4 will always be absorbed by the 

upper section. That explains why no significant change has been observed when moving feed from 0.1 

to 0.7. Beyond the point of 0.7, feed gas enters into effective adsorption area. In this situation, the 

contact area between feed gas and adsorption bed shall be maximized for the sake of adsorption. 

When feed enters approaching the top of the column, contact area is gradually reduced. As a result, 

separation performance is damaged which is indicated by a decreased product concentration.  
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Figure 5-9 Simplified Flow of PHA during step III 

 

Figure 5-10 CH4 fraction profile at the end of step II for PHA 
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Figure 5-11 CH4 fraction profile at the end of step III for PHA 

5.4 Fixed Feed Location Study of PHB 

To study the effect of feed location on PHA configuration, nine (9) locations were set in simulation, 

axial location ranging from 0.1 to 0.9. Product purity were plotted against axial location and the 

results are shown in Figure 5-12.  

 

Figure 5-12 product purity change as feed Location for PHB configuration. Graph obtained by varying the RL/F ratio. Feed 
composition: 75 mol% CH4 +25 mol% N2. Feed location ZF=0.5. Feed duration is 60 s. 
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As shown in the above figure, a gradual decline of product purity has been observed when feed 

location changes from bottom to top of column. Product purity reached a maximum value when 

dimensionless feed location is 0, which indicates that feed enters at the bottom of column.  

Similar to what is shown in the schematic drawing Figure 5-8, in PHB mode, high pressure feed enters 

into adsorption bed during step III, i.e. the HP purge/feed adsorption step, and HP feed flows upward 

under the pressure flow of heavy reflux from bottom. Unlike PHA cycles, where at the beginning of 

step III i.e. the adsorption stage, the bottom section of the bed is already saturated. In PHB mode, at 

the start of step III (also known as the end of step II, as shown by the figure 5-13), the fraction profile 

within the whole bed shows below 0.75, indicating the whole bed is unsaturated and can adsorb CH4 

from the feed gas. In that case, to maximize the contact area between feed gas and adsorption bed, 

the feed shall enters from the bottom so when it flow upward, it will get the maximum adsorption 

area. That explains why product concentration decreases when feed location moves from bottom to 

top of column.    

 
Figure 5-13 CH4 fraction profile at the end of step II for PHB 
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Figure 5-14 CH4 fraction profile at the end of step III for PHB 

5.5 Static Feed Location Study Summary  

Feed location studies of the four configurations are summarised in Figure 5-15 to show it clearly. For 

PL-A and PH-A cycles, the increase in yH and decrease in yL were almost unnoticeable when feed 

location was changed from 0.1 to 0.7, but there was an evident drop in yH (from 0.924 at zF= 0.7 to 

0.867 at zF=0.9) and a drastic increase in yL (from 0.229 at zF= 0.7 to 0.349 at zF=0.9) when zF was 

increased beyond 0.7. For PL-B cycle, there were negligible changes in yH (ΔyH = - 0.009) and yL (ΔyL = 

+ 0.028) when zF varied from 0.1 to 0.9. For PH-B cycle, there was an overall decreasing trend for yH 

and increasing trend for yL in the zF range of 0.1 to 0.9, however the magnitude of change in both yH 

and yL differed before and after zF = 0.5: yH and yL were more sensitive to zF when the feed position 

was lower than 0.5, and less affected by the feed position when zF was higher than 0.5. The impact by 

varying the feed locations on each configuration originated from the different CH4 mole fraction 

profiles in the column at relevant steps. Figure 5-16 shows, as an example, the gas phase CH4 mole 

fraction at the beginning of the feed step (Figure 5-16.a) and the purge step (Figure 5-16.b) for the PL-

A configuration. Figure 5-16.a shows that for feed location of 0.1 and 0.5, CH4 profiles are almost 

overlapping with each other while that of the case of feed location 0.9 is lower in the entire bed except 

for the very top 5% of the bed. The differences in these CH4 profiles led to the variations in the yH 

(essentially the averaged CH4 mole fraction in the feed step) among the three feed locations. Figure 

5-16.b shows that for feed location of 0.1 and 0.5,  the CH4 profiles are close to each other while that 

of the case of feed location  0.9 is lower in the bottom 75% of the bed but higher in the top 25%. 

