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Abstract: Hydrogen energy is a crucial carrier for the growth of the energy system and its low-carbon transformation. Using natural gas as a carrier of hydrogen transport and the natural gas pipeline network for transportation is a significant step toward realizing large-scale and long-distance hydrogen transport. Hydrogen-mixed natural gas is mainly separated into hydrogen and natural gas by physical methods at present. High purity of hydrogen recovery, but the recovery rate is low. At the same time, compared with natural gas, liquefied natural gas is more economical and flexible. This study analyzes three typical cryogenic separation processes. The results show that the hydrogen separation efficiency and specific energy consumption increase and the liquefaction rate and energy consumption decrease as the hydrogen ratio increases. The energy consumption and specific energy consumption of C3-MRC are lower than the MRC and the cascade liquefaction processes. Besides, as the pressure increases in the C3-MRC liquefaction process, the liquefaction and hydrogen separation efficiency increase and subsequently drop. Different hydrogen content has the highest hydrogen separation efficiency and liquefaction efficiency under different feed gas pressure conditions. The total exergy losses of the C3-MRC are the least in different hydrogen fractions, which are 37.59% and 21.77% less in the 25% hydrogen fraction, and 37.89% and 21.37% less in the 30% hydrogen fraction. Moreover, the exergy efficiency of C3-MRC are 87.68% and 88.06% when the hydrogen fraction are 25% and 30%, higher than the other two processes, which implies that in 25% and 30% fractions, making it more suitable for separate the hydrogen by the cryogenic separation.
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1  Introduction

Hydrogen is an excellent source of renewable energy. There are numerous and different hydrogen energy resources, approximately 96% of hydrogen is sourced from fossil fuels [1]. After pressurization, hydrogen is often carried using liquid hydrogen tank truck and long tube trailer. Despite the fact that the technology is established and the specifications are flawless, there are issues with high input costs and low efficiency [2]. Whether considering the input cost or the transportation distance and greenhouse emissions during transportation, the use of pipelines to transport hydrogen is the best choice [3]. Pipeline transportation techniques are primarily classified as hydrogen-mixed natural gas transportation and hydrogen special pipeline. However, there are challenges, such as a huge amount of engineering and a high investment cost to construct a hydrogen transportation pipeline network on its own. Injecting hydrogen into the natural gas pipeline network can make full use of the existing natural gas infrastructure to achieve long-distance, large-scale transportation and the utilization of hydrogen energy [4].

Hydrogen-mixed natural gas is an excellent alternative to hydrogen transition fuel since it is very inexpensive and operates safely. The ‘CertifHy’ project’s review of the natural gas market found that the total amount of hydrogen that can be transported is 800–8000 tons per day when the hydrogen mixing ratio of the natural gas pipeline is 0.01–0.05 [5]. It has the potential to minimize NOx and HC emissions. CO and CO2 emissions are statistically substantially lower than compressed natural gas (CNG) [6]. The emissions of the gas network may be decreased by around 4MtCO2/y, and the emissions of the entire system can be reduced by approximately 0.025 [7]. At present, hydrogen-mixed natural gas is not only transported to terminals such as household gas through the natural gas pipeline network, but also can be supplied to natural gas vehicles, gas turbines, fuel cells, and other directions for utilization [8].

The current research directions about hydrogen-mixed natural gas mainly focus on the combustion performance of hydrogen-mixed natural gas, the influence of hydrogen fraction on natural gas pipelines, the hydrogen-mixed natural gas engines, and so on. Hydrogen blend can enhance and advance the combustion of the CNG engine NOx emission increased with increase of hydrogen in hydrogen-mixed natural gas, but HC, and soot emissions decreased [9,10]. 15% hydrogen blend accounts for the least amount of CO2 emission, which is a major Green House Gas, while 5% hydrogen fraction and pure CNG blend accounts for higher emissions [11,12]. Huang et al. [13] investigated the effect of hydrogen-mixed natural gas on pipe gas interchangeability. The volume fraction of hydrogen in the mixture was within 0.23, and the pipeline’s gas transmission capacity remained unchanged, so end users’ fuel equipment did not need to be changed. Wang et al. [14] found that when hydrogen fraction is between 0.1–0.27, hydrogen-mixed natural gas meets the calorific value standard of second and third-class natural gas. At the beginning of 2022, Jingmen Green Power Plant of State Power Investment Corporation has achieved 15% hydrogen-mixed combustion transformation, and will implement the 30% hydrogen-mixed plan by the end of the year [15].

