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Abstract 

With the increased use of renewable energy sources, the need to store large amounts of energy will become increasingly important in the 
near future. A cost efficient possibility is to use the reaction of recycled Mg waste with hydrogen as thermo-chemical energy storage. Owing 
to the high reaction enthalpy, the moderate pressure and appropriate temperature conditions, the broad abundance and the recyclability, the 
Mg/Al alloy is perfectly suitable for this purpose. As further development of a previous work, in which the performance of recycled Mg/Al 
waste was presented, a kinetic model for hydro- and dehydrogenation is derived in this study. Temperature and pressure dependencies are 
determined, as well as the rate limiting step of the reaction. First experiments are carried out in an autoclave with a scaled-up powder mass, 
which is also used to validate the model by simulating the geometry with the scaled-up experiments at different conditions. 
© 2022 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

In the last decades, the awareness of the influence of green- 
ouse gasses on the climate grew significantly [1] . This led 

he European council in 2018 to approve unprecedentedly 

trict regulations aiming at reducing greenhouse gas emis- 
ions in the European area [2] . The goal of these regulations 
s to keep the average temperature rise ( i.e. global warming) 
ell below 2 °C compared to the pre-industrial level. 
To achieve this goal, a swift shift from fossil fuels to re- 

ewable energy sources is mandatory. Due to their intermit- 
ent nature and uneven distribution on earth, the exploitation 

f the energy produced by renewable sources is challenging. 
n this scenario, the development of energy storage systems 
hat allow an efficient and synergic exploitation of these en- 
rgy sources is of primary importance. 
∗ Corresponding author. 
E-mail address: claudio.pistidda@hereon.de (C. Pistidda). 
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Hydrogen is considered as one of the most attractive fu- 
ure energy carriers [3] . Hydrogen possess a gravimetric en- 
rgy density ( i.e. 33.3 kWh/kg H2 ) that is higher than those 
f common fossil fuels, like natural gas ( i.e. 13.9 kWh/kg) 
r gasoline ( i.e. 11.5 kWh/kg) [4] . Unfortunately, due to its 
ow specific weight, the volumetric energy density of hydro- 
en is relatively poor even when compressed ( i.e. 1.3 kWh/l 
t 700 bar and ambient temperature) and or liquefied ( i.e. 
.3 kWh/l at 2 bar and −253 °C), compared to the value of 
.8 kWh/l of gasoline [4] . 

Owing to the high-energy storage densities achievable by 

toring hydrogen in solid-state, metal hydrides have been in- 
ensively investigated as potential hydrogen storage media for 

obile and stationary applications [5–7] . Moreover, the pos- 
ibility to employ this class of materials, for heat storage 
urposes has been also probed. In fact, the so called “high 

emperature metal hydrides” ( e.g. CaH 2 , LiH, MgH 2 , etc. ) are 
haracterized by chemical reactions with heat storage capaci- 
ies that are largely higher than those of the sensible heat from 
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c-nd/4.0/ ) Peer review under responsibility of Chongqing University 

pment and experimental validation of kinetic models for the hydrogena- 
 Magnesium and Alloys, https:// doi.org/ 10.1016/ j.jma.2021.12.005 

http://www.sciencedirect.com
https://doi.org/10.1016/j.jma.2021.12.005
http://www.elsevier.com/locate/jma
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:claudio.pistidda@hereon.de
https://doi.org/10.1016/j.jma.2021.12.005
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jma.2021.12.005


M. Passing, C. Pistidda, G. Capurso et al. Journal of Magnesium and Alloys xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: JMAA [m5+; February 17, 2022;13:51 ] 

Table 1 
Comparison of different storage materials regarding the gravimetric and volumetric energy density as well as the specific costs as listed in [ 29 , 30 ]. 

Storage 
material 

Gravimetric energy density Volumetric energy density Specific cost Refs. 
kJ/kg MJ/m 

3 €/kg 

Nitrate-based 
60 NaNO 3 : 40 KNO 3 491 901 1.13 [31] 
LiNaKCaNO 3 542 977 0.61 [32] 
Chloride-based 
KMgCl 271 431 0.3 [33] 
NaMgCaCl 289 740 0.15 [34] 
Fluoride-based 
LiNaKF 391 824 1.73 [34] 
NaBF 474 885 4.23 [35] 
Carbonate-based 
MgCO 3 1147 3396 0.43 [29] 
LiF-NaKCO 3 843 1777 1.75 [ 30 , 36 ] 
Hydride-based 
CaH 2 3857 6557 5.20 [29] 
MgH2 2811 3995 2.34 [29] 
Waste Mg/Al hydride 2146 3340 0.3–0.9 ∗ This work 

∗ Estimated according to the current available cost level of aluminum scrap and the cost ratio between primary aluminum to primary magnesium of about 
5–10% higher prices of Mg [37] . 
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ommonly used molten NaNO 3 /KNO 3 salts mixtures, i.e. up 

o 8 MJ/kg and ∼ 0.5 MJ/kg, respectively [ 8 , 9 ]. Furthermore, 
ue to the low energy density of molten salts mixtures, con- 
iderably large storage tanks are required to store adequate en- 
rgy quantities [ 10 , 11 ]. In Table 1 , different molten salts ma-
erials, like nitrates, chlorides and fluorides as well as metal 
ydride systems are listed according to their gravimetric and 

olumetric energy densities. 
Magnesium hydride is considered as a suitable material for 

ydrogen storage applications, due to a hydrogen content of 
.6 wt.% [12] associated with hydrogenation/dehydrogenation 

eaction enthalpy of about 74 kJ/mol H2 [13–16] , and to a high 

egree of reversibility (if doped with selected transition metal- 
ased additives or in the presence of alloying elements) [17–
4] . Already in 1990 Bogdanovic et al., [12] reported about 
he possibility to use MgH 2 as a reversible chemical energy 

torage system. Furthermore, direct steam generation inside 
he metal hydride reactor is technically possible [25] . 

