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Abstract

:

The hydrogen storage tank is a key parameter of the hydrogen storage system in hydrogen fuel cell vehicles (HFCVs), as its safety determines the commercialization of HFCVs. Compared with other types, the type IV hydrogen storage tank which consists of a polymer liner has the advantages of low cost, lightweight, and low storage energy consumption, but meanwhile, higher hydrogen permeability. A detailed review of the existing research on hydrogen permeability of the liner material of type IV hydrogen storage tanks can improve the understanding of the hydrogen permeation mechanism and provide references for following-up researchers and research on the safety of HFCVs. The process of hydrogen permeation and test methods are firstly discussed in detail. This paper then analyzes the factors that affect the process of hydrogen permeation and the barrier mechanism of the liner material and summarizes the prediction models of gas permeation. In addition to the above analysis and comments, future research on the permeability of the liner material of the type IV hydrogen storage tank is prospected.
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1. Introduction


With the increasing demand for fossil fuels internationally and domestically, the emission of carbon dioxide is increasing. Many global problems, such as climate change and global warming, come one after another [1,2]. Therefore, countries around the world have made global agreements to reduce the emission of greenhouse gases. For example, China committed to peak carbon dioxide emissions before 2030 and achieve carbon neutrality before 2060. Hydrogen is an efficient and clean energy carrier (its specific energy is about 140 MJ/kg, which is approximately 3 times that of gasoline [3].) and has the potential to substitute partly existing fuels [4]. Moreover, hydrogen has a wide source and can be produced from steam reformation of fossil fuel, biomass gasification, partial oxidation of hydrocarbons, coal gasification, and biomass fermentation [5]. For the automobile industry, to respond positively to this initiative, traditional vehicles are gradually transforming into new energy vehicles. Nowadays, HFCVs, for their high energy conversion efficiency, environmental protection, and low noise, have become one of the important directions for future automobiles development, which benefits from the special properties of hydrogen. However, there are existing challenges and barriers in the on-board hydrogen storage.



At present, on-board hydrogen storage methods can be categorized into three types: high-pressure gaseous hydrogen storage, liquid hydrogen storage, and solid-state hydrogen storage, and the most mature technology is high-pressure gaseous hydrogen storage [6]. The hydrogen storage tanks used for high-pressure gaseous hydrogen storage can be roughly divided into four types: Type I: metallic pressure vessel, Type II: metallic liner hoop wrapped with CFRP, Type III: metallic liner fully wrapped with CFRP, and Type IV: polymer liner fully wrapped with CFRP, as shown in Figure 1. The latest, the type V hydrogen storage tank, which has 20% less weight than type IV, is made of composites without a liner. Unfortunately, it only can be used in low-pressure ranges and still needs a breakthrough [7]. The type IV hydrogen storage tank which consists of a polymer liner can greatly reduce the weight of the gas cylinder. However, its design concept is quite different from that of the hydrogen storage tank with a metal liner. To date, many companies and enterprises such as Hexagon (Norway), Faurecia (France), Quantum (USA), Toyota (Japan), etc., have successfully developed and realized the commercialization of type IV hydrogen storage tanks. For example, the series of high-pressure hydrogen storage tanks developed by Quantum named “Trishield” uses polyethylene as the liner material. Its nominal working pressure is 35 MPa and 70 MPa and the maximum capacity of the tank is 129 L, which can store 5 kg of hydrogen. The gravimetric density of the 70 MPa type IV hydrogen storage tank mounted on Toyota “Mirai II” is 6.0 wt% (The DOE stipulates that the value to be achieved by 2025 is 5.5 wt%), and its hydrogen storage capacity reaches 142.2 L, which can store 5.6 kg of hydrogen.



To ensure the safety of hydrogen storage, the metal liner material of the hydrogen storage tank is generally aluminum 6061 or 7060, steel (inox or Chrome Molybdene) [9], but the selection of polymer liner material is still being explored. Due to the good performance in the field of natural gas, high-density polyethylene (HDPE) is used as the first choice for the liner material of type IV hydrogen storage tanks. In addition, polyamide polymers are gradually being accepted because of their good gas barrier properties [10,11]. For example, the liner material of Toyota Mirai’s hydrogen storage tank is PA6 [12]. Unlike metal liner materials, polymer materials will not meet the problem named “hydrogen embrittlement”. However, the high hydrogen permeability and low mechanical strength of the polymer may be more dangerous to some extent. To ensure the safety of HFCVs, the international standard GTR 13 stipulates that the hydrogen permeation rate of the compressed hydrogen storage system should be less than 46 Ncm3h−1L−1 under the conditions of 1.15 times the nominal working pressure (NWP) and 55 °C. Meanwhile, at NWP and ambient temperature, ISO 19881 requires that the steady-state permeability of type IV hydrogen storage tanks in the system should be less than 6 Ncm3h−1L−1.



This paper aims to survey the existing literature on the hydrogen permeability of the liner materials of the type IV hydrogen storage tanks to obtain a more thorough understanding of the hydrogen permeation characteristics and mechanisms in polymers, and then provide a solid theoretical basis for the design, development, and optimization of type IV hydrogen storage tanks. In particular, the transport process of hydrogen in polymers and the different test methods of various coefficients involved in the process are presented in Section 2. In Section 3, the paper surveys the factors affecting the process of hydrogen permeation and the barrier mechanism of liner materials. Section 4 of this paper presents the prediction models that may be used for hydrogen permeation. The paper is then concluded in Section 5.