In future development, the hydrogen concentration in hydrogen-mixed natural gas will steadily grow. Terminals that use hydrogen-mixed natural gas directly will have equipment damage and a safety effect due to high hydrogen concentration. Hydrogen-mixed natural gas can be separated after transit by natural gas pipeline into hydrogen and natural gas for end users with high purity hydrogen demands, in addition to direct usage in the terminal. At the moment, hydrogen-mixed natural gas is mostly split into hydrogen and natural gas using physical techniques. High pure hydrogen may be recovered via Pressure Swing Adsorption (PSA), but it is very energy intensive, expensive and needs additional component [16,17]. Besides, the efficiency is very low for small scale applications. The hydrogen content of hydrogen-mixed natural gas is low, which requires repeated adsorption and vacuum desorption of the adsorption bed, and the process is complex, the recovery rate is low [18–20]. The coupling of membrane technology and PSA can be achieved by using membrane separation to remove most of the hydrocarbons, and then PSA can improve the efficiency and concentration of hydrogen recovery on the basis of membrane separation or PSA alone [21]. PSA and membrane separation technology have limited hydrogen content and separation efficiency.

Based on efficiency, pipeline transportation and compressed natural gas are best suited for shorter distances, liquefied natural gas (LNG) and natural gas hydrate are best suited for long-distance transportation [22]. Transporting natural gas in liquid form is easier, more economical, and more flexible than pipeline gas, which is the basic premise behind the formation and growth of the LNG industry [23–25]. Cryogenic separation technique is established and consumes little energy, which is useful in large-scale manufacturing, is better suited for purifying low-hydrogen feed gas. Lin et al. [26] studied the optimization of the dehydrogenation process of synthetic natural gas using the single mixed refrigerant liquefaction process. It can produce by-products rich in methane, ethylene, propane, and other hydrocarbons in addition to the needed hydrogen products [27]. If hydrogen content is high, membrane or PSA is more suitable. When the hydrogen level is low, cryogenic separation is preferable [28].

Towards the aforementioned researches, the separation and use of hydrogen and natural gas can increase the use direction of hydrogen-mixed natural gas. LNG is more economical and flexible than other forms of natural gas. In this paper, the feasibility of liquefaction of hydrogen-mixed natural gas after transportation is simulated and analyzed. Based on the above-mentioned safety range of 0.1–0.3 hydrogen fraction used in researches, analyzed the exergy, energy consumption, hydrogen separation, and liquefaction rate produced by the cryogenic separation process for various volume fractions of hydrogen φ(H2) = 0.1, 0.15, 0.2, 0.25, 0.3. Further study the influence of the pressure, temperature, and flow of the inlet feed gas on the liquefaction process and carry out a single factor analysis.

2  Cryogenic Separation Process Description

Natural gas liquefaction can take numerous forms, and the size of an LNG facility is mainly dictated by the equipment utilized and the liquefaction cycle. The cascade liquefaction process, closed mixed refrigerant liquefaction process (MRC), and propane-mixed refrigerant liquefaction process (C3-MRC) are the most common basic load natural gas liquefaction facilities today. For the basic load LNG plant, with the passage of time and the progress of the process, the LNG plant is gradually simplified from the cascade liquefaction process to MRC and then further optimized to C3-MRC [29]. Based on the above three liquefaction processes, this paper will calculate the exergy, energy consumption and efficiency of cryogenic separation under different hydrogen fraction, to provide theoretical support for the cryogenic separation and practice of hydrogen-mixed natural gas transmission terminals.

2.1 Cascade Cryogenic Separation Process

The cascade cryogenic separation process shown in Fig. 1 is mainly composed of three independent refrigeration cycles. The refrigerants are methane, ethylene and propane, respectively. The technology is mature and the energy consumption is low.
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Figure 1: Process flow diagram of cascade cycle

In the hydrogen-mixed natural gas cryogenic separation process, the feed gas 1 passes through the compressor and enters the condenser to cool the temperature, then passes through the LNG heat exchanger LNG-100 and LNG-101 successively to exchange heat with refrigerant methane and ethylene, and then exchange heat with methane in LNG-102. After the throttle valve VLV-100 is throttled and depressurized and cooled to −158°C, it enters the V-100 for separation to obtain LNG and hydrogen-containing phase 17.

