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Abstract 

Raw natural gas is composed of several hydrocarbons, incombustible gases, such as nitrogen and helium, 

and impurities. While all the impurities are typically rejected at the beginning of the process, the removals 

of the two inert gases are postponed to last steps, where almost all the hydrocarbons except methane are 

already produced in an NGL recovery unit. Hence, NGL recovery, nitrogen removal and helium extraction 

steps are counted the most downstream units of the entire gas processing plant. This study investigates an 

integrated design and optimization of the three processes. In this paper, a novel process configuration, for 

co-production of sales gas, NGL and crude helium, is introduced. For this purpose, first we investigate and 

propose an efficient design to embed the helium extraction unit into a single-column nitrogen removal 

process. The proposed configuration is extended to an integrated process structure which combines nitrogen 

removal, NGL recovery and helium extraction units. The design reduces significantly the quantity of 

equipment as eliminating the need for the open refrigeration cycle and propane pre-cooling systems in NGL 

plants. High ethane and helium recovery, high nitrogen removal rate for different ranges of nitrogen, as 

well as the crude helium with high purity, are the outstanding potentials of the novel process. We finally 

optimize the key process parameters using the particle swarm optimization method to guarantee the 

minimum required work and present the economic evaluation of the new developed process. 

Keywords— natural gas liquids recovery, helium Extraction, nitrogen removal, process integration and 

optimization, particle swarm optimization, meta-heuristic methods 

1 Introduction 

Natural Gas (NG) is a widely used source/form of energy. It is clean and emits less CO2 than any other 

fossil fuel, and is less debatable than nuclear energy. Industry, residences, electricity generation, 

transportation and commercial buildings are the primary consuming sectors of NG. Depending on the mode 

of transportation to the end-users, NG can be called Pipeline Natural Gas (PNG) or Liquefied Natural Gas 

(LNG). 

NG, which is composed primarily of methane, is produced over eras in deep underground rock formations. 

It may also contain heavier hydrocarbon species, such as ethane, propane, butane, and pentane, which are 

more lucrative due to higher calorific values. These heavier compounds are commonly recovered as a by-

product known as Natural Gas Liquids (NGLs), and marketed at higher prices. Various standalone 

technologies have been employed for Natural Gas Liquids Recovery (NGLR) such as lean oil absorption, 

dew-pointing by Joule-Thomson cooling (or refrigeration for low-pressure feed gas) and turbo-expansion-

based distillation. Due to its high energy efficiency and better ethane-recovery capability a turbo-expansion-

based design is commonly used in the industry [1].  
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Figure 1 A turbo-expander-based process for NGLRU 

While several turbo-expander-based configurations exist, such as the scheme in Figure 1, the most advanced 

ones have two points in common [2-4]. First, the vapor portion of the pre-cooled inlet gas is expanded to 

produce power. Secondly, as shown in the figure, the overhead product from the demethanizer column 

(using an open refrigeration cycle) is partly recycled back as a reflux into the column. This reflux enhances 

NGL recovery. Furthermore, one external propane refrigeration cycle is used to pre-cool the column feed. 

Inadequate ethane recovery for highly and moderate rich feed gases [5] and expensive equipment for the 

refrigeration cycles along with their irreversibilities are the shortcomings of the turbo-expander process. 

Thus, a new design has been developed for LNG production in the literature to eliminate these drawbacks, 

In this LNG-based integrated NGL process, the refrigeration cycle for the LNG production is also used to 

cool the reflux from the demethanizer overheads. It is obvious that this process is not applicable for PNG 

plants [6-9]. It should be noted that the utilization of one refrigeration cycle, which provides the reflux 

cooling requirement, can improve the process performance; however, the capital cost is prohibitive. 

Raw NG often has other impurities such as water vapor, carbon dioxide, hydrogen sulfide, nitrogen, and 

helium. In addition to reducing NG-product quality, these impurities can also cause considerable equipment 

degradation.  Hence, they must be treated and removed prior to NG export. Of these, nitrogen and helium 

typically occur together in NG reserves [10-13]. This is why a Helium Extraction Unit (HeXU) is usually 

an integral part of a Nitrogen Removal Unit (NRU). Their integration increases energy efficiency. However, 

in contrast to nitrogen, which usually has no product value, a lucrative market has developed and is also 

projected for Helium due to its scarcity.  

The NRU processes can be classified into two main categories: LNG-based integrated and standalone. The 

former, as discussed before, is useful for LNG plants with low nitrogen content (< 5 mol%) in the feed gas. 

This built-in NRU guarantees the LNG product’s nitrogen specification (<1 mole %). However, the process 

cannot be used for higher nitrogen contents, since it reduces NG liquefaction efficiency due to its extra 

demand for refrigeration and also wastes a high amount of LNG into the nitrogen-rich fuel gas. The previous 
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literature and patents have discussed much the integration of LNG plants with NRU and HeXU [14-16]. 