As several authors stated, in order to maximize the prof- 
tableness of the heat storage system, the storage material 

ust be cost efficient [ 9 , 10 , 17 ]. Facing this issue, in this
ork, the use of magnesium-based wastes is proposed as a po- 

ential cost-effective solution, as it is presented in Table 1 . For 
g alloys, mainly processed as die-castings and alloyed with 

l, no independent recycling pathway exists yet. Because of 
ts light weight, Mg alloys are separated into the lightweight 
crap fraction that is dominated by aluminum parts during the 
eneral scrap treatment. Since Mg is not of significant inter- 
st for recovery, a great part of end-of-life products made 
f Mg alloys ends up in landfills [26] . As Mg is nowa- 
ays considered as a critical raw material by the European 

nion, the development of an efficient recycling route is de- 
irable [27] . The use of Mg swarf and wastes as raw material 
or the synthesis of metal hydride systems for energy stor- 
ge applications can be one part of a Mg recycling concept 
28] . 
f

2 
In previous works of Pistidda et al., [38] and Hardian et al., 
39] , the use of waste magnesium alloys for hydrogen storage 
urposes was proposed. The utilized material in the work of 
ardian et al. was stored in air for several weeks before it 
as milled together with 5 wt.% graphite in argon atmosphere 

39] . Upon hydrogenation, MgH 2 forms and about 6 wt.% of 
 2 can be stored into the material. At 350 °C and 13 bar H2 

he Mg waste based system could store up to 90% of the 
verall hydrogen capacity in about 10 min. The dehydrogena- 
ion process was completed in about 10 min at 0.5 bar H2 and 

50 °C. The system’s stability was tested for over 70 hydro- 
enation/dehydrogenation cycles without any deterioration of 
aterial storage properties [39] . The work of Pistidda et al. 

eports the investigation of the hydrogen storage properties 
f two different Mg waste alloys, namely AZ91 and the Mg- 
0 wt.% Gd alloy [38] . The overall hydrogen storage capacity 

f the AZ91 material was measured at 6.25 wt.%, compared 

o a theoretical capacity of 6.9 wt.%. Furthermore, using high- 
nergy reactive ball milling, the waste material was success- 
ully employed as a starting reactant to synthesize magnesium 

mide. The hydrogenated waste was also used for substitut- 
ng high purity MgH 2 in the LiBH 4 + MgH 2 reactive hydride 
omposite system [38] . 

Based on these promising results for the low cost Mg 

aste material, a next step is taken in this work. Trying to 

nderstand the hydrogen storage properties of larger batches 
f MgH 2 obtained from waste alloys, Mg-Al waste powders 
ere prepared and their properties investigated in an in-house 
uilt reactor. To describe the powder behavior, a specific sim- 
lation model that takes into account the materials rate lim- 
ting processes has been developed and validated for a broad 

ange of experimental conditions. 

. Materials and methods 

The as-received Mg-Al waste, taken as swarf and chips 
rom the Hereon in-house workshop, was stored in air for 
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Fig. 1. Picture of the autoclave with installed setup (left) and inlet which 
contains the powder (right. 
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everal months before starting this work. The material was 
illed in a Simoloyer CM08 industrial mill from ZOZ GmbH 

or two hours under Argon atmosphere, with milling balls 
ade of 100Cr6 chromium steel with a diameter of 5 mm 

nd a ball to powder ratio of 1:20. Milling was perfomed in 

 cyclic process of 700 rpm/30 s and 300 rpm/30 s. After the 
illing treatment, the powder was kept under controlled atmo- 

phere with oxygen and moisture concentration below 5 ppm. 
he milled powder was sieved for one hour in an Analysette 3 

ro -sieving machine ( Fritsch GmbH ) with a sieve mesh size 
f 63 μm. For the analysis of the hydrogen sorption kinetics 
n in-house built Sievert apparatus was used. For each mea- 
urement about 200 mg of material were utilized. To match 

he experimental conditions utilized by Hardian et al., the hy- 
rogen absorption measurements were done at a pressure of 
3 bar [39] . The chosen temperatures range between 260 °C 

nd 360 °C. The hydrogen desorption measurements were car- 
ied out in the temperature range between 335 °C and 375 °C 

t 1 bar of hydrogen backpressure, after previous hydrogena- 
ion at 350 °C and 13 bar for 2 h. 

For the experimental validation of the developed simu- 
ation model, a stainless steel reactor was used, shown in 

ig. 1 . The inner volume of the reactor is 250 ml. The reactor
s thermally regulated by a heating jacket of 3 kW electrical 
ower and equipped with a hydrogen mass flow controller 
ith a measuring range between 2 and 100 std °l/min. The 

emperature is measured with a type K thermocouple inserted 

n the powder bed. For the experiments, a powder batch of 
0 g was loaded into the reactor inlet. The quantity of hy- 
rogen absorbed or released by the powder bed is determined 

y the use of the above mentioned mass flow meter. For the 
ycling experiments, the set hydrogen pressure and tempera- 
ure conditions match those utilized in the Sievert apparatus. 
or the absorption measurements, the hydrogen supply was 
et to 13 bar at the pressure reducer, filling the line up to 

he volume flow controller. By starting the measurement, the 
alve of the volume flow controller is opened to 100%, to 

btain the maximum hydrogen loading rate. For desorption 
3 
onditions, the pressure in the reactor is held by the vol- 
me flow controller and opened to 100% at the beginning of 
he experiment. To have comparable starting conditions, after 
ach desorption measurement, the reactor is kept for 10 min 

nder dynamic vacuum (10 

−2 bar) to fully unload the powder 
ed. 

To determine the material apparent activation energy for 
he hydrogen desorption process, a high pressure DSC 204 

rom the company NETZSCH was utilized. Therefore, four 
emperature ramps of 1, 3, 5, and 10 K/min are used to desorb 

he material at 1 bar of hydrogen pressure. 
The materials effective thermal conductivity was measured 

ith a TPS 1500 from Hot Disc AB under argon atmosphere 
sing a kapton-insulated sensor of 6.4 mm diameter. The over- 
ll powder handling was performed in gloveboxes under a 
ontinuously purified argon atmosphere (O 2 and H 2 O levels 
 5 ppm). X-ray powder diffraction (XRD) was used to char- 

cterize the material composition. For this purpose a diffrac- 
ometer D8 Discover from Bruker equipped with a Cu K α

adiation source ( λ = 1.5406 Å) was utilized. SEM micro- 
raphs were acquired using a Quanta SEM from the company 

hermoFischer Scientific . 
The finite element method (FEM) simulation performed in 

his work was carried out using the software COMSOL Multi- 
hysics® 5.5 and its physic modules heat transport in porous 
edia, Brinkman-Equation and transport of diluted species. 