Therefore, during the purge step, higher yL is formed in light product when feed location is 0.9 which 

is not beneficial for CH4 recovery.  
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Figure 5-15 Influence of the feed location zF on the a) heavy product (yH) and b) light (yL) CH4 mole fraction for PL-A, PH-A, 
PL-B, and PH-B cycles at constant H/F = 0.75, RL = 2 SLPM and tF = 60 s. zF increases from the heavy product end to the light 

product end. 
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Figure 5-16 CH4 mole fraction profile in the gas phase of the bed a) at the beginning of the feed (low pressure desorption) 
step and b) at the beginning of the purge (high pressure adsorption) step for the PL-A configuration. The vertical dashed 

lines represent the feed locations at zF= 0.1, 0.5 and 0.9, respectively. 

5.6 Combination Effect of Feed Inlet Location and Step Duration  

In equation 4-4, three variables have been involved in affecting the value of processing capacity ratio 

C: reflux flowrate, step duration, and feed location.  In previous sections, only one variable is changed 

at a time to see the effect on separation performance. In this section, two variables, i.e. feed inlet 

position and step duration are combined to see how product purity is changed. Three step durations, 

i.e. 50s, 60s, and 70s are investigated with dimensionless feed inlet location changing from 0.1 to 0.9. 

As shown in figure 5-15, three curves are plotted with CH4 concentration in heavy product (yH)against 
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dimensionless feed inlet position. CH4 concentration in light product results (yL)are plotted in figure 5-

16.   

Overall, both yH and yL change in a similar trend when feed location changes. An optimum feed inlet 

position exists on each curve. When dimensionless feed location is around the bottom of column, yH 

increases as feed inlet moves upwards. Methane concentration in heavy product yH arrives at a 

maximum value when dimensionless feed inlet is around the value 0.5, while methane concentration 

in light product is around the minimum value.  

On another aspect, yH and yL change differently under different step durations. As shown in figure 5-

17 a), with an increase in step duration, methane concentration decreases in heavy product. Under 

the same feed inlet position, the curve with step duration of 50s is above the other two curves, 

indicating a largest CH4 concentration. But the trend is different in figure 5-17 b): the curve with step 

duration at 60s is below the other two curves meaning it has the minimum methane escaping into 

light product. During low pressure feed purging step, light reflux with a low percentage of CH4 returns 

to the column working as a purging gas. Longer step duration indicates more light reflux would 

penetrates into the column and more light components leaves the low pressure column from bottom 

with heavy product. As a result, heavy product purity is compromised. On the other column, longer 

step duration indicates more heavy reflux would penetrated into the column. But in this process, 

heavy reflux is first adsorbed by adsorbents in high pressure column. Thereby when step duration 

increased from 50s to 60s, adsorption step is prolonged and more CH4 from heavy reflux is adsorbed 

by adsorbents. As a result less methane escapes into light product. That explains why yL of step 

duration 60s is smaller than that of 50s. When step duration further increased, adsorbents in the 

column becomes saturated and cannot adsorb CH4 any further. More CH4 leaves the column from top 

and escapes into light product.  
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Figure 5-17 CH4 fraction in heavy product (a) and light product (b) changing as feed inlet position and step duration. Graph 
obtained by varying the dimensionless feed location and step I/III duration. Feed composition: 75 mol% CH4 +25 mol% N2. 

Step duration=50s/60s/70s.Dimensionless feed location ranged 0.1-0.9. 

5.7 Combination of Feed Inlet Location and Light Reflux Flowrate 

In this section, light reflux flowrate and dimensionless feed inlet position are investigated to see how 

these two variables could simultaneously affect methane concentration in heavy product and light 

product. Simulations are performed with fixed feed flowrate and heavy product flowrate. Light reflux 

/feed flowrate ratio is changed as 0.5, 1, 1.5, 2 and 3, while dimensionless feed inlet location is ranged 

between 0.1-0.9.  Methane concentration in heavy product and light product is respectively plotted 

as figure 5-18a) and figure 5-18b). It is interesting to note between the two curves which respectively 

has the lowest and highest light reflux flowrate, i.e. the curve with LR=0.5 and the curve with LR=3.  In 
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Figure 5-18a, when LR/F flowrate ratio is 0.5, the optimum dimensionless feed inlet location zF 

corresponding to the maximum yH is around 0.7. When LR/F flowrate ratio increases to the value of 3, 

the optimum dimensionless feed inlet is 0.1. Similar trend is also displayed in Figure 5-18b: on the 

curve of LR=0.5, the optimum feed inlet corresponding to the minimum yL is located at zF=0.7. When 

light reflux flowrate increases to the value of LR/F=3, the optimum feed inlet is located at zF =0.1.  The 

results show that the optimum feed inlet position decreases with the increase of reflux ratio. Figure 