However, their utility is limited to LNG plants with low-nitrogen NG. 

A standalone NRU may employ single-column or multi-column processes [17-19]. The latter consume 

slightly lower energy compared to the former (Section 4); however, they require more equipment and a 

high inlet pressure [19]. In contrast, the single-column process, as depicted in Figure 2, is aided by one 

external refrigeration cycle, which makes it very flexible for a wide range of nitrogen contents and feed 

pressures and also creates a unique opportunity for process integration with NGLRU. This integrated design 

can provide the reflux for the demethanizer column in NGLRU and consequently remove the need for an 

open recycle system. Another advantage is the elimination of the propane pre-cooling cycle which is 

installed to pre-cool the inlet gas into the NGL unit. However, its one disadvantage is that an HeXU cannot 

be embedded as an integral part [18, 19].  

 

Figure 2 Conventional single-column NRU flowsheet 

Figure 3 summarizes all the steps in gas processing. After preconditioning the feed by the removal of all 

the impurities, the dry gas is routed to NGLRU, NRU and HeXU respectively. Helium is marketed in two 

specifications: crude helium and purified helium with the purity of 50-70 mol%  and >99.99 mol%, 

respectively. As mentioned earlier, NG with high nitrogen might also bear a viable amount of helium for 

production, making typically an HeXU as an indispensable part of the NRU. The dash rectangular confines 

the scope of this paper. It should be noted that the current study is applicable for gas processing plants 

which need a standalone NRU due to high nitrogen content.  
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Figure 3 An overview of gas conditioning and processing steps 

This study aims to propose and study a novel integrated configuration for NRU, HeXU, and NGLRU. We 

evaluate the suitability of a single-column configuration for helium extraction and then propose a new 

efficient design for integrating the single-column NRU process with HeXU. Then, we extend this process 

to an integrated NRU-HeXU-NGLRU system. Our novel integrated system eliminates the needs for an open 

refrigeration cycle and propane pre-cooling in NGLRU. The process is later optimized using the particle 

swarm optimization (PSO) method [20] for different feed compositions to guarantee minimum work for 

given product and recovery/purity specifications. This article also analyzes the process economics to show 

good profitability for the proposed scheme. 

2 Integrated Single-Column NRU and HeXU 

This section is intended to present a design in which an HeXU is fully integrated within a single-column 

NRU. According to the literature [18, 19], one drawback of the single-column NRU is that it is not suitable 

for helium extraction as they tried to extract helium downstream of NRU where nitrogen has a low pressure 

(the nitrogen product in Figure 2). However, in this study, the appropriate placement of the HeXU is found 

to be downstream of the nitrogen column. Figure 4 illustrates the integrated design of the NRU and HeXU. 

T-101 removes nitrogen and helium from the sales gas and the crude helium is extracted in T-201 with 

more than 99% recovery rate. In this design, the feed to the HeXU (SN-201) can be cooled down to very 

low temperatures using SN-206. This cold stream (mostly pure nitrogen) can be expanded to near 

atmospheric pressure and provide about 77.15 K cooling temperature.  

It is notable that the new embedded HeXU has the outstanding advantage of high purity over the one used 

in multi-column NRU schemes (see the corresponding design in [18]). In the latter, the HeXU feed cooling 

is provided by the evaporation of the sales gas product (from the low-pressure column) of which the 

minimum evaporation temperature is 103.65 K. This temperature is calculated based on the common sales 

gas specification (nitrogen content of 3 mole %) and the lowest possible pressure (101.3 kPa) in the low-

pressure column. This limitation on the minimum HeXU feed temperature leads to crude helium with low 

purity. 

In this design, the helium crude is delivered with more than 60 mole% helium at pressures more than 750 

kPa. The rejected nitrogen in the HeXU is pumped (P-201) to a higher pressure that is later used to produce 

power in E-101 and provide some cooling in MSHE-101.  

This scheme shows one external methane refrigeration cycle which supplies the deficit cooling requirement.  

In this investigation, it is revealed that when the nitrogen content in the feed is less than 30 mole%, the 

sales gas pressure can remove the need for refrigeration. In fact, the sales gas expansion into two different 

pressures (instead of one single pressure in the conventional design) within VL-102 and VL-103 provides 

the cooling requirement for both reflux condensation and some portion of the NRU feed pre-cooling; 
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therefore the need for external refrigeration can be removed. The rest of the feed gas pre-cooling 

requirement is provided by the column boil-up stream and nitrogen product cooling energy.  

It is noteworthy that for higher nitrogen contents, the sales gas should be throttled to one single pressure 

while the generated cooling energy is only dedicated to the feed gas pre-cooling. In this case, the 

refrigeration cycle is responsible for the reflux cooling need. Moreover, the boil-up stream is used to cool 

not only the refrigerant (SN-122) (similar to the conventional design) but also a portion of the feed gas. 

