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Abstract

For the first time, a thermal study and optimization of a thermally driven hydrogen
compressor has been performed. Experiments on this compressor, which is a proof of concept
we developed, are time-consuming, making it difficult to know the behavior of the compressor
under a variety of possible thermal conditions. In order to understand its behavior, we developed
anumerical model to study the evolution of hydrogen pressure, flow rate, and temperature when
heat transfers are intensified by changing the heating power, the setpoint temperature, or the
convective regime. Hydrogen compression and discharge were simulated by finite elements and
the tank was modeled by an axisymmetric 2D geometry. The heat and mass conservation
equations for hydrogen were solved and the predictions were validated by using three heating
powers during desorption: 100W, 200W and 300W. A parametric numerical study on the effect
of heating power and final set temperature showed that the higher the power, the more hydrogen
is discharged, and that the amount of hydrogen discharged varies quasi-linearly with the final
set temperature, as long as it is below 500K. Finally, we have shown that increasing the heat
transfer by convection with the outside air reduces the time to reach the room temperature by
approximately 75%.
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1. Introduction

Although hydrogen is considered as a promising candidate to replace fossil fuels, especially
in the transportation sector, its low volumetric energy density still remains a major drawback
(0.01079 MJ L at standard temperature and pressure). Several methods are used to increase
the latter value, and the most widely used is compression. High-pressure tanks of 70 MPa allow
storing 6 wt.% of hydrogen considering the whole storage system, but compression requires
15% of the hydrogen lower heating value (LHV). Alternatively, a hydrogen capacity of up to 7
wt.% can be achieved by liquid storage, but hydrogen liquefaction requires about 40% of the
hydrogen’s LHV, and a high degree of adiabaticity of the storage tanks is almost mandatory
due to the very low temperatures [1]. Magnesium-based hydrides, such as MgH>, also allow
storing 7 wt.% of hydrogen [2], but metal hydrides are relatively heavy, thus the weight ratio
of stored hydrogen to the total storage system can be as low as 1-3% [3]. Moreover, very high
temperatures (> 620 K) are required for hydrogen desorption, and the reaction enthalpy is
almost 30% of the hydrogen’s LHV [4].

To date, there are several hydrogen compressor technologies, which can be grouped into two
categories: (1) mechanical compressors, which can be driven by either a piston or a diaphragm;
(i1) non-mechanical compressors, i.e., electrochemical and thermally driven compressors. A
detailed description of each technology is presented elsewhere [5]. In our previous study [6],
we proved that it is possible to compress hydrogen up to 70 MPa in one single stage by
controlling the cyclic adsorption/desorption of hydrogen on activated carbons (ACs).

The advantage of compression by physisorption on ACs compared to compression by
absorption in hydrides is the low energy of sorption (about 6 kJ molu™! for ACs versus ten
times more for absorption in hydrides) and its reversible character. The flow rate produced by
these thermally driven hydrogen compressors is limited by heat transfers. A low enthalpy of

sorption is an advantage in two ways: it allows to accelerate the heat transfers, thus increasing



the flow rate, and to decrease the amount of heat to be exchanged, thus increasing the energy
efficiency. The experimental device presented in the following section is a proof of concept
whose role is to determine the performance in terms of maximum compression pressure. It was
not designed to be energy-efficient. The mass of the tank is much larger than the mass of AC it
contains and frigories are lost during heating, so liquid nitrogen consumption is very important
here. An optimized system would have internal heat exchangers, insulation between the AC
bed and the thick wall, and at least two tanks operating in phase opposition to recover frigories
from the warming tank to cool the cooling tank. In the ideal case of a perfectly insulated system,
the only heat dissipation is the enthalpy of sorption that must be removed at the temperature of
liquid nitrogen. The minimal energy cost of this technology is therefore the energy required to
evacuate 6 kJ molu,™! at 77K. If the cold is produced by a Carnot machine operating between
room temperature and 77K, with an efficiency of 35%, the ideal energy cost of compression is
therefore 17 kJ molu™! to compress hydrogen from 8MPa to 70MPa, i.e., 6% of the LHV of
hydrogen, or 3 times the energy required for the same isothermal compression at room
temperature. The ideal efficiency of this compressor is therefore 33% compared to isothermal
compression at room temperature. Beyond the energy aspect, the advantage of this compressor,
which can increase the pressure from 80 to 700 bar in a single stage, is its low capital
expenditure, the absence of vibrations (no moving parts), its reliability and its life span.
Specifically, hydrogen was compressed from 8 to 70 MPa using a 0.5 L high-pressure tank
filled with 0.135 kg of AC. The tank was heated from 77 to approximately 323 K to drive
hydrogen desorption. A 2D-axysimmetric numerical model was also developed to describe the
behavior of the adsorption/desorption compressor, and was in good agreement with the
experimental data obtained. An empirical equation was also proposed to reproduce the time
evolution of the 70 MPa hydrogen discharge flow. As far as we know, the adsorption/desorption

compressor is a rather new technology, and very few studies have been carried out about it until



now. Richard et al. [7] obtained preliminary results on hydrogen compression in a carbon-based
system by introducing hydrogen at room temperature in a tank filled with AC initially at 77 K
and 0.14 MPa. The consequent increase in temperature caused the hydrogen pressure to rise to
a value of about 5 MPa. The numerical investigation carried out by Sdanghi et al. [8] showed
that hydrogen can be compressed from 40 to 70 MPa in an adsorption/desorption compressor
using 0.25 kg of AC and heating the system from 77 to 300 K. Moreover, the authors found
that the density of hydrogen in the adsorbed phase gradually increases during the charging phase
to 66 kg m™, which is slightly lower than the density of liquid hydrogen, i.e., 70.8 kg m™. Other
numerical studies on mass and heat transfer of hydrogen in a tank filled with AC during both
the charging and discharging processes can also be found in the literature, but the thermally
driven hydrogen compression in such a system has not been considered there [9-14].