2. Hydrogen Permeation in Polymers


2.1. Transport Process of Gas in Polymer


When assuming that the polymer film is a homogeneous, non-porous film at a given temperature, the transport of a gas molecule in the polymer can be described by a solution-diffusion model. Under normal circumstances, the entire process can be divided into the following five steps [13], as shown in Figure 2:




	
The gas passes through the limit layer on the upstream side (the high-pressure side) by diffusion.



	
The gas is absorbed by the polymer through chemical affinity or solubility.



	
The gas diffuses inside the polymer.



	
The gas is desorbed on the downstream side (the low-pressure side).



	
The gas passes through the limit layer on the downstream side by diffusion.








Since the formation of the limit layer is difficult to observe and the resistance in the limit layer associated to the step 1 and 5 is really small, these two processes are usually negligible. According to Fick’s law, the entire transport process can be divided into two parts, namely dissolution and diffusion. Dissolution is a thermodynamic term, which depends on the interaction between the penetrant and the polymer and the compressibility of the gas. The ease of dissolution is represented by the solubility coefficient S. Similarly, diffusion is a kinetic term that reflects the mobility of the penetrant in the polymer caused by random movement, expressed by the diffusion coefficient D. The gas permeability coefficient P, by definition, is used to describe the strength of the gas permeability of a polymer and it is expressed as P = D × S. In addition, its standard unit is mol·m·m−2·s−1·pa−1, which means we can calculate it by dividing the product of the molar mass of the permeating gas and the thickness of the sample by the sample area, the pressure difference between the two sides of the sample, and the time to reach the permeation equilibrium.




2.2. Test Methods of Hydrogen Permeation


To accurately describe the characteristics of the gas transmission in the polymer, it is necessary to measure the various coefficients. Fujiwara et al. reported two methods for measuring these coefficients under high pressure, which are the thermal desorption analysis (TDA) method [14] and the high-pressure hydrogen gas permeation test (HPHP) method [12,15]. In comparison, these two methods have their own merits.



2.2.1. Thermal Desorption Analysis (TDA) Method


The TDA method is relatively simple. It observes the elimination of hydrogen in the sample in an unsteady state, and then infers the amount of gas permeation, and then obtains the coefficients through function fitting. The whole procedure is roughly as follows: (a) Expose the disc-shaped sample to the hydrogen environment under high pressure. (b) After a while, perform a decompression operation, and quickly put the sample after decompression into an electric furnace at 30 °C. Then use inert gas (such as argon) to purge the desorbed hydrogen into a gas chromatograph with a molecular sieve column every 5 min. After 24 h, rapidly increase the temperature (100 °C/h) to 175 °C to eliminate residual hydrogen. (c) Integrate the measured hydrogen data to obtain the curve of the residual hydrogen content in the entire sample with time. (d) Fit the curve by Equation (1), and the hydrogen permeation amount and diffusion coefficient can be obtained. It is worth noting that when curve fitting is performed, the first measurement data mainly affected by environmental factors are usually ignored.


   C H   ( t )  =   32    π 2    ×  C H   ( 0 )  ×  [    ∑  n = 0  ∞     exp  [    ( − 2 n + 1 )  2   π 2  D t /  l 2   ]      ( 2 n + 1 )  2       ]   [    ∑  n = 1  ∞     exp  [  D  β n 2  t /  ρ 2   ]     β n 2       ]   



(1)




where    C H   ( t )    is the residual hydrogen content (  wt · ppm  ), D is the diffusion coefficient (mm2/s),  l  is the thickness of the sample,  ρ  is the radius of the disc-shaped sample, and    β n    is the root of the zero-order Bessel function.




2.2.2. High-Pressure Hydrogen Gas Permeation Test (HPHP) Method


In the early exploration of gas permeability, Barrer et al. [16,17] used a differential pressure method. This method is to place a sample between a high-pressure chamber and a low-pressure chamber. According to the amount of the gas permeating from the high-pressure chamber to the low-pressure one, various coefficients of gas permeation are analyzed. At present, the HPHP test method, based on this principle, is optimized and improved by combining ASTM 1434 and ISO 7229 standards. During the test, under the condition of ensuring the stability of the hydrogen pressure on the high-pressure side, the change in the amount of hydrogen permeating through the sample over time should be recorded by a gas chromatograph, and an integrated transmission curve should be prepared.



When the amount of hydrogen permeating through the sample per unit time reaches a steady state, the permeation coefficient can be obtained by Equation (2). The diffusion coefficient D can be obtained based on the delay time  θ  (Extrapolating the linear portion that the amount of hydrogen permeating through the sample per unit time at steady state in the reverse direction, the value of the intersection point with the time axis is that of  θ ) using Equation (3). The solubility coefficient S is determined by using the relationship among the three coefficients, as shown in Equation (4).