The pressure of methane 29 is increased in the compressor K-102 during the methane refrigeration cycle, and the temperature is dropped to 35°C (methane 21) after being cooled by water in E-103. Then it is precooled by heat exchangers with propane and ethylene through E-107 and E-108, before being cooled to −156°C by the throttle valve.

In the ethylene refrigeration cycle, ethylene 19 first flows via the compressor K-104 to boost pressure, then through the water cooling in E-102, and finally through the heat exchanger E-106 to exchange heat with propane for pre-cooling. After being throttled and cooled to −98°C by VLV-101, ethylene 19 enters the LNG-101 and LNG-100 heat exchangers to chill natural gas.

Propane 34 is boosted by compressor K-106 and cooled by water from condenser E-109. After the throttle is reduced to −35°C, propane 34 is precooled by heat exchangers E-106 and E-107.

2.2 Closed Mixed Refrigerant Cryogenic Separation Process

The closed mixed refrigerant cryogenic separation process shown in Fig. 2 has fewer units and lower input costs than the cascade cryogenic separation process. The refrigerant in the refrigeration cycle is composed of N2, CH4, C2H6, C3H8, i-C4H10 and n-C5H12, which can be extracted from natural gas itself. However, the energy consumption of MRC is higher than that of cascade cryogenic separation process, and the ratio of mixed refrigerant needs to be further studied and adjusted.
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Figure 2: Process flow diagram of MRC

In the process of hydrogen-mixed natural gas cryogenic separation, the pretreated feed gas 1 passes through the compressor K-101 to increase the pressure, passes through the condenser E-101 to cool down to 25°C, enters into four LNG heat exchangers successively for cooling and liquefaction, and finally passes through VLV-100 to throttle down the temperature and pressure to −158°C, and enters V-100 to separate LNG and hydrogen-containing phase 9.

During the refrigeration cycle, compressor K-101 pressurizes refrigerant 11 to 26 bar and then cools it with water via condenser E-100. The gas phase 14 and liquid phase 15 separated by V-101 enter the LNG-100 heat exchanger, respectively. The liquid part is reduced to liquid phase 18 by throttling valve and mixed with reflux gas phase 22 in subsequent flow to provide cooling capacity for LNG-100 heat exchanger. The gas phase 14 is cooled by the LNG-100 heat exchanger, and then the gas phase 20 and liquid phase 21 are obtained by the separator V-102 and flow into the LNG-101 heat exchanger respectively. The liquid phase 21 is mixed with the reflux gas 30 after the heat exchanger, throttling, cooling and pressure reduction to provide cold capacity for the heat exchanger LNG-101, and the hydrogen-mixed natural gas is further cooled.

The gas phase 20 is cooled by the LNG-101 heat exchanger, and then the gas phase 28 and liquid phase 31 are obtained by the separator V-103 and flow into the LNG-102 heat exchanger respectively. The liquid phase 35 after cooling by the heat exchanger is mixed with the reflux gas 30 by the throttle valve VLV-103 to provide cold capacity for LNG-102. After heat exchange, the gas phase 37 is undercooled by the LNG-103 heat exchanger to obtain refrigerant 26, and then returned to the heat exchanger LNG-103 to cool hydrogen-mixed natural gas and refrigerant.

2.3 Propane Pre-Cooled Mixed Refrigerant Cryogenic Separation Process

More than 80% of the existing basic load LNG cryogenic separation units use propane pre-cooling and mixed refrigerant cryogenic separation process shown in Fig. 3. Combined with the advantages of cascade cryogenic separation process and mixed refrigerant cryogenic separation process, compared with MRC, the input cost is lower, the energy consumption is also less, and efficiency.
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Figure 3: Process flow diagram of C3-MRC

The hydrogen-mixed natural gas is first pre-cooled by propane, then enters the LNG heat exchanger for cooling and undercooling, and finally enters the throttle valve for step-down cooling to −158°C, and then enters V-100 for separation to obtain LNG and hydrogen-containing phase 6.

The mixed refrigerant 9 is compressed to high pressure by compressors K-100 and K-101, and then cooled with water to remove part of the heat, and then precooled with propane. After pre-cooling, the liquid phase enters the gas-liquid separator and is separated into gas phase 8, and the liquid phase enters the LNG-100 for heat transfer, throttled by the throttle valve and mixed with the reflux gas to provide cold capacity for LNG-100.