The system developed here has only been studied for one thermal configuration. Indeed,
only a few experimental studies have been performed so far, and each of them is highly time-
consuming. This experimental limitation leads to a lack of knowledge about the behavior of the
compressor under other conditions, which may be an obstacle to the large-scale development
of the process. Therefore, we propose to study the system under several thermal conditions,
varying the heating power, setpoint temperature and convective regime, in order to understand
its behavior when heat transfers are intensified using the numerical model.

In the present study, we have performed a thorough numerical investigation (2D-
axysimmetric model) of the hydrogen adsorption/desorption compressor previously developed.
The model used is an evolution of the one developed in our previous work [6]. Indeed, we have
considered here the impact of the density of the adsorbed hydrogen phase on the compressor
performance. The main objective of this study is to understand the thermal behavior of the
compressor through simulations. Thus, in order to use the model and extrapolate some

configurations, the model is validated under several thermal configurations by imposing for the



first time three constant powers on the heating belt (100, 200 and 300 W). The simulated
evolutions are analyzed for these three scenarios in order to understand the compressor
operation. In addition, a parametric study on specific parameters is carried out. Finally, the
impact of temperature and heat exchange with the external environment is simulated, which

can be useful to study the energy optimization of such a system.
2. Experimental and methods

2.1. Description of the adsorption-desorption compressor

We considered a system consisting in a tank filled with AC, in which the heating was carried
out in two stages (Figure 1): stage #1, from 77 K to room temperature, where the heating occurs
by convection with air; and stage #2, where the heating is driven by thermal resistors with

constant power (100, 200 or 300 W).
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Figure 1: Example of temperature and pressure changes as a function of time, for the two

compression stages.

Figure 1 thus shows the experimental configuration of the adsorption-desorption compressor

used. The compression tank was a stainless steel (A286) cylinder with an internal volume of
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0.5 L. The temperature of the system was measured by a thermocouple placed inside the tank.
The internal volume of the cylinder was completely filled with 0.135 kg of AC and compacted
by vibration using a Retsch AS 200 analytical shaker (amplitude of 0.5 mm, 3 cycles of 10 min
each). The AC was then outgassed at 523 K for 1.5 h using a vacuum pump and a heating belt,
and the pressure reached values of about 10° MPa. Hydrogen was then introduced into the
system by connecting a hydrogen cylinder (20 MPa) to the compressor. A BROOKS SLA5850S
flowmeter was used to measure the inlet hydrogen, which was up to 1.5 NL min"! with an
accuracy of = 1.0% of full scale. During the charging step, the compression tank was placed in
a cryogenic storage Dewar filled with 14 L of liquid nitrogen to be uniformly cooled to 77 K.
A backpressure regulator was placed downstream of the compression tank to produce a high-
pressure hydrogen flow once the desired pressure (70 MPa) was reached. A second BROOKS
SLAS5850S flowmeter was used to measure the high-pressure hydrogen flow. The whole system
was equipped with a discharge valve, a safety valve and a rupture disk to prevent overpressure.

A schematic of the experimental setup is given elsewhere [6].

2.2. Materials

The activated carbon MAXSORB® MSC-30 from Kansai Coke & Chemicals™ (Japan) was
chosen because it has a very high BET specific area (4zzr) of about 3300 m? g'!. The textural
characterization of this material was carried out and presented in our previous study [15], and
its main features are shown in Table /. High 4zrr and high pore volumes are both essential to
improve the performance of an adsorption-desorption compressor. The tapped density of the
selected AC, p», was measured by using an AUTOTAP device from Quantachrome Instruments,
in accordance with the standard ASTM D8176-18 test method. High-purity (99.999%)

hydrogen was used for the compression experiments.



Table 1 — Properties of the MSC-30 activated carbon

Property / units Symbol Value Reference
BET area/ m? g'! Aper 3305 [15]
Pore volume / cm? g! Vror 1.60 [15]
Skeletal density / kg m™ Ds 2200 [7]
Specific heat / J kg K! Cps 825 [16]
Thermal conductivity / W m™ K! As 0.7 [17]
Tapped density / kg m™ Db 270 this study

3. Theory and calculation

3.1. Geometry and mesh

Figure 2 shows the two-dimensional axisymmetric geometry used in this study. The inner
and outer radii of the compression tank are 0.025 and 0.04 m, respectively, and the thickness of
the heating belt is 4.2 mm. The height of the inner tank is equal to 0.256 m, whereas the total
height including the tank walls is 0.296 m. At the top, the discharge section has a diameter of 4
mm. The experimental temperature and pressure at the point named TTC and located at (0,

0.239 m), as well as with the hydrogen discharge flow, were recorded.
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Figure 2: (a) System geometry and finite element mesh used in this work; (b) zoom on the
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discharge section.