. Results and discussion 

.1. Reaction model 

The role and influence of Al on the hydrogen storage prop- 
rties of Mg have been discussed in several publications, in 

hich a two-step reaction for the hydrogenation process of 
he Mg 17 Al 12 phase is proposed [40–44] . 

 g 17 A l 12 + 9 H 2 → 9 Mg H 2 + 4 M g 2 A l 3 

Upon hydrogenation, first Mg 17 Al 12 forms Mg 2 Al 3 and 

gH 2 , and then the freshly formed Mg 2 Al 3 leads to the for- 
ation of additional MgH 2 and pure Al [40] . 

 g 2 A l 3 + 2 H 2 → 2 Mg H 2 + 3 Al 

Both reaction steps are fully reversible. In terms of ther- 
odynamics, two plateaus can be seen in the PCI plot that 

orrespond to the two reactions mentioned above. The equi- 
ibrium pressures for both reactions are higher than for the 
ure Mg/MgH 2 system, as the addition of Al was observed to 

estabilize the MgH 2 decomposition. This can be explained 

y the exothermic formation of Mg-Al compounds, while the 
esorption of MgH 2 is occurring [ 41 , 44 ]. The reaction en- 
halpy of the two step hydrogenation reaction that can be cal- 
ulated for the first and the second plateau are −77.7 kJ/mol H2 

nd −62.7 kJ/mol H2 , respectively, which indicates only an ob- 
ervable enthalpy reduction in the second reaction step [41] . 
he inclusion of Al into the Mg/MgH2 system improves the 
ydrogenation/dehydrogenation rates as Al works as a heat 
ransfer phase [44] . Due to the destabilizing effect of Al on 
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he MgH 2 phase and the elevated equilibrium pressure, faster 
esorption reaction kinetics appear for Mg-Al systems, hav- 
ng lower activation energies than for the pure Mg/MgH 2 

ystem [ 40–42 , 44 ]. Some kinetic models describing the de- 
hydrogenation reaction of Mg-Al-based systems are currently 

vailable, but none for MgH 2 systems containing only minor 
mounts of Mg/Al alloys and other alloying elements and 

mpurities. As a result, novel reaction kinetic models for de- 
cribing the de- and hydrogenation properties of Mg/Al-based 

aste materials for energy storage purposes are developed in 

his work. 
In order to obtain a reaction model that can be applied 

nd continuously adapts to the actual temperature and pres- 
ure conditions, the intrinsic rate-limiting step of the reaction 

ust be identified. According to the slowest reaction step of 
he complete gas-solid reaction, different models can be cho- 
en to describe the overall reaction kinetic. The selection of 
eaction models f ( α), which are considered in this work, can 

e found in the supporting information (A). Four main sets of 
odels are available, namely nucleation and growth models, 

eometrical contracting models, diffusion models and autocat- 
lytic models (which are not considered in this work) [45] . 
he best fit indicates the rate-limiting step of the reaction and 

an be used to further derivate the thermodynamic dependen- 
ies. The integral of the reaction rate function F ( α) is used to
btain an equation that can be directly used, to fit the experi- 
ental data set, which is recorded as the consecutive sum of 

bsorbed hydrogen. Therefore, the equation for the reaction 

ate d α/ dt ( α = reacted fraction and t = time) is rearranged 

o: 
dα

dt 
= k ( T , p ) f ( α) 

dα

f ( α) 
= k ( T , p ) dt 

 ( α) = 

∫ 

dα

f ( α) 
= k ( T , p ) t 

The reduced time method, by Jones et al. and Sharp et al., 
 46 , 47 ] is used in this instance, as it gives more precise indi-
ations for the goodness of fit than standard fitting functions. 
y having 3 quality parameters, namely the slope, the inter- 
ept and the coefficient of determination of the fitted curve, 
he model can be chosen according to the number of parame- 
ers that are the closest to the ideal fit. The applied approach 

an be found in the work of Julián Atilio Puszkiel [45] . After 
btaining the reaction kinetic constant k , the activation en- 
rgy E a and the frequency factor A are determined by using 

he Arrhenius function. 

 ( T , p ) = A exp 

(−E a 

RT 

)
f ( p ) 

Different pressure dependency functions are available in 

iterature for the Mg/MgH 2 system [ 48 , 49 ] as well as for the
g-Al alloy system [41] . Due to the unsatisfactory results 

btained by the use of the activation energy values reported 

n literature, new pressure dependency functions are derived 

n this work [ 48 , 50–55 ]. 
4 
.1.1. Absorption 

The maximum achieved hydrogen storage capacity during 

he absorption measurements was 5.8 wt.%. To model the 
eaction kinetics, only the dimensionless fraction of the re- 
ction product α is used. The attempt to fit the overall re- 
cted fraction with the reaction models proposed in literature 
 45 , 47 , 56 ] (see supplementary data (A)), led to unsatisfactory 

esults. Therefore, a new approach is proposed and imple- 
ented here. The reaction is subdivided into two regions. 
he first region includes the reaction fractions between 10% 

nd 50%, whereas the second region includes the reaction 

ractions between 50% and 90%. The fitting results obtained 

or the different reaction regions for all temperature ranges 
re summarized in the supporting data (B). Obviously, that 
or the investigated range of temperatures, the rate limiting 

teps of the two regions are different. In the first region, the 
tting results indicate that the rate limiting step is the nucle- 
tion and growth mechanism following the one-dimensional 
ohnson-Mehl-Avrami (JMA 1) model. For the second region, 
he fitting results indicate that the rate limiting step changes 
o a diffusion controlled process. Table 2 gives an overview of 
he kinetic constants and of the best fitting models, depending 

n the temperature. Independently from the applied tempera- 
ure, the first reaction region fits the JMA 1 model the best. 
nstead, for the temperatures 280 °C, 300 °C, 320 °C, and 

40 °C the second reaction region fits the best the diffusion 

ontrolled (D 3) model, whereas for the temperature 360 °C 

he D 4 model fits better. The D 4 model is an improvement 
f the D 3 model obtained by additionally taking into account 
he Fick’s law for radial diffusion for solid spheres with in- 
reasing product layer [57] . However, since the D 3 model of 
ander [58] fits best for a greater part of the absorption reac- 
ions, it is selected for the modeling of the second reaction 

egion for all reactions studied here for direct comparison. 
These results show that the rate limiting process changes 

s the reaction proceeds. This finding can be explained by the 
act that in the initial state, the material consists mainly of 
ure Mg and some Mg 17 Al 12 particles (as shown in the XRD 

attern in the supporting information (C)), in whose crystal 
attices hydrogen can diffuse easily. However, after a hydride 
ayer is formed at the topmost surface of the particles, fur- 
her hydrogen diffusion is constrained. This behavior is well 
nown for Mg-based materials, and can explain the change 
f the reaction model observed in the two reaction regions 
59–62] . 

To determine the parameters for the Arrhenius term, it is 
mportant to exclude the pressure dependency function. There- 
ore, different pressure functions from literature are used. For 
ach function, the activation energy is calculated and inter- 
reted. Hence, the model equation is rearranged as follows: 

 ( T , p ) = A exp 

(−E a 

RT 

)
f ( p ) 

n 

(
k 

f ( p ) 

)
= ln A − E a 

RT 
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Table 2 
Best fitting reaction models regarding the temperature for absorption, the reaction regime and reaction rate constants. 