After heat transfer in LNG-100, separated by the gas-liquid separator into gas phase 20 and liquid phase 21, and enters the LNG-101 for cooling, respectively. The gas phase 20 enters LNG-101 and LNG-102 in turn for heat exchange, and then is throttled and cooled by the throttle valve to provide cold energy for LNG-102. Then it is mixed with the liquid phase 25 after being heated by LNG-101 to provide cold energy for LNG-101.

3  Methodology

3.1 Energy Analysis

The energy consumption and specific energy consumption created by cryogenic separation are essential elements in determining the input cost. Hydrogen separation and liquefaction rates are important criteria in evaluating the effect of the cryogenic separation process. The major assessment indices of separation by the cryogenic separation process cycle are energy consumption, specific energy consumption, liquefaction rate, and hydrogen separation efficiency.

The equipment in the cryogenic separation process is mainly compressors. Therefore, the energy consumption generated by the cryogenic separation process is defined as the sum of energy consumption of all compressors:

Wcom=∑Wcom,i(1)

where Wcom is the sum of energy consumption of all compressors, kW; Wcom,i is the energy consumption generated by the ith compressor, kW.

Specific energy consumption (SPE) is a parameter which is used to evaluate the LNG process energy consumption, which is defined as the required power to produce 1 kgmol of LNG [30]. Specific energy consumption is represented by Eq. (2):

w=Wcom/qLNG(2)

where w is the specific energy consumption of the cryogenic separation process, kWh/kgmol; qLNG is the molar flow of LNG after cryogenic separation, kgmol/h.

3.2 Exergy Analysis

Exergy analysis is used to determine how well environmental inputs are utilised. It primarily focuses on calculating exergy losses and exergy efficiency for each component and the system as a whole. The created cryogenic separation process underwent an exergy study to determine how irreversible each of the working processes was. The flow’s chemical and physical exergy rates alone, neglecting potential energy and kinetic exergy rates, make up the overall exergy rate [31].

The exergy losses of equipment can be expressed as the difference between all exergy flows entering and exiting the equipment. The input-output efficiency, which is expressed as the ratio between all exergy flows out of and into the device. The consumption-generated efficiency is used to calculate the exergy efficiency of each device, which allows a more accurate measure of energy quality and deviation from ideal [32].

Overall exergy balance equation is defined as

Ein=Eout+Eloss(3)

The exergy of unit mass fluid is defined as

e=(h−h0)−T0(s−s0)(4)

The total exergy considered as the exergy of the stream, which is defined as

E˙x=m˙[h−h0−T⋅(s−s0)](5)

The exergy losses of the cryogenic separation process are the sum of the exergy losses of each piece of equipment. The irreversibility analysis of the process is based on exergy efficiency. The input-output efficiency approach is used to compute the exergy efficiency of each component in the system, which is stated as the ratio of exergy departing and exergy flowing into the component [33]. The exergy efficiency of the cryogenic separation process can be defined as the ratio of the input and outlet exergy changes of the cryogenic separation process to the actual input power for the cryogenic separation process:

η=m˙LNG⋅eLNG+m˙H2⋅eH2−m˙HCNG⋅eHCNGW˙net(6)

Compressors, heat exchangers, and coolers are three key equipments in the cryogenic separation processes. Here, the exergy loss and exergy efficiency of the three key equipments will be defined.

For the compressor,

ΔE˙Com=m˙Com,in⋅eCom,in−m˙Com,out⋅eCom,out+W˙Com(7)

ηCom=m˙Com,out⋅eCom,outm˙Com,in⋅eCom,in+W˙Com(8)

where, ΔE˙Com is the exergy losses of compressor, ηCom is the comoressor exergy efficiency, m˙Com,in and m˙Com,out is the mass flow rate of the work fluid entering and exiting the compressor, eCom,in and eCom,out is the mass exergy of the work fluid entering and exiting the compressor, W˙Com is the power consumption or output power of the compressor.

For heat exchanger,

ΔE˙HX=∑i=1n(m˙HX_i,in⋅eHX_i,in−m˙HX_i,out⋅eHX_i,out)(9)

η=∑i=1n(m˙HX_i,out⋅eHX_i,out)∑i=1n(m˙HX_i,in⋅eHX_i,in)(10)

where, ΔE˙HX is the exergy losses of heat exchanger, ηHX is the heat exchanger exergy efficiency, m˙HX_i,out and m˙HX_i,out is the mass flow rate of the work fluid entering and exiting the heat exchanger, m˙HX_i,in and eHX_i,out is the mass exergy of the work fluid entering and exiting the heat exchanger, i is the number of fluid entering the heat exchanger.