3.2. Heat and mass transfer in the activated carbon (AC)

3.2.1. Mass conservation equation

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

i.  The mass source term, K, indicates the amount of hydrogen undergoing a phase

change, from the adsorbed phase to the bulk phase.

ii.  The average velocity related to the hydrogen flow through the porous medium, 55, is

described by Darcy’s law.

iii.  No volume changes with time, ¢.

According to the definitions above, the mass conservation equation for the hydrogen in the

bulk phase can be written as:



0(24P5)
dat

+V- (e4p475) = Ky Eq. 1

where pg [kg m] is the bulk density of hydrogen, &, [dimensionless] is the volume fraction of
the hydrogen bulk phase, v, [ms™!] is the average velocity related to the hydrogen flow through
the porous medium and K, [kg m™ s'] 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:

0(capa) _ _,

Eq. 2
at g 4

where p, [kg m™] is the density of adsorbed hydrogen and &, [dimensionless] is its
corresponding volume fraction.

The mass balance related to hydrogen in the adsorbed phase can be written in terms of the
absolute amount of hydrogen adsorbed to the total mass of AC, ms, contained in the

compression tank, x, [mol kg'!]. Thus, we can write:

V, x,myM
Vtank sz

€aPa = = Xq ppM Eq. 3

where Vi is the inner volume of the tank, p, = £,ps [kg m™] is the apparent density of the
AC bed (ms / Viank), €s [ Vs / Viank] 1s the volume fraction occupied by the AC of skeletal volume
Vs (i.e., the volume of solid carbon without taking its pore volume into account), and pg [kg m
3] is the intrinsic, or skeletal, density of the AC (m; / V5). Finally, M [kg mol '] is the molecular
mass of hydrogen (0.002 kg mol™).

According to the aforementioned assumptions, adding Eq. (1) and Eq. (2) and considering

Eq. (3), the overall mass conservation equation reads as follows:

dx
= —pp,M (1 —Z—g) at“ Eq. 4

a

g40pg = ( k- )
I 94V (—g,p,—VP
ot + Egpg#
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where k [m?] is the (macroscopic) permeability of the AC (i.e., of the packing of AC grains)

and u [Pa s] is the dynamic viscosity of hydrogen.

3.2.2. Energy conservation equation

The energy balance expresses the balance between the amount of energy accumulated in the
tank and the energy fluctuations mainly due to the conductive heat flux, the heat released during
adsorption and the heat exchanged with the external environment. It can be expressed as follows

[18]:

2D 4 (@ ol19) + (7-9) = 0 E. 5

where H [J kg'] is the total enthalpy of the system, g [W m™] is the heat flux due to conduction,
and Q [W m™] is the energy source term. Eq. (5) was applied to two different zones: (i) the
active volume of the tank, Vi, where hydrogen adsorption and desorption occur, and (ii) the
walls of the tank.

Considering the contributions of hydrogen in the bulk and adsorbed phases, as well as the
contribution of the AC in the amount of energy accumulated inside the tank, Eq. (5) can be

rewritten as follows:

T | = k=
(egcp,gpg + &€4CpaPa + escp,sps) P V- (—egpgcp‘gT;VP)+
Eq. 6

Os

o - op de 0x
V- (—Aeff)VT) = —sgcp,gTa—tg - cp,gpgTa—f - cp,apaTa—;l — ppAH 45 -

ot

where ¢pg, cpo and cps [J kg! K '] are the specific heat capacities at constant pressure for
hydrogen in the bulk phase, hydrogen in the adsorbed phase, and AC (c,s = 825 J kg! K1),
respectively. oy [W m™ K )] is the effective thermal conductivity of the system, and AH s [J

mol '] is the heat of adsorption, which is considered constant in the present numerical model.

11



Since the specific heat (¢, 4) of hydrogen in the bulk phase depends on pressure and
temperature, explicit expressions for ¢, 4 as a function of pressure and temperature are required
to implement variations in the numerical model. Such explicit expressions are rarely presented
in the research literature and therefore, data from the NIST Standard Reference Database 23
(software: REFPROP-8®) were fitted using several expressions, depending on the pressure and
temperature ranges [19]. Two general expressions for ¢, 4, depending on pressure P [MPa] and
temperature 7 [K] were obtained for two distinct temperatures ranges: [77-175K] and [175-450
K].

Considering the [77-175K] temperature range, the expression is the following one (Eq. 7):

Cpg (T,P) =1000 [a(T)P® + b(T)P* + c¢(T)P3 + d(T)P? + e(T)P + f(T)]

a(T) = 14522.96 T~51
b(T) = —245297.13 T~>33

c(T) = 952790.1 T~*64 Eq. 7
d(T) = —828788.6 T 378

e(T) = 90788.22 T %66

F(T) =0.0277 T + 8.33

where a(T), b(T), c(T), d(T), e(T) and f(T) are the temperature-dependent coefficients.