Temperature [ °C] 0.1 ≤ α ≤ 0.5 0.5 < α ≤ 0.9 

Reaction model Kinetic constant k 
[1/s] 

Reaction model Kinetic constant k 
resulting for the D 3 reaction model [1/s] 

260 JMA 1 1.09E-3 D 3 8.79E-5 
280 JMA 1 1.97E-3 D 3 1.29E-4 
300 JMA 1 3.45E-3 D 3 1.88E-4 
320 JMA 1 5.17E-3 D 3 2.83E-4 
340 JMA 1 5.51E-3 D 3 3.37E-4 
360 JMA 1 3.04E-3 D 4 2.90E-4 

Fig. 2. Determination of absorption activation energy and frequency factor with isobaric kinetic measurements for different pressure functions and reaction 
regimes. (A) First region and (B) second region. 

Table 3 
Absorption activation energies and frequency factors according to the used pressure functions from literature and by derivation in this work. 

Source Proposed pressure 
function 

0.1 ≤ α ≤ 0.5 0.5 < α ≤ 0.9 

Activation energy E a 

[kJ/mol H2 ] 
Frequency factor A 

[1/s] 
Activation energy E a 

[kJ/mol H2 ] 
Frequency factor 
A [1/s] 

Fernández and 
Sánchez [48] 

f (p) = ( 
p 

p eq 
− 1 ) 2 232.9 5.80E16 234.7 5.82E15 

Rudman [49] f (p) = ( 1 − p eq 
p ) 

1 
2 44.2 3.09E1 46.0 3.00E0 

Andreasen [41] f (p) = 1 − ( 
p eq 
p ) 

1 
2 63.1 2.37E3 64.8 2.30E2 

This work f (p) = 

p 
p eq 

− 1 134.4 5.36E8 136.2 5.38E7 

t
e  
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s
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s
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t  

n

3

t
t
t
a
t
a

The equilibrium pressures at the measured temperatures are 
aken from the pure Mg/MgH 2 system obtained by Oelerich 

t al. [61] The results of the linear fitting are shown in Fig. 2
nd the used pressure functions in Table 3 for the first and 

econd reaction regions. The values obtained for the activa- 
ion energies lie far apart for each pressure function, whereas 
he differences among the two separate reaction regions, are 
mall. 

Typical values for the activation energy of pure Mg sys- 
ems are according to literature in the range between 90 and 

40 kJ/mol H2 for the absorption [ 48 , 50–52 , 60 ]. Since the re-
ulting activations energies are outside this range, the pressure 
unctions from literature obtained for pure Mg [ 48 , 49 ] as well
s for Mg/Al alloys [41] are considered not suitable to model 
5 
he reaction kinetics of recycled Mg/Al based waste from this 
ork. Hence, the pressure function f ( p ) = p / p eq − 1 is pro-
osed, since it gives a reasonable activation energy comparing 

o the pure Mg system and leads to a good fitting of the ki-
etic curves. 

.1.2. Desorption 

In contrast to the absorption reaction, the fitting results ob- 
ained for the desorption kinetics indicate that the overall reac- 
ion process can be described using just a single model. Thus, 
he model fitting is applied for the full range between 10% 

nd 90% of the reaction. The reaction model that fits best is 
he CV 2 model, meaning a geometrical description of the re- 
ction rate by a contracting area of a cylinder towards the cen- 
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Table 4 
Best fitting reaction models regarding the temperature for desorption and the reaction rate constants. 

Temperature [ °C] Reaction model Kinetic constant k resulting for the CV 2 model [1/s] 

335 JMA 2 5.90E-4 
345 CV 2 9.88E-4 
355 CV 2 1.48E-3 
365 CV 2 2.15E-3 
375 CV 2 3.03E-3 

Table 5 
Desorption activation energies und frequency factors according to the used pressure functions from literature and by derivation of this work. 

Source Proposed pressure function Activation energy E a [kJ/mol H2 ] Frequency factor A [1/s] 

Fernández and Sánchez [48] f (p) = 1 − ( 
p 

p eq 
) 

1 
2 91.4 8.93E4 

Fernández and Sánchez [48] f (p) = 1 − p 
p eq 

78.0 1.09E4 

Rudman [49] f (p) = p 
1 
2 
eq − p 

1 
2 41.7 6.57E7 

This work f (p) = 

p eq −p 
p 2 eq 

164.0 2.92E11 
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Fig. 3. Determination of desorption activation energy and frequency factor 
with isobaric kinetic measurements for different pressure function. 
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er at constant interphase velocity [ 45 , 56 ]. The decomposition 

inetic of the MgH 2 system has been accurately described by 

tander [60] . In this work, a change of the reaction-limiting 

tep for various temperatures is identified. For high tempera- 
ures, a constant Mg-MgH 2 interface velocity model describes 
he rate-limiting step. The bi-dimensionality of the process is 
xplained by the change from the tetragonal structure of the 
ydride to the hexagonal close-packed structure of the Mg 

etal. This leads to a cylindrical shape of the MgH 2 −Mg 

nterface. As the hydride core decomposes, the H atoms dif- 
use through the metal lattice and recombine to the gas at the 
article surface, so that no diffusion through hydride phases 
imits the reaction. For the Mg 17 Al 12 system, similar results 
re present in literature, describing the decomposition as a 
i-dimensional interphase transformation process [41] . 

Table 4 provides an overview of the best fitting reaction 

odels for the desorption and the resulting reaction rate con- 
tants at different temperatures. The desorption curves are best 
escribed by the CV 2 model, although for the desorption re- 
ction at 335 °C, the JMA 2 model provides slightly better 
tting parameters. This could result from the proximity to 

he equilibrium condition, so that the low temperature lim- 
ts the reaction to start. For this reason, the nucleation and 

rowth phenomena start limiting the reaction. The same was 
lso observed by Stander, who reported the change of the 
imiting process with increasing temperature [60] . Similarly 

o the absorption process, the Arrhenius plot resulting from 

he reaction rate constants and estimated pressure dependency 

etermines the activation energy for the desorption process, 
s shown in Fig. 3 . 