For coolers,

ΔE˙c=m˙c,in⋅ec,in−m˙c,out⋅ec,out(11)

ηc=m˙c,out⋅ec,outm˙c,in⋅ec,in(12)

where, ΔE˙c is the exergy losses of cooler, ηc is the cooler exergy efficiency, m˙c,out and m˙c,out are the mass flow rate of the work fluid entering and exiting the cooler, m˙c,in and ec,out are the mass exergy of the work fluid entering and exiting the heat exchange.

3.3 Efficiency Analysis

The purpose of process is to separate hydrogen and natural gas in hydrogen-mixed natural gas, so the effect of the hydrogen separation is one of the important evaluation indexes of cryogenic separation process. It is defined that the ratio between the hydrogen content in gas phase separated by process and the hydrogen content in feed gas is the hydrogen separation rate:

ηH2=qgas×ygas,H2/(qHCNG×yHCNG,H2)(13)

where, ηH2 is the hydrogen separation efficiency; qgas is the molar flow of gas phase after cryogenic separation, kgmol/h; ygas,H2 is the molar fraction of hydrogen in the gas phase component, %; qHCNG is the molar flow of hydrogen-mixed natural gas, kgmol/h of inlet feed gas; yHCNG,H2 is the molar fraction of hydrogen in the hydrogen-mixed natural gas, %.

In order to ensure the separation rate of hydrogen, the liquefaction effect of natural gas should also be ensured. Therefore, the liquefaction rate of natural gas is also an important evaluation index of the cryogenic separation process. Similar to the separation rate of hydrogen, the ratio between the methane content in liquid phase obtained after cryogenic separation and the methane content in feedstock gas is defined as the liquefaction rate, which is expressed by Eq. (4):

ηLNG=qliquid×yliquid,CH4/(qHCNG×yHCNG,CH4)(14)

where, ηLNG is the liquefaction efficiency; qliquid is the molar flow of liquid phase after cryogenic separation, kgmol/h; yliquid,CH4 is the molar fraction of methane in liquid phase, %; yHCNG,CH4 is the molar fraction of methane in the hydrogen-mixed natural gas. For all headings, please capitalize the first character of each word except prepositions, and conjunctions.

4  Results and Discussion

4.1 Analysis of Cryogenic Separation Process Results with Different Hydrogen Fraction

The simulation software ASPEN HYSYS was used to simulate the cryogenic separation of hydrogen-mixed natural gas with different hydrogen fraction under the conditions of pressure of 40 bar, temperature of 25°C and molar flow rate of 1600 kgmol/h. The separation results of three different cryogenic separation processes under different hydrogen fractions are shown in the Tables 1–3.
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According to the Fig. 4, following cooling and pressure reduction via the throttle valve, there is minimal variation in LNG liquefaction efficiency and hydrogen separation efficiency between all three procedures under the same temperature and pressure settings. As the hydrogen fraction increases, the separation efficiency of hydrogen increases, and the liquefaction rate decreases.
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Figure 4: Comparison of cryogenic separation process results with different hydrogen fraction

Under the same conditions of reducing pressure by throttle valve to isothermal and isobaric, when hydrogen fraction is 10% and 15%, the liquefaction efficiency of MRC is 97.702% and 96.535%, the hydrogen separation rate is 96.021% and 97.51%, respectively. Compared with the other two cryogenic separation processes, the liquefaction efficiency and hydrogen separation efficiency of closed mixed refrigerant are higher. When hydrogen fraction is 20%, the liquefaction efficiency and hydrogen separation efficiency of propane precooling mixed refrigerant liquefaction process are the highest, which are 98.25% and 95.39%. When the ratio of hydrogen content reaches 25%, 30%, the cascade cryogenic separation process has the highest liquefaction and hydrogen separation efficiency. The C3-MRC process consumes less energy and has a lower SPE than the other two types.

