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Introduction

Hydrogen is expected to play an important role as energy vector in the coming decades and in the framework of Sustainable Development, as it represents a suitable alternative to fossil fuels [START_REF] Jain | Hydrogen the fuel for 21st century[END_REF]. Nevertheless, the development of the corresponding supply chain is hampered by the low density of hydrogen, 0.089 kg m -3 at 298K and atmospheric pressure, which is an important drawback especially with respect to automotive applications. It is generally assumed that the density of the adsorbed hydrogen phase can be approximated to the density of liquid hydrogen, i.e., 70 kg m -3 , when lowering the temperature down to 77 K [START_REF] Kadono | Dense hydrogen adsorption on carbon subnanopores at 77 K[END_REF][START_REF] Poirier | On the Nature of the Adsorbed Hydrogen Phase in Microporous Metal-Organic Frameworks at Supercritical Temperatures[END_REF]. Then, the density of liquid hydrogen is about four orders of magnitude higher than that of gaseous hydrogen at 298 K and 0.1 MPa. As a matter of proof, a tank of volume 340 L would be required to store 5 kg of hydrogen at 20 MPa and room temperature, for hydrogen vehicles having an autonomy of 500 km [START_REF] Berry | Onboard Storage Alternatives for Hydrogen Vehicles[END_REF]. It has been shown that the use of an adsorption-based system can reduce by 22% the volume needed for hydrogen storage when compared to pure compression at 20 MPa and room temperature [START_REF] De La Casa-Lillo | Hydrogen Storage in Activated Carbons and Activated Carbon Fibers[END_REF]. Thus, the advantage of using high surface area materials for hydrogen storage, such as nanoporous carbons, is evident. At 77 K, the amount of adsorbed hydrogen on a carbon material is roughly proportional to both its surface area and needs an adequate pore size distribution [START_REF] Fierro | Pore size distribution in microporous carbons obtained from molecular modeling and density functional theory[END_REF][START_REF] Sdanghi | Application of the modified Dubinin-Astakhov equation for a better understanding of high-pressure hydrogen adsorption on activated carbons[END_REF], but hydrogen uptakes barely exceeding 1 wt.% were obtained at 298 K for all typologies of carbon materials [START_REF] Sdanghi | Hydrogen Adsorption on Nanotextured Carbon Materials[END_REF].

Although the addition of metal nanoparticles to the carbon structure can be beneficial in terms of hydrogen storage at room temperature due to the spillover phenomenon [START_REF] Pyle | Hydrogen storage in carbon nanostructures via spillover[END_REF][START_REF] Chung | Effects of oxygen functional groups on the enhancement of the hydrogen spillover of Pd-doped activated carbon[END_REF][START_REF] Schaefer | Physisorption, chemisorption and spill-over contributions to hydrogen storage[END_REF], it is often accompanied by a decrease of the surface area [START_REF] Zhao | Activated carbons doped with Pd nanoparticles for hydrogen storage[END_REF][START_REF] Zhao | Hydrogen uptake of high surface area-activated carbons doped with nitrogen[END_REF]. Several carbon materials can be used for hydrogen adsorption, such as carbon nanotubes [START_REF] Bianco | Hydrogen adsorption in several types of carbon nanotubes[END_REF][START_REF] Barghi | Chemisorption, physisorption and hysteresis during hydrogen storage in carbon nanotubes[END_REF], carbon nanofibers [START_REF] Kim | A study on the hydrogen storage capacity of Ni-plated porous carbon nanofibers[END_REF][START_REF] Jaybhaye | Semiconducting carbon nanofibers and hydrogen storage[END_REF][START_REF] Wu | Synthesis and hydrogen storage capacity of exfoliated turbostratic carbon nanofibers[END_REF], carbons derived from zeolites and metal-organic frameworks (MOFs) [START_REF] Aiyappa | Porous Carbons from Nonporous MOFs: Influence of Ligand Characteristics on Intrinsic Properties of End Carbon[END_REF][START_REF] Chaikittisilp | A new family of carbon materials: synthesis of MOF-derived nanoporous carbons and their promising applications[END_REF][START_REF] Khan | Soft-template carbonization approach of MOF-5 to mesoporous carbon nanospheres as excellent electrode materials for supercapacitor[END_REF][START_REF] Marco-Lozar | MOF-5 and activated carbons as adsorbents for gas storage[END_REF][START_REF] Segakweng | Comparison of MOF-5-and Cr-MOF-derived carbons for hydrogen storage application[END_REF], and activated carbons [START_REF] Zhao | Synthesis of Bamboo-Based Activated Carbons with Super-High Specific Surface Area for Hydrogen Storage[END_REF][START_REF] Bader | How the activation process modifies the hydrogen storage behavior of biomass-derived activated carbons[END_REF][START_REF] Sethia | Activated carbon with optimum pore size distribution for hydrogen storage[END_REF][START_REF] Fierro | Adsorption and compression contributions to hydrogen storage in activated anthracites[END_REF][START_REF] Schaefer | Rice straw-based activated carbons doped with SiC for enhanced hydrogen adsorption[END_REF][START_REF] Ramesh | Activated carbons derived from tamarind seeds for hydrogen storage[END_REF][START_REF] Li | Preparation and characterization of the hydrogen storage activated carbon from coffee shell by microwave irradiation and KOH activation[END_REF]. Hydrogen adsorption on carbon nanotubes and graphitic nanofibers attracted attention after some controversial studies [START_REF] Dillon | Storage of hydrogen in single-walled carbon nanotubes[END_REF][32] [START_REF] Chambers | Hydrogen Storage in Graphite Nanofibers[END_REF], whose results could never be repeated [START_REF] Yang | Hydrogen storage by alkali-doped carbon nanotubes-revisited[END_REF] [START_REF] Rzepka | Hydrogen storage capacity of catalytically grown carbon nanofibers[END_REF]. A hydrogen uptake of 3.25 wt.% was reached at 77 K and 0.1 MPa by using a nanoporous carbon produced by carbonisation of a MOF, called IRMOF-1 [START_REF] Yang | MOF-Derived Hierarchically Porous Carbon with Exceptional Porosity and Hydrogen Storage Capacity[END_REF], surpassing the average values obtained with other benchmark materials.

Out of all the nanoporous carbon materials commonly used for hydrogen storage by adsorption, activated carbons (AC) provide, on average, the highest adsorption capacities [START_REF] Sdanghi | Hydrogen Adsorption on Nanotextured Carbon Materials[END_REF].