  P =   273.15 × V × l   A × Δ p × T × 0.0227    



(2)




where  l  is the thickness of the sample (m), V is the amount of hydrogen permeating through the sample per unit time at steady state (cm3/s), A is the permeation area (m2),   Δ p   is the pressure difference between the two sides of the sample (Pa), and T is the temperature (K).


  D =    l 2    6 θ    



(3)




 l  is the thickness of the sample (m),  θ  is the delay time (s).


  S =  P D   



(4)








2.2.3. TDA Method versus HPHP Method


TDA and HPHP are two widely recognized test methods. In comparison, each one has its own advantages and disadvantages. From the aspect of the experimental equipment and test conditions, the TDA method at a non-steady state is relatively simple, and the experimental data can be obtained more easily and quickly. However, to ensure the constant test pressure, the HPHP method requires a series of complex experimental equipment, and it is very difficult to continuously test and obtain data under high-pressure conditions. In terms of the accuracy of the experimental data, HPHP is indeed better, because it almost minimizes the error of hydrogen permeation under high pressure. This conclusion has been confirmed by the literature [12] and the result is shown in Figure 3. The numbers in the plot show the exposed pressure (ex. ① = 10 MP, ⑨ = 90 Mpa) and in brackets show the quantitative value of destruction. Figure 3a shows that there is little difference between the two methods when measuring the amount of penetrated hydrogen under low-pressure test conditions, but the result is just the reverse under a high-pressure environment. As the test pressure increases, the quantitative value of destruction of the sample also increases significantly. In addition, Figure 3b shows that no matter what material we use, the permeability coefficient measured by TDA is always larger than that of HPHP.



For the TDA method, the reason why the experimental data are biased and the measured value is always too large is mainly because the sample is damaged on the micro view [12]. In a high-pressure environment, the sample has absorbed enough hydrogen. When the decompression operation is performed, the gas inside the sample, for the reason that its diffusion rate is much lower than the decompression rate, will become supersaturated and accumulate in the microscopic voids (defects) in the material to cause stress concentration. When the stress or strain here exceeds the tear standard of the material, irreversible damage occurs. The damage caused by this reason is considered to be one of the failure behaviors of the liner material, and many scholars have described and explored this phenomenon [18,19]. At present, this is also an important direction of research on the liner material of type IV hydrogen storage tanks.






3. Factors Affecting Hydrogen Permeability


Hydrogen does not dissociate in polymers as it is known to do in metals, it exists in the form of diatomic molecules. Compared with other gas molecules, hydrogen has a smaller molecular dynamic diameter (about 2.8 Å), which makes it easier to diffuse inside the polymer. Good gas barrier property is one of the necessary properties of high-pressure hydrogen storage tanks, which is essential to the safety of on-board hydrogen. However, the permeability of gas in polymers is affected by many factors, such as temperature, pressure, etc. At present, only a small number of experts and scholars have researched this, and there are few related references. Generally, the permeability of gas in polymers is mainly affected by external conditions (such as temperature [20,21], pressure [15,22]), material properties (such as crystallinity [23,24], fillers [25,26], etc.), and the interaction between gas and material [27,28].



3.1. External Conditions


3.1.1. Temperature


When using a hydrogen dispenser to fill the on-board type IV hydrogen storage tank with hydrogen, the gaseous hydrogen fuel is usually pre-cooled to 233 K (−40 °C) to prevent the temperature in the hydrogen storage tank from being too high during the filling process. At present, the application temperature range of the on-board hydrogen storage tank is between 233 K (−40 °C) and 358 K (85 °C) [29], so it is of great significance to explore the permeation law in such a situation. Barth et al. [21] summarized the temperature dependence of hydrogen permeability of various polymer materials (such as high-density polyethylene, polyamide, butyl rubber, etc.). When analyzing the influence of temperature, the permeation of hydrogen in polymer materials at different temperatures is plotted, as shown in Figure 4. Among all materials tested, polyamides and polyethylene show excellent gas barrier properties. Moreover, the hydrogen permeability coefficient of all materials increases as the temperature goes up. This phenomenon is known as Arrhenius’s laws.



In fact, under a given pressure, many references exploring the influence of temperature on the gas permeability coefficient P, diffusion coefficient D, and solubility coefficient S in polymers have proved that the variation of the coefficients obeys Arrhenius’s laws in a narrow temperature range [20,30]:


  P  ( T )  =  P 0  exp  (  −    E P    R T    )   



(5)






  D  ( T )  =  D 0  exp  (  −    E D    R T    )   



(6)






  S  ( T )  =  S 0  exp  (  −   Δ  H S    R T    )   



(7)




where P0, D0, and S0 represent the limit values of various transportation coefficients when the temperature tends to infinity. EP, ED, and ΔHS respectively, represent the apparent activation energy of the permeation process and diffusion process, and the heat of dissolution required for the penetrant to dissolve in the polymer matrix. It is obvious from the relationship of P = D × S that EP = ΔHS × ED. For hydrogen, both ED and ΔHS are positive values [31]. Therefore, it can be seen that under a certain pressure, as the temperature increases, the permeability of hydrogen in the polymer gradually increases, which is consistent with the trend shown in Figure 4.