The pressure functions taken from literature and proposed 

n this work are listed in Table 5 . Taking the pressure func- 
ions from literature, values for the activation energy between 

1.7 and 91.4 kJ/mol H2 are obtained, which seem too low for 
he dehydrogenation of a Mg-based system. For this reason, 
n contrast to the absorption reaction modeling, the activation 

nergy for the desorption process was determined based on 

SC measurements using the Kissinger method (see supple- 
entary data (D)). As it can be seen from Fig. 31, the DSC 
6 
races recorded at 1, 3 and 5 K/min appear to be constituted 

f two overlapping signals. Whereas, for the measurement 
cquired with a heating ramp of 10 K/min a single endother- 
ic signal is observed. The reason for the presence of two 

verlapping signals at low heating rates is most likely due 
o inhomogeneity in the material particle size distribution (as 
isible in Fig. 32 in the supplementary data (D)) that leads to 

he dehydrogenation of the bigger MgH 2 particles at higher 
emperatures. We expect that this phenomenon is not visi- 
le for the measurement carried out at 10 k/min because of 
he coalescence of the two signals while shifting to higher 
emperatures. The occurrence of agglomeration and coarsen- 
ng events during material cycling at high temperatures can 

xplain the presence of particles of significantly varied sizes. 
rom the DSC results, an activation energy of 168.7 kJ/mol H2 

s obtained from the Kissinger plot using the peak tempera- 
ures. Comparing the activation energies resulting from the 
tting of the kinetic measurements with the value from the 
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Fig. 4. Measured and simulated hydrogen (A) absorption and (B) desorption reaction kinetic. 
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issinger method, a high discrepancy is observable. There- 
ore, the pressure functions from literature are not consid- 
red for the desorption reaction model and a new function 

f f (p) = 

p eq −p 
p 2 eq 

is implemented, to achieve a more precise 

ctivation energy. As the result, the obtained activation en- 
rgy value (listed in Table 5 ) is in a better agreement with 

he results obtained via DSC. Additionally, the typical values 
or the activation energy of desorption in the Mg/MgH 2 sys- 
em are in the range of 120 – 170 kJ/mol H2 , which confirm 

he validity of the new pressure function [ 51 , 53–55 , 63 ]. Ac-
ording to Li et al., adding 10% Al to the Mg/Mg H2 system 

educes the activation energy from 173 kJ/mol H2 in the pure 
ystem to 164 and 158 kJ/mol H2 in the 20 h ball milling and 

s-casted systems, respectively [40] . The literature values fit 
ogether quite well when compared to the value obtained for 
he Mg/Al based waste material studied in this work. 

In Fig. 4 , the measured kinetic curves (represented by 

ymbols) for absorption and desorption processes are plot- 
ed together with the simulated reaction kinetic (represented 

y lines) obtained from the developed reaction model. For 
he absorption reaction, the change of the reaction model at 
he 50% of the reacted fraction is clearly visible from the 
iscontinuity in the slope. In general, the simulated curves fit 
he experimental data well, although for high temperatures a 
mall mismatch for the second reaction regime occurs. For 
he desorption reaction, a good match between experimen- 
al and simulated data is observed. For lower temperature, 
he simulation predicts a faster reaction rate than the mea- 
ured one. A reason for this inconsistency could be found in 

he small reaction driving force under conditions close to the 
quilibrium. 

To obtain a reaction model that unambiguously describes 
he kinetic pressure dependencies, a large number of measure- 
ents in a broad range of temperature and pressure condi- 

ions should be taken into account. In this work, even though 

 limited number of kinetic data is available, a model that 
dequately describes the reaction kinetic for recycled Mg is 
eveloped. 
7 
.2. Simulation model 

For simulating the heat distribution as well as the hydrogen 

ptake and discharge during the bulk reaction via FEM, a 2D 

xisymmetric model of the reactor geometry is chosen. By 

otating the 2D axisymmetric model for 360 ° around the 
ymmetry axis, a 3D model is generated, whose slices are 
ehaving equal for all angles. The governing heat transport 
quation for general balances of a specific domain regarding 

 volume element given now in W/m 

3 can be written as: 

ρc p 
)

e f f 

∂T 

∂t 
= 

n ∑ 

i=1 

˙ q convect ive,i + 

m ∑ 

j=1 

˙ q trans f er, j + 

p ∑ 

k=1 

˙ q source/sink 

The change of temperature inside a domain is dependent 
n the sum of the n convective heat fluxes, which go into 

r out of the domain by mass transportation, the sum of the 
 heat transitions by conduction or transfer and the sum of 

he p heat sources or sinks, with n , m and p as integers. For
ach domain of the simulation geometry, different terms can 

e neglected, as for solid parts like the body of the auto- 
lave no heat sources or convective heat transportation occurs. 
owever, for the domain of the storage material ( i.e. Mg-Al 
aste), all terms are considered. The heat sources and/or sinks 

re given by the reaction enthalpy and the reaction rate for 
he absorption or desorption processes. 

˙  source/sink = r �H absor pt ion/desor pt ion 

In the following section, the reaction kinetics are modeled 

nd derived with respect to the material transformed fraction. 
o obtain the quantitative amount of absorbed hydrogen per 
olume unit, the maximum possible capacity x max in wt.% 

s considered and multiplied by the bulk density ρbulk of the 
g-Al waste [64] . 

 = 

dα

dt 
x max ρbulk 

The convective heat transport can be described by: 

˙  convect ive = 

(
ρH 2 c p, H 2 

)
� u H 2 ∇T 
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Fig. 5. SEM micrographs of cycled Mg-Al waste from A) loose top part and 
B) sintered fraction in the lower part of the autoclave. 
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Fig. 6. Unit cell according to Zehner with increased particle contact area 
regarding the flattening coefficient [ 66 , 67 ]. 
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Due to the low density of hydrogen, the convective heat 
ransported into or out of the system has a low impact on 

he overall balance [65] . More crucial is the heat transport by 

onduction through the powder bed, which is given by: 

˙  trans f er = k e f f ∇T 

The effective thermal conductivity k eff is assumed homo- 
eneous over the powder bed, with a combination of gas and 

olid heat conduction. In this simulation model approach, the 
emi-empirical model of Zehner and Schlünder [66–68] is 
sed and modified to match certain properties of the metal 
ydride bed at higher temperatures. The model describes a 
ylindrical unit cell, in which two solid particles are in con- 
act surrounded by a gaseous phase, as shown in Fig. 6 . 
he heat conduction is separated into two regions: The ther- 
al conduction through the inner core of the cell, in which 

on-continuous gas conduction k c and solid-solid conduction 

hrough the contact area k p appears and the continuous gas 
onduction k G 

surrounding the inner core. A radiation term 

 rad is also considered within the gas phase. 

 e f f = 

k bed 

k f 

 bed = 

(
1 −

√ 

1 − ψ 

)
ψ 

[ (
ψ − 1 + k −1 

G 

)−1 + k rad 

] 

+ 

√ 

1 − ψ 

[
ϕ k p + ( 1 − ϕ ) k c 

]
The decisive factor for this subdivision is the porosity ψ , 

hich can also be used to describe the geometric conditions 
n the unit cell. In the Zehner model, the fraction of solid con- 
uction in the inner core is given by the flattening coefficient 
. Since the powder bed gets sintered in the high temperature 
ottom region of the reactor (see Fig. 33, in the supplementary 

ata (E)), the contact areas between the particles lower their 
hermal resistance. In Fig. 5 , SEM micrographs of the cycled 

aterial from different regions of the reactor are shown. The 
mall particles in the loose powder are shown on the left (A), 
8 
hereas on the right hand side, the growth of the agglom- 
rates, due to sintering, becomes obvious (B). These bigger 
hunks were scraped off of the bottom part of the sintered 

aterial specimen (In Fig. 33 SI a picture of the complete 
intered material for the whole cross section is shown.). 