Considering the [175-450K] temperature range, the expression as follows (Eq. 8):

Cpg (T,P) = 1000(A(T)exp<%) + yo(T))

T
A(T) = —-3.93 e(—146-38) + 0.269

Eq. 8

(=5257)
B(T) = 103.5 e\-5257) — 86.7
yo(T) = =19710"* T*+3.36 1077 T3 —2.14668160183 10~ * T?

+5.951072 T+9.07
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where A(T), B(T) and y,(T) are temperature-dependent coefficients. The regression curves
are given in the Supporting Information (Figures SI 1.a) and SI 1.b)). The quality of the
regression was confirmed both by observing the determination coefficient R? for each step
(pressure and temperature) of the regression and by checking the residuals. The latter were
strictly less than 1.5 % (Figures SI 1.c) and SI 1.d)) while the values of R* were all above the
usual acceptance limit of 0.99.

On the other hand, the temperature dependence of ¢, [J kg'! K "] was evaluated in our

previous study [15]:
Cpa = —5.3-1072T? 4+ 33.5-T + 3698.1 Eq. 9

Jefr Was calculated by considering the contribution of each component to the overall heat
transfer. Two expressions were considered: (i) a parallel model; and (i1) a series model. In this
way, the upper and lower limit of the thermal conductivity of a porous medium were calculated,
respectively.

- Parallel model:
Aerr = €ghg + €qlq + €5 Eq. 10
- Series model:

1
A =
I ey + eafAa + g5/ A

Eq. 11

where g, o and A; [W m™' K '] are the thermal conductivities of the bulk hydrogen phase,
adsorbed hydrogen phase, and AC, respectively. The temperature dependence of 1, was
calculated from NIST data and for a pressure near 3 MPa (close to the maximum excess uptake

on MSC-30 at 77 K) using the software REFPROP-8®:

Ag =5.40- 107*T + 0.02426 Eq. 12
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This simple expression was compared to a polynomial model dependent on pressure and
temperature (SI Note 1 and Figure SI 1.a)). The quality of the regression, based on NIST values,
and the use of the polynomial model met the usual acceptance limit R? > 0.99 (SI score 1,
Figures SI 1.a) and SI 1.b)). Furthermore, the difference between the thermal conductivity
values obtained from the polynomial expression and the NIST values was found to be less than
5% (Figure SI 1.c)) in the ranges 1 - 70 MPa and 77 - 400 K. Finally, the difference between
the values obtained using Eq. (12) and the above polynomial model was found to be very small
(i.e., < 0.073 W m™! K'') when compared, as a function of temperature, to the other thermal
conductivities (Figure SI 1.d)). Consequently, the effect of using Eq. (12), instead of the
polynomial model, on the overall thermal conductivity was assumed to lead to minor errors.
For this the reason, Eq. (12) was used here instead of the polynomial model.

/a was considered equal to the thermal conductivity of hydrogen in the liquid phase and its

temperature dependence was found in the literature [20]:
Ag = (7.12 4+ 0.233T) - 1072 Eq. 13

On the other hand, s was considered as constant in the present work (0.7 W m™ K1) [17].

3.2.3. Hydrogen equation of state and adsorption equation

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 [21]:

(s

where a and b are the constant parameters of the Van der Waals equation (0.02476 J m* mol?

angy?
7’ (V, —ngb) = nyRT Eq. 14

and 2.661 x 10 m> mol™!, respectively) and R is the universal gas constant, 8.314 m®> Pa K'!
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mol !). To increase the computational speed using the Comsol™ software for the simulations,

the derived form of Eq. (14) was used:

oP R T < RTM Zapg>apg

E:—( M )E* M —pp)y. M2 )t Eq. 15

Pg — b
The modified Dubinin-Astakhov (MDA) equation proposed by Richard et al. [22] 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 [7,23]:

RT \* (P
Xg = Xmax€XP _<a+,8T) In (F) Eq. 16

Eq. (16) 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 [24]. The model requires 5 parameters: X [mol kg''] is the amount of
adsorbed hydrogen corresponding to the saturation of the entire available pore volume, a [J
mol '] is an enthalpy factor, # [mol J"! K '] is an entropy factor [25], and Ps [MPa] is the pseudo-

saturation pressure [15,26,27].

3.2.4. Initial and boundary conditions

The hydrogen discharge flow, 71, [kg m™? s!'], obtained once the desired 70 MPa was
reached, was simulated using the following expression:
Nout = M (Prax — P) Eq. 17

where Py [MPa] is the fixed maximum pressure (70 MPa), P [MPa] is the hydrogen pressure
inside the tank, and %, [kg m? s™! Pa’!] is a constant relating the discharge flow to the pressure

difference, and considered as a fitting parameter.

