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Abstract

Thermally driven hydrogen compression by cyclic hydrogen adsorption-desorption on
activated carbon is presented therein. Hydrogen compression occurs through heat exchange,
which allows physisorbed hydrogen to desorb at higher temperature in a given volume. The
physical nature of hydrogen adsorption on porous carbon allows reversible desorption, and a
flow of compressed hydrogen is then obtained by running adsorption/desorption cycles
repeatedly. We investigated the feasibility of such a system through numerical simulations by
taking into account both mass and energy balances, and adsorption thermodynamics. We
showed that high-pressure hydrogen, up to 70 MPa, can be obtained by simply lowering
and/or increasing the system temperature. Such a system opens new perspectives in the frame

of the Hydrogen Supply Chain.
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1. Introduction

Hydrogen offers innovative and environment-friendly solutions for the use of energy in the
next decades as it can be produced from renewable resources, like biomass and water [1], and,
moreover, its use as fuel does not release pollutants. Nevertheless, in order to make hydrogen
a real alternative to fossil fuels, safe and cost-effective transportation and storage solutions
need to be found. It has been shown that the cheapest hydrogen storage-recovery mode is
obtained by compression and truck delivery, especially for low demands [2]. Moreover,
pressurised composite tanks are commercially available nowadays, and ensure storing
hydrogen up to 70 MPa, which is the level required by on-board storage systems used in fuel

cell-powered vehicles and by hydrogen refuelling stations [3].

Compression is the most widely used method to store hydrogen at present. Traditional
hydrogen mechanical compressors, like those based on pistons or diaphragms, rely on mature
technologies and are particularly used when moderate flows and high pressures are
demanded. These systems allow producing compressed hydrogen, up to 100 MPa, with a flow
rate of about 107 kg s [4]. However, these technologies are affected by several drawbacks:
(i) they consist of several mechanical components in movement, with consequent problems
related to vibrations and noise; (ii)) most of hydrogen mechanical compressors use oil for
lubricating the moving parts, increasing the risk of hydrogen pollution; (iii) maintenance of
mechanical compressors is very difficult; (iv) effective heat exchange during operation is
challenging [5]; and (v) hydrogen can cause metal embrittlement [6]. Ionic liquid compressors
partly solve the aforementioned drawbacks, but are also considered as mechanical
compressors. An ionic liquid compressor is able to compress hydrogen from atmospheric
pressure to 90 MPa in only five steps, with flows rate of about 10 kg s, similarly to piston

compressors [7]. In addition, this technology allows reaching very high efficiency, around



70%, along with reduced size and weight, making them the most suitable out of all

mechanical compressors.

Attention is now focused on non-mechanical compressors, e.g. metal hydride [8] and
electrochemical compressors [9]. Hydrogen compression up to 87.5 MPa was achieved by
using a metal hydride compressor [10], along with a significant reduction of dimensions, cost
and weight with respect to a mechanical compressor reaching the same pressure level [11]. In
the same way, electrochemical compressors ensure reaching 100 MPa in a compact and silent
system [12], with overall efficiency higher than 70% [13]. In addition, both metal hydride and
electrochemical compressors have no moving parts, preventing all the drawbacks listed above
and related to mechanical compressors. Moreover, both kinds of systems indeed proved to be
safe and highly reliable, although they are particularly more relevant when a low hydrogen
flow is required, e.g. 10° kg s'. A comparison between all hydrogen compression

technologies in terms of cost and efficiency has been thoroughly reviewed elsewhere [14].

The adsorption-desorption compressor is a non-mechanical compressor which might be
called thermally driven compressor as it is based on heat exchanges in a compression tank
filled with high surface area-materials. Such a system relies on the capacity of porous
materials to adsorb gases such as hydrogen. Carbonaceous materials seem to be particularly
relevant for this purpose, and especially activated carbons (ACs) since they present, on
average, the highest hydrogen adsorption capacity out of all common carbon adsorbents like
carbon nanotubes, carbon nanofibers, zeolite- and MOFs-derived carbons [15]. Such high H;
storage capacity is due to the high surface area and pore volume exhibited by ACs, which can
be as high as 3000 m’ g'1 and 1.5 cm’ g'l, respectively [16]. Furthermore, nitrogen adsorption-
desorption isotherms obtained for the textural characterisation of the ACs commonly used for
hydrogen adsorption are of type I, according to the IUPAC classification [17]. These

isotherms exhibit both a high N, uptake at very low relative pressures and an extremely
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narrow knee, indicating the presence of ultra-micropores, i.e., with a width lower than 0.7 nm
[18]. Hydrogen storage capacity is particularly enhanced in carbon materials having both high
microporosity and very narrow micropores. Indeed, only one single layer of adsorbed
hydrogen can be formed in such narrow pores, thus a high adsorption potential is achieved
deriving from the overlap of the Van der Waals forces between hydrogen molecules and both
walls of the slit-shape pores confining them [19]. Thus, hydrogen adsorption on ACs is a
physical phenomenon, since no chemical bonds between hydrogen molecules and the AC
surface are involved. Furthermore, the adsorption energies are of the order of 6-8 kJ mol'l,
i.e., considerably lower than in the case of chemical adsorption, which can be as high as 130
kJ mol”' [20]. The basic advantages of physical adsorption are both the reversible and the fast
kinetics of adsorption compared to chemical adsorption. Nevertheless, high hydrogen storage
capacity can be only obtained at very low temperature, because of the low adsorption
enthalpy. To date, the highest hydrogen uptake was reached by using activated carbons at 77

K, and it was equal to 7 wt. % [21].