Hydrogen storage capacities up to 6.8 wt.% can indeed be obtained using ACs [START_REF] Zhao | Synthesis of Bamboo-Based Activated Carbons with Super-High Specific Surface Area for Hydrogen Storage[END_REF][START_REF] Fierro | Adsorption and compression contributions to hydrogen storage in activated anthracites[END_REF][START_REF] Fierro | Experimental evidence of an upper limit for hydrogen storage at 77 K on activated carbons[END_REF] at 77 K and 4 MPa. One of the most important advantages of ACs is that they can be produced from a large variety of low-cost and renewable raw materials, such as agricultural wastes or lignocellulosic materials [START_REF] Yahya | Agricultural bio-waste materials as potential sustainable precursors used for activated carbon production: A review[END_REF], which is an important advantage with respect to other carbon materials. The synthesis of AC consists in the carbonisation of a precursor and the subsequent, or simultaneous, activation process, which can be either physical [START_REF] Hirscher | Handbook of Hydrogen Storage: New Materials for Future Energy Storage[END_REF][START_REF] Loloie | Carbonization and CO2 activation of scrap tires: Optimization of specific surface area by the Taguchi method[END_REF] or chemical [START_REF] Bader | How the activation process modifies the hydrogen storage behavior of biomass-derived activated carbons[END_REF][START_REF] Fierro | Experimental evidence of an upper limit for hydrogen storage at 77 K on activated carbons[END_REF][START_REF] Melouki | Hydrogen adsorption on activated carbons prepared from olive waste: effect of activation conditions on uptakes and adsorption energies[END_REF], respectively. The activation process allows opening and developing the porosity, and the surface area obtained after chemical activation with hydroxides is known to be more favourable than physical activation to produce ACs with very high surface areas [START_REF] Wang | High Hydrogen Storage Capacity of Porous Carbons Prepared by Using Activated Carbon[END_REF].

Hydrogen compression is mostly achieved worldwide by using mechanical compressors, also called piston compressors, whose efficiency is around 50% [START_REF]High pressure gas compressors, pumps and related products[END_REF][START_REF] Cornish | Hydrogen Fueling Station Cost Reduction Study[END_REF]. Moreover, they have several disadvantages: (i) the moving components make any maintenance operation difficult;

(ii) the use of lubricating oils for the reciprocal movement of mechanical components may result in hydrogen contamination; and (iii) embrittlement phenomena can arise from the contact between hydrogen and the metal walls of the compressors cylinders. Several alternatives to the mechanical hydrogen compressors are available, e.g. metal hydride compressors [START_REF] Lototskyy | Metal hydride hydrogen compressors: A review[END_REF][START_REF] Li | A study on 70MPa metal hydride hydrogen compressor[END_REF][START_REF] Wang | A 70 MPa hydrogen-compression system using metal hydrides[END_REF][START_REF] Kelly | Evaluation of a thermally-driven metal-hydride-based hydrogen compressor[END_REF][START_REF] Laurencelle | Experimental study on a metal hydride based hydrogen compressor[END_REF][START_REF] Laurencelle | Integrated electrolyser-metal hydride compression system[END_REF][START_REF] Corgnale | Techno-Economic Analysis of High-Pressure Metal Hydride Compression Systems[END_REF][START_REF] Lototskyy | Thermally Driven Metal Hydride Hydrogen Compressor for Medium-Scale Applications[END_REF] and electrochemical compressors [START_REF] Grigoriev | Description and characterization of an electrochemical hydrogen compressor/concentrator based on solid polymer electrolyte technology[END_REF][START_REF] Grigoriev | Characterization of PEM electrochemical hydrogen compressors[END_REF][START_REF] Rohland | Electrochemical hydrogen compressor[END_REF][START_REF] Patel | Electrochemical Hydrogen Compressor. DOE Hydrogen Compression, Storage and Dispensing Workshop[END_REF][START_REF] Onda | Separation and compression characteristics of hydrogen by use of proton exchange membrane[END_REF][START_REF] Casati | Some fundamental aspects in electrochemical hydrogen purification/compression[END_REF][START_REF] Ströbel | The compression of hydrogen in an electrochemical cell based on a PE fuel cell design[END_REF][START_REF] Nordio | Experimental and modelling study of an electrochemical hydrogen compressor[END_REF][START_REF] Wiebe | Using of an electrochemical compressor for hydrogen recirculation in fuel cell vehicles[END_REF], both being non-mechanical compressors. Both typologies proved to be cheaper than mechanical compressors, and their reduced size and weight are additional benefits for improving the hydrogen supply chain. A technical and economic comparison between all hydrogen compressor technologies has been extensively discussed elsewhere [START_REF] Sdanghi | Review of the current technologies and performances of hydrogen compression for stationary and automotive applications[END_REF]. A promising technology for non-mechanical hydrogen compression is based on the adsorption and desorption of hydrogen on porous materials having a high surface area. An adsorption-desorption compressor can be defined as a thermally driven compressor since the compression of hydrogen results from heat exchanges in the reaction tank. In this system, the adsorption of hydrogen on the surface of the porous adsorbent is first carried out. Then, hydrogen compression results from the heating of the system, which produces hydrogen desorption and allows hydrogen to pass from the denser adsorbed phase to the lighter bulk phase. The increase in both the system temperature and the density of the hydrogen bulk phase produces hydrogen at high pressure, since all phenomena occur in a confined tank filled with hydrogen adsorbents. In such a system, ACs might be used as adsorbents. In addition to all the aforementioned advantages, it must be added that hydrogen adsorption on ACs is a reversible process, which is undoubtedly an advantage in an adsorption-desorption compressor. Several compression cycles may be possible, which makes such a compression system suitable for hydrogen refuelling stations. Moreover, in addition to a high surface area and the presence of micropores, which are both essential for enhancing the adsorption of hydrogen, the ideal material of an adsorption-desorption compressor must have a high bulk density and also must be cheap. Indeed, a high bulk density is essential to introduce the highest possible amount of AC into the compressor tank, thus increasing the amount of adsorbed hydrogen and then, the compressed one. This is the reason why AC is a more suitable choice than MOFs for this purpose. Indeed, even if MOFs may present very high textural properties, such as surface areas higher than 6000 m 2 g -1 and pore volumes of about 3 cm 3 g -1 , thus allowing storing 10 wt.% of hydrogen at 77 K and 5 MPa [START_REF] Suh | Hydrogen storage in metal-organic frameworks[END_REF], MOFs can have a low bulk density and higher cost than ACs, as well as a lower robustness [START_REF] Goldsmith | Theoretical Limits of Hydrogen Storage in Metal-Organic Frameworks: Opportunities and Trade-Offs[END_REF].