15



In addition, heat is also released from the system by n,,,; and this contribution was calculated
as follows:
Qflow = Nout Cpg T Eq. 18

Finally, the tank is subject to convective heat flux with the surrounding environment, Q [W

m™], which is determined by the following expression:
Q= h(Tr —T) Eq. 19

where 4. [W m2 K'!] is the global heat transfer coefficient, and Tr [K] is the temperature of the

surrounding environment (293 K).
3.3. Heat transfer in the tank walls and in the heating belt

The heat transfer equation was then applied to the tank walls with conductive heat flux:
oT =
PwCow o + V- (=4, VT) = Q Eq. 20

where py [kg m™] is the density, ¢, [J kg'! K] is the specific heat capacity, and A, [W m™ K
11 is the thermal conductivity of the wall and the heating belt, assumed here to be identical for
simplicity, as both are metallic structures. We also assumed that the thermal properties of the
A286 stainless steel used were equivalent to those of the AISI 304 stainless steel. Hence, the
thermal dependence of ¢, was found in the literature [28] and can be fitted by the following

equation:
cpw = 143.68log(T) — 370.51 Eq. 21

pw and 4,, were considered constant with respect to temperature. Q is the power density [W m”
3] applied to the heating belt and considered as the ratio of the electrical power applied to the
heating resistors (100, 200 or 300 W) to the volume of the belt (Q takes a zero value in the tank

walls).

16



3.4. Implementation of the numerical method

The entire system of equations presented in this section was solved using Comsol™

software. The three dependent variables were thus pg, P and T and the parameters used for the

present numerical simulation are listed in Table 2.

An extremely fine mesh consisting of 5332 triangles and 2806 vertices was used. The mesh

was refined at the discharge section to improve the prediction of the high-pressure hydrogen

flow out of the compression tank (Figure 2b). Each simulation required a computational time

of 92 seconds and the simulations were run for 450 minutes of the compression process.

Table 2 — Constant parameters used in the present numerical model

Parameter / units Symbol Value Reference
A286 density / kg m™ P 7950 [29]
A286 specific heat / ] kg K! Cpw 460 [29]
A286 thermal conductivity / W m™! K! Aw 12 [29]
Enthalpy factor in MDA equation / J mol™! o 3300 [15]
Entropy factor in MDA equation / J mol™! K'! p 15.79 [15]
Global heat transfer coefficient/ W m™ K'! hr 40 this study
Heat of adsorption / J mol™! AHads -6,000 [15]
Hydrogen viscosity (293.15 K and 1 atm) / Pa-s U 9-10°¢ [30]
Maximum hydrogen adsorbed / mol kg'! Xm 72.46 [15]
Permeability / m? k 107! this study
Pseudo-saturation pressure / MPa P 1013 [15]
Total volume of tank / m? Viank 5-10* this study

17



4. Results and discussion

4.1. Parametric study

4.1.1. Impact of the hydrogen density in the adsorbed phase

The hydrogen density in the adsorbed phase has not been clearly determined in the literature.
If the density of the liquid phase is taken as a reference, its value would be equal to 71 kg m™.
Some authors estimated a density for the adsorbed phase higher than that of the liquid phase
(80 kg m™ for a temperature of 50 K and a pressure of 7 MPa) [31], while other works suggested
that the density of hydrogen adsorbed in AC is a function of the pore size with an upper limit
equal to the density of the liquid phase [32]. In order to understand the impact of the density of
the adsorbed hydrogen on the performance of the adsorption/desorption compressor, a
parametric study was performed. Thus, the density of adsorbed hydrogen was varied from 50
to 90 kg m™. Figure 3a shows that the simulation is not affected by the density value of the
adsorbed phase. Indeed, the final pressure varies from 52.3 to 53.1 MPa before the electrical
resistor heating. A total variation of 1.5% compared to the absolute value of 52.9 MPa was
obtained by considering an adsorbed density equal to 70 kg m~. Finally, the time evolution of
the pressure inside the tank was identical for all cases (Figure 3b), while the time evolution of
the temperature was only slightly affected by the value of the density of the adsorbed phase
(Figure 3c). Therefore, the value of the liquid hydrogen density (71 kg m™) was selected for the

rest of the simulations presented in this study.
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Figure 3: (a) Pressure at the end of the first stage as a function of the density of adsorbed

hydrogen; Time evolution of: (b) pressure; and (c) temperature inside the tank.

4.1.2. Impact of the mass transfer coefficient

The second parametric study concerns the mass transfer coefficient, /4,, which can be
compared to a pressure drop coefficient of the discharge valve, and which can only be obtained
by fitting the experimental data. It can be observed that the lower this coefficient, the lower the
discharge flow (Figure 4a) and, conversely, the higher the pressure inside the compressor even
after the valve is opened (Figure 4b). Indeed, for low discharge flow (Figure 4a), the hydrogen
pressure continues to increase according to Van der Waals law (Figure 4b). When the
temperature reaches equilibrium, still with a low discharge flow (h»=3 10° kg m?2 s Pa!), the

mass loss overcomes the temperature increase, resulting in a pressure drop in the compressor
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(Figure 4b). It should be noted that as /,, tends to infinity, which is equivalent to imposing the
pressure at boundary conditions.
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Figure 4. (a) Predicted hydrogen discharge flow; and (b) pressure, as a function of time for

different values of 4, and compared to the experimental data.