3.1.2. Pressure


In the early research on gas permeability in the pipeline, Klopffer et al. [32] explored the permeability of pure gas and mixed gas (methane, carbon dioxide, hydrogen) in PE80 at a low experimental pressure of 0–20 bar (2 MPa). The experimental results did not show any effect of the applied pressure on the gas permeability, which was consistent with the phenomenon pointed out in the 2005 EHEC and 2006 WHEC meetings. This phenomenon also appears in Naito et al.’s research on the hydrogen permeability of LDPE [33]. Even at an experimental pressure as high as 80 bar (8 MPa), there is almost no change in the hydrogen permeability coefficient. However, the current hydrogen storage pressure of the on-board type IV hydrogen storage tank can reach 70 MPa. During the filling and using process, the allowable pressure needs to reach 1.25 times the nominal pressure; that is, 87.5 MPa [29], which is nearly 9 times higher than the previous experiment pressure. Thus, these phenomena cannot satisfy the description of hydrogen permeation in the type IV hydrogen storage tanks.



In order to explore the hydrogen permeability of polymers in a high-pressure environment deeply, Fujiwara et al. [15] developed a 90 MPa hydrogen permeability measurement system with high accuracy based on the principle of the HPHP method. Then they used it to evaluate the hydrogen permeability of HDPE. At a temperature of 30 °C, the effect of the applied pressure on different coefficients is shown in Figure 5. Experiments show that the amount of permeated hydrogen goes up with the increasing pressure, but the rate of increase gradually decreases. Furthermore, the permeability coefficient, diffusion coefficient, and solubility coefficient all decrease to different extents when the pressure increases. The variation value of the diffusion coefficient, shown in Figure 5, is slightly larger than that of the solubility coefficient, which proves that at a certain temperature, hydrogen permeation is mainly affected by diffusion rather than solubility. This phenomenon is completely different from the previous conclusions under low pressure. In addition, Figure 6 shows that the amount of penetrated gas per unit mass of HDPE increases as the test pressure increases, but the ratio of increase slows slightly. The deviation of the experimental curve from the dotted line reveals that the process of gas permeation does not obey Henry’s law (a linear relation between the penetrant concentration in the polymer and its partial pressure) at high pressure. This is consistent with the previous research conclusions of Li et al. [34] on gas solubility. The movement and diffusion of the penetrant are considered to occur in the free volume (free volume is defined as the unoccupied region contained in the polymer volume, which can be obtained by the movement of polymer chain segments [24]). Thus, Barth et al. [21] attributed this deviation to the hydrostatic effect, which will reduce the free volume in polymers, inhibit the process of diffusion, and reduce the permeability coefficient. At the same time, literature [35] shows that the crystallinity of polyethylene (the crystallized region can inhibit gas diffusion) under a high-pressure hydrogen environment has a certain degree of increase, thereby inhibiting diffusion. However, this change is reversible and it returns to the original crystallinity when the pressure is reduced to atmospheric pressure. Pressure changing with time may affect the properties of polymers or even leads to the failure of certain properties of polymers. Therefore, further measurements are needed for such a situation.





3.2. Material Properties


Many scholars have explored the permeability of different materials to the same gas [19,35], which is of great significance to the selection of suitable materials with strong gas barrier properties. When deeply exploring specific influencing factors, it may be caused by some internal structural factors (such as crystallinity, fillers, etc.) for polymer materials.



3.2.1. Crystallinity and Molecular Chain


When measuring the hydrogen permeability of perfluorosulfonic acid polymer (PFSA) membranes, Takeuchi et al. [23] experimentally observed that the transmission of hydrogen was limited by the crystallinity of the polymer. Higher crystallinity reduces the volume fraction of cavities in the polymer and increases the gas barrier properties of the film. Coincidentally, Kane [24] also demonstrated the influence of crystallinity in polyethylene on hydrogen permeability through calculations and found that the higher the crystallinity, the stronger the barrier to gas transmission.



Polyamide is a semi-crystalline polymer that generally has a lower crystallinity than high crystallinity materials such as polyethylene. According to the crystallinity, the gas barrier properties of polyethylene should be stronger than that of polyamide. Interestingly, under the same experimental conditions, Klopffer et al. [28] found that the hydrogen permeability of PE100 with a crystallinity of 60% was actually higher than that of PA11 with a crystallinity of 20% (8.93 × 10−16   mol /  (  Pa · m · s  )    for PE100 and 3.57 × 10−16   mol /  (  Pa · m · s  )    for PA11 at 20 °C and 2 MPa). This phenomenon has also appeared in the research of other scholars [36,37]. This shows that the factors affecting the gas permeability of polymer are far more than crystallinity, and may be related to the cohesive energy density of the amorphous phase [28]. This is because there are polar structures in polyamide materials that can form intermolecular and intramolecular hydrogen bonds, which enhance the interaction between molecular chains and reduce permeability [38]. Due to hydrogen bonds, Pepin et al. [39] found that the hydrogen permeability coefficient of PA12 is 5 times that of PA6, as high as 3.42 × 10−15   mol /  (  Pa · m · s  )   , under the conditions of 55 °C and 18 MPa. Moreover, the side chain groups of the molecular chain in the polymer and the orientation of the molecular chain also influence the gas permeability to a certain extent. The former affects the movement of molecular chains in the polymer, while the latter is related to the way the polymer is formed. Smith [40] explored the durability and hydrogen permeability of polymers such as HDPE and PA made by different molding methods during temperature cycling experiments. The specific experimental conditions and results are shown in Table 1. The result shows that various molding methods have a certain effect on the hydrogen permeability of polymers (the hydrogen permeability of injection-molded HDPE is higher than that of extrusion-molded), however, the effect is not statistically significant.