Adsorption compressors have particularly been used in compressor-driven adsorption cooling systems, in which refrigeration is carried out through the evaporation of a coolant which was formerly compressed in a thermally driven device, consisting in an adsorptive bed connected to a heat sink and a heat source [START_REF] Wade | An Overview of the Development of Sorption Refrigeration[END_REF][START_REF] Swain | Conceptual design analysis of a compressor-driven sorption cooling system[END_REF]. As far as we know, such technology has never been used for hydrogen compression. In our previous numerical study [START_REF] Sdanghi | Modelling of a hydrogen thermally driven compressor based on cyclic adsorption-desorption on activated carbon[END_REF], we predicted that a single-stage adsorption-desorption compressor consisting in a tank volume of 0.5L and filled with 0.25 kg of AC would be able to compress hydrogen up to 70 MPa, which is the pressure demanded nowadays for the development of fuel cells vehicles [START_REF] Rand | Hydrogen Energy: Challenges and Prospects[END_REF][START_REF] Hwang | Hydrogen storage for fuel cell vehicles[END_REF].

In this study, we will present the experimental investigation of a thermally driven compressor based on adsorption-desorption cycles of hydrogen on a nanoporous AC, able to reach 70 MPa. The effect of different operating parameters on the performance of this system as well as the fit of the experimental data by a 2D-axysymmetric numerical model will also be presented and thoroughly discussed.

Experimental

Materials

In this study, the activated carbons MAXSORB ® MSC-30 and MSP20X from Kansai Coke & Chemicals TM (Japan) were chosen because they have a very large BET area (A BET ), up to 3300 m 2 g -1 . The textural characterisation of these materials was carried out and presented in our previous study [START_REF] Sdanghi | Application of the modified Dubinin-Astakhov equation for a better understanding of high-pressure hydrogen adsorption on activated carbons[END_REF], and its main features are listed in Table 1. Both high A BET and high pore volumes are essential for improving the performance of an adsorption-desorption compressor. The bulk density of the selected ACs, ρ b , was measured by using an AUTOTAP device from Quantachrome Instruments, in accordance with the standard ASTM D8176-18 test method. The skeletal densities of the ACs was obtained by helium pycnometry using an AccuPyc II 1340 apparatus from Micromeritics ® . Prior to the analysis, carried out at 303 K to avoid He adsorption, the samples were degassed at 373 K for 1.5 h in order to prevent any possible water adsorption affecting the measurements. High-purity hydrogen (99.999%) was used for the compression experiments. 

Description of the adsorption-desorption compressor

Figure 1 shows the experimental configuration of the adsorption-desorption compressor used herein. The compression tank was a stainless steel cylinder (A286) with an internal volume of 0.5 L. A thermocouple (TT 2) was placed inside the tank to measure the temperature of the system. The internal volume of the cylinder was completely filled with AC. Before each charging step, the AC was outgassed at 523 K and 10 -5 mbar using an electric heater. The vacuum pump was then connected to the main circuit via a manual valve (HP 2). The filling circuit was composed of a hydrogen cylinder (internal pressure 20 MPa), equipped with a pressure regulator allowing the control of the hydrogen pressure towards the inside of the tank during the charging step. The hydrogen flow rate was measured with a BROOKS SLA5850S flowmeter (FT 1), which allows measuring a flow rate of up to 1.5 NL min -1 with an accuracy of ± 1.0% of full scale. The hydrogen entered the compression tank through two manual valves (HP 1 and HP 3). During the charging step, the compression tank was placed in a 14-L liquid nitrogen Dewar tank, in order to be uniformly cooled to 77 K. A Swagelok KHB backpressure regulator was placed downstream of the compression tank to produce a highpressure hydrogen flow once the desired pressure (70 MPa) is reached. A second BROOKS SLA5850S flowmeter (FT 2) was used to measure the high-pressure hydrogen flow rate. The whole system was equipped with a vent valve, a safety valve and a rupture disk to prevent overpressure. 

Experimental procedure

Before each compression experiment, the compression tank was filled with AC powder. In order to introduce as much as possible, the AC was initially poured into the cylinder to fill the entire internal volume. Then, a piston, which was exactly fitted to the cylinder, was placed on the top of the powder. A threaded hole had been made in the piston to allow trapped air to be released from the container. The whole system was then shaken by using a Retsch AS 200 analytical shaker (amplitude of 0.5 mm, 3 cycles of 10 minutes each), which made it possible to transmit the vertical vibrations to the AC powder to eliminate bridges, large voids and other defects. This procedure resulted in a slight drop in the height of the packed bed and was repeated until the internal volume was completely filled by packed AC.

The compression tank was then connected to the experimental setup. It was outgassed by connecting it to a turbomolecular vacuum pump and opening the HP 1 and HP 2 valves.

Furthermore, an electric heater was used to maintain the cylinder at 523 K. The outgassing step lasted until a secondary vacuum level (down to 10 -5 mbar) was reached, and its duration depended on the amount of AC used. Once the compression tank reached the desired vacuum level, the HP 1 and HP 2 valves were closed and the vacuum system was disconnected and replaced by a full flange. The compression tank was then placed inside the Dewar with liquid nitrogen and held at 77 K during the whole charging step.

The hydrogen entered the compression tank by opening the manual valves HP 1 and HP 3, connecting the hydrogen supply bottle to the experimental setup. The charging pressure was adjusted with a pressure gauge (PI) placed between the hydrogen supply bottle and the flowmeter. The charging process lasted until the steady-state condition was reached throughout the charging circuit, including the compression tank, i.e., the pressure gradient between the inlet manifold and the compression tank was zero. This process lasted on average about 1 h and ended when the FT 1 flowmeter did not record any incoming flow. At this point, the HP 1 and HP 3 valves were closed to isolate the fill circuit from the rest of the experimental setup.

The next compression step began by removing the compression tank from the Dewar, thereby heating it up by forced convection using a ventilation system. Indeed, increasing the temperature of the tank produced hydrogen desorption and, therefore, the density of the hydrogen bulk phase increased and hydrogen at high pressure was obtained. Once produced, the high-pressure hydrogen filled the empty volume of the compression tank as well as the manifold space between the manual valve HP 1 and the backpressure regulator, which represented a dead volume lower than 2 mL. The backpressure regulator allowed the highpressure hydrogen to flow at the desired pressure. The high-pressure hydrogen discharge flow was then measured by the FT 2 flowmeter.

The evolution of system temperature and pressure as well as the hydrogen charge and discharge flows were acquired using the LabVIEW® software.

Modelling

Geometry and mesh

Figure 2 shows the two-dimensional axisymmetric geometry used in this study. Five points were chosen to monitor the variations in pressure, temperature, hydrogen bulk phase density and adsorbed hydrogen density. Three points were located along the tank axis, labelled A (0, 0), B (0, 0.128) and TTC (0, 0.239), the latter corresponding to the position of the thermocouple. The other two points, C (0.0125, 0.128) and D (0.025, 0.128), are located midway of the wall and on the wall of the tank, respectively.