 

Figure 4 Integrated Single-Column NRU and HeXU process flowsheet 

3 Integrated NGLRU, NRU and HeXU 

Figure 5 shows the proposed process design for integrated NGLRU, NRU and HeXU scheme. Compared 

to the conventional NGLRU, the feed to this unit is cooled down in MSHE-201 instead of an external 
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propane refrigeration. After the two-phase separator (V-101), the vapor phase and liquid phase are 

expanded in a turboexpander and throttling valve respectively. NGLs is recovered in the demethanizer 

column and transferred to the fractionation unit for further separation. The lean NG overhead product is 

routed to the NRU.  

 

As mentioned earlier, utilization of heat exchange to provide the reflux for T-101 (instead of an open 

refrigeration cycle in the conventional design) results in higher ethane recovery and a better control of the 

product component. Depending on the feed composition and pressure difference between the two columns 

(T-101 and T-201), the cooling requirement of the demethanizer reflux is provided by sales gas product 

(SN-216) or the single-column boil-up stream (SN-219).  

One portion of the sales gas product (SN-217) is pressurized in P-201, then evaporated in MSHE-201 to 

produce power and cooling when expanded into the product pressure in E-202. However, in some cases, 

the whole sales gas is expanded in VL-202 and the SN-217 branch is idle. The rest of the process is similar 

to Figure 4 except the refrigeration component.  

The refrigerant is a two-component fluid which contains methane and nitrogen. The reason for the nitrogen 

component is because of the low-temperature requirement for condensing SN-204 when T-201 is required 

to operate at low pressures and pure methane after expansion (SN-226) cannot meet the reflux condensation 

temperature even at the atmospheric pressure. 

It should be noted that since the external refrigeration cycle is employed in this design, the additional sales 

gas branch SN-110 in Figure 4 is not required. In fact, this branch is replaced with SN-217 in Figure 5 due 

to the reason mentioned in the previous paragraphs.  

K-201 and K-202 represent two-stage and three-stage compressors respectively. We also did not identify 

any advantage in combining MSHE-201 and MSHE-301 because the temperature level of the latter is much 

lower than the former. Thus integration thereof leads to losing one energy balance equation for MSHE-301 

and thus, adds one more variable to the optimization problem. 

4 Design Data and Specifications 

Table 2 shows common specifications and design data used in this study. We assumed 5 different 

compositions (Table 3) for the inlet feed gas (SN-101 in Figure 5). The first three composition sets have 

varying nitrogen and methane contents with the same NGL contents. Feed 4 and 5 have higher ethane and 

lower helium contents respectively. The composition data range is adopted from [21]. We also assumed the 

maximum theoretical efficiency for column stages since the number of stages is specified more than what 

is required. Provided that the number of stages is plenty, the objective function (power minimization) is not 

sensitive to this value. Thus, in order to reduce the complexity of the optimization problem, the quantity of 

stages is considered constant and, as aforementioned, more than what is required. 
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Figure 5 Integrated NGLRU, NRU and HeXU process flowsheet 
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Table 2 Design data and computation specifications  

Design Specification Value 

Feed flowrate, kmole/s 0.5553 

Feed pressure, kPa 6000 

Feed temperature, K 298.15 

Compressor adiabatic efficiency 0.75 

Expander adiabatic efficiency 0.85 

Min temperature approach in MSHEs in NRU, K 2 

Min temperature approach in MSHEs in HeXU, K 1 

Min temperature approach in MSHEs at Hot-End composite curves, K 5 

Pressure drop for MSHE, kPa 20 

Ethane recovery rate for feeds 1-3, mole % 90 

Ethane recovery rate for feeds 4-5, mole % 95 

Minimum methane recovery, mole % 99 

Helium recovery rate, mole % 99 

Nitrogen impurity in sales gas product, mole % 3 

Crude helium purity, mole % 60 

Minimum nitrogen effluent pressure, kPa 110 

Crude helium pressure, kPa 2000 

NG sales gas pressure, kPa 1827 

Number of stages for demethanizer column 40 

Pressure drop for demethanizer column, kPa 60 

Number of stages for nitrogen removal column 15 

Pressure drop for nitrogen removal column, kPa 20 

Number of stages for helium recovery column 5 

Pressure drop for helium recovery column, kPa 5 

Tray efficiency, percentage 100 

Cooling water temperature, K 293.15 

Min temperature approach for cooling water heat exchanger, K 5 

 