3.2.2. Additives


In the actual manufacturing process, various substances are often added to modify the polymer to meet the various properties that we need. These substances such as crosslinking agents, plasticizers, and fillers will affect the gas barrier properties of the polymer.



The addition of crosslinking agent will change the degree of cross-linking between molecular chains, affect the gaps between molecular chains and then affect the penetration of gas molecules. The higher the degree of crosslinking, the more difficult it is for molecular chains to move and for penetrants with a diameter larger than the cross-linking gap to diffuse. The influence of plasticizers on gas transmission has been reported in the literature [13]. At 120 °C and 4 MPa pressure, Flaconnèche et al. [41] explored the influence of different mass fractions (0%, 7.5%, 12.5%, 19%, 29.5%) of plasticizers on the gas transmission performance of PA11 and found that the gas diffusion coefficient is slightly modified by the content of the plasticizer, but has almost no effect on solubility coefficient. The reason may be that the addition of plasticizers weakens the interaction between polymer molecular chains in the amorphous phase and gives the macromolecular chains more freedom to move, which is conducive to the diffusion of gas molecules [13].



Adding the fillers (usually an inorganic substance) directly to the polymer is the simplest way to improve its gas barrier properties. The addition of fillers will form a physical barrier in the polymer, which will make the gas transmission path more complicated. This phenomenon is called the “tortuous effect”, as shown in Figure 7.



The influence of the “tortuous effect” has been proved by Klopffer et al. [42]. The gas barrier properties of both PA11 and PE100 were improved to different extents after modification. However, the specific filling effect will be complicated due to the various properties of the filler, such as type and shape. In the research on the shape of fillers, literature [43,44] explored the influence of filler shape (the aspect ratio), content, and other factors on the gas barrier properties of polymers, and used a mathematical equation to express the law:


   P  r e l   =  P   P 0    =    (  1 + μ    α 2   ϕ 2    1 − ϕ    )    − 1    



(8)




where P/P0 represents the ratio of polymer permeability coefficient after filling to before filling, and μ, α, and ϕ represent geometric factor, aspect ratio, and volume fraction related to the filling, respectively.



According to this rule, Habel et al. [26] used NaHec with a large aspect ratio as the nanofiller and optimized its arrangement in the polymer to produce a lightweight ultra-high barrier liner for helium and hydrogen. Sun et al. [45] comprehensively investigated the hydrogen permeability of PA6 filled with lamellar inorganic components (LIC). The result showed that the hydrogen permeability of LIC/PA6, under various temperatures (10 °C, 25 °C, 85 °C) and pressure (25 MPa, 35 MPa, 50 MPa) conditions, was decreased by 3–5 times than the pure PA6. The maximum permeability coefficient of the LIC/PA6 they measured is 6.10 × 10−16   mol /  (  Pa · m · s  )    which was lower than 1.24 × 10−15   mol /  (  Pa · m · s  )    required by the gas cylinder standard. However, the optimal addition ratio of LIC still needs to be explored. In addition, there are many research studies and applications on the “tortuous effect” of fillers [46,47].





3.3. Interaction between Gas and Material


When the permeated gas interacts with the polymer, part of the properties of the polymer will be changed, which may affect the gas permeation process. For example, many studies have shown that carbon dioxide can easily plasticize polymers [48,49], which affects the properties of polymers. Based on this, some scholars have also studied the interaction between hydrogen and materials.



In an environment with a hydrogen pressure of 3 MPa, Castagnet et al. [27] conducted a series of mechanical tests (tensile, creep, ductile fracture, etc.) on PE and PA11, which showed that the transmission of hydrogen had no obvious effect on the amorphous and crystalline phase of the material, and the influence on the mechanical experiment results of materials does not exceed 10%. In other studies under low pressure [24,28], no obvious hydrogen effect was found. Subsequently, Fujiwara et al. [12] also proved that this effect was not obvious under high pressure, which is consistent with the literature [15]. However, there are almost no experimental data that measured at both high pressure and high temperature and this needs to be further studied.





4. Prediction Models


In order to describe the transport behavior of gas in polymers in more detail and predict the permeation behavior of gas, many theoretical models have been proposed. Although most of these models are summarized based on the diffusion behavior of gases such as CO2 and CH4 in polymers, they can still be used as a reference for predicting the permeation behavior of hydrogen. Due to various factors, these expressions in these models become extremely complicated.



4.1. Dual-Mode Sorption Model


This model was first proposed by Barrer et al. [50], and it can accurately describe the dissolution and diffusion of gas or vapor in glassy polymers in a simple way. In this model, the penetrant molecules are divided into two groups: one group is the penetrant molecules dissolved in the polymer by Henry’s law with a concentration of CD, and the other is adsorbed at a specific site (holes or microvoids) by Langmuir–Mode with a concentration of CH. There is a local balance between the two parts of the penetrant. The total concentration can be expressed by Equation (9) under the equilibrium pressure P:


  C =  C D  +  C H  =  k D  p +    C H ′  b p   1 + b p    



(9)




where kD, b, and    C H ′    are three constants [51,52], which are Henry’s law constants (representing the solubility of the gas in polymers), Langmuir hole affinity parameters (representing affinity for sites), and Langmuir capacity Parameter (a measure of the concentration in “holes”).