Mass conservation equation

In order to describe the mass balance in our thermally driven compressor, we took into account the contribution of hydrogen both in the bulk phase and in the adsorbed phase. The following assumptions have been made:

i. The mass source term, K g , indicates the amount of hydrogen undergoing a phase change, from the adsorbed phase to the bulk phase. This term is obviously the same but opposite when it is related to the mass conservation of the hydrogen bulk phase and that of the adsorbed phase.

ii. The average velocity related to the flow of hydrogen through the porous media, , is described by Darcy's law.

iii. No volume changes with time.

Eq. ( 1) allows evaluating the whole volume of the compressor tank:

(

where V tank [m 3 ] is the inner volume of the compression tank, V s is the volume of the solid adsorbent (AC), V g is the volume of hydrogen in the bulk phase, and V a is the volume of hydrogen in the adsorbed phase. Eq. ( 1) can be rewritten as follows by considering the volume fraction, ε i , of each related component i:

(

According to the previous definition, the mass conservation equation for the hydrogen in the bulk phase can be written as:

(

where ρ g [kg m -3 ] is the bulk density of hydrogen, ε g [v/v] is the volume fraction of the hydrogen bulk phase, [m s -1 ] is the average velocity related to hydrogen flow through the porous medium and K g [kg m -3 s -1 ] is the mass source term as defined above. In the same way, the following mass conservation equation can be written for hydrogen in the adsorbed phase: [START_REF] Berry | Onboard Storage Alternatives for Hydrogen Vehicles[END_REF] where ρ a [kg m -3 ] is the density of adsorbed hydrogen and ε a [v/v] is the corresponding volume fraction.

The averaged velocity related to hydrogen flow through the porous medium, , is described by Darcy's law according to assumption (ii):

(

where k [m 2 ] is the intrinsic permeability of the AC, µ [Pa s] is the dynamic viscosity of hydrogen and P [MPa] is the hydrogen pressure.

The mass balance related to hydrogen in the adsorbed phase can be written in terms of the absolute amount of hydrogen adsorbed on the total mass of AC contained in the compression tank, x a [mol kg -1 ]. Thus, we can write: [START_REF] Fierro | Pore size distribution in microporous carbons obtained from molecular modeling and density functional theory[END_REF] where [kg m -3 ] is the density of the AC bed (m s / V tank ), and M [kg mol -1 ] is the molecular mass of hydrogen (0.002 kg mol -1 ).

According to the aforementioned assumptions, by adding Eq. (3), Eq. ( 4) and Eq. ( 5), and by considering Eq. ( 6), the overall mass conservation equation reads as follows:

(7)

Energy conservation equation

The energy balance expresses the balance between the amount of energy accumulated in the tank and the energy changes due mainly to the conductive flux, the heat released during adsorption and that exchanged with the external environment. It can be expressed as [START_REF] Bird | Transport Phenomena[END_REF]: [START_REF] Sdanghi | Hydrogen Adsorption on Nanotextured Carbon Materials[END_REF] where [J kg -1 ] is the total enthalpy of the system, [W m -2 ] is the heat flux due to conduction and Q [W m -3 ] is the energy source term. Eq. ( 8) was applied to two different domains: (i) the active volume of the tank, V tank , where both adsorption and desorption of hydrogen occur, and (ii) the walls of the tank.

By considering the contribution of both hydrogen in the bulk phase and that in the adsorbed one, as well as the contribution of the AC in the amount of energy accumulated inside the tank, Eq. ( 8) can be rewritten in the following form:

In Eq. ( 9), c p,g , c p,a and c p,s [J kg -1 K -1 ] are the specific heat capacities at constant pressure for the hydrogen bulk phase, the hydrogen adsorbed phase, and the AC, respectively, λ eff [W m -1 K -1 ] is the effective thermal conductivity of the system, and ΔH ads [J mol -1 ] is the heat of adsorption, considered as constant in the present numerical model. c p,s was considered as constant in our model (825 J kg -1 K -1 ), whereas the temperature dependence of c p,g [J kg -1 K -1 ] was calculated from the data of the National Institute of Standards and Technology (NIST), indicated in Eq. ( 10). [START_REF] Chung | Effects of oxygen functional groups on the enhancement of the hydrogen spillover of Pd-doped activated carbon[END_REF] 13

On the other hand, the temperature dependence of c p,a [J kg -1 K -1 ] was evaluated in our previous work [START_REF] Sdanghi | Application of the modified Dubinin-Astakhov equation for a better understanding of high-pressure hydrogen adsorption on activated carbons[END_REF]: [START_REF] Schaefer | Physisorption, chemisorption and spill-over contributions to hydrogen storage[END_REF] λ eff was calculated by taking into account the contribution of each component to the overall heat transfer, thus giving: [START_REF] Zhao | Activated carbons doped with Pd nanoparticles for hydrogen storage[END_REF] where λ g , λ a and λ s [W m -1 K -1 ] are the thermal conductivities of the hydrogen bulk phase, of the hydrogen adsorbed phase and of the AC, respectively. The temperature dependence of λ g was calculated from the data of the NIST: [START_REF] Zhao | Hydrogen uptake of high surface area-activated carbons doped with nitrogen[END_REF] λ a was considered to be equal to the thermal conductivity of hydrogen in the liquid phase.

The corresponding temperature dependence was found in the literature [START_REF] Powers | Thermal Conductivity of Condensed Gases. II. The Thermal Conductivities of Liquid Normal and of Liquid Parahydrogen from 15 to 27 K[END_REF]: [START_REF] Bianco | Hydrogen adsorption in several types of carbon nanotubes[END_REF] On the other hand, λ s was considered as constant in the present work (0.7 W m -1 K -1 ) [START_REF] Delahaye | Improvement of hydrogen storage by adsorption using 2-D modeling of heat effects[END_REF].

By taking into account Eq. ( 12), and after solving the partial derivatives in Eq. ( 9), the energy conservation equation can be rewritten as follows:

(

Eq. ( 8) was then applied to the tank walls: [START_REF] Kim | A study on the hydrogen storage capacity of Ni-plated porous carbon nanofibers[END_REF] where ρ w [kg m -3 ] is the wall density, c p,w [J kg -1 K -1 ] is the specific heat capacity of the wall, and λ w [W m -1 K -1 ] is the thermal conductivity of the wall. We have assumed that the thermal properties of the used stainless steel A286 were equivalent to those of the AISI 304 stainless steel. Hence, the thermal dependence of c p,w has been found in the literature [START_REF] Incropera | Fundamentals of Heat and Mass Transfer[END_REF] and can be fitted by the following equation: [START_REF] Jaybhaye | Semiconducting carbon nanofibers and hydrogen storage[END_REF] ρ w and λ w were considered as constant with respect to the temperature.