In a thermally driven system based on cyclic adsorption-desorption, hydrogen compression
derives from system heating that produces hydrogen desorption, i.e., hydrogen moves from
the (denser) adsorbed phase to the (lighter) bulk phase. As a result, the density of the
hydrogen bulk phase increases, producing high-pressure hydrogen. Richard et al. [22]
obtained preliminary results on a similar hydrogen compression system based on adsorption
on AC. These authors introduced hydrogen at room temperature into a tank filled with AC
initially at 80 K and 0.14 MPa. The consequent increase of the system temperature made the

hydrogen pressure increase, reaching a value of about 5 MPa.

As far as we know, hydrogen compression based on adsorption is rather an emerging
research topic nowadays, and hence the open literature still lacks both experimental and

numerical studies. However, several authors investigated the behaviour of cryo-adsorptive
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systems for storing hydrogen as an alternative method to compression. Petitpas et al. [23] thus
carried out an in-depth comparative analysis of cryo-adsorption and cryo-compression
hydrogen storage methods, concluding that it is not possible to assess which one is better than
the other as the choice of a hydrogen storage system strictly depends on the end application.
Ahluwalia and Peng [24] developed a numerical model to investigate the potential use of a
cryo-adsorptive system for on-board applications. They found that the amount of hydrogen
recoverable from a particular sorbent strictly depends on the pressure and temperature swings.
In particular, they concluded that a temperature swing of around 50 K was needed to recover
more than 80% of the sorption capacity of a super-activated carbon sorbent at 100 K and 10
MPa when the tank was depressurised to 0.3—0.8 MPa. Moreno-Blanco et al. [25] investigated
the performances of hydrogen cryo-adsorptive systems for automotive applications, finding
that it is possible to reach a filling density of about 76 kg m™ for a 70 MPa vessel and to
ensure a driving distance of 150 km day™'. Several authors focused also on the thermal effects
in a cryo-adsorptive storage system through computational fluid dynamics (CFD), stating that
significant temperature variations take place especially during the charging process [26-31].
Hardy et al. [32] found that a material bulk density of about 700 kg m™ must be achieved in
order to make a cryo-adsorptive hydrogen system reaching both the gravimetric and the

volumetric capacities foreseen by the 2025 DOE target [33].

The main objective of the present study was thus to investigate an adsorption-based system
to compress hydrogen in a non-mechanical way. A mathematical model based on mass and
energy balances occurring in the system is presented and the corresponding results are
compared to the data available in the open literature. We show that a pressure as high as 70

MPa is achievable by using this innovative hydrogen thermally driven compression system.



2. Description of the hydrogen adsorption compressor

Figure 1 shows a scheme of a hydrogen thermally driven compression system. In the latter,
the hydrogen compression tank must be able to withstand both the high pressures that are
generated and the embrittlement induced by the contact of the materials with high-pressure
hydrogen. The tank, filled with AC, is initially immersed in a Dewar filled with liquid
nitrogen (77 K) in order to enhance hydrogen adsorption. Once thermal equilibrium between
the tank and the Dewar is reached, medium-pressure hydrogen, around 4 MPa, is introduced
in the tank and hydrogen adsorption onto the AC takes place. The charging process lasts as
long as a pressure gradient between the inlet manifold and the tank exists, then the inlet valve
is closed once the pressure gradient is zero. At this point, the tank is removed from the Dewar
and thus heated up by natural convection; alternatively, an electric heating system can be used
to speed up the process. Increasing the tank temperature produces hydrogen desorption, and
therefore the density of the hydrogen bulk phase increases and high-pressure hydrogen is
obtained. A pressure regulator is placed downline the tank to allow high-pressure hydrogen to
flow at the desired pressure. As shown below, the potentially achievable pressure level strictly

depends on the final temperature, on the free volume inside the tank, and on the mass of AC.
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Figure 1 — Scheme of an adsorption compressor system (from [14] with permission of

Elsevier).



3. Description of the numerical model

In order to investigate the mass and heat transfer phenomena occurring in a hydrogen
thermally driven compressor, we developed a zero-dimensional mathematical model

simulating:

- the temperature (7)) and pressure (P) dynamics inside the tank;
- the changes of hydrogen amounts both in the adsorbed phase (n,) and in the bulk phase
(ng);

- the volume of hydrogen in the bulk phase (V,).

For that purpose, several simplifying assumptions were used: (i) the pressure and the
temperature inside the tank are uniform; (ii) the gas inside the tank is a homogeneous fluid;
(ii1) the hydrogen adsorption kinetics is fast enough to consider that the hydrogen in the bulk

phase is in equilibrium with that adsorbed on the AC.