Table 3 Five different feed compositon sets for the process in Figure 5 

Composition 

(mole %) 
Feed 1 Feed 2 Feed 3 Feed 4 Feed 5 

Nitrogen 0.070 0.150 0.370 0.070 0.075 

Methane 0.827 0.747 0.527 0.723 0.762 

Ethane 0.055 0.055 0.055 0.155 0.105 

Propane 0.021 0.021 0.021 0.021 0.030 

n-Butane 0.005 0.005 0.005 0.006 0.005 

i-Butane 0.003 0.003 0.003 0.004 0.005 

C5+ 0.009 0.009 0.009 0.012 0.013 

Helium 0.010 0.010 0.010 0.010 0.005 

5 Optimization 

5.1 Particle Swarm Optimization 

In a hierarchical analysis of process integration, the only approach to deal, both automatically and 

quantitatively, with the process integration problem is optimization techniques [22]. In this study, we use 
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Particle Swarm Optimization (PSO) to improve the processes. This method has been successfully applied 

on many chemical engineering problems in past several years [23-28]. Also, it is shown that PSO is 

computationally faster with better optimal solutions compared with other heuristic methods [29-31]. This 

non-derivative technique uses a combination of local improvement procedures and higher level strategies, 

without any information about problem structures. Therefore, it can tackle problems with objective 

functions evaluated by black-box software.   

PSO is a population-based stochastic optimization technique developed by Eberhart and Kennedy in 1995 

[20].The method was inspired by the movement of flocking birds and their interactions with their neighbors. 

PSO involves three strategic elements. Each particle movement is governed by these three strategies while 

exploring the search space. First, “inertia behavior” controls particles to keep moving in their current 

direction.  Second, “personal best attraction” draws each particle towards their best-experienced position. 

Third, “global best attraction” prompts the particles to lean towards the best-known position of the entire 

flock. In fact, the combination of these three movements determines the respective resultant direction for 

each particle. The first strategy is regarded as an exploration technique and controlled by the inertia 

coefficient (α), which is a user-specified parameter. With larger values of α, particles initiate the searching 

process with higher velocities, giving more chance for exploration of the search. This coefficient decreases 

as the number of iterations increases, leaning toward more exploitation and dragging the particles toward 

the neighborhood of the optimal. The two other strategic elements are known as exploitation techniques 

which are controlled with two parameters, namely c1 and c2. 

Each particle in the swarm begins with a randomized position (xi,j) and randomized velocity (vi,j) in the n-

dimensional search space, where xi,j represents the location of particle i in the j-th dimension of the search 

space. Each particle memorizes the best personal position (x*i,j) and also knows the global best position 

(x*i',j) in the entire group. The equations executed by PSO at each iteration (t) of the algorithm are:   

𝑉𝑖,𝑗(t + 1) = 𝛼 𝑉𝑖,𝑗(𝑡) + 𝑐1 𝑅𝑎𝑛𝑑(0,1) (𝑋𝑖,𝑗
∗ (𝑡) − 𝑋𝑖,𝑗(𝑡)) + 𝑐2 𝑅𝑎𝑛𝑑(0,1) (𝑋𝑖′,𝑗

∗ (𝑡) − 𝑋𝑖,𝑗(t))    Eq. 1 

  𝑋𝑖,𝑗(𝑡 + 1) = 𝑋𝑖,𝑗(𝑡) + 𝑉𝑖,𝑗(t + 1) Eq. 2 

5.2 Parametric Optimization  

In this section, the operating parameters (or decision variables) and constraints are presented, which are 

optimized using the PSO method [20] to find the minimum energy requirements for various NG feeds in 

Table 3. 

The stochastic PSO technique was programmed in Matlab. The algorithm was linked with Aspen Hysys 

V.9, which was used to simulate each random design generated by the PSO. The Peng Robinson property 

method was used in Aspen Hysys. “Modified HYSIM inside-out” was selected as the default column 

simulation algorithm. We also used “Script Manager” in Hysys to access feed tray positions in the 

demethanizer column. Since the PSO generates random inputs during optimization, an input may not 

necessarily give a feasible process, and Aspen Hysys simulation may not converge. In such cases, the 

energy consumption was set to be a large value. Table 4 presents the PSO parameter values used in this 

study. 

Table 5 presents decision variables for the new developed process diagram in Figure 5. According to this 

table, the number of variables is 23. 
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Table 4  PSO parameters used for optimization in this study 

PSO Parameters Value 

Min inertia weight 0.5 

Max inertia weight 1 

Global acceleration factor 1 

Personal Acceleration Factor 1 

Particle size for each variable 20 

Maximum Iteration Number 200 

Number of Runs 5 

 

 We set an adjustment between the temperature of SN-302 and the desired helium purity in vapor phase of 

SN-303, which is 60% according to Table 2. The number of stages for the stripping column (T-301) is 

enough to reach the same helium purity in SN-304 also.   

We used two “Set” and one “Adjust” modules for the streams around MSHE-301 to reduce the number of 

variables. Both Sets guarantee the desired minimum temperature approach of 1 K in the MSHE. One Set is 

used between SN-302 and SN-308 (the cold end of the hot and cold composite curves respectively) and the 

second one between SN-301 and SN-208 (the hot end of the hot and cold composite curves respectively). 

The pressure of SN-308 is also adjusted to meet the overall minimum temperature of the MSHE-301 (1 K). 