Hydrogen equation of state

In order to account for the deviation from the ideal conditions due to the high pressures reached during compression, the Van der Waals equation was chosen out of all other possible equations of state for hydrogen [START_REF] Nasrifar | Comparative study of eleven equations of state in predicting the thermodynamic properties of hydrogen[END_REF]: [START_REF] Wu | Synthesis and hydrogen storage capacity of exfoliated turbostratic carbon nanofibers[END_REF] where a and b are the constant parameters of the Van der Waals equation (0.02476 J m 3 mol -2 and 2.661  10 -5 m 3 mol -1 , respectively) and R is the universal gas constant, 8.314 m 3 Pa K -1 mol -1 . To increase computational speed using the software Comsol TM for the simulations, the derived form of Eq. ( 18) was used:

Adsorption model

The modified Dubinin-Astakhov (MDA) equation proposed by Richard et al. [START_REF] Richard | Gas adsorption process in activated carbon over a wide temperature range above the critical point. Part 1: modified Dubinin-Astakhov model[END_REF] proved to be a good analytical tool for representing experimental data on the adsorption of different gases over a wide range of pressures and temperatures under supercritical conditions, particularly in the case of hydrogen adsorption on ACs [START_REF] Richard | Preliminary evaluation of the performance of an adsorption-based hydrogen storage system[END_REF][START_REF] Ahluwalia | Technical assessment of cryo-compressed hydrogen storage tank systems for automotive applications[END_REF]: [START_REF] Chaikittisilp | A new family of carbon materials: synthesis of MOF-derived nanoporous carbons and their promising applications[END_REF] Eq. ( 20) gives the evolution of the absolute amount of hydrogen adsorbed as a function of pressure and temperature, with higher amounts of hydrogen being adsorbed at higher pressures and lower temperatures [START_REF] Bénard | Determination of the Adsorption Isotherms of Hydrogen on Activated Carbons above the Critical Temperature of the Adsorbate over Wide Temperature and Pressure Ranges[END_REF]. The model requires 5 parameters: x max [mol kg -1 ] is the amount of adsorbed hydrogen corresponding to the saturation of the entire available porous volume, α [J mol -1 ] is an enthalpy factor, β [mol J -1 K -1 ] is an entropy factor [START_REF] Richard | Gas adsorption process in activated carbon over a wide temperature range above the critical point. Part 2: conservation of mass and energy[END_REF], and P s

[MPa] is the pseudo-saturation pressure. P s can be seen as a hypothetical saturation, or pseudo-saturation, pressure when adsorption occurs under supercritical conditions, assuming that the pore filling mechanism of supercritical fluids is the same as for subcritical ones [START_REF] Dubinin | Fundamentals of the theory of adsorption in micropores of carbon adsorbents: Characteristics of their adsorption properties and microporous structures[END_REF].

This interpretation was reinforced by Do and Do [START_REF] Do | Adsorption of supercritical fluids in non-porous and porous carbons: analysis of adsorbed phase volume and density[END_REF], who assumed that supercritical molecules form clusters within micropores, thus exerting a quasi-saturation vapour pressure in the same way as subcritical fluids exhibit their vapour pressure. The application of the MDA equation to describe hydrogen adsorption at high pressure has been presented and discussed in our previous study [START_REF] Sdanghi | Application of the modified Dubinin-Astakhov equation for a better understanding of high-pressure hydrogen adsorption on activated carbons[END_REF]. The five parameters of Eq. ( 20) were estimated and the values used in this study are listed in the following Table 2.

Initial and boundary conditions

Herein, two different simulations were carried out: (i) hydrogen compression during compressor heating from 77 to 298 K, and (ii) hydrogen compression coupled to the production of a high-pressure hydrogen flow to the outside of the compression tank once the desired pressure of 70 MPa has been reached.

Heating up to 298 K

The simulation of the hydrogen compression during tank heating from 77 to 298 K was first carried out. At the beginning of this step, the temperature was set at 77 K in the entire domain, whereas several inlet pressures were chosen.

In this step, the tank is only subjected to heat convection with the external environment.

Thus, the heat flux from the outer walls of the compression tank, [W m -2 ], is given by the following expression: [START_REF] Khan | Soft-template carbonization approach of MOF-5 to mesoporous carbon nanospheres as excellent electrode materials for supercapacitor[END_REF] where h T [W m -2 K -1 ] is the global heat transfer coefficient, and T F [K] is the temperature of the external environment and is equal to 298 K during the heating process (but could be higher, depending on the heating system used).

High-pressure hydrogen discharge flow

The hydrogen discharge flow, [kg m -2 s -1 ], obtained once the desired 70 MPa were reached, was simulated using the following expression: [START_REF] Marco-Lozar | MOF-5 and activated carbons as adsorbents for gas storage[END_REF] where P max [MPa] is the maximum pressure set (70 MPa), P [MPa] is the hydrogen pressure inside the tank, and ψ [kg m -2 s -1 Pa -1 ] is a constant relating the discharge flow to the pressure difference, and considered as a fitting parameter.

With regard to heat transfers, the boundary condition for convection was set by applying Eq. ( 21) to the external walls. In addition, heat is also released from the system by . This further contribution was calculated as follows:

(23)

Implementation of the numerical method

The entire equation system presented in this section has been solved by using the Comsol TM software. Therefore, the three dependent variables were ρ g , P and T. The parameters used for the present numerical simulation are listed in Table 2. Some of them were taken from the literature, while the parameters that could not be estimated reliably and were difficult to measure directly were obtained by fitting the data and taking into account both boundary conditions and experimental results. This is the case of the global heat transfer coefficient h T, which proved to be well predictive of experimental data when it was set at 40 W m -2 K -1 . This value is in good agreement with the h T values normally used in forced convection conditions.

An extremely fine mesh consisting of 4932 triangles and 2604 vertices was used. The mesh was refined at the discharge section to improve the prediction of the high-pressure hydrogen flow to the outside of the compression tank (Figure 2b). The number of degrees of freedom was 15670. Each simulation required a computational time of 72 seconds. Simulations were performed for 100 minutes of the compression process. A286 specific heat / J kg -1 -1 c p,w 460 [83] A286 thermal conductivity / W m -1 K -1 λ w 12 [83] Enthalpy factor in MDA equation / J mol -1 α 3300 [START_REF] Sdanghi | Application of the modified Dubinin-Astakhov equation for a better understanding of high-pressure hydrogen adsorption on activated carbons[END_REF] Entropy factor in MDA equation / J mol -1 K -1 β 15.79 [START_REF] Sdanghi | Application of the modified Dubinin-Astakhov equation for a better understanding of high-pressure hydrogen adsorption on activated carbons[END_REF] Global heat transfer coefficient / W m 

Results and discussion

It has been found that three main operating parameters have a direct impact on the hydrogen discharge pressure in an adsorption-desorption compressor: (i) the amount of AC used; (ii) the inlet hydrogen pressure; and (iii) the temperature at which desorption occurs.