In this model, the two groups of penetrant molecules have their own diffusion coefficients DD and DH.The penetrant molecules are more likely to diffuse in the environment of Henry’s population, thus, DD is generally greater than DH, that is,   F =  D H  /  D D  ≤ 1  . Assigning different values to the physical parameter F can make the model have different practical meanings. Koros et al. [53,54] believe that all the penetrant molecules dissolved in the polymer by Henry’s law can move, while only part of the penetrant molecules at a specific site can do. Therefore, the concentration of permeate gas that can actually move is    C D  + F  C H   . Combined with Equation (10), the permeability coefficient and time lag of the penetrant are expressed as follows:


  S =  C p   



(10)






  P = D S =  k D   D D   (  1 +   F K   1 + b p    )   



(11)






  θ =    l 2    6  D D     [  1 + f  (  K , F , b , p  )   ]   



(12)




where   K =  C H ′  b /  k D   . f is a complicated function. Although kD, DH and DD are considered as three constants in this model, the solubility and diffusion coefficient will be affected as the pressure changes continuously. In addition, the exponential correlation between D and concentration can be introduced to describe the strong interaction between the penetrant and polymers [55]. However, the properties and distribution of the micropores in this model are not very clear, and there is a difference between the parameters used for sorption and those required to describe desorption. Moreover, significant errors may be caused when using existing parameters for extrapolation calculations [56].




4.2. Gas–Polymer Matrix Model


In this model, it is assumed that there is an interaction between the penetrant molecules and the polymer matrix, which affects the internal structural properties of the polymer and promotes the frequency of molecular chain movement [13,57]. The penetrant molecules existing between the polymer molecular chains reduce the activation energy required to separate the chains, and the mobility of the chain segments is enhanced. The specific influence on the solubility and gas diffusion can be expressed by the following equations:


  S =  S 0  exp  (  −  α *  κ  )   



(13)






  D =  D 0   (  1 +  β *  κ  )  exp  (   β *  κ  )   



(14)






  κ =    T g   ( 0 )  −  T g   ( C )   T   



(15)







It is worth noting that the solution of the diffusion coefficient is generalized from the solubility solution theory. S0 and D0 respectively, represent the limit values of solubility and diffusion coefficient at zero concentration, α* and β* are constants, and and Tg(0) and Tg(C) represent the glass transition temperatures of pure polymers and that of gas–polymer systems. When it is assumed that the glass transition temperature Tg decreases linearly as the concentration increases [58], there is also a linear relationship between κ and the concentration C on the upstream side of the membrane, the Equation (13) and Equation (14) can be rewritten as


  S =  S 0  exp  (  − α C  )   



(16)






  D =  D 0   (  1 + β C  )  exp  (  β C  )   



(17)




where α and β are constants. When the coefficient βC is very small, the permeability coefficient and time lag of the penetrant are expressed as Equation (18) and Equation (19) [59]. Contrary to the dual-mode sorption model, the time lag values calculated by this model are in good agreement with the experimental results [13].


  P    = D   0   S 0  exp  [   (  β − α  )  C  ]   



(18)






  θ =    l 2    6  D 0      10 + 25 β C + 16    (  β C  )   2    10    (  1 + β C  )   3     



(19)








4.3. Nonequilibrium Lattice Fluid Thermodynamic Model


The nonequilibrium lattice fluid thermodynamic (NELF) model is obtained by applying the nonequilibrium thermodynamics for the glassy polymer (NET-GP) to the lattice fluid (LF) model. From the perspective of thermodynamics, it can precisely describe the different behaviors of the penetrant molecules in the experiment relying on the nonequilibrium chemical potential of the substances in the polymer mixture. Moreover, the validity and accuracy of the model have been proved in the calculation and prediction of the solubility isotherms of pure glassy polymer and mixed gas [60,61]. In this model, the diffusion coefficient is composed of the product of the kinetic factor and the thermodynamic factor:


  D = L   ∂  μ 1  / R T   ∂ ln  ω 1    ≡ L α  



(20)






  L =  L 0   e   (  β  ω 1   )     



(21)







L is a kinetic factor, also known as mobility, and its value is related to the resistance encountered in the transport of penetrant molecules. In order to avoid the application of a large number of parameters, the expression is simplified as much as possible. For the expression of mobility, an exponential expression conforming to the migration experience of penetrant molecules is adopted, as shown in Equation (21). L0 and β represent the infinite dilution mobility coefficient and the plasticization coefficient, respectively. These two adjustable parameters can be obtained from the instantaneous adsorption diffusion data or steady-state permeability data. ω1 represents the mass fraction of penetrant molecules 1 dissolved in polymer 2 (subscript 1 usually represents gas solute, subscript 2 represents polymer). For the thermodynamic factor α without any adjustable parameters, its specific value can be obtained directly from the solubility isotherm or indirectly calculated by the nonequilibrium thermodynamics of the glassy polymer in the NELF model [62]:


     μ 1  N E     R T   = ln  (     ω 1   ρ 2     ω 2   ρ 1 *     )  −    M 1   p 1 *     ρ 1 *  R  T 1 *     {     [  1 +  (     T 1 *   p *     T 1 *   p 1 *    − 1  )     ω 2   ρ *     ρ 2     ]  ln  (  1 −    ρ 2     ω 2   ρ *     )  +        T 1 *   p *     T 1 *   p 1 *    +    ρ 2     ω 2   ρ *     [     T 1 *   T   (  1 +    p *     p 1 *    −    (     ρ 2     ω 2   ρ *     )   2    Δ  p  12  *     p 1 *     )   ]     }   



(22)






  Δ  p  12  *  =  p 1 *  +  p 2 *  − 2 ( 1 −  k  12      p 1 *   p 2 *    )  



(23)







   ρ 2    is the nonequilibrium density of the polymer, and k12 is the binary interaction parameter between the penetrant molecule and the polymer. M1,    T 1 *   ,    P 1 *    and    ρ 1   , respectively, represent the molar mass, characteristic temperature, pressure, and density of penetrant molecules. The characteristic properties T*, P*, and    ρ *    of the penetrant–polymer mixture can be calculated by referring to the mixing rules proposed by Sanchez and Lacombe [63], and some of the specific characteristic values can refer to the experimental data in other literature [64,65] or select from the literature [66]. When the gas penetration reaches a steady state, the following equation should be met:


   J 1  l =  M 1    N ˙  1  l = −    ∫   ω 1    u     ω 1    d     ρ D d  ω 1     =    ∫   ω 1    d     ω 1    u     ρ  L 0   e  β  ω 1    α d  ω 1      



(24)




where J1 represents the mass flux of the penetrant. N1,  ρ , l are the steady-state molar flux of the penetrant, the density of the polymer, and the thickness of the polymer, respectively. The superscripts u and d represent the upstream and downstream sides of the polymer membrane, respectively.



Concerning the phase equilibrium conditions, the expression of steady-state permeability coefficient can be derived:


   P 1  =  1   M 1   (   p 1 u  −  p 1 d   )       ∫   p 1 d     p 1 u     ρ  L 0   e  β  ω 1       ω 1     p 1     z 1  d  p 1      



(25)







   p 1 u    and    p 1 d    represent the pressure on the upstream and downstream sides of the polymer membrane, and    z 1    is the gas compression factor (calculated by the Peng–Robinson equation of state). The value of      ω 1     p 1      can be obtained from the solubility isotherm and the meaning of other parameters will not be repeated here. Without adding adjustable parameters, the NELF model describes the process of gas permeation in detail even in the case of plasticization and has both simplicity and intuitiveness.




4.4. Free Volume Theory


The free volume theory plays a pivotal role in the study of high molecular polymers and can explain many phenomena and principles. For example, for the two adjustable parameters    L 0    and β in the NELF model, the free volume can also be used to characterize the correlation [67]. In this theory, the volume of an object is divided into occupied volume (Van der Waals, refer to the literature [68] for specific calculations) and free volume. The transport of penetrant molecules in the polymer depends on the redistribution of free volume [69] which means only when the free volume around the penetrant molecules reaches or exceeds a certain critical value, the penetrant molecules can move. The free volume fraction of a polymer can be expressed as the ratio of free volume to the total volume, and the free volume fraction of the relevant system is given by the following equation (subscript 1 usually represents gas solute, subscript 2 represents polymer):


  f =  ϕ 1   f 1  +  ϕ 2   f 2   



(26)




where ϕ1, f1, ϕ2, and f2 are the volume fraction and free volume fraction of penetrant molecules and polymers in the system, respectively. For the expression of the diffusion coefficient, the theory gives the following expression [70,71]:


   D T  = R T  A d  exp  (    −  B d   f   )  = R T  m d   



(27)




where Ad, Bd, and md respectively, represent the parameters related to the external dimensions of the penetrant molecules, the characteristic parameters related to the available free volume fraction, and the mobility of the penetrant molecules. In addition, Equation (27) can also be expressed as


   D T  = A exp (   − b  v *   f  )  



(28)




where A and b are constants related to the system and v* is the critical volume of penetrant molecules.



Combining the entropy of the mixture and the Flory–Huggins equation [72], the solubility of the penetrant in the polymer can be described as


  S =  f   f 1   p 1 0  exp  (  1 +  χ 1   )    ≈    f 2     f 1   p 1 0  exp  (  1 +  χ 1   )    = k  f 2   



(29)




where    p 1 0    is the saturated vapor pressure of the penetrant at temperature T and χ1 is the Flory–Huggins interaction parameter.    f 2     can be used directly instead of f when assuming that the value of ϕ1 is very small. Then the entire equation is simplified. k is considered a constant in the system.