4.1.3. Impact of the thermal conductivity

Both a parallel and a series model were used to understand the impact of the multiphase
thermal conductivity model on the simulation results, as described in Section 3. The results on
temperature (Figure 5a), pressure (Figure 5b), and hydrogen discharge flow (Figure 5¢) show
negligible impact of thermal conductivity models on these kinetics. These two models allow
the calculation of the maximum and minimum value of the thermal conductivity of a porous
medium. It can be observed that a maximum factor of two exists between these two models
(Figure 5d), which is not enough to impact the results. A variation of a factor of 10 would be
required to observe an impact. By default, a parallel model is used, and it will be used for the
rest of the simulations. Furthermore, the model is not very sensitive to the thermal conductivity
of the AC because the exchange with the outside is very low and therefore limiting. This will

not be the case in an industrial compressor where the exchange with the outside will be much
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more efficient. It will then be limited by the thermal conductivity of the AC as in the case of

hydride compressors [33].
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4.2. Validation of the model

4.2.1. Time evolutions of temperature, pressure and discharge flow

The model was validated by comparison with the experimental evolution of temperature

(Figure 6a, b, c), pressure (Figure 6d, e, ), flow of hydrogen delivered by the compressor

(Figure 6g, h, 1), quantity of hydrogen delivered (Figure 6, k, 1) and temperature at the surface

of the heating belt (Figure 6m, n, 0), for three applied powers, namely 100, 200 and 300 W.
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The observed trends are the same according to the powers applied to the heating belt. During
step 1, the increase in the tank temperature is driven by natural convection (Figure 6a, b, c).
The differences between the experimental and simulated temperatures are small, although a
slight overestimation can be observed with the simulation. Hydrogen desorption triggered by
the increase in tank temperature leads to an exponential increase in hydrogen pressure inside
the tank (Figure 6d, e, f). The differences between the measured and simulated pressures are
also small; a slight overestimation of the pressure can be observed during the temperature rise,
as well as an underestimation at the end of the temperature rise (minus 5 MPa compared to the
experimental value).

During step 2, the heating belt is installed when the temperature in the tank is between 273
and 278 K. The equilibrium with the outside temperature (293 K) is deliberately not reached
for time-saving reasons. Once the belt is in place, the temperature in the tank (Figure 6a, b, c)
and at the surface (Figure 6m, n, o) increases with a model response very close to the
experimental evolution. For a power of 100 W, the temperature tends towards 373 K while for
200 and 300 W it exceeds 423 K. The above values are not shown because the temperature
sensor in the tank is limited to 423 K for safety reasons. As in step 1, the pressure continues to
increase with temperature until it reaches 70 MPa, at which point the compressor opens (Figure
6d, e, f). For all powers, a time lag is observed when the discharge valve opens compared to the
experimental values (Figure 6g, h, 1). This time lag is explained by the underestimation of the
predicted pressure observed at the end of step 1. Despite this offset, the predicted discharge
flow is very close to the experimental one, with a high flow at the opening of the discharge
valve, and a decreasing trend over time (Figure 6g, h, 1).

For steps 1 and 2, the model shows a response very close to the experimental evolutions for
the three cases studied, which makes it possible to validate the hypotheses chosen and the

implementation carried out (software, meshing, etc.).
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In step 1, the power has no impact since the heating belt is not applied. After installation,
three heating powers were tested: 100, 200 and 300 W. It can be observed that the higher the
power, the higher the amount of hydrogen delivered by the compressor (0.4, 1.6 and 2.2 mol at
the end of the simulation for 100, 200 and 300 W respectively) and the earlier the discharge
takes place (20 000, 15 500 and 14 800 s for 100, 200 and 300 W, respectively) (Figure 6j, k,
1). The increase in power raises the temperature of the compressor and accelerates the heat
transfer. At constant power, the temperature inside the compressor increases continuously. As
the temperature increases more at higher power, the hydrogen seeks to expand with the only
escape being the discharge to the outside at 70 MPa, which explains the greater amount of
hydrogen discharged. In addition, as the temperature increases more rapidly with power, the

pressure reaches the 70 MPa value earlier and the discharge valve therefore opens earlier.

23



Tank temperature (K)

10000 20000 0 10000 20000 0 10000 20000
time (s) time (s)
=
[
g
2
g
£
-9}
0 10000 20000 0 10000 20000 0 10000 20000
time (s) time (s) time (s)
~ Wog h) ) :
2 9 :
> 80 ®
V4
S 70 8
& 60 ®
& 50 %
5 -
R ]
2 30 E
=
= 20
£
2 10 iﬂ
= -
=S O i i ey
= 0 10000 20000 0 10000 20000 0 10000 20000
time (s) time (s) time (s)
—~ 16
o 1)) k) )
) 14
= 13
8 12
< 11
£ 10
et 9
3 8
oo 7
< 6
i
£
o0
é él)_ /
S 0 10000 20000 0 10000 20000 0 10000 20000
= time (s) time (s) time (s)
460 m) n)
440 50
g 420 £500°°
& 400 4o
2 380 (2]
I
3 360
=
£ 340
el
= 320
& 300
280
15000 20000 25000 15000 20000 25000 15000 20000 25000
time (s) time (s) time (s)
O Exp w— Sim
Figure 6. Predicted (solid line) and experimental (empty circles) evolution of the temperature

(a, b, ¢), pressure (d, e, f), hydrogen flow supplied by the compressor (g, h, 1),

amount of hydrogen discharged (j, k, ) and temperature at the surface of the heating
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belt (m, n, o), for the three applied powers:100 W - first column, 200 W - second

column, and 300 W - third column.