5-18a implies that the optimal values of dimensionless feed inlet and light reflux flowrate ratio 

corresponding to a highest methane concentration in heavy product (figure 5-18a)  and lowest 

methane concentration in light product (figure 5-18b)  is around zF=0.6 and LR=1 and 1.5. In the 

optimal case, the feed mixture containing 75% methane and 25% nitrogen, is enriched to 93.2% in 

heavy product and diluted to 20.4% in light product with a reasonable methane recovery of 93.2%.  
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Figure 5-18 CH4 fraction in heavy product (a) and light product (b) changing as feed inlet position and light reflux flowrate. 
Graph obtained by varying the dimensionless feed location and light reflux flow rate. Feed composition: 75 mol% CH4 +25 

mol% N2. Step duration=60s. Dimensionless feed location ranged 0.1-0.9. 
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6. Multiple Feed location Study for PLA 

Previous studies [6, 45] tend to believe an analogy between adsorption and distillation. Similar to 

solute concentration distribution in distillation, a gas concentration profile is built from top to bottom 

of the column. To improve process performance, the introduction of feed mixture shall not cause a 

sudden change in gas concentration distribution within the column. From this point of view, the 

optimum feed location for nitrogen rejection from methane should be the position where methane 

composition in feed mixtures is close to or equals to methane composition in gas phase within the 

column.  

6.1 Determination of Concentration Intersection Point 

In chapter 5, static feed location study was performed for the four configurations. Feed gas was 

provided from a different inlet position while all the other variables are kept constant. However, the 

special of adsorption process lies in the fact that gas concentration distribution is dynamic. Gas 

concentration at different position changes with time. To understand that more clearly, a methane 

fraction change profile during feeding step for PLA with a static feed location of 0.8 is plotted as shown 

in Figure 6-1. The six solid curves in the figure indicates the six methane fraction profiles within the 

adsorption column at the time point of 10s, 20s, 30s, 40s, 50s and 60s. The dash line represents a 

methane fraction of 75% mol, which is actually the methane concentration in feed mixture. From the 

figure, it is obviously observed that the position where methane concentration within the column is 

75% moves from top to bottom during the feeding step. As a result, to make sure no sudden change 

in methane concentration happens, feed location shall changes accordingly with gas concentration 

distribution for the purpose of a smooth concentration profile.  

To find those ‘concentration matching point’ in a more exact way, more studies were performed with 

two other feed inlet locations: feed inlet location of 0.2 and 0.5. Methane concentration profiles are 

respectively plotted as Figure 6-2 and 6-3. In those figures, the intersection points, where the dash 

line intersects with the curves, are the ‘concentration matching points’ for optimum feed location. 

With the three figures in reference, axial position of potential optimum feed position id finalized as 

shown in Table 6-1.  
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Figure 6-1 Methane fraction change during feed stage when feed location Zf=0.8 

 

Figure 6-2 Methane fraction change during feed stage when feed location Zf=0.5 
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Figure 6-3 Methane fraction change during feed stage when feed location Zf=0.2 
 

Table 6-1 Axial position of potential optimum feed location during the feeding step  

Time  
Axial position at 
intersection point 

0s 0.9 
10s 0.8 
20s 0.7 
30s 0.5 
40s 0.4 
50s 0.2 

 

6.2 PLA Simulation with Multiple Feed Inlet Position  

In this section, multiple feed inlet position simulation is performed on PLA configuration to see its 

effect on separation performance. Nine (9) cases are studied in total. To see whether dynamic feed 

location has an effect on final performance, more options are studied: two feed locations, three feed 

locations, and six feed locations are respectively investigated. Feed entering points at different time 

points are determined based on the intersection point mentioned in Table 6-1. Simulation results of 

the nine cases are tabulated as Table 6-2. The results are also plotted as Figure 6-4. As a reference, 

the optimum result of static feed location study (with a dimensionless feed location of 0.5) was also 

indicated in the figure.  
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Table 6-2 Simulations results summary of multiple feed locations of DR-PLA 