The following constraints were added as penalty terms to the objective function for this process: 

𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝐴𝑝𝑝𝑟𝑜𝑎𝑐ℎ 𝑖𝑛 𝑀𝑆𝐻𝐸 − 201 ≥ 2 𝐾  Eq.3 

𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝐴𝑝𝑝𝑟𝑜𝑎𝑐ℎ 𝑓𝑜𝑟 𝑆𝑁 − 101 𝑡𝑜 𝑆𝑁 − 102 𝑖𝑛 𝑀𝑆𝐻𝐸 − 201 ≥ 5 𝐾  Eq.4 

𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝐴𝑝𝑝𝑟𝑜𝑎𝑐ℎ 𝑖𝑛 𝑀𝑆𝐻𝐸 − 301 ≥ 1 𝐾  Eq.5 

In addition to the three constraints, a large penalty value is also considered for any module, including sets 

and adjustments, which does not converge. However, for MSHEs, the penalty values are proportional to 

the temperature cross magnitude.  

Eq.5 is necessary as a constraint even though one “Adjustment” and two “Set” modules are used to 

guarantee the minimum temperature approach of MSHE-301. This is because the boil-up stream (SN-311 

to SN-312) may not yet meet the temperature approach requirement if the pressure of SN-303 (or x10) is a 

large value. Hence, the temperature of the boil-up stream is too high to cool down the inlet feed (SN-301 

to SN-302).  

 

Table 5  Decision variables and variable bounds 

Name Operating Parameter Module Stream / Equipment Lower Bound Upper Bound 

x1 Temperature SN-102 Feed to V-101 200 273.15 

x2 Pressure SN-105 Feed to T-101 500 3000 

x3 Stage number T-101 SN-105 Entry Stage 1 35 

x4 Stage number T-101 SN-106 Entry Stage 1 35 

x5 Pressure SN-203 Feed to T-201 1000 2800 

x6 Vapor fraction SN-203 Feed to T-201  0.05 0.95 

x7 Split flowrate fraction Tee-101 Sales Gas To P-201 0 1 

x8 Pressure drop ratio SN-216 Sales Gas from VL-202 0 1 

x9 Pressure ratio SN-218 Sales Gas from P-201 1 3 

x10 Pressure drop ratio VL-301 Feed to T-301 0.05 0.95 
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x11 Split flowrate fraction Tee-301 Nitrogen to P-301  0 1 

x12 Pressure drop ratio VL-203 Valve on SN-230 (Refrigerant) 0 0.5 

x13 Temperature  SN-230 Refrigerant to VL-203 100 150 

x14 Pressure SN-229 Refrigerant from CW-201 500 15000 

x15 Molar flow rate SN-229 Refrigerant 0.05 1 

x16 Nitrogen mole fraction SN-229 Refrigerant 0 0.3 

x17 Temperature  SN-229 Refrigerant 298.15 350 

x18 Temperature SN-209 Nitrogen Product 200 300 

x19 Temperature SN-210 Nitrogen Product 200 300 

x20 Temperature SN-212 Nitrogen Product 200 300 

x21 Temperature SN-223 Sales Gas 200 300 

x22 Temperature SN-225 Sales Gas 200 300 

x23 Temperature SN-220 Sales Gas 200 300 

 

6 Results 

Table 6 presents both optimum power consumption and decision variables for the process in Figure 5 after 

5 trials. According to the results, Feed 4 consumes higher energy compared to the others. This is due to the 

high ethane content in the feed which demands higher reflux flowrate for the demethanizer column. For 

this rich feed, the process needs the highest refrigerant flowrate (x15) and pressure (x14). In other words, 

the high ethane content and high ethane recovery demand more power. 

Feed 5, with the lowest helium content, has the least inlet pressure to the helium-recovery column, 749 kPa, 

(which can be calculated using x5, x10 and the column pressure drop). The reason for the large refrigerant 

flowrate and pressure is due to the ethane content thereof, which is equal to 0.105 mole %.  

Feeds 1 to 3 bear the same NGL contents (C2-C5+) but different nitrogen and methane. It is expected that 

Feed 3 with the highest nitrogen content consumes more energy since it demands higher reflux requirement 

for the NRU column; however more nitrogen in the feed leads to higher work production in the nitrogen 

expander, E-201, and, in turn, reduces the net power consumption. Accordingly, Feed 2 with an average 

nitrogen content among Feeds 1 to 3, consumes more power. 

Figures 6-10 depict the hot and cold composite curves for the different feeds. The tight composite curves 

can demonstrate the satisfactory performance of the optimization algorithm. As can be seen in Figure 8 and 

Table 6 (x17), the only feed which has heat deficit for the demethanizer boil-up stream (SN-110) is Feed 3. 

Thus, it uses the generated heat in the refrigerant compressor (K-202). This is attributed to the fact that, in 

case of Feed 3, the operating pressure (x2 in Table 6) of the demethanizer column is the highest as compared 

to the other scenarios. Accordingly, it has the highest operating temperature in its reboiler.  