Effect of the AC amount used

Figure 3a shows the time evolution of the hydrogen pressure inside the compressor tank as a function of the amount of AC used. In all cases, hydrogen was introduced at 4 MPa. High values of the hydrogen discharge pressure were reached when using relatively high amounts of AC in the adsorption-desorption compressor. Hydrogen was compressed to 42.2

MPa when filling the compressor tank with 0.135 kg of ACs and when the system was heated from 77 to 298 K. This value was 23% higher than that obtained when filling the tank with 0.099 kg of AC (32.5 MPa). In fact, the manual vertical tapping procedure described in Section 2.2 was essential to introduce the highest possible amount of AC into the compressor tank. The AC selected for this study, MSC-30, has a very low bulk density (270 kg m -3 ) which affects the value of the hydrogen discharge pressure that can be reached. In our previous numerical study on an adsorption-desorption compressor having the same volume as the one used here, namely 0.0005 m 3 , we calculated that 0.25 kg of AC would be needed to increase the hydrogen pressure from 4 to 70 MPa when the system is heated from 77 to 298 K [START_REF] Sdanghi | Modelling of a hydrogen thermally driven compressor based on cyclic adsorption-desorption on activated carbon[END_REF].

Nevertheless, reaching such a value proved to be quite ambitious, since only 0.135 kg of AC can be introduced inside the compressor tank given the measured bulk density  b . On the other hand, the compressor tank was filled with 0.099 kg of AC when no vertical tapping was carried out. Therefore, the amount of AC to be used is not a modifiable operating parameter of an adsorption-desorption compressor, since it is limited by  b .

Figure 3a also shows the important contribution of adsorption-desorption phenomena to the compression of hydrogen. The hydrogen was compressed from 4 to 15 MPa only by heating the tank from 77 to 298K without the use of carbon. A discharge pressure of 53 to 65% higher was then reached using 0.099 to 0.135 kg of AC, respectively. Furthermore, Figure 3a shows that the compressor tank was heated from 77 to 298 K in around 80 minutes. This result, as well as the whole time evolution of the hydrogen pressure inside the tank, has been well

predicted by the numerical model presented in Section 3.

Effect of the hydrogen charging pressure

The results presented in the previous section have shown that the highest amount of AC must be used in an adsorption-desorption compressor to achieve the highest possible discharge pressure. Once the 0.0005 m 3 compression tank was filled with 0.135 kg of AC, the hydrogen inlet pressure was changed. Figure 3b shows the evolution over time of the hydrogen pressure inside the tank during loading at 5, 6 or 8 MPa.

As expected, the higher was the charge pressure, the higher was the discharge pressure. The hydrogen pressure increased significantly during the first 30 minutes to reach 298 K in a total of 80 minutes in all cases. The evolution of pressure obtained from the experimental data was well predicted by the numerical model only for relatively low values of the hydrogen charge pressure (P in < 6 MPa). Figure 3b shows that a good fit of data was obtained up to 50 MPa, whereas a discrepancy between the experimental data and the numerical model began to be evident at higher pressures. This deviation was even more evident in the case where the hydrogen charge pressure was 8 MPa. In the latter case, the numerical model predicts a hydrogen discharge pressure equal to 70 MPa, whereas 65 MPa have been reached

experimentally. Such a consistent error (about 7%) may be due both to the large deviation from the ideal conditions achieved at pressures higher than 50 MPa and to the empirical equation used to describe hydrogen adsorption. The MDA equation presented in Section 3.4 has proved to be a good analytical tool for describing hydrogen adsorption up to 15 MPa [START_REF] Sdanghi | Application of the modified Dubinin-Astakhov equation for a better understanding of high-pressure hydrogen adsorption on activated carbons[END_REF].

The authors obtained a value for each of the 5 parameters of Eq. ( 20) by simultaneously fitting several experimental adsorption isotherms at different temperatures. In doing so, a slight difference between the fit and the experimental data was observed at 298 K over the whole pressure range. The MDA equation showed good agreement with the experimental results even up to 23 MPa [START_REF] Richard | Preliminary evaluation of the performance of an adsorption-based hydrogen storage system[END_REF], but the same deviation at 298 K and for pressures higher than 10 MPa was also observed. This discrepancy may explain the overestimation of the hydrogen pressure by our numerical model compared to the experimental data at high pressure, the highest pressures being generally reached near the ambient temperature. Obviously, the accumulation of errors increases the deviation at very high pressures.

Figure 4a shows the linearity of the increase of the hydrogen pressure with the temperature observed during the heating step for all the charging pressures; as expected, the slope became progressively steeper as the hydrogen charge pressure increased. A second linear correlation was also observed between charge and discharge hydrogen pressures (Figure 4b). Indeed, the discharge pressure increased by about 6 MPa when the charge pressure increased by only 1 MPa: 47.5 MPa was reached during the supply of hydrogen at 5 MPa in the compressor tank, whereas 52.1 MPa was reached for a charging pressure of 6 MPa (Figure 4a). Instead, about 65 MPa was reached when the charge pressure was 8 MPa. In all cases, the compressor tank was heated from 77 K to 298 K in 80 minutes. According to this correlation, 70 MPa could be reached at room temperature when introducing hydrogen into the compression tank at 9 MPa and heating up to 298 K. Figure 4b also shows the linear increase of the hydrogen discharge pressure obtained if the tank does not contain AC. The beneficial effect on the compression of hydrogen when using ACs is clear. The numerical simulation proved that the hydrogen pressure was homogenous throughout the compression tank, without any pressure gradient. However, the temperature was quite inhomogeneous inside the system (Figure 5). Figure 6a shows the temperature profile at different positions in the compression tank for P in = 4 MPa. The temperature of the system increased more rapidly near the tank wall than in the middle of the tank, due to the relatively low value of the thermal conductivity of the AC (λ s , considered to be equal to 0.7 W m -2 K -1 according to [START_REF] Delahaye | Improvement of hydrogen storage by adsorption using 2-D modeling of heat effects[END_REF]). In addition, Figure 6a shows that the radial direction had larger temperature gradients than the axial direction, which is in perfect agreement with the experimental results of the literature [START_REF] Xiao | Numerical study of thermal effects in cryoadsorptive hydrogen storage tank[END_REF]. In fact, λ s and the global heat transfer coefficient h T are equally important in an adsorption-desorption compressor, as confirmed by the Biot number:

Taking into account the values given in Tables 1 and2, a Biot number close to 1 revealed that heat conduction inside the tank and convection outside were coupled in this study. Figure 6a also shows that experimental data related to the thermocouple (TTC) position (on the axis and h = 239 mm) were not correctly predicted by the numerical model. Indeed, a good fit was obtained once the temperature of the system was 220 K, whereas deviations even higher than 27% were obtained during the heating from 77 to 220 K. This deviation could be explained by the hypothesis made about λ s , assumed to be constant over the entire range of temperature considered. On the other hand, Figure 6b shows the temperature profile at different positions of the compressor when P in = 8 MPa. As with the pressure profile, a large difference between the numerical model and the experimental data was obtained, which may be due to the problems encountered when using the MDA equation at high pressure, as discussed in Section 3.1. The non-uniform temperature profile gave a different desorption behaviour inside the tank, as shown in Figure 7. Figure 7a shows the distribution of the adsorbed phase density, ρ a , at different positions within the compression tank and calculated by numerical simulation. ρ a was calculated taking into account the volume of the adsorbed phase, V a , reported in Table 2.