  Dimensionless 
Feed location 

corrected  
yH  

corrected 
yL 

corrected  1-
yL 

corrected 
CH4 
Recovery 

Case 1 0S: 0.5 
30s: 0.3 

92.37% 22.89% 77.11% 92.37% 

Case 2 0s: 0.7 
30s: 0.5 

92.77% 21.68% 78.32% 92.77% 

Case 3 0s: 0.8 
30s: 0.4 

92.82% 21.54% 78.46% 92.82% 

Case 4 0s: 0.8 
20s: 0.6 
40s: 0.4 

93.24% 20.29% 79.71% 93.24% 

Case 5 0s: 0.5 
20s: 0.3 
40s: 0.1 

92.86% 21.43% 78.57% 92.86% 

case 6 0s: 0.5 
20s: 0.3 
40s: 0.2 

92.88% 21.37% 78.63% 92.88% 

Case 7 0s: 0.4 
20s: 0.3 
40s: 0.2 

92.72% 21.85% 78.15% 92.72% 

Case 8 0s: 0.4 
20s: 0.3 
40s: 0.1 

93.33% 20.00% 80.00% 93.33% 

Case 9   0s: 0.9 
10s: 0.8 
20s: 0.7 
30s: 0.5 
40s: 0.4 
50s: 0.2 

92.92% 21.23% 78.77% 92.92% 

case 10  0.5 92.39% 22.84% 77.16% 92.39% 
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Figure 6-4 Results summary of multiple feed location study for DR-PLA 

As shown in figure 6-4, compared with the optimum static feed location (case 10), simulations of 

multiple location generally generate a higher methane concentration in heavy product. The best result 

is obtained from case 8 with dimensionless feed inlet position changing as 0.4 at the start, 0.3 at the 

time of 20s, and 0.1 at the time of 40s. In this case, methane concentration in heavy product is 93.33%. 

Simulation result imply that moving feed location at different stage do improve separation 

performance to some extent. But the improvement is limited with only 1% increase from the static 

feed location data.   

 

Figure 6-5 Methane fraction change during feed stage with 3 feed locations (case 4) 
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Figure 6-6 Methane fraction change during feed stage with 6 feed locations (case 9) 

Figure 6-5 and figure 6-6 respectively shows methane fraction profile of two cases: case 4 with two 

feed inlet positions and case 9 with six feed inlet positions. Six curves were generated based on 

simulation data, each indicating methane fraction at a certain time point. Comparing the fraction 

profiles of the two cases, we can get a conclusion that no obvious difference has been observed 

between fraction profiles of the two cases. This is also further proved by the final separation result: 

with 93.24% yL in case 4 and 92.92% yL in case 9.  

With six feeding locations in case 9, it is expected to achieve a more matching curve between gas 

phase concentration with the column and gas concentration in feed. But simulation data do not 

support that expectation. The reason is that each movement in feed inlet position actually introduced 

vibration at the same time, as each time the surrounding concentration distribution would be 

disturbed and takes time to come to stable distribution. As a result, unlike what we have expected 

before, in PLA configuration, more feed inlet locations do not indicate a better concentration 

distribution, thereby not a better separation performance generated accordingly.   
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7.  Conclusions and Recommended Future Research Work  

7.1 Conclusions  

This research studied N2 rejection from a CH4 rich feed mixture with dual reflux pressure swing 

adsorption process from the aspect of numerical model. Model construction, validation, and 

optimization has been incorporated and  parametric study performed with feed mixture composed of 

75% CH4 and 25% N2. The potential of using DR-PSA to remove nitrogen from methane has been 

proved with a promising result. To achieve this, the following progress has been made in this work:  

• A literature review of methane and nitrogen separation technology was performed. Most 

viable technology for nitrogen rejection have been summarized. Their drawbacks and benefits 

were discussed in details. A promising process, dual reflux pressure swing adsorption (DR-PSA) 

was introduced and shown great potential in obtaining both products with high purity. An up-

to-date literature review of DR-PSA development in modelling and experiments was 

summarized.  

 

• A non-isothermal numerical model was built on a commercial software to study separation 

between nitrogen and methane. The model is capable of simulating all the four different 

configurations of DR-PSA. By changing the length and nodes of adsorption beds, the model 

could also be used to study the effect of feed inlet position on separation. A benchmark 

between experimental data and simulation data was performed and good agreement has 

been achieved.  

 
 

• Parametric study of nitrogen rejection from methane with a fixed feed location was 

performed. Variables including product flowrate, step duration and reflux flowrate were 

studied to investigate its effect on separation performance. Heavy product flowrate was 

chosen as the variable in product flowrate study. Methane recovery and purity changed in 

different direction when changing heavy product flow rate: with a decrease of heavy product 

flowrate, methane recovery declined and methane concentration in heavy product increased. 