Furthermore, when the hydrogen fraction of hydrogen-mixed natural gas grows, the hydrogen content increases, as does the gas phase molar flow following the cascade process, the liquid phase molar flow falls, resulting in lower energy consumption. As the hydrogen fraction increases, the content of hydrocarbons decreases. Because of the less proportion of hydrocarbons in the liquid phase obtained after cryogenic separation, and the energy required for liquefaction of hydrocarbons decreases. Because the liquid molar flow also decreases, the SPE increases. Witkowski et al. [34] analyzed the compression and transportation of hydrogen-mixed natural gas in existing natural gas pipelines and found that during the compression process, with the increase of hydrogen concentration, the total mass of the stream and the output of compressor energy consumption will be significantly reduced.

4.2 Exergy Analysis

Exergy analysis is done on three hydrogen separation processes in different hydrogen volume fractions. Fig. 5 depicts the exergy losses and exergy efficiency of the three operations. The exergy losses of the three separation methods, independent of the hydrogen percentage, show that MRC has the largest exergy losses of the three. The coolers’ exergy losses are also the largest during the liquation cycle. Furthermore, when the hydrogen volume percentage grows, the exergy losses of three different types of liquation processes diminish. Although the number of compressors varies between the three cryogenic separation procedures, the exergy losses of the compressors are around 0.267–0.291 MW. The exergy losses of the heat exchangers in C3-MRC and MRC are more than the enthalpy difference of the compressor, but the converse is true in the cascade cryogenic separation process. Exergy losses should be reduced by altering the input and output stream temperatures of the coolers.
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Figure 5: Exergy losses and exergy efficiency of each cryogenic separation process in different hydrogen fraction

The total exergy losses of C3-MRC liquation process are the least in different hydrogen fractions, which are 36.6% and 22.47% less than the other two liquation processes in 10% hydrogen fraction, 37% and 22.32% less in 15% fraction, 37.4% and 22.15% less in 20%, 37.59% and 21.77% less in 25% fraction, and 37.89% and 21.37% less in 30% hydrogen fraction.

Moreover, the exergy efficiency of C3-MRC are 87.68% and 88.06%, higher than the MRC and the cascade cryogenic separation process when the hydrogen fraction are 25% and 30%, which implies that in 25% and 30% fraction, C3-MRC is the most suitable cryogenic separation processes to separate the hydrogen from hydrogen-mixed natural gas.

4.3 Univariate Analysis of the Effect on Feed Gas Conditions

The conditions of the feed gas and the process equipment have a major impact on the energy consumption and liquefaction efficiency in the process of liquefaction and separation process. The following will analyze the different inlet temperatures, pressures, and flow rates of the feed gas.

4.3.1 Influence of Feed Gas Temperature on Cryogenic Separation Process

In the cryogenic separation process, due to the need of heat exchange with methane, ethylene, propane, condenser, heat exchanger, LNG heat exchanger and other heat exchange equipment, so the selection of feed gas temperature has a certain impact on the energy consumption of the overall cryogenic separation process.

Set the temperature as 10°C, 15°C, 20°C, 25°C, 30°C, and 35°C, the pressure of the feedstock gas was 40 bar, and the flow rate was 1600 kgmol/h.

Fig. 6 shows that, through modeling of feed gas temperature change, the liquefaction and hydrogen separation efficiency of the three processes under the same hydrogen percentage remain stable. The energy consumption and SPE rise with temperature. With the temperature increasing, the total amount of cooling required for LNG increases. Therefore, the enthalpy difference decreases, the refrigerant flow increases, and the energy consumption increase.
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Figure 6: Variations of the energy consumption and SPE of different cryogenic separation processes

In the cascade cycle and the MRC, the feed gas temperature rises, raises the input temperature of the compressor, increasing compressor energy consumption and the total energy consumption of the cryogenic separation process. The temperature of the feed gas rises in the C3-MRC process, as does the temperature of the compressor in the propane cycle, the energy of the compressor in the propane precooling cycle, and the energy consumption and SPE of the entire process.

When the hydrogen fraction of C3-MRC is 0.3 and the temperature is 35°C, the energy consumption and SPE are 14140.18 kW and 12.40153 kWh/kgmol, which are still less than the minimum values of the other two cryogenic separation processes under temperature change.

4.3.2 Influence of Feed Gas Flow Rate on Cryogenic Separation Process

The flow rate is set as 1300, 1400, 1500, 1600, 1700, 1800 kgmol/h, temperature is 25°C, pressure is 40 bar. Comparate analysis of the hydrogen mixing ratio of different feed gases was carried out.