During the sintering process in the high temperature re- 
ion in the reactor, a solid connection grows between the 
articles surfaces, leading to a higher portion of thermal con- 
uction through the solid phase. By measuring the effective 
hermal conductivity after the cycling, the flattening coeffi- 
ient is adapted to fit the modeled values to the measured 

nes. In Fig. 6 , the adapted flattening coefficient is illustrated 

n the frame of the unit cell of Zehner’s model, adapted from 

 66 , 67 ]. The red full-tone color at the upper projected area 
arks the projected increased junction of the sintered parti- 

les. The measured effective thermal conductivity value (mea- 
ured in an argon atmosphere and at room temperature) of the 
intered Mg-Al waste powder is 1.5 W/(mK), whereas for a 
ed of loose powder this value would be only 0.2 W/(mK). 
he flattening coefficient is found to be 0.036 and 0.004, 

espectively. Typical values for loose and fine granular ma- 
erials lie between 0.001 for broken particles and 0.025 for 
ound spheres. Variables like pressure, temperature or particle 
ize are considered in this model. 

During hydrogen absorption, a material volume expansion 

f 30% is considered, that, in turn, leads to a dynamic de- 
rease in porosity [ 69 , 70 ]. The complete set of equations for
he determination of k eff can be found in Ref [68] together 
ith the derivation from [ 66 , 67 ]. 
For the complete heat balance of the simulation, the ex- 

ernal heat source of the reactor is required for domains with 

xternal boundaries. Therefore, a PID controller of the heating 

acket was also implemented in the software with the param- 
ters k P = 10 W / ◦C, k I = 0.001 W /( s ◦C ) and k D 

= 0 ( Ws )/ ◦C .
he maximum power output is limited to 3 kW. At the 
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Fig. 7. Absorption measurements with the autoclave: Temperature develop- 
ment inside the powder bed for (A – dotted lines) the experiments and (B –
solid lines) the simulations. 

Fig. 8. Absorption measurements with the autoclave: Initial hydrogen flow 

into the autoclave for different initial temperatures for (A) the experiments 
and (B) the simulations in the first 2 min. 
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urface of the autoclave, which is not covered with the heating 

acket, the boundary condition is set to a natural convection 

urrounding with a heat transfer coefficient of 1 W/(m 

2 K) to 

 room temperature of 20 °C. 
Between the Mg-Al waste particles and the wall of the 

ontainer, the thermal conduction is limited, due to a higher 
orosity and low solid-solid contact areas at the wall of the re- 
ctor inlet. Commonly, a thermal contact resistance can be de- 
ned at this boundary. In literature, a broad range for thermal 
ontact resistances or rather heat transfer coefficients from the 
all to the powder can be found from 30 to 2500 W/(m 

2 K) 
71–73] . These values are strongly dependent on the porosity, 
bsorption state, gas pressure and general material proper- 
ies. Within this work, the thermal contact resistance is set to 

000 W/(m 

2 K), which allow achieving a good agreement 
etween the simulated and the experimental data, by per- 
orming a parametric sweep. Besides the direct powder-wall 
nterface, also a solid-gas-solid interface area must be consid- 
red between the powder container and the reactor wall. This 
oundary is modeled as a thin layer of gaseous hydrogen in 

 100 μm thick gap with the gas properties implemented in 

he COMSOL Multiphysics® database. An overview of the 
omains and the boundary conditions as well as the used 

aterial properties, variables and equations for the simula- 
ion can be found in the supplementary data (F, G and H). 
he temperature dependent material properties for the differ- 
nt steels, like specific heat capacity or thermal conductivity, 
f the autoclave are taken from the work of Richter [74] . In 

ontrast to the experimental reactor design, for the simulation 

odel the hydrogen inlet is shifted to the center for simplicity 

easons (which does not matter here, because a 2D axisym- 
etric model is used). In addition, the reactor pressure sensor 

nd bursting disk are not implemented in detail, only the con- 
ecting pieces are considered in this model design. Regarding 

he simulation starting conditions, a timeframe of 5 h is sim- 
lated to get a constant temperature distribution field within 

he system, in which the PID controller reaches a stable out- 
ut value. For the mass transport the Brinkmann equations are 
sed, as they are implemented in COMSOL Multiphysics®, 
onsidering free gaseous flow and flow in porous media in- 
luding the permeability of the powder bed. The permeability 

s calculated with the Carman-Kozeny equation, depending on 

he particle sizes and the porosity [75] . 

.3. Scaled-up system results 

.3.1. Absorption experimental results 
For all the performed absorption experiments, the hydro- 

en flow is given on left side of Fig. 8 (A) for the first two
inutes and Fig. 9 (A) for the following 30 min. The tem- 

erature profiles for each absorption experiment are plotted 

n Fig. 7 (A – dotted lines). The temperature of the pow- 
er beds rises within about two minutes to their maxima and 

hen decreases with different rates, depending on the initially 

pplied temperature. 
The rise of the powder bed temperatures for the experi- 

ents performed at an initial temperature of 260 °C, 280 °C, 
9 
00 °C and 320 °C leads to peak temperatures of 348 °C, 
62 °C, 373 °C and 375 °C respectively. This phenomenon 

s the consequence of the large amount of heat released dur- 
ng hydrogen absorption. The peak temperature values are 
aturally below the equilibrium temperature at the applied 

ydrogen pressure (386 °C at 13 bar), as the hydrogenation 

rocess is thermodynamically self-regulating in the two-phase 
egion [76] . The temperature governs the reaction kinetics, as 
bservable in Fig. 8 , which displays the increasing hydrogen 

owrate for the experiments at initially low temperatures. The 
owrate accelerates for one minute for the absorption starting 

t 260 °C and for 30 s for the one starting at 280 °C. Due
o the heat up of the powder bed, more favorable tempera- 
ures for the reaction kinetic are reached, leading to the ac- 
elerating absorption reaction. For the experiments at 300 °C 

he increasing flowrate last about 15 s and for the starting 

emperature at 320 °C only a few seconds of rising flowrate 
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Fig. 9. Absorption measurements with the autoclave: Hydrogen flow into the 
autoclave for different initial temperatures for (A) the experiments and (B) 
the simulations until 30 min. 
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re identified. The reason for this is the smaller temperature 
ifference between the starting temperature and the equilib- 
ium temperature. However, for the measurements performed 

t powder bed starting values higher than 320 °C, the hydro- 
en flowrate continuously drops, caused by an overall sensible 
ecrement of the hydrogenation kinetics. This is due to the 
ncreases of the beds temperature to values that are close the 
quilibrium temperature. 