The numerical model consists of several, coupled, ordinary differential equations (ODEs) in
which the aforementioned physical properties are the unknowns of the problem. By solving
the system of ODEs, the temporal evolution of each property can be obtained. We introduced
in the model the hydrogen equation of state, an expression describing hydrogen adsorption on
porous material, and the equations of mass and energy conservation. From each of these
expressions, an explicit ODE in the form y’= f (t,y) was obtained, wherein the dependent
variable y is one of the physical characteristic of the problem. Thus, the 4™ order Runge-Kutta
iterative method (RK4) was used to solve the ODEs system. For each ODE, an initial value of

the dependent variable y at time ¢ = 0, yy, was fixed. The time ¢ = 0 was considered to be the



beginning of either the charging or the discharging stage, depending on the process

investigated. In the following, each single ODE was derived and discussed.

3.1 Temperature

Beyond the heat exchanges required for cooling down the system and hence for favouring
adsorption on the one hand, and then for heating it up for desorbing hydrogen on the other
hand, several other thermal effects take place in a thermally driven compressor. Adsorption
itself is indeed an exothermic process that cannot be neglected. Hermosilla-Lara et al. [34]
found that the heat of adsorption can contribute up to 22% for all the thermal effects involved
in a cryo-adsorptive hydrogen storage system. On the other hand, significant variations of the
system temperature can be produced during the charging process itself, when hydrogen at
room temperature is fed to the reservoir at 77 K. All these heat transfer phenomena affect the
temperature dynamics inside the tank, and all of them are taken into account in the energy
conservation equation:

d . .
E(Z miUi) = Hin — gout 4 () W

where m; [kg] is the mass and U; [J kg'] is the specific internal energy of either hydrogen, or
AC, or tank walls, H" and H*" [J kg''] are the hydrogen enthalpies related to inlet and outlet
flows, respectively, and Q [J s™'] is the sum of the heat of adsorption and the heat exchanged
with the external environment. Eq. (1) can be further developed by taking into account the
following simplifying assumptions: (i) U; can be written as the specific heat capacity at
constant volume c¢,; multiplied by the temperature T (ii) the total enthalpy can be written as
the hydrogen mass flow towards the tank, either during the charging stage, m,,, or during the

discharging stage, m,,, multiplied by the specific heat capacity at constant pressure c,; and
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by the temperature T; (iii) the heat transfer with the external environment can be modelled by
using a global heat transfer coefficient, » [W K' m™]. According to the aforementioned

assumptions, Eq. (1) can be rewritten as follows:

d

E [(mgcv,g + muCyq + MuycCyp ac + mwcv,w)T]

(2)
. ) an,
= My Cp.gTin — MoutCpgT + AHgqs ¥ + hS(T, —T)

In Eq. (2), the subscript g stands for hydrogen in the bulk phase, a stands for hydrogen in the
adsorbed phase, AC is for activated carbon and w is for the tank walls. T, [K] is the
temperature of the low-pressure hydrogen flow introduced into the compression tank, and is
generally equal to the room temperature. AH 4 [J mol'l] is the heat of adsorption, considered
as constant in the present numerical model. The variation of the total amount of heat released
during adsorption is evaluated as the product of the adsorption heat by the differential
variation of hydrogen mass in the adsorbed phase. The heat transfer between the compression
tank and its environment is calculated as the global heat transfer coefficient & [W K! m'z]
multiplied by the surface area where the heat transfer takes place, S [m’], and by the
temperature difference 7, — T [K]. 7, is the temperature of the external environment, and it is
equal to 77 K during the charging stage and to 298 K (or more, depending on the heating
system used) during the discharging stage. The temperature dependency of both ¢, , and ¢, 4 [J

kg'1 K] was calculated from the data of the National Institute of Standards and Technology

(NIST):
Cpg = —2+10710T* + 107673 — 0.0024T2 + 3.0534T + 13332 3)
Cpg = —2-10710T* + 107573 — 0.0024T2 + 3.0534T + 9207.6 (4)
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After introducing the hydrogen molar mass M [g mol'] and developing and rearranging Eq.

(2), the following ODE with the temperature as dependent variable was obtained:

dT
dt

5)
on on (
T Mc,,Ta—f + hS(T, —T)

(Mc,,,gng + Mcy ghg + MycCyac + mwc,,,w)

 Mnypcp g Tin = MNoueCp g T + (BHaqs — Mc,T)

We further assumed that ¢, 4 ~ ¢, . In all the simulations, the temperature 7y was fixed at 77 K

during the charging stage and when starting the discharging process.