As seen in Fig. 7, increasing the feed gas flow increases the overall energy consumption of the cryogenic separation process. The efficiency of liquefaction and hydrogen separation unchanged. At the same time, because the range of change in energy consumption are minor as compared to the liquid molar flow rate after cryogenic separation, the SPE reduces as the feed gas flow rate increases. In comparison, the change in flow rate has less of an effect on the C3-MRC.
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Figure 7: Variations of the energy consumption and SPE of different liquefaction processes by molar flow change

Under the condition that the flow rate is 1800 kgmol/h and the hydrogen fraction is 0.1, the energy consumption and specific energy consumption are 14482.14 kW and 11.29018 kWh/kgmol respectively are relatively lower when compared to the cascade cycle and MRC at 1300 kgmol/h and 0.1 hydrogen ratio.

4.3.3 Influence of Feed Gas Pressure on Cryogenic Separation Process

The temperature of the inlet feed gas is set as 25°C, the flow rate is 1600 kgmol/h. The pressure of the feed gas is set as 37, 38, 39, 40, 41 and 42 bar. Compared and analyzed the liquefaction rate, hydrogen separation rate, energy consumption and SPE of the whole cryogenic separation process with different hydrogen fractions as described above.

The enthalpy of the desired state remains constant after the natural gas is liquefied as the hydrogen-mixed natural gas intake pressure increases. As a result, the enthalpy difference between the intake and outlet states reduces, reducing the cooling capacity required to liquefy natural gas, the refrigerant flow, and the compressor’s power consumption proportionately to the refrigerant flow.

Furthermore, in the cascade cycle and MRC cryogenic separation procedures, the feed gas is compressed first. Under various feed gas pressure settings, as feed gas pressure grows, the pressure difference between the compressor’s intake and output decreases, as does the energy consumed by the cryogenic separation process and the specific power consumption. The Fig. 8 shows that the hydrogen separation and liquefaction efficiency do not vary when the pressure conditions of the input gas are modified in the simulation, and the molar flow rate of the LNG created after cryogenic separation remains unchanged. When a result, as power consumption is lowered, so does SPE.
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Figure 8: Variations of the energy consumption and SPE of different cryogenic separation processes by pressure

The energy consumption variance due by pressure change is less in the C3-MRC process than in the other two cryogenic separation processes. The temperature of propane entering the compressor in the propane precooling cycle rises as the feed gas pressure rises. The temperature of propane entering the compressor drops by around 0.1°C for every 100 kPa increase, resulting in a 3 kW increase in compressor energy usage. However, in the mixed refrigerant cryogenic separation cycle, as the feed gas pressure rises, the temperature of the refrigerant entering the two compressors falls, and so does the energy usage. The energy usage of the three compressors lowers as the pressure rises.

The pressure simulation of 37–42 bar in C3-MRC demonstrates that pressure fluctuations impact the liquefaction efficiency and hydrogen separation efficiency of the process. Unlike the other two cryogenic separation methods, the hydrogen-mixed natural gas in C3-MRC is pre-cooled by the three LNG heat exchangers in the propane pre-cooling process before exchanging heat with the heat exchanger in the mixed refrigerant cycle. With increasing pressure, the flow rate of hydrogen decreased first and then increased, and the flow rate of hydrogen increased first and then decreased after separate by cryogenic separation process. The contents of hydrogen and methane in the liquid phase and gas phase after cryogenic separation increased first and then decreased. So the liquefaction rate and hydrogen separation efficiency increase and subsequently drops as pressure increases, and the maximum inflection point appears at particular pressure settings. After extending the pressure fluctuation range to 30–50 bar, it was discovered that the maximum inflection point of liquefaction and hydrogen separation efficiency of the C3-MRC process rises with increasing hydrogen proportion, as does the maximum pressure value, shown in Fig. 9.
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Figure 9: Variations of the hydrogen separation and liquefaction efficiency of C3-MRC process by pressure

Overall, efficiency changes curves for C3-MRC were illustrated in Fig. 8. There are inflection points in the cryogenic separation process when the hydrogen mixing ratio is 0.15 and the pressure is 30 bar, and the highest values of liquefaction and hydrogen separation efficiency are 0.965384 and 0.975096, respectively. When the hydrogen fraction is 0.2, the liquefaction and hydrogen separation efficiency of the cryogenic separation process under the pressure of 39 bar appear the maximum value of 0.95386 and 0.982502. When the hydrogen mixing ratio is 0.25, the maximum liquefaction and hydrogen separation efficiency of the cryogenic separation process are 0.942104 and 0.987269 under the pressure of 41 bar.