Indeed, for the experiments at 340 °C and 360 °C start- 
ng temperatures, the peak temperatures reached inside the 
owder beds are 378 °C and 379 °C, respectively. After 30 s 
he hydrogen flow of the 360 °C experiment becomes the 
owest compared to the other starting temperatures whereas 
fter 60 s the flowrate of the 260 °C experiment becomes the 
astest. It changes over time, which is indicated in Fig. 9 , that 
he flowrate of the highest initial temperature 360 °C becomes 
he fastest again after 27 min and the flowrate of the lowest 
nitial temperature gets the slowest after 11 min. By achieving 

he favorable kinetic temperature with the own heat genera- 
ion of the reaction, the fast absorption is only maintained as 
ong as the heat is sufficient to keep this temperature. This 
s valid for lower initial powder bed temperatures, whereas at 
igh initial temperatures, the resulting heat prevents an ideal 
emperature level. 

Since the heat of reaction is not actively dissipated, the 
emperature remains at high values, prolonging the overall 
eaction time. As an example, for the experiment performed 

t an initial powder bed temperature of 360 °C, after 30 min 

rom the starting of the experiment, the temperature is still 
bove 370 °C as shown in Fig. 7 (A – dotted lines). Since 
he heating jacket has a set point of 360 °C, in this case the
emperature difference between the powder bed and the wall 
f the reactor remains small, thus reducing the heat transport 
ut of the system. For this reason, due to the reduction of the 
verall reaction rate, the hydrogen flowrate into the reactor 
 Fig. 9 (A)) decreases the fastest in the case of the experiment 
erformed at an initial powder bed temperature of 360 °C. 
10 
.3.2. Absorption simulation results 
In Fig. 7 the temperature profiles from the experiments (A 

dotted lines) are compared to the results from the simu- 
ation model (B – solid lines). The comparison between the 
easured and the simulated temperature trends shows a good 

greement between the two sets of data. However, in the ex- 
erimental data, the powder bed temperatures, after reaching 

he peak temperatures, seem to decrease back to the starting 

alue faster than in the simulated measurements. This ten- 
ency is better recognizable for the measurements performed 

t a lower starting temperatures of the powder bed. In fact, 
or the measurements performed at initial temperature values 
etween 260 °C and 300 °C, the powder bed reaches a sta- 
le temperature level within 30 min from the starting of the 
rocess, whereas in the simulated data longer time intervals 
re needed for reaching a stable temperature value. In addi- 
ion, the measured and simulated hydrogen flow are in good 

greement, as shown in Figs. 8 and 9 . For the measurements 
erformed at different starting temperatures, a clear trend of 
he initial hydrogen flowrate is clearly visible. In fact, this 
alue increases faster in the first minute when decreasing the 
nitial temperature. Although the simulated data resembles the 
ne of the experiments, it is possible to notice that the hydro- 
en flow for lower temperatures is decreasing faster than in 

he experimental data, Fig. 9 . The measured hydrogen flow at 
he 260 °C after 10 min absorption is 2.25 mg/s, whereas the 
imulated data show a flow of 1.47 mg/s. In contrast, after 
5 min, a small hydrogen flow of 0.48 mg/s is still indicated 

n the simulated data whereas no hydrogen flow is detected 

fter the same time in the experimental data. The small differ- 
nces, observed in the simulated hydrogen flow of Figs. 8 and 

 , lead to obtaining small discrepancies between the simulated 

nd the experimentally measured temperatures of the powder 
ed ( Fig. 7 ). In fact, in the simulated data, the temperature 
alues remain 10 to 20 °C higher after 25 min from the start- 
ng of the experiment. For absorptions at temperatures higher 
han 300 °C, the results of simulation and experiment are in 

erfect agreement. 

.3.3. Desorption experimental results 
In Fig. 10 (A – dotted lines) and Fig. 11 (A), the pow- 

er bed temperatures and the hydrogen flowrates are shown 

or the desorption processes at different starting tempera- 
ures. During these processes, depending on the initial starting 

emperature values, different minimum peak temperatures are 
eached, as displayed in Fig. 10 (A – dotted lines). 

It must be mentioned that, in contrast to the absorption 

easurements, during the desorption measurements the hy- 
rogen pressure, inside the reactor, is maintained constant at 
uasi-ambient conditions. Since the reactor is connected with 

he gas release line to the outside of the laboratory, a certain 

ressure drop in the piping must be overcome. This pressure 
rop is proportional to the volumetric flow through the pipe. 
he general definition to the pressure drop is given as [68] : 

p = ζ a 

ρ u 

2 

2 
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Fig. 10. Desorption measurements with the autoclave: Temperature develop- 
ment inside the powder bed for (A – dotted lines) the experiments and (B –
solid lines) the simulations. 

Fig. 11. Desorption measurements with the autoclave: Hydrogen flow out of 
the autoclave for different initial temperatures for (A) the experiments and 
(B) the simulations. 
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Fig. 12. Schematic reaction progress following the desorption measurements 
with the autoclave at 375 and 365 °C initial temperature in a pressure- 
temperature diagram. 
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The factor a gives the type of the flow phenomenon and ζ

he drag coefficient. With rising velocity of the flow, a higher 
ressure gradient must be provided as a driving force. At 
igher starting powder bed temperature, the material begins 
o release hydrogen with higher initial flow, see Fig. 11 (A). 
or this reason, the pressure that sets itself in the autoclave 

s higher than the experiments with lower initial temperature. 
s a result, this might causes the minimum peak tempera- 

ure values to differ within the desorption measurement se- 
ies. The desorption pressure of the system varies from 1.5 

o 2.4 bar at 325 to 345 °C, respectively [61] . Delhomme 
t al., [77] already discussed the great influence on the equi- 
ibrium temperature of small pressure variations at low system 

ressures for the MgH 2 system, especially in the desorption 

rocess. The measured pressure development can be found in 

he supplementary data (I). 
Moreover, the temperature profiles of the measurements 

isplay a prior shoulder before the minimum peak is reached, 
11 
ee Fig. 10 (A – dotted lines). By comparing the hydrogen 

ow ( Fig. 11 ) with the temperature development, their rele- 
ant points (maximum flow and minimum temperature) are 
ynchronous for each experiment. After the first drop of the 
ow, coming from the gaseous phase, the hydrogen flowrate 

ncreases in the first minutes as the reaction is accelerating, 
ee Fig. 11 (A). For the measurements at 375 °C, 365 °C 