3.2 Amount of hydrogen in the adsorbed phase

Dubinin’s model [35] was proved to describe quite well gas adsorption on microporous
materials, such as ACs, by volume filling of the available adsorption space and not by gradual
formation of adsorption layers on the surface of the micropores. This approach leads to the
conclusion that adsorption on microporous materials is similar to the subcritical adsorption of
vapours. However, in the experimental conditions used herein, hydrogen remains in the
supercritical state. In order to deal with adsorption of supercritical fluids in micropores,
Dubinin introduced a hypothetical saturated vapour pressure and proposed an empirical
equation for it, assuming that the adsorption mechanism of supercritical fluids is the same
pore filling mechanism as for subcritical ones [36]. In fact, the interpretation of such approach
has been one of the shortcomings of Dubinin’s model for supercritical fluids [37]. To support
the concept of a quasi-saturated vapour pressure, Do and Do [38] argued that supercritical
molecules may form clusters while confined in micropores, and these clusters could be large

enough to exert a quasi-saturated vapour pressure in the same way as subcritical fluids exhibit
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their vapour pressure. Several versions and improvements of Dubinin’s model were proposed
in order to give a physical interpretation of all the equation parameters. The modified
Dubinin-Astakhov equation proposed by Richard et al. [39] proved to be a good analytical
tool for representing experimental adsorption data of different gases over a wide range of
pressures and temperatures in supercritical conditions. In this model, the quasi-saturation
pressure was considered as a fitting parameter, along with the maximum amount of gas
adsorbed and the characteristic energy. Hence the modified Dubinin-Astakhov model was
used in the present work for describing hydrogen adsorption on AC in supercritical

conditions:

RT \* (P
o= st~ (25 v ()

(6)

Eq. (6) describes the evolution of the number of moles of adsorbed hydrogen as a function of
pressure and temperature, higher amounts of hydrogen being adsorbed at higher pressures and
lower temperatures [40]. x, [mol kg'l] is the absolute amount of hydrogen adsorbed onto the
AC normalised with respect to the total mass of AC contained in the compression tank, and
Xmax [mol kg'l] is the amount of adsorbed hydrogen corresponding to the saturation of the
entire available porous volume. a [J mol™] is an enthalpy factor, f [mol J 1K is an entropy
factor, and P; [MPa] is the pseudo-saturation pressure introduced above [38]. By

differentiating Eq. (6) with respect to time, the following expression is obtained:

dng,  0x,0P N Oxq 0T daP N aT 7
dt - Msap ac T M or ar - MsSigy T MG g
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where m; [kg] is the amount of AC contained in the compression tank. The partial derivatives

of x, with respect to the two unknowns P and 7 can be also obtained by differentiating Eq.

(6):
Xa
ox, PRT I-in (xmax) )
or P(a + BT) =G ()

X
2ax4l 4
o, 2eraln(F2) . ©)

T  T(a+BT)

The ODE having the number of moles of adsorbed hydrogen as dependent variable was thus
obtained. The initial condition n, was found by evaluating Eq. (7) with respect to the

compression tank conditions at time #y, i.e., n,(tg) = n.(Ty, Py).

3.3 Amount of hydrogen in the bulk phase

The evolution of the amount of hydrogen in the bulk phase can be described by using an
appropriate equation of state. In order to take into account the deviation from 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 [41]:

an,? (10)
9
(P T > (V, —ngb) = nyRT

g

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

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™. By differentiating Eq. (10) with respect to time and by rearranging the as-obtained

expression, the following ODE was obtained:

9

dt b 2any 3ap (2 2

P ng\? ng\*\ %, aT
dng —(Vg - bng)ﬁ - (P —a <7) + 2ab <Vg> W + ngRW

The coefficients y;, y,, y3 and y4 were introduced to clearly show the direct dependence of n,
on the other state functions 7 and P, and on the volume of the bulk phase, V,. Since the Van
der Waals equation is nonlinear, it is not possible to calculate the amount of hydrogen in the
bulk phase at given physical conditions. For this reason, the initial condition ng was
evaluated by using the ideal gas law, which is a valid assumption, since the compression tank

is still at low pressure at #y:

PV (12)
9 RT,

Py and T have been introduced in the previous subsection. The volume Vg is the volume of

hydrogen in the bulk phase at time 7y and is estimated by the volume balance in the tank:

VgO = Viank = Vao — Vs (13)

where Vi, 1s the whole volume of the compression tank, V, is the volume of hydrogen in

the adsorbed phase at #y, and V; is the volume of solid adsorbent. V; can be calculated as m; /
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ps, Where p; is the skeletal density of the AC. A discussion about the volume of the adsorbed

phase V, is presented in subsection 3.5 below.

3.4 Pressure

Hydrogen pressure is the main state function to be evaluated in an adsorption compressor; it
increases with temperature, which leads to hydrogen desorption. Hence, hydrogen moves
from the adsorbed to the bulk phase and hence increases its density as long as it remains in a

confined volume. Pressure evolution can be obtained from the mass conservation equation:

dng dng, .| (14)

where 7;,, [kg s'] is the hydrogen inlet flow during the charging stage and 71,y [kg s™'] is the
high-pressure hydrogen outlet flow. By replacing Eq. (7) and Eq. (11) into Eq. (14), the

following equation is obtained:

S v oT (15)
0P B Nip — Nyt + %a_ig - (% + ms(Z) ot
at _h
(mscl YZ)