4.2.2. Analysis of the opening of the discharge valve

The opening of the discharge valve when the pressure reaches 70 MPa is a sudden
phenomenon, characterized by a hydrogen flow passing from zero to the maximum flow (50
NL h'! with a power of 300 W) in a few seconds (Figure 6g, h, i). The simulations show a
cooling phenomenon at the compressor outlet when the discharge valve is opened (Figure 7a).
This phenomenon loses its magnitude with depth, where no cooling is observed but only a
variation of the predicted temperature evolution with time (Figure 7b). No thermocouple is
placed at the compressor outlet, which makes it impossible to measure this phenomenon.

Nevertheless, a thermocouple is placed at 17 mm from the outlet and also allows to observe
a very marked decrease of the temperature variation (d7/d¢) when the discharge valve is opened
(Figure 7c, d), which is also observed with the simulation. Moreover, this phenomenon becomes
more and more important by increasing the applied power, since it is not observable at 100 W,
visible at 200 W (Figure 7c) and accentuated at 300 W (Figure 7d). By plotting on a 2D surface
the derivative of temperature versus time at moments close to the opening of the discharge valve
(Figure 7e represents the moment just before the opening, Figure 7f the first moment recorded
after the opening, and Figure 7g the second moment recorded after the opening), one can
observe that this phenomenon is very localized, close to the compressor outlet, and that the
hydrogen flow (black arrows) is very important at this point. One could imagine that this
phenomenon is explained by the energy linked to the desorption of hydrogen during the opening
of the tank, but the simulation shows that the amount of adsorbed hydrogen increases at the
interface at this moment.

A study was carried out without taking into account the heat of adsorption and a low impact
was observed on the temperature (Figure SI ), which always decreased and concluded that this
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phenomenon was not related to the hydrogen desorption upon opening. The second hypothesis
to explain this phenomenon concerns the impact of gas transfer from the inside to the outside.
Indeed, when the compressor opens, the temperature is not uniform, with a lower temperature
in the center than on the peripheral parts of the tank (Figure 7a). Upon opening, the colder gas

in the center moves towards the warmer outlet area, thus reducing its temperature.
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evolution of the temperature derivative (d7 / df) at 200 W; and (d) at 300 W. 2D
mapping of the simulated temperature derivative - d7'/ dz (300W) - at three times:
(e) 14 754 s; (f) 14 763 s; and (g) 14 772 s; the arrows represent the hydrogen gas

flow.

4.3. Influence of external conditions

In this section, the model is used to simulate the behavior of the compressor when varying
external conditions such as final temperature or heat exchange coefficient. These extrapolated
results are only valid for this simulation setting. Indeed, a discrepancy between the simulations
and the experimental evolutions has been observed in the previous section. Although the model
remains robust, the absolute values should be taken with caution, nevertheless the general trends

should be representative.

4.3.1. Effect of the set temperature

Here, the impact of the set temperature, from 313 to 473 K, on the compressor performance
is studied by varying the heating power between 0 and 300 W. The heating step to room
temperature is the same for all simulations and thus, no difference was observed for the time
evolution of temperature and pressure (Figure 8d and f). As in the previous tests, once the
temperature between 273 and 278 K is reached, the heating belt is installed for final heating
and to reach the pressure of 70 MPa. Simulations show that for set temperatures of 313 — 333
K, the pressure of 70 MPa is not reached (Figure 8e and f). However, the pressure of 70 MPa
is reached for temperatures above 333 K. Above this temperature, the pressure profiles are
identical to the one corresponding to the simulation at 343 K, which is why they are not shown
(Figure 8f). The compressor outlet flow has the same evolution as for the previous simulations
with a high flow as soon as the discharge valve is opened, followed by a decrease (Figure 8a

and b). The difference is a faster decrease when the set temperature is reached (Figure 8b). In
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fact, as long as the temperature is lower than the set temperature (7 < 7 set), the power supplied
by the control is maximum (300 W), the system is in the same case as at constant power and
the output flow shows the same profile (Figure 61). When the temperature reaches the set
temperature, the power supplied to the compressor decreases, which leads to a reduction in the
output flow (Figure 8b). Thus, the longer the power remains at its maximum value and the
higher the temperature, the later the flow decreases, resulting in an increase in the amount of
hydrogen released by the compressor (Figure 8c). Through simulation, and in this temperature
range, we can observe a quasi-linear relationship between the amount of hydrogen discharged
and the set temperature as long as it is below 500K, which confirms that the higher the set
temperature, the more hydrogen is released (Figure 8e). At 343 K, the amount of hydrogen
discharged is 0.27 molu2/kgac (0.54 wt%) and if the temperature were set to 473.15K, this
amount would reach 11 molua/kgac (2.2 wt.%). At very high, and impractical temperatures, the
amount of hydrogen discharged reaches an asymptote at 55 molna/kgac (11wt. %), see Figure

SI 4, in good agreement with the large hydrogen storage capacity of MSC-30 [34].
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4.3.2. Effect of intensifying the heat flow by natural convection

In this simulation, the power provided by the heating belt is suppressed (Q = 0) and the heat
is supplied by the air through natural convection. The objective is to study the impact of the
increased heat flow on the compressor by varying the flow regime of the air surrounding the
compressor and thus varying the heat exchange coefficient, 4, to 10, 20, 50 and 100 W m? K~
!. The outside temperature was set to 293 K during step1 and to 373 K during step 2.