For semi-crystalline polymers such as polyamides, gas transport only occurs in the amorphous phase region and has nothing to do with the crystallized region [24]. Therefore, the previous equations should be rewritten as


   S a  = k  f a   



(30)






   D  T a   = A exp (   − b  v *     f a    )  



(31)






   f a  =   v −  v 0   v   



(32)







The subscript a represents that these coefficients are related to the amorphous phase region.  v  and    v 0   , respectively, represent the total volume and occupied volume of the amorphous phase region (Van der Waals). Concerning the relationship among the permeability coefficient, solubility coefficient, and diffusion coefficient, the permeability coefficient of the penetrant in polymers can be expressed as Equation (33). However, when the temperature is higher than the glass transition temperature, the free volume fraction of polymers will change, which may make the calculation more complicated.


  P =  D  T a    S a  = k  f a  A exp (   − b  v *     f a    )  



(33)









5. Conclusions


In the field of HFCVs, the type IV hydrogen storage tank, for its low cost, lightweight, and low storage energy consumption, has become a research hotspot. However, hydrogen permeation will occur inevitably for the use of polymers. It is very essential and challenging to reduce the hydrogen permeation amount as much as possible and predict the permeation behavior, which will still be the focus of future research. In this paper, the process of hydrogen permeation and test methods (TDA and HPHP) are firstly discussed in detail. Comparing the two methods, it is found that the HPHP method is more suitable for the measurement of hydrogen permeation amount under high-pressure conditions. This paper then analyzes the factors that affect the process of hydrogen permeation and the barrier mechanism of the liner material and summarizes the prediction models of gas permeation. This can not only improve our understanding of the hydrogen permeation mechanism but also provide a reference for following-up researchers and research on the safety of HFCVs.



To date, the permeation of hydrogen in various polymers has been explored from various aspects such as external conditions, material properties, and the interaction between gases and materials. However, these studies are not comprehensive and mature compared with other gas permeation studies. From the perspective of on-board hydrogen safety, there are still many things that need to be further studied:




	
Although the factors and rules of most gas permeation in polymers have been summarized, these rules are rarely concluded based on the hydrogen permeation in the liner materials (such as HDPE and polyamide, etc.) of the on-board type IV hydrogen storage tank. Therefore, this can only be regarded as a universal law and there is still a lack of systematic research on hydrogen permeation in the material of the on-board type IV hydrogen storage tank.



	
The pressure in the type IV hydrogen storage tank is as high as 700 bar. Most of the experiments were carried out at low pressure and the hydrogen permeation data under high pressure is insufficient. In addition, there is no special experimental study on the plasticization of the liner material of the hydrogen storage tank in the high-pressure hydrogen environment, and no detailed evaluation of its physical and mechanical properties in a high-pressure hydrogen environment.



	
Based on the high-pressure hydrogen permeation data, the prediction model needs to be further optimized and improved to ensure its accuracy and predictive ability in the description of permeation phenomena in a high-pressure environment.



	
When polyamide is used as the liner material of the type IV hydrogen storage tank, the amine group and carbonyl group contained in the molecular chain will make the material have water absorption. The degree of water absorption of the material will lead to changes in many properties, so the influence of humidity on polyamide materials cannot be ignored.








The harsh working conditions of the on-board high-pressure type IV hydrogen storage tank (the working temperature is between 233 K (−40 °C) to 358 K (85 °C) and the allowable pressure needs to be 1.25 times the nominal pressure, which is 87.5 MPa) will impose stricter requirements on the liner material of the hydrogen storage tank. Both temperature and pressure will show continuous changes (the change is particularly drastic when filling) in the practical application of the tanks. How these changes affect the gas barrier properties of the liner material and how to model are also issues worthy of further study in the future.
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Figure 1. Four types of hydrogen storage tanks, reproduced with permission from [8]. 
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Figure 2. The diffusion process of gas in the polymer, reproduced with permission from [13]. 
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Figure 3. Comparison between HPHP method and TDA method: (a) Amount of penetrated hydr-gen gas (b) Permeability, reproduced with permission from [12]. 
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Figure 4. Temperature dependence of hydrogen permeability of various polymer materials, reproduced with permission from [21]. 
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Figure 5. Pressure dependence of the permeation coefficients, reproduced with permission from [15]: (a) the amount of hydrogen permeation; (b) the permeability coefficient; (c) the diffusion coefficient; (d) the solubility coefficient. 
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Figure 6. Hydrogen permeation per unit mass of HDPE at different pressures, reproduced with permission from [15]. 






Figure 6. Hydrogen permeation per unit mass of HDPE at different pressures, reproduced with permission from [15].



[image: Wevj 12 00130 g006]







[image: Wevj 12 00130 g007 550] 





Figure 7. The “tortuous effect”, reproduced with permission from [25]. 
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Table 1. Relationship between molding methods and hydrogen permeability of polymers [40].






Table 1. Relationship between molding methods and hydrogen permeability of polymers [40].





	
Molding Methods

	
Polymer

	
Experimental Conditions

	
Comparison of Results (P)




	
Temperature Range (°C)

	
Pressure (Bar)






	
Injection-molded

	
HDPE

	
−30~85

	
about 135

	
P (Injection-molded HDPE)>

P (Extrusion-molded HDPE)≈

P (Extrusion-molded PA6)>

P (Compression-molded TLCP Blow-molded PET




	
Extrusion-molded

	
HDPE




	
Extrusion-molded

	
PA6




	
Compression-molded

	
TLCP




	
Blow-molded

	
PET
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