3.5 Volume of hydrogen in the bulk phase and in the adsorbed phase

Eq. (13) shows the volume balance in a hydrogen adsorption compressor; both V,,; and V;
are definitely constant, as they represent the volume of the tank and of the AC, respectively.
The volume of hydrogen in the adsorbed phase, V,, is defined as a volume in the immediate
proximity of carbon surfaces, i.e., wherein the density of the adsorbate is much higher than

that of the bulk phase because of the potential field exerted by the adsorbent.
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The density of adsorbed hydrogen, p,, is often assumed to be equal or even higher than the
density of liquid hydrogen [42]. Based on this assumption, p, can be considered as a constant,
thus the volume of the adsorbed phase varies with time. Consequently, by differentiating Eq.
(13) with respect to time, and by considering that V, can be written as the ratio mass/density

of adsorbed hydrogen, the variation with time of the hydrogen volume in the bulk phase, V,,

reads:

av, Mo

o 2 (16)
Jt pa Ot

where M [mol kg'] is the molecular weight of hydrogen, and p, [kg m™] is the density of the
adsorbed hydrogen. In this study, p, was supposed to be equal to the density of liquid
hydrogen, i.e., 70.8 kg m™. According to this assumption, both V, and V, vary with time, the

increase of one corresponding to the decrease of the other.

On the other hand, several authors [38,39,43] considered V, as constant, meaning that all the
adsorbed hydrogen occupies a defined volume very close to the carbon surface where the
adsorption field exists, thus its density gradually increases up to an asymptotical value.
According to this second definition, both V, and V, are constant, hence it is the density of
adsorbed hydrogen that changes with time and they are not dependent variables in the
numerical model. Based on this assumption, the model consists of only 4 ODEs in explicit

form instead of 5, thus reducing the computational time.

Herein, the two aforementioned ways of considering V, were examined, and we used the

Matlab/Simulink software to solve the ODEs system introduced above.
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4. Results and discussion

4.1 Model validation

The mathematical model developed herein was checked against the experimental data
obtained by Richard et al. [22]. In the latter study, the authors investigated the performances
of an adsorption-based hydrogen storage system consisting of a 2.5 L tank filled with 0.67 kg
of commercial AC, Maxsorb MSC-30™. The tank, initially at 80 K and 0.14 MPa, was
soaked into liquid nitrogen. A hydrogen flow of 1.44 g min” at 295 K was then introduced
into the tank for 27 minutes. As a consequence of such charging process, the heat of
adsorption that was released increased the average temperature inside the tank. An increase of
hydrogen pressure was thus observed, somehow similar to what occurs in a thermally driven

hydrogen compression.

Figure 2 a) and b) show the comparison between the experimental data from Richard et al.
[22] and the predicted temperature and pressure dynamics, respectively, by considering V, as
a time-dependent variable. On the other hand, Figure 2 c¢) and d) show the fitting of the same
experimental data when a constant V, was used. Although Figure 2 a) and b) show similar
trends to those obtained by Richard et al. [22], the fitting was not satisfactory, as a large
difference between the predicted and the experimental results was observed. On the other
hand, Figure 3 c¢) and d) show that a much better fit of the experimental data from [22] was
obtained when a constant V, was assumed, in agreement with other studies showing that V,
approaches the value of the micropore volume in microporous adsorbents [38]. Thus, it can be

assumed that V, is constant and specific for a given AC.

Furthermore, the results of the model validation may lead to another conclusion. According
to Eq. (16), the time evolution of V, and V, strictly depends on the density of the adsorbed

phase, which was initially supposed to be equal to that of liquid hydrogen. The time
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derivative of V, vanishes when the density of the adsorbed phase is too high, hence both V,
and V, can be considered as constant; this finding is in good agreement with studies
suggesting that the density of hydrogen in the adsorbed phase can be higher than that of liquid
hydrogen, up to 100 kg m™ [44]. From their simulations, Richard et al. [39] obtained an upper
limit for the density of adsorbed hydrogen close to the density of solid hydrogen, around 87
kg m™. They concluded that this result was not completely surprising, as the adsorption limit
corresponds to a state in which the adsorbed phase density is at its maximum, and hydrogen in
the adsorbed phase becomes incompressible. Thus, the hypothesis of considering that the

volume of the hydrogen adsorbed phase is constant is valid.

The volumes V, and V, obtained in the case where V, was assumed to be a variable were
quite different from those calculated by considering V, as a constant, and this explains the
large discrepancy observed in Figure 2. Figure 3 shows the evolution of the volumetric ratios
of bulk phase volume to tank volume, adsorbed phase volume to tank volume, and AC

volume to tank volume, by using the two aforementioned assumptions for V.
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Figure 3a shows that V, decreases during both the charging and the cooling stages by
assuming variables volumes, and this behaviour is more significant during the charging stage.
On the other hand, V, increases in agreement with Eq. (13). This behaviour may be explained
by the fact that hydrogen introduced into the tank at time ¢ = 0 is mainly adsorbed onto AC
instead of remaining in the bulk phase because of the low temperature. Therefore, V, must
increase in order to keep constant the density of the adsorbed phase. Figure 3b shows that the
volumes evaluated by assuming V, as constant and equal to the value reported in Table 1 are
higher than those in Figure 3a. Indeed, the latter hypothesis implies that the density of the
adsorbed phase varies with time while V, remains constant. In addition to the evolution of the

volumetric ratios, Figure 3 also shows that in the case of a constant V,, the density of the
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adsorbed phase increases with time to reach an almost constant value around 66 kg m™,

somewhat lower than the density of liquid hydrogen, 70.8 kg m™. Nevertheless, keeping V,

constant definitely gives a better fit of the experimental data.