5  Conclusions

It is an efficient method of achieving large-scale hydrogen transport by delivering natural gas and hydrogen in the form of hydrogen-mixed natural gas through the pipe network. The present research directions for hydrogen-mixed natural gas are mostly focused on the directly utilized in the terminal and the effect of natural gas pipelines, such as hydrogen-mixed natural gas combustion performance, the influence of hydrogen fraction on natural gas pipelines, and hydrogen-mixed natural gas engines. The hydrogen-mixed natural gas is now separated mostly using physical methods such as membrane separation, PSA, and PSA-membrane coupling technologies. Although it is simple to use and has a high purity of hydrogen recovery, the recovery rate is modest. This study proposes liquefaction to separate the hydrogen-mixed natural gas. The energy consumption, hydrogen separation, and liquefaction rate produced by the cryogenic separation process for various volume fractions of hydrogen were examined based on the above-mentioned safety range of 0.1–0.3 hydrogen fraction employed in investigations. Further investigate the impact of intake feed gas pressure, temperature, and flow on the cryogenic separation process, and conduct a single factor analysis.

The hydrogen separation efficiency and specific energy consumption rise as the hydrogen fraction increases, while the natural gas liquefaction rate and energy consumption drop. As the pressure in the C3-MRC cryogenic separation process rises, the liquefaction and hydrogen separation efficiency rises and then falls. Under varied feed gas pressure settings, variable hydrogen content has the highest hydrogen separation rate and liquefaction rate. The 15%, 20%, and 25% hydrogen portions of hydrogen-mixed natural gas hydrogen separation efficiency and liquefaction efficiency are maximum at pressures of 32, 39, and 41 bar.

Under the same circumstances, the C3-MRC cryogenic separation process consumes 28.65% less energy and has a 45.57% lower SPE than the other two procedures. Furthermore, the C3-MRC has the lowest total exergy losses in different hydrogen fractions, which are 37.59% and 21.77% less in the 25% hydrogen fraction, and 37.89% and 21.37% less in the 30% hydrogen fraction. Furthermore, the exergy efficiency of C3-MRC is 87.68% and 88.06% when the hydrogen fraction is 25% and 30%, respectively, which indicates that in 25% and 30% fractions, it is better appropriate for cryogenic separation.
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Table 1: Hydrogen-mixed natural gas cryogenic separation results of cascade cycle

Hydrogen LNG molar Molar gas Energy SPE Hydrogen Liquefied
volume flow flow consumption kWh/kgmol separation  efficiency %
fraction kgmol/h kgmol/h kW efficiency %

0.10 1414.852 185.149 20696.44 14.6280 96.01 97.63

0.15 1321.638 278.362 20396.38 15.4327 97.51 96.49

0.20 1230.064 369.936 20086.32 16.3295 98.25 95.37

0.25 1140.343 459.657 19826.64 17.3866 98.73 94.22

0.30 1051.112 548.888 19497.96 18.5499 99.01 93.03
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Table 3: Hydrogen-mixed natural gas cryogenic separation results of C3-MRC

Hydrogen LNG molar Molar gas Energy SPE Hydrogen Liquefied
volume flow flow consumption kWh/kgmol separation  efficiency %
fraction kgmol/h kgmol/h kW efficiency %

0.10 1415.314 184.686 14442.67 10.20457 96.02 97.66

0.15 1322.017 277.983 14320.31 10.83217 97.51 96.52

0.20 1230.223 369.777 14175.93 11.52305 98.25 95.39

0.25 1140.196 459.804 14055.34 12.32712 98.73 94.21

0.30 1050.567 549.433 13905.43 13.23613 99.01 92.98
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Table 2: Hydrogen-mixed natural gas cryogenic separation results of MRC

Hydrogen LNG molar Molar gas Energy SPE Hydrogen Liquefied
volume flow flow consumption kWh/kgmol separation  efficiency %
fraction kgmol/h kgmol/h kW efficiency %

0.10 1415.843 184.157 26015.48 18.3746 96.02 97.70

0.15 1322.176 277.824 25868.96 19.5654 97.51 96.54

0.20 1229.728 370.272 25720.29 20.9154 98.25 95.34

0.25 1138.877 461.123 25596.85 22.4755 98.73 94.09

0.30 1048.200 551.800 25444.37 24.2743 99.01 92.75
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