Appendix A presents the conditions and compositions of the key process streams in Figure 5.  
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Figure 6 Hot and cold composite curves for Feed 1 

 

 

Figure 7 Hot and cold composite curves for Feed 2 
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Figure 8 Hot and cold composite curves for Feed 3  

 

Figure 9 Hot and cold composite curves for Feed 4 



14 
 

 

Figure 10 Hot and cold composite curves for Feed 5 

7 Economic Analysis 

The simultaneous production of NG, NGL and crude Helium using a single refrigeration cycle in the 

proposed integrated process is expected to prompt good financial benefits. Thus, an economic analysis is 

adopted to the process to demonstrate that this expectation can be realized. In this economic assessment, 

the operation time factor, discount rate and the construction period are assumed 95%, 10% and one year 

respectively. Table 7 shows the capital and operating costs for a 20-year lifetime considered for the project. 

We assumed compressors are powered by electricity. The MSHEs and other equipment cost were estimated 

using the approach in the reference [32] and the Aspen Hysys Economic Evaluation package respectively.  

The total capital cost is composed of the installed equipment cost and other peripheral components, namely 

service facilities, instrumentation, building, land, contingency charges, engineering and contract fee, which 

are estimated 40%, 30%, 6%, 6%, 15%, 30% and 3% of the total purchased equipment cost respectively 

[33]. The tax rate is assumed to be 25% of the gross profit. The total annual operating labor and maintenance 

cost is considered to be 25% of the total installed equipment expense. 

CAPEX and OPEX for each feed are presented in Table 7. Compression costs are the main contributors in 

both CAPEX and OPEX. Feed 4 with the highest ethane content requires the highest CAPEX and OPEX. 

This is due to its highest power demand (4549 kW, see Table 6). On the other hand, Feed 3 has the lowest 

operating cost due to the lowest power requirement (1666 kW). Even though the lowest CAPEX is also 

expected for Feed 3, this is Feed 2 which has the lowest capital expenses. This is because Feed 3 has the 
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highest nitrogen content, which results in larger equipment (distillation column) and, in turn, slightly higher 

capital costs compared to Feed 2. It should also be noted that the operating costs include the feed gas prices, 

which are calculated based on their heating values. 

Net present value (NPV), payback period (PBP) and internal rate of return (IRR) are also presented. The 

economic evaluation results show that the proposed scheme gives high profit for different feed 

compositions, with PBP ranging from 2.02 to 2.70 years, NPV from 89.48 to 167.31 million US dollars 

(MMUSD) and IRR from 49.35 to 69.63%. According to the table, Feed 5, with  NPV of 89.48 MMUSD, 

a PBP of 2.70 years and 49.35% IRR, has the lowest NPV and highest payback period due to the lowest 

helium content in the feed and higher operating cost. However, it still yields high profit. 

Table 6  Power consumption and decision variables for Feed 1 to Feed 5  

Decision Variables  Feed 1 Feed 2 Feed 3 Feed 4 Feed 5 

Power Consumption, kW 1840 2248 1666 4549 2936 

x1, K 232.20 228.35 216.15 255.25 253.15 

x2, kPa 1955 1753 2105 1710 1700 

x3 10 8 10 14 10 

x4 12 10 11 17 16 

x5, kPa 1851 1697 2055 1647 1650 

x6 0.45 0.46 0.60 0.80 0.61 

x7 0.20 0.34 0.00 0.40 0.32 

x8 0.86 0.64 0.40 0.9 0.84 

x9 1.8 1.6 NA 1.7 1.4 

x10 0.52 0.51 0.47 0.49 0.46 

x11 0.75 0.77 0.84 0.82 0.79 

x12 0.031 0.035 0.054 0.013 0.019 

x13, K 117.45 121.95 120.55 118.85 116.95 

x14, kPa 4123 3788 2450 9843 6745 

x15, kmole/s 0.18 0.21 0.18 0.31 0.23 

x16 0.08 0.1250 0 0.15 0.115 

x17, K 298.15 298.15 330.07 298.15 298.15 

x18, K 289.85 271.25 280.2 250.15 268.05 

X19, K 292.95 276.03 282.07 293.15 293.15 

x20, K 292.05 276.2 282.17 293.15 293.15 

x21, K 293.15 275.75 NA 293.15 293.15 

x22, K 293.15 276.23 NA 293.15 293.15 

x23, K 288.95 276.05 282.37 262.38 287.13 

Table 7  Economic evaluation for Feeds 1 to 5  

Cost Components   Feed 1 Feed 2 Feed 3 Feed 4 Feed 5 

Total Capital Cost (MMUSD) 20.32 17.55 18.07 22.79 19.42 

Installed Equipment Cost (MMUSD) 10.65 9.25 9.44 11.57 10.05 

Total Operating Cost (MMUSD/year) 51.41 47.60 37.29  57.12 55.03 

Utilities (MMUSD/year)1 0.89 1.10 0.81 2.21 1.43 

Operating labor and Maintenance (MMUSD/year) 2.66 2.31 2.36 2.89 2.51 

Unprocessed feed gas (MMUSD/year)2 47.86 44.19 34.12 52.02 51.09 

Total Income (MMUSD/year) 78.27 74.93 65.75 90.13 74.12 
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NG (MMUSD/year)1 34.51 31.17 21.99 29.97 31.71 