Table 1 shows the fixed parameters used to validate the model. Information regarding the

geometry of the system, i.e., the area where the heat transfer takes place and the mass of the

tank, were estimated from literature data [22] related to a prototype container of 150 L and 69

kg. On the other hand, parameters that could not be reliably estimated and that are difficult to

measure directly were obtained by fitting the model to the experimental literature data [22].

This is the case of the heat transfer coefficient, &, for which a value of 40 W K' m? was

obtained for the charging process and 15 W K m™ was obtained for the following cooling

stage. These results are in good agreement with the # values normally used in thermal

simulations; 4 is higher in forced convection conditions, such as those of tank filling, than in

natural convection ones, such as the following cooling stage.

Table 1 — Parameters used for the validation of the numerical model.

Parameter Value / Equation Reference
ps kg m~] - skeletal density of ACs 2200 [22]
m,, [kg] - mass of compression tank 1.15 estimated from [22]
A [m2] - heat transfer area 0.12 estimated from [22]
AH 4 [J mol™] - heat of adsorption -6 000 [45]
a [J mol] - parameter of modified DA equation 3080 [39]
LI mol’ K - parameter of modified DA equation 18.9 [39]
Xmar [MoOI kg'l] - parameter of modified DA equation 71.6 [39]
P, [MPa] - parameter of modified DA equation 1.47 x 10° [39]
V, [m’ kg'l] - volume of adsorbed phase 0.00143 [39]
h [W K'm?] - heat transfer coefficient 40 during the charging stage from fits to data [22]
15 during cooling stage
¢, [Tkeg' K'] - AC specific heat 825 [28]
¢, [T kg' K - specific heat of tank walls 38 + 3T [22]
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4.2 Simulation of a hydrogen adsorption compressor

The developed zero-dimensional numerical model presented in Section 3 was used to simulate
the performances of a thermally driven hydrogen compressor. The case of an adsorption
compressor consisting of a tank of 0.5 L filled up with 0.15 kg of AC was considered. The
AC chosen for our simulations was the MAXSORB 30, having a bulk density of around 270
kg m~ measured with the tapped density analyser AUTOTAP (Quantachrome Instruments)
and following the ASTM D8176-18 standard test method. The parameters of the model used
for the numerical investigation were taken from Table 1, except the mass of the compression
tank and the heat transfer area, which were estimated from the study of Richard et al. [22] by
considering a reservoir volume of 0.5 L. In the beginning of the compression process, both the
compression tank and the hydrogen are at 77 K. Hydrogen is initially fed to the tank at 4 MPa,
which is the minimum pressure in order to reach the discharge pressure of 70 MPa (Figure 4)

required for the development of hydrogen refuelling stations and fuel cell-powered vehicles.
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The main purpose of the present numerical investigation was to evaluate the time necessary
for compressing hydrogen while the compression tank is heated up. The following Figure 5
shows the time evolution of: (i) temperature; (ii) pressure; (iii) hydrogen density in the bulk
phase; (iv) mass of hydrogen in the adsorbed phase; (v) high-pressure hydrogen discharge

flow; and (vi) low-pressure hydrogen inwards the compressor.

Figure 5a shows the temperature evolution occurring in the thermally driven compressor
once the system is heated up. In this stage, the compression tank is taken out of the liquid
nitrogen, is kept at room temperature and then exposed to natural convection in ambient air.
For this reason, a heat transfer coefficient 2 equal to 15 W K' ¢m™? was chosen. The
numerical simulations show that around 400 minutes are necessary to reach the thermal
equilibrium between the compression tank and its external environment at room temperature.
During this time, the hydrogen pressure increases up to 70 MPa, since hydrogen desorption

takes place by warming up the compression tank (Figure 5b).

According to the thermodynamics of adsorption expressed by Eq. (6), 17.85 x 107 kg of
hydrogen are adsorbed on the surface of the AC at 77 K and 4 MPa (Figure 5d). On the other
hand, the calculated amount of hydrogen in the bulk phase was 3 x 10™ kg, corresponding to a
hydrogen density of around 12.5 kg m™ (Figure 5c), which is significantly lower than that of
the adsorbed phase when the compression stage starts. This large discrepancy is due to the
amount of AC used in the compressor. For 0.25 kg of AC, it was shown that the volume of
solid adsorbent V| corresponds to approximately 23% of the total volume of the compression
tank, whereas more than 71% of it corresponds to V, and around 6% is left to the bulk phase
V,. These amounts were obtained by using the value of V, reported in Table 1. Figure 4d
shows that the amount of hydrogen in the adsorbed phase decreases down to 17.08 x 107 kg
as a consequence of warming up. This means that 5% of the hydrogen initially adsorbed onto

the AC is released towards the bulk phase, whereas 95% of it remains in the adsorbed phase
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when the system is heated up to room temperature. As a consequence of desorption, hydrogen

density in the bulk phase increases, reaching a value as high as 35 kg m™.