Step I/III duration was adjusted to observe its effect on separation. An optimum step duration 

has been shown by simulation, which means product purity first increased with the increase 

of step duration and then declined after reaching a maximum point. Light reflux flowrate was 

set as the variable in simulation. Similar to step duration, an optimum light reflux flowrate has 

been observed. The process capacity ratio C developed in previous paper was further studied 



73 
 

with the case of nitrogen rejection. It is found that an optimum C corresponding to a highest 

yL exists for the four configurations. Energy consumption of the four configurations was then 

studied and it is calculated that PH cycles consumed 18% more than PL cycles while ‘A’ cycles 

consumed 7% more than ‘B’ cycles.  

 

• Fixed feed location study was performed for the four DR-PSA configurations. Combined effect 

of feed inlet location and step duration, and combined effect of feed inlet location and light 

reflux flowrate were also performed studied. When only feed location was changed,  study 

results could be summarized as follows: For PL-A and PH-A cycles, the increase in yH and 

decrease in yL were not obvious when feed location was changed from 0.1 to 0.7, but there 

was an evident drop in yH (from 0.924 at zF= 0.7 to 0.867 at zF=0.9) and a drastic increase in yL 

(from 0.229 at zF= 0.7 to 0.349 at zF=0.9) when zF was increased beyond 0.7. For PL-B cycle, 

there were negligible changes in yH (ΔyH = - 0.009) and yL (ΔyL = + 0.028) when zF varied from 

0.1 to 0.9. For PH-B cycle, there was an overall decreasing trend for yH and increasing trend 

for yL in the zF range of 0.1 to 0.9, however the magnitude of change in both yH and yL differed 

before and after zF = 0.5: yH and yL were more sensitive to zF when the feed position was lower 

than 0.5, and less affected by the feed position when zF was higher than 0.5. When feed 

location and reflux flowrate were combined in study, it is found the optimum feed inlet 

position decreases with the increase of reflux ratio. In the optimal case, the feed mixture is 

enriched to 93.2% in heavy product and diluted to 20.4% in light product with a reasonable 

methane recovery of 93.2%.  

 

• Multiple feed location study of PLA was performed to see if moving feed inlet position will 

improve separation performance. Simulation result implies that moving feed location at 

different stage do improve separation performance to some extent. But the improvement is 

very limited and as a result multiple feed location is not recommended in DR-PSA process.    

7.2 Recommended Future Research Work  

Future research of DR-PSA could be categorised into several different aspects:  

First, owing to time limit and length limit of this thesis, in Chapter 6, multiple feed location study only 

include results of PLA configurations.  In the future multiple feed location study could be performed 

for all the three configurations. In addition to that, validation between experiment and simulation for 

feed location study could also be carried. In Chapter 5, static feed location study was performed with 

feed mixture composed of 75% CH4 and 25% N2. Simulations identified the existence of an optimum 
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feed location under different step durations and different light reflux flowrates. In Future, research 

could be expanded to feed mixture with other compositions, such as a N2-rich feed mixture.  

Secondly, in this project, Norit RB3 was used as the adsorbent. The adsorbent is CH4 equilibrium 

selective, and the separation between two gases mainly utilizes the difference in equilibrium capacity. 

The DR-PSA numerical model could use another type of adsorbent, i.e. kinetically selective adsorbent 

to study nitrogen rejection. As simulations are low in cost, it could be used in more options, with 

different adsorbents to study their performance in separating nitrogen and methane.  

Besides different choices of adsorbent, more options are available for industrial applications. DR-PSA 

process has shown its advantage over conventional process with the scenario of N2 and CH4 separation. 

It can also be developed for other applications, like CO2 and CH4 separation which is common in carbon 

capture and biogas upgrade.  

Another study focus could be the DR-PSA modification in temperature swing adsorption. The material 

trap door zeolite suggested by Shang et al [46] provides a large temperature difference of 50 ̊ C , which 

is promising for a temperature swing process. The numerical model developed in this project could be 

modified to incorporate heat input/output into the model and adjusted for DR-TSA process. 

Besides those, all the simulation and experimental work involved in this paper is based on binary 

mixture of N2 and CH4. Further study with a focus on real natural gas including water and other 

hydrocarbons should be conducted in the future.  
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