NGL (MMUSD/year)1 17.85 17.85 17.85 34.25 29.50 

Crude Helium (MMUSD/year)3 25.91 25.91 25.91 25.91 12.91 

Gross Profit (MMUSD/year) 26.90 27.47 28.46 32.99 19.09 

Net Profit (MMUSD/year) 20.17 20.60 21.35 24.74 14.32 

Net Present Value (MMUSD) 133.09  139.12 144.27 165.39 89.48 

Payback Period (Year) 2.24 2.03 2.02 2.13 2.70 

Internal Rate of Return (IRR) (%) 61.47 69.31 69.63 65.58 49.35 

1. According to Energy Information Administration (EIA) [34], NG: 3 USD/MSCF (thousand standard cubic 

foot), NGL: 7 USD/MMBtu, Electricity: 0.0533 USD/kWh  

2. According to Linde Company [35], Unprocessed gas (Sweetened, Mercury-free and dehydrated): 3.75 

USD/MMBtu  

3. According to Bureau of Land Management (BLM) [36], Crude Helium: 119 USD/MSCF (thousand standard 

cubic foot) 

8 Conclusion 

A novel integrated configuration was proposed for NRU and HeXU. The potential and advantages for 

embedding the helium extraction unit into a single-column NRU were analyzed. We concluded that the 

condition for helium recovery as a part of a single-column NRU process is even better than that of multi-

column NRU processes. This is due to the lower temperature which is available in the single-column 

process to pre-cool the feed into the HeXU. 

We also suggested an innovative integrated process for NGLRU, NRU and HeXU. This new design offers 

several advantages. It reduces significantly the amount of equipment by the elimination of the open 

refrigeration cycle and propane pre-cooling systems in conventional NGL plants. High ethane (>90 mole 

%), helium (>99 mole %) and methane (98 mole %) recovery rates for different range of nitrogen, as well 

as the crude helium with high purity (60 mole %), are the outstanding benefits of the novel process. This 

process can also adhere to regulations as reducing the methane content of the nitrogen effluent to 1 mole 

%. 
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9 Appendix A 

Table A.1  Stream conditions in the PFD for Feed 1  

Stream Number 
NGL 
Feed 

NRU Feed 
HeXU 
Feed 

 (SN-301) 
NGLs Nitrogen 

Crude 
Helium 

Sales 
Gas 

Vapor Fraction 1.0 1.0 1.00 0.00 1.00 1.00 1.00 

Temperature (K) 298.1 165.45 110.14 286.94 292.95 89.39 297.15 

Pressure (kPa) 6000.0 1920.0 1840.00 1980.00 110.00 950.00 1827.00 

Flowrate (kmole/s) 0.536 
 

0.488 
 

0.029 0.047 0.021 0.009 0.459 

Compositions 

Nitrogen 0.070 0.0768 0.8097 0.0000 0.9826 0.3994 
 

0.0300 

Methane 0.827 0.9062 0.0106 0.0094 0.0148 0.0000 0.9634 

Ethane 0.055 0.0060 0.0000 0.5604 0.0000 0.0000 0.0064 

Propane 0.021 0.0000 0.0000 0.2378 0.0000 0.0000 0.0000 

Butane 0.008 0.0000 0.0000 0.0906 0.0000 0.0000 0.0000 

C5+ 0.009 0.0000 0.0000 0.1019 
 

0.0000 0.0000 0.0000 

Helium 0.010 0.0110 0.1797 
 

0.0000 0.0026 
 

0.6000 
 

0.0002 
 

 

 

 

Table A.2  Stream conditions in the PFD for Feed 2  

Stream Number 
NGL 
Feed 

NRU Feed 
HeXU 
Feed 

 (SN-301) 
NGLs Nitrogen 

Crude 
Helium 

Sales 
Gas 

Vapor Fraction 1.0 1.00 1.00 0.00 1.00 1.00 1.00 

Temperature (K) 298.1 161.07 111.43 285.32 276.15 88.22 290.69 

Pressure (kPa) 6000.0 1720.00 1690.00 1780.00 110.00 850.00 1827.00 

Flowrate (kmole/s) 0.536 
 

0.489 0.074 0.047 0.065 0.009 0.415 

Compositions 

Nitrogen 0.1500 0.1644 0.9176 0.0000 0.9879 0.3999 
 

0.0300 

Methane 0.7470 0.8186 0.0100 0.0000 0.0113 0.0000 0.9629 

Ethane 0.0550 0.0060 0.0000 0.5657 0.0000 0.0000 0.0071 

Propane 0.0210 0.0000 0.0000 0.2400 0.0000 0.0000 0.0000 

Butane 0.0080 0.0000 0.0000 0.0914 0.0000 0.0000 0.0000 

C5+ 0.009 0.0000 0.0000 0.1029 
 

0.0000 0.0000 0.0000 

Helium 0.010 0.0110 0.0724 
  

0.0000 0.0008 
  

0.5997 
  

0.0000 
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Table A.3  Stream conditions in the PFD for Feed 3 