Figure 5b shows that the maximum pressure of 70 MPa is reached within 50 minutes. The
simulation describes the production of a high-pressure hydrogen discharge flow once the
desired maximum pressure is reached. Once the pressure inside the compression tank is equal
to or higher than the fixed discharge pressure, the discharge valve opens, allowing the high-
pressure hydrogen to flow outwards the compression tank. The hydrogen discharge flow is

modelled by the following expression:

Noyr = _K(Pmax - P) (17)

where 1., [kg s'l] has the same meaning as in Eq. (14), Py, [MPa] is the maximum fixed
pressure, P [MPa] is the pressure inside the tank according to Eq. (15), and K [kg s MPa] is
a constant relating the discharge flow to the pressure difference. According to Eq. (17), the
higher is the pressure difference, the higher is the discharge flow rate. The value of the as-
determined constant K strictly depends on the order of magnitude of the amount of hydrogen
participating to the mass balance. Physically acceptable flows were obtained for K = 10" kg
s MPa™. Figure 5e shows that a high-pressure hydrogen discharge flow is produced once the
hydrogen pressure has reached the maximum value of 70 MPa. At the exact moment at which
the discharge valve is opened, a maximum discharge flow of around 1.3 x 107 kg s is
obtained. The discharge flows vanishes within around 100 minutes, as the pressure difference

becomes less important as soon as the discharge valve is opened.
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Once high-pressure hydrogen is depleted, the system is plunged again in liquid nitrogen and
thus cooled down to 77 K. As a consequence of temperature decrease and adsorption on AC,
the hydrogen pressure inside the tank decreases as shown in Figure 5b. Afterwards, hydrogen
at 4 MPa and room temperature is introduced into the compression tank to begin a new
hydrogen adsorption cycle. Figure 5f shows the evolution of the low-pressure hydrogen flow
introduced into the compression tank, evaluated with the similar principles used for the

discharge pressure:

Ny = K(Pmax - P) (18)

Low-pressure hydrogen is introduced into the tank once the hydrogen pressure inside the
tank becomes lower than the minimum pressure of the system, i.e., 4 MPa in the present
work. Figure 5a shows that no significant thermal effects take place during the charging
process. As a consequence of both the inlet flow and the cooling process, the amount of
hydrogen in the adsorbed phase increases. According to the results from the numerical
simulation, around 1000 minutes (i.e., 16 hours), are necessary for the amount of hydrogen in
the adsorbed phase to reach the initial value again. Afterwards, more hydrogen can be

compressed by heating up the compression tank, giving a cyclic operation.

4.3 Discussion

The numerical investigation presented in the previous section was applied to a hydrogen
thermally driven compressor consisting of a tank of volume 0.5 L. The results from this study
revealed that a high-pressure hydrogen flow of around 10 kg h™ could be obtained with such
designed system. These values are far from those commonly needed by a hydrogen refuelling

station, which are at least 4 orders of magnitude higher [46]. In fact, a thermally driven
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hydrogen compressor seems to be specially adapted for small- and average-size facilities. Due
to the novelty of this kind of compressor, it is not possible to give detailed information about
performances and cost. However, it is expected that the capital expenditure for installing it is
lower than that demanded for a hydrogen mechanical compressor. A thermally driven
hydrogen compressor indeed has no moving parts and hence the maintenance cost should be
much lower than that of a mechanical compressor. Moreover, the volume of a thermally
driven compressor can be significantly lower, around 22% less than that, much larger,
commonly used for a mechanical compressor [15]. Nevertheless, the operating costs might be
quite high due to the broad range of working temperatures and the use of liquid nitrogen.
Taking again the example of the compression tank of 0.5 L, around 14 L of liquid nitrogen
would be needed to reach a stable thermal equilibrium between the compression tank and its
external environment. Such a volume can be very difficult to handle, and introduces several
issues related to the safety of human operators. Therefore, the volume of liquid nitrogen to be
used in a hydrogen adsorption compressor is one of the most relevant drawbacks hindering

the development of this technology.

Nevertheless, several aspects must be taken into account for evaluating the potentially
achievable high-pressure hydrogen flows by using a thermally driven compressor. One of the
severest restrictions of a thermally driven compressor is the too low thermal conductivity of
ACs, which is generally around 0.25 W m™ K™ [14] and which represents the limiting factor
of this kind of system. Heat exchange inside the compression tank is hindered when ACs with
low thermal conductivity are used, thus the desorption phenomena following the heating
phase and the consequent increase of hydrogen pressure may last longer than the value
reported above. Higher thermal conductivities around 2 W m™ K can be achieved if
composite adsorbents based on AC and flexible graphite are used [32], or by imposing a

better heat exchange inside the tank through flow coating realised inside the tank in contact

27



with the AC. For this reason, the estimation of the high-pressure hydrogen flow obtained by a
thermally driven compressor is quite optimistic when a zero-dimensional model is used. A
one-dimensional model taking into account the thermal conductivity may give more realistic

results, and this kind of numerical investigation is currently underway.