ρ a first decreased in regions where the temperature was higher, i.e., near the walls of the tank, during the first 10 minutes of heating. Obviously, hydrogen desorption has occurred there. In addition, the temperature of the tank was still low enough to promote the adsorption of hydrogen in the central part of the tank during the same time (Figure 5), followed by desorption of hydrogen when the temperature also increased there. Thus, ρ a became homogenous once the system was uniformly at 298 K, and ρ a reached a lower value than that determined before heating due to hydrogen desorption. Figure 7b also shows the evolution of ρ g inside the tank. ρ g decreased near the tank walls due to the simultaneous increase in temperature and pressure, whereas it increased in the internal regions of the tank due to the lower temperature there. Once the system was warmed to room temperature, ρ g reached a constant and higher value throughout the tank, as a result of the increase in hydrogen pressure. 

Effect of the desorption temperature

The linear correlation between the system temperature and the hydrogen discharge pressure shown in Figure 4a suggests that one can reach 70 MPa by increasing the temperature of the tank even beyond 298 K. This scenario is quite common in decentralised hydrogen refuelling stations, where hydrogen is produced locally by electrolysis of water and compression by mechanical compressors [START_REF] Mainka | Faire rouler les voitures hydrogène à base d'énergie renouvelable. The Conversation n.d[END_REF]. Electrolysis of water is usually carried out at 353 K [START_REF] Carmo | A comprehensive review on PEM water electrolysis[END_REF].

Therefore, the waste heat could be used for the heating / compression step in an adsorptiondesorption compressor. Figure 8 shows the increase in hydrogen pressure inside the compression tank when the temperature exceeds 298 K. The linear correspondence between the desorption temperature and the hydrogen pressure was also maintained above 298 K. Increasing the desorption temperature to 353 K allowed reaching a discharge pressure almost 10 MPa higher than that obtained at 298 K in all cases.

Thus, a discharge pressure of 70 MPa was reached when introducing hydrogen into the tank at 7 MPa and heating up to 343 K, whereas 315 K was sufficient to obtain the desired discharge pressure when introducing hydrogen at 8 MPa.

Once 70 MPa were reached (Figure 9a), the backpressure regulator placed downstream of the compression tank allowed the hydrogen to flow at the desired high pressure (Figure 9b).

This made it possible to measure the high-pressure hydrogen flow produced by the adsorption-desorption compressor (Figure 9c). were quickly released by the compressor, and a decreasing flow was then obtained for about 75 min. The flow of high-pressure hydrogen vanished when the pressure inside the tank was less than 70.2 MPa, i.e., the pressure set by the backpressure regulator. Figure 9c shows the experimental discharge flow and the predicted one obtained when using Eq. ( 22), presented in Section 3.6. The value of ψ was found to be equal to 10 -5 kg m -2 s -1 Pa -1 and was calculated by data fitting. Furthermore, h T was fixed to 100 in this case, since an electric heater surrounding the compression tank was used to increase the system temperature to 323 K. Using an electric heater, the effect of thermal resistances is inevitable, gradually increasing the temperature with time after a sharp initial increase during the first 20 minutes of heating. Thus, the predicted behaviour deviated from the experimental one, taking into account the absence of external thermal resistances (Figure 9d). It was found that this approach slightly underestimated the hydrogen discharge flow compared to the experimental data. Indeed, the numerical model predicted a maximum discharge flow equal to 24 NL h -1 . This difference could be also due to an error from the backpressure regulator, which may be opened instantly, quickly releasing most of the hydrogen under high pressure. 

Effect of textural properties and bulk density

To check the effect of the couple (AC textural properties; bulk density) on the performances of an adsorption-desorption compressor, the material MSP20X was also tested in our compressor. MSP20X has a A BET of 2363 m 2 g -1 , a micropore volume of 0.88 cm 3 g -1 and an average micropore size of 1.04 nm, compared to 3300 m 2 g -1 , 0.96 cm 3 g -1 and 1.28 nm for MSC-30, respectively. In our previous study [START_REF] Sdanghi | Application of the modified Dubinin-Astakhov equation for a better understanding of high-pressure hydrogen adsorption on activated carbons[END_REF], we showed that the lower hydrogen uptake on MSP20X, i.e., 4.8 wt.%, was mainly due to the less developed textural properties.

Nevertheless, MSP20X has a higher bulk density than MSC-30, i.e., 350 kg m -3 (vs. 270 kg m - 3 ), and hence an amount of MSP20X as high as 0.175 kg could be introduced in the tank.

Figure 10 shows the increase of the hydrogen pressure inside the tank after desorption when using the maximum amount possible of both MSC-30 and MSP20X.The final pressure was similar with both ACs. However, an amount of MSP20X higher than that of MSC-30 was necessary in order to reach the same performances, because of the less developed textural properties of MSP20X, which resulted in a lower hydrogen adsorption capacity. In this particular case, the higher density balanced the lower surface area and, from an economic point of view, MSC-30 would be a better option, as we introduced a lower amount. It is important to highlight that higher density will not always balance the less developed textural properties. Although lower than those of MSC30, BET area and microporosity of MSP20X are still high. Further studies are needed to get more insight into the balance between pore texture and bulk density concerning hydrogen adsorption and compression in our system.

Figure 10 -Pressure evolution inside the adsorption-desorption compressor when using 0.135 kg of MSC-30 and 0.175 kg of MSP20X (T F = 298 K, P in = 8 MPa)

Application of the adsorption-desorption compressor

The results presented in Section 4.3 proved that a minimum charge pressure of 8 MPa was required to compress hydrogen up to 70 MPa using a thermally driven adsorption-desorption compressor, filled with the AC MSC-30 and that would be heated up to 315 K. Under these conditions, the compressor could meet the pressure target demanded nowadays for the development of fuel cells vehicles and hydrogen refuelling stations. A preliminary system, supplying the compressor with hydrogen at 8MPa, should be defined and we propose to use a high-pressure water electrolyser, potentially capable of producing hydrogen up to 10 MPa from water [START_REF] Suermann | High pressure polymer electrolyte water electrolysis: Test bench development and electrochemical analysis[END_REF]. Furthermore, the use of heat recovered from the electrolyser would warm the thermally driven compressor to temperatures above 298 K. Thus, a two-stage system comprising a high-pressure electrolyser and a thermally driven compressor could be used in small, decentralised facilities using hydrogen as fuel, e.g. hydrogen refuelling stations. This solution would make it possible to solve several problems related to hydrogen infrastructures, particularly as regards to its transport and distribution [START_REF] Kurtz | Review of transportation hydrogen infrastructure performance and reliability[END_REF].