As h; increases, the temperature and pressure rise becomes faster for steps 1 and 2 (Figure
9c and d), the outlet flow increases (Figure 9a), and the discharge process takes place over a
shorter period of time (Figure 9a) to reach the same amount of hydrogen discharged at the end
of the compression step (Figure 9b).

The temperature rise in step 1 is achieved without any heat input other than the heat exchange
between the tank and the ambient air. The first tests were carried out in natural convection with
a low exchange coefficient (4, = 10 W m2 K'!), resulting in a fairly long temperature rise. The
simulation shows that by increasing the convection around the tank, a time saving, 4¢, of about
10,000s (2.77 h) is observed. This result is extremely relevant because 2.77 h is about 75% of

the duration of step 1.
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Figure 9. Time evolution of: (a) simulated hydrogen discharged flow; (b) amount of hydrogen
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(dashed) and 100 (dotted/dashed) W m= K.

5. Conclusion

The modeling of a non-mechanical hydrogen compressor based on cyclic adsorption-
desorption of hydrogen on activated carbon (AC) was successfully completed. We clearly
showed that the value of the density of adsorbed hydrogen had little impact on the results
obtained and therefore the value of the density of liquid hydrogen was used for the simulations.
The model was able to accurately predict pressure, temperature and discharge flow for three
heating powers (100, 200 and 300 W) used to promote hydrogen desorption. A temperature

variation was observed experimentally during the compressor discharge and explained by the
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simulation. It is due to heat transfer from the colder center to the warmer periphery of the
compressor, linked to the mass transfer induced by the discharge.

The predictive character of the model is a step forward for future large-scale sizing of
hydrogen compression by thermally driven adsorption-desorption. The parametric study
performed on heat transfer provides significant contributions to this new body of knowledge,
as follows:

e The more the power, and thus the temperature, is increased, the more hydrogen is
discharged.

e The variation in the amount of hydrogen discharged is quasi-linear with respect to the final
set temperature, as long as it is below 500K.

e The increase in heat transfer by convection with the outside air would allow to reduce
significantly the compression time, by about 75%, which shows the necessity to optimize

the heat transfers in the case of an industrial compressor.

After studying the heat transfer outside the compressor, further studies are conducted to
investigate the effect of the physicochemical characteristics of the AC, the cyclability of the
process and to optimize the heat transfer inside the AC bed by the addition of conductive

materials or the use of internal exchangers, among others.
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Supplementary information
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SI 1: Comparison between the specific heat capacities of bulk hydrogen (normal hydrogen)
obtained from the NIST database (colored full lines) and from the models proposed for
the temperature ranges of: (a) 77-175 K and (b) 175 — 450 K (models in black dashed
lines), and (c) and (d) residuals of the two models (compared to NIST values) for the
same temperature ranges of (a) and(b), respectively.
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Calculation note: In order to obtain an explicit expression of the thermal conductivity of the
hydrogen bulk phase (4,) depending on pressure and temperature, a polynomial regression was
carried out on a set of points obtained using the REFPROP-8® software (NIST database):
Ag = a(P).T(K)? + b(P).T(K)*+ ¢(P).T(K) + d(P)
where each coefficient (a, b, ¢ and d) depends on pressure. The quality of each regression was
assessed by observing the R? value (R>> 0.99). The result of such regression can be observed
in Figure SI 2. a) (red dashed lines). The difference between the as-modelled values and NIST
ones can be observed in Figure SI 2. ¢). The difference between the values obtained using the
polynomial model and the NIST values, within the 0.1 — 70 MPa and 77-400 K pressure and
temperature ranges, was less than 5% (Figure SI 2. ¢)). The expression used to model the
pressure dependence of each coefficient (a, b, ¢ and d) was also a polynomial.
x = a.P(MPa)? + B.P(MPa) +y

where y corresponds to a coefficient (a, b, ¢ or d). a,  and y are the pressure-dependence
coefficients. a,  and y values differ depending on the chosen coefficient (a, b, ¢ and d). The
quality of the regression, obtained for each coefficient, can be observed in Figure SI 2. b).
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SI 2 : NIST values of bulk hydrogen thermal conductivity (4¢) depending both on pressure and
temperature, and its polynomial fit: (a) values obtained for the experiments according
to fitting and to Eq. 12 ; (b) pressure dependence of the polynomial coefficients; (c)
residuals of the polynomial fitting (compared to NIST values); and(d) comparison
between thermal conductivities of hydrogen bulk and adsorbed phases (4g, 4a) and
porous carbon (4s), and difference between Eq. 12 and polynomial model values
obtained using experimental data points (P, T).
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SI 3 : Impact of the heat of adsorption: (a) on the temperature; and (b) on the temperature
derivative - d7'/ dt.
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SI 4 : (a) Total amount of hydrogen discharged per kg of activated carbon as a function of
set point temperature; (b) area zoomed up to 473.15 K.
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