In addition, the hydrogen discharge flow of a thermally driven compressor also depends on
the heat exchange with the external environment, which represents the most important
contribution to the thermal balance as shown in Eq. (1). Improvements are possible by
increasing the temperature of the external environment 7, during the compression stage, e.g.
by using an electric heating system instead of keeping the compression tank at room
temperature. It was shown that 14% of hydrogen may be desorbed when the system is heated
up to 353 K, compared to the 5% obtained by heating at room temperature, thereby
significantly increasing the amount of high-pressure hydrogen produced by the compressor.
Therefore, a more efficient heat exchange can be obtained by using a higher global heat
transfer coefficient h. Figure 6 shows that the compression stage is faster when imposing
forced convection (h = 40 W K! cm'z) instead of natural convection (& = 15 W K! cm'z).
Whereas the system requires approximately 83 minutes to reach room temperature in natural
convection, it takes only 20 minutes in forced convection (i.e., 75% less), making the
thermally driven compressor work faster. This feature is beneficial in the perspective of using
this technology in hydrogen refuelling stations, as more vehicles might be refuelled in a given

time.

However, the aforementioned solutions are not advantageous in terms of efficiency, defined
as the ratio of compression work to heat input, and in terms of energy consumption. In fact,
500 W must be supplied to the system when heat exchange by forced convection is imposed,

while natural convection is completely free. Nevertheless, methods for further reducing
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energy consumption, increasing the efficiency and reducing the duration of the compression

stage, may consist in using cheap waste heat.
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Figure 6 — Time evolution of: a) Temperature and b) Pressure in a thermally driven
compressor of inner volume 0.5 L during the compression stage by applying natural

(continuous line) and forced (discontinuous line) convection for heating.

The low bulk density of the ACs is another strict limitation for a hydrogen adsorption
compressor. ACs are indeed porous adsorbents exhibiting large empty spaces, which can only
partly host hydrogen molecules by adsorption. At constant specific surface area, the filling of
the compression tank directly depends on the bulk density of the solid adsorbent used inside:
the higher the bulk density of the adsorbent material, the higher the mass of adsorbent that can
be introduced in the tank. Indeed, the higher the bulk density of the adsorbent, the higher the
amount of hydrogen that can be adsorbed onto its surface, and hence the higher the amount of
high-pressure hydrogen produced by the adsorption compressor. Hence, the use of porous
materials having both high bulk density and high specific surface area is highly

recommended. The AC chosen for the present numerical investigation, i.e., the MAXSORB
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30, has a bulk density of 270 kg m™. Such rather low value somewhat restricts the amount of
solid adsorbent that can be used to fill up the compression tank. In the present study, an
amount of 0.15 kg of AC was used to fill a 0.5 L tank, leading to a high-pressure hydrogen

discharge flow of approximately 1.3-10” kg s, as shown in Figure 5e.

Unlike skeletal density, bulk density is not an intrinsic property of a porous solid thus it can
be increased by means of densification processes, or by packing the AC particles closer to
each other by tapping and vibrating the stack. Bénard and Chahine [48] found that bulk
densities up to 700 kg m™ can be achieved by optimising the densification, but the latter
lowered the specific surface area from 2778 to 2000 m” g”'. Celzard et al. [49,50] reported that
a mixture of two granulometric fractions of a KOH-activated anthracite together with
moderate compaction (100 kg cm™) increased by 30% the amounts of stored and delivered
methane for an operational vehicle system using adsorbed natural gas and working at 3.5 MPa
and 298 K. A similar strategy might be straightforwardly applied to a hydrogen storage tank,
with the promising results expected. In fact, 0.35 kg might be used to fill a volume of 0.5 L if
the bulk density of the ACs was increased up to 700 kg m™. Thus, the high-pressure hydrogen
flow produced in this conditions would be of about 2.2- 10 kg s"l, i.e., one order of

magnitude higher than in the case of a bulk density of 270 kg m™.

5. Conclusion

The design and the modelling of a hydrogen compressor based on cyclic adsorption-
desorption on activated carbon (AC) was described herein. A numerical model based on mass
and energy balances occurring in a thermally driven compressor was presented and allowed
confirming that hydrogen pressures as high as 70 MPa can be obtained by heating the

compression tank from 77 K up to room temperature. Moreover, it was shown that hydrogen
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discharge flows of about 10 kg h™' can be obtained using a tank volume of 0.5 L filled with

0.25 kg of AC.

However, only 5% of hydrogen in the adsorbed phase was desorbed during the
heating/discharging stage, and high volumes of liquid nitrogen were required for the charging
stage. These facts restrict the practical applications of a thermally driven hydrogen
compressor, and so does the low thermal conductivity of the ACs, which hinders the heat
exchange and thus limits the system efficiency. This study aimed at investigating the
performances and the feasibility of a hydrogen adsorption compressor through numerical
simulations. A prototype tank is presently under construction and the model validation with

our own experimental data will be the subject of a forthcoming publication.
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