Stream Number 
NGL 

Feed 
NRU Feed 

HeXU 

Feed 

 (SN-301) 

NGLs Nitrogen 
Crude 

Helium 

Sales 

Gas 

Vapor Fraction 1.00 1.00 1.00 0.00 1.00 1.00 1.00 

Temperature (K) 298.1 158.08 115.50 291.94 282.38 87.55 298.15 

Pressure (kPa) 6000.00 2070.00 2040.00 2130.00 110.00 800.00 1827.00 

Flowrate (kmole/s) 0.536 0.488 0.196 0.047 0.187 0.009 0.293 

Compositions 

Nitrogen 0.3700 0.4057 0.9669 0.0000 0.9937 0.4004 0.0300 

Methane 0.5270 0.5773 0.0058 0.0060 0.0060 0.0002 0.9629 

Ethane 0.0550 0.0060 0.0000 0.5623 0.0000 0.0000 0.0101 

Propane 0.0210 0.0000 0.0000 0.2386 0.0000 0.0000 0.0000 

Butane 0.0080 0.0000 0.0000 0.0909 0.0000 0.0000 0.0000 

C5+ 0.009 0.0000 0.0000 0.1022 0.0000 0.0000 0.0000 

Helium 0.010 0.0110 0.0273 
   

0.000 0.0003 
  

0.5994 
  

0.0000 
 

 

 

 

 

Table A.4  Stream conditions in the PFD for Feed 4 

Stream Number 
NGL 
Feed 

NRU Feed 
HeXU 
Feed 

 (SN-301) 
NGLs Nitrogen 

Crude 
Helium 

Sales 
Gas 

Vapor Fraction 1.00 1.00 1.00 0.00 1.00 1.00 1.00 

Temperature (K) 298.1 164.65 109.12 270.05 282.38 87.50 296.15 

Pressure (kPa) 6000.00 1670.00 1640.00 1730.00 110.00 790.00 1827.00 

Flowrate (kmole/s) 0.536 0.434 0.035 0.102 0.187 0.009 0.399 

Compositions 

Nitrogen 0.0700 0.0864 0.9669 0.0000 0.9834 0.3995 0.0206 

Methane 0.7226 0.8917 0.0058 0.0038 0.0146 0.0005 0.9690 

Ethane 0.1548 0.0096 0.0000 0.7722 0.0000 0.0000 0.0104 

Propane 0.0210 0.0000 0.0000 0.110 0.0000 0.0000 0.0000 

Butane 0.0097 0.0000 0.0000 0.0509 0.0000 0.0000 0.0000 

C5+ 0.0120 0.0000 0.0000 0.0630 0.0000 0.0000 0.0000 

Helium 0.010 0.0123 0.0273 
   

0.0000 0.0020 
  

0.6000 
  

0.0000 
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Table A.5  Stream conditions in the PFD for Feed 5 

Stream Number 
NGL 

Feed 
NRU Feed 

HeXU 

Feed (SN-

301) 

NGLs Nitrogen 
Crude 

Helium 

Sales 

Gas 

Vapor Fraction 1.00 1.00 1.00 0.00 1.00 1.00 1.00 

Temperature (K) 298.1 162.53 110.96 276.20 293.06 86.98 296.65 

Pressure (kPa) 6000.00 1670.00 1640.00 1730.00 110.00 750.00 1827.00 

Flowrate (kmole/s) 0.536 0.454 0.032 0.082 0.027 0.004 0.422 

Compositions 

Nitrogen 0.0750 0.0886 0.9044 0.0000 0.9842 0.3995 0.0272 

Methane 0.7623 0.8993 0.0129 0.0050 0.0148 0.0005 0.9660 

Ethane 0.1050 0.0062 0.0000 0.6511 0.0000 0.0000 0.0067 

Propane 0.030 0.0000 0.0000 0.196 0.0000 0.0000 0.0000 

Butane 0.0097 0.0000 0.0000 0.0633 0.0000 0.0000 0.0000 

C5+ 0.0130 0.0000 0.0000 0.0848 0.0000 0.0000 0.0000 

Helium 0.0050 0.0059 0.0827 
   

0.0000 0.0010 
  

0.6001 
  

0.0001 
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