In order to make such a system a feasible alternative either to hydrogen mechanical compressors or to the other typologies of non-mechanical compressors, several improvements are necessary. The ratio of compressed hydrogen mass to tank volume was equal to 1.35 •10 -3 kg / m -3 . An increase of the aforementioned ratio should be obtained by increasing the bulk density of the AC bed by means of densification processes, as shown by Celzard et al. [START_REF] Celzard | Preparing a Suitable Material Designed for Methane Storage: A Comprehensive Report[END_REF][START_REF] Celzard | Methane storage capacities and pore textures of active carbons undergoing mechanical densification[END_REF]. In addition to that, bigger tanks would be necessary for a hydrogen refuelling station, which implies larger amounts of liquid nitrogen to cool the system down to 77 K during the charging phase. We used around 14 L of liquid nitrogen for cooling a 0.5 L tank, and this is one of the main drawbacks of an adsorption-desorption compressor, because of cost and safety issues of handling very large volumes of liquid nitrogen. Moreover, larger volumes of compressor tank would require a more efficient thermal management of the whole system.

Composite adsorbents consisting in the addition of flexible graphite to the AC bed might be used to increase the thermal conductivity of the porous bed [START_REF] Wang | Study of thermal conductivity, permeability, and adsorption performance of consolidated composite activated carbon adsorbent for refrigeration[END_REF]. A better heat exchange inside the tank through heat exchangers in contact with the AC might be a good option to better manage the temperature gradients inside the tank. The thermally driven adsorptiondesorption compressor is still a novel technology, thus it is difficult to give precise assessment of its performances and cost. Although costs associated with liquid nitrogen are high [START_REF] Sdanghi | Review of the current technologies and performances of hydrogen compression for stationary and automotive applications[END_REF],

installation and maintenance costs should be lower than those of mechanical compressors, because of the absence of moving parts.

Conclusion

An innovative non-mechanical hydrogen compressor was described and modelled. It is based on a thermally driven, cyclic adsorption-desorption of hydrogen on activated carbon (AC).

Once hydrogen has been adsorbed at 77K, desorption is triggered by increasing the temperature of the system, thus increasing the hydrogen pressure to 70 MPa and above, which corresponds to the pressure range required nowadays for fuel cell vehicles.

The three main operating parameters directly affecting the performance of a thermally driven compressor, where hydrogen has been adsorbed at 77K, are:

(i) the amount of AC used: a maximum amount of AC must be used in order to enhance the adsorption of hydrogen, and therefore its compression, which is strictly related both to the density of the AC bed and to the ratio: compression tank volume to empty volume.

(ii) the hydrogen charging pressure: the higher the charging pressure, the higher the discharge pressure. 8 MPa were found sufficient to obtain 70 MPa at 315 K with 0.135 kg of AC. This means that an adsorption-desorption compressor must be coupled to a first stage producing hydrogen at high pressure, e.g. a high-pressure electrolyser, which makes it possible to reach the required charge pressure.

(iii) the desorption temperature: the higher the desorption temperature, the higher the discharge pressure. If a thermally driven compressor is heated to 353 K using the waste heat of a water electrolyser placed upstream of the compression stage, the final pressure will increase.

Numerical simulation has successfully described the experimental data at hydrogen pressures below 50 MPa. Significant deviations, with an absolute error of 7%, were achieved in the simulation of hydrogen compression up to 70 MPa. This inaccuracy is probably related to the adsorption model used, i.e., based on the MDA equation, which has been validated at pressures lower than 15 MPa. Hydrogen adsorption measurements at higher pressures could allow a more accurate estimation of the parameters of the MDA model, thus providing a more consistent tool for describing high-pressure hydrogen applications.

The energy optimisation of the thermally driven compressor studied is in progress. In this way, a thermally driven compressor could become a valid alternative to mechanical compressors from an industrial point of view.
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 1 Figure 1 -Experimental setup for hydrogen compression through thermally driven adsorptiondesorption
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 2 Figure 2a) Geometric model and finite element mesh used in this work; and b) zoom on the discharge section

Figure 3 -

 3 Figure 3 -Pressure evolution inside the adsorption-desorption compressor when using: a) three different amounts of AC (T F = 298 K, P in = 4 MPa), and b) different charge pressures (T F = 298 K, m s = 0.135 kg)
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 4 Figure 4a) Temperaturepressure correlation during the compression step; b) charge pressuredischarge pressure correlation during the compression step (m s = 0.135 kg, T F = 298 K). The pressure obtained if AC was not used is also included in the figure. The dashed lines highlight the linearity of relationships.
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 5 Figure 5 -Temperature [K] profiles inside the compression tank at different time (m s = 0.135 kg, P in = 8 MPa)
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 6 Figure 6 -Temperature distribution at different positions in the tank for: a) P in = 4 MPa; and b) P in = 8 MPa (m s = 0.135 kg)
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 7 Figure 7 -Predicted density of: a) hydrogen in the adsorbed phase; and b) hydrogen in the bulk phase at different positions in the compression tank (m s = 0.135 kg, P in = 8 MPa)
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 8 Figure 8 -Increase of the hydrogen pressure with the desorption temperature for different charge pressures (m s = 0.135 kg). The dashed highlight the linearity of relationships.

Figure 9c shows the

  Figure9cshows the discharge flow obtained during the heating of the compressor tank from 298 to 353 K. The hydrogen pressure was initially around 67 MPa because of the preceding compression step during the heating of the compression tank from 77 to 298 K. 28 NL h-1 
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 9 Figure 9a) Manometer of the experimental setup showing 70 MPa. Experimental and predicted: b) increase of the system pressure during the discharge step, c) high-pressure hydrogen discharge flow, and d) temperature profile inside the tank at different spatial coordinates (m s = 0.135 kg, P in = 8 MPa)

Table 1 -

 1 Properties of the MSC-30 and MSP-20X activated carbons

	Property / units	Symbol	MSC-30	MSP20X	Reference
	BET area / m 2 g -1	A BET	3305	2363	[7]
	Pore volume / cm 3 g -1	V TOT	1.60	0.93	[7]
	Skeletal density / kg m -3	ρ s	2200	2100	this study
	Specific heat / J kg -1 K -1	c p,s	825	-	[70]
	Thermal conductivity / W m -1 K -1	λ s	0.7	-	[71]
	Bulk density / kg m -3	ρ b	270	350	this study

Table 2 -

 2 Constant parameters used in the present numerical model

	Parameter / units	Symbol	Value	Reference
	A286 density / kg m -3	ρ w	7950	[83]
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