55 °C and 345 °C the maximum flowrate is reached after 
, 11, 19 and 31 mins, respectively. During the acceleration 

f the hydrogen flow, an increasing pressure drop has to be 
vercome, therefore the pressure inside the system rises con- 
equently. For this reason the reaction rate is hindered, re- 
arding the temperature drop. This reflects in the shoulder 
oticeable before the actual peak. This behavior is illustrated 

n Fig. 12 . The lower the initial temperature of the experi- 
ent is, the more pronounced is the shoulder that precede 

he peak temperature. The 335 °C desorption measurement 
hows no shoulder before the peak temperature. The motiva- 
ion for this is found in the low initial temperature, which 

tarts already close to the thermodynamic equilibrium. Be- 
ause of this, the driving force is too small to accelerate the 
eaction and to build up enough pressure to observe the same 
ehavior seen in the other measurements. Nevertheless, it is 
ossible to claim that the higher the initial powder bed tem- 
erature, the faster the overall desorption reaction occurs. 

Although the intrinsic kinetic of the desorption is faster 
han the one of the absorption, the scaled-up system needs 
onger times for the hydrogen release than for the loading. 
he fast pressure drop leads to a sudden decrease of the ef- 

ective thermal conductivity inside the hydride bed, which 

imits the heat transportation into the system. The heat, com- 
ng from the autoclave wall, only slowly recovers the temper- 
ture of the bed. Moreover, the heating jacket, which deter- 
ines the amount of heat going into the system, is controlled 

y the temperature of the reactor wall. This last value does 
ot change at all, so that no surplus heat is provided, which 

ould be needed for the desorption reaction. If the controller 
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easures the decrease in the wall temperature, more heat is 
pplied to the system. 

.3.4. Desorption simulation results 
By comparing the experimental and simulated data, it be- 

omes obvious that the discussed phenomena are not repro- 
uced with the same accuracy as for the absorption reac- 
ion. For the temperature profiles, a good agreement to the 
eak temperatures and the overall slope of the temperature 
s achieved ( Fig. 10 (B – solid lines)). Although the interac- 
ion between the hydrogen flowrate, the pressure drop and the 
ressure level in the vessel is not implemented in the simu- 
ation, the peak temperatures could be precisely predicted by 

etting the measured pressure from the experiment as des- 
rption pressure in the simulation. Focusing on the minimum 

eak shape, the measurements show a prior shoulder, which 

oes not appear in the simulation results. The reason for the 
ismatches lies in the fixed value of the desorption pres- 

ure in the simulation. Although the values are taken from 

he experiments, no dynamic increase or decrease is allowed. 
or this reason, a dynamic change for the pressure is not 
ossible, no matter if the desorption reaction accelerates and 

he pressure drop of the piping system rises caused by the 
ncreased hydrogen flow. The simulated conditions represent 
he ideal case, in which every released hydrogen molecule 
irectly leaves the system. That is why, the initial tempera- 
ure drop is reaching the lowest possible temperature directly 

ith no delay. Looking at the hydrogen flow in Fig. 11 , the 
imulation data do not show an initial limitation in the flow, 
s indicated by the experiments. The slope of the flowrate 
s continuously decreasing instead. This missing limitation 

ould be explained by the absence of the pressure increase 
uring the first minutes, which leads to a smaller dehydro- 
enation driving force. Another reason could be the setting 

f the PID controller in the simulation. In the experiments, 
n inertia between the temperature decrease and the response 
f the heater is recognized. Since the controller settings of 
he heating jacket were self-optimized and not accessible, the 
ettings for the simulation were identified during the setup of 
tationary heat up simulations. For this reason, the controller 
ould have undetected finer control characteristic. For small 
emperature drops the controller could directly react and heat 
p the system faster. Even with these hindrances, in general, 
he magnitude of the flows and the trend for the different 
esorption experiments are in good agreement. 

. Conclusions 

Mg/Al-based waste combined with hydrogen is a potential 
andidate for thermal energy storage, since the waste material 
s cost neutral, can be stored in air until it is milled to fine
owder and has very good thermodynamic and kinetic prop- 
rties for the hydrogenation and dehydrogenation reaction. By 

bsorbing 5.8 wt.% hydrogen, the storable amount of energy, 
egarding the reaction enthalpy of the Mg/MgH 2 system, is 
ore than 2.1 MJ/kg of Mg waste. Kinetic measurements are 

one under absorbing pressures of 13 bar and desorbing pres- 
ures of 1 bar at temperatures between 260 °C and 375 °C. 
12 
y taking thermodynamic data from the pure MgH 2 system, 
he kinetic models for ab- and desorption are derived. In the 
bsorption reaction, a shift of the rate limiting process along 

he reaction process is identified and modeled accordingly. 
onsequently, new pressure functions for the Mg/Al based 

aste system are implemented in this study and activation 

nergies of 134 – 136 kJ/mol H2 for the absorption and 164 –
69 kJ/mol H2 for the desorption reaction are determined. The 
esorption activation energy is confirmed by DSC measure- 
ents that show a shoulder after the main peak temperatures, 
hich is concluded to origin from a bigger particle fraction 

hat results from sintering and agglomeration after cycling the 
aterial. A higher activation energy will lead to a lower reac- 

ion rate regarding the temperature level of the system. This 
ffect will have a lower overall impact since the main limit- 
ng parameter of the system remains the thermal conductance 
f the bed. As a crucial value for the overall performance 
f the tank system a modified model for the effective ther- 
al conductivity is implemented, which considers partially 

intered powder beds. Experiments in an autoclave with an 

nlarged powder mass are carried out under identic thermo- 
ynamic conditions as for the measurements in the Sieverts 
pparatus, but in scaled-up conditions of a tank system. From 

he medium scale experiments, important new insights are 
btained, like the limitation of the kinetics by limited heat 
ransfer, or the interaction between the pressure drop, caused 

y hydrogen flow, and the reaction behavior. These effects are 
ot observable in lab-scale experiments. The geometry of the 
utoclave and the developed reaction model are implemented 

nto a FEM simulation tool. Differences between the sim- 
lations and the experiments are identified, which, however, 
ould be well justified like the unexpected turning point in the 
emperature development during the desorption reaction in the 
xperiment that is not visible in the simulation results, due to 

 fixed pressure value. The conclusions drawn from the com- 
arison of real experiments and predictive simulations help to 

evelop a better understanding in view of system design. This 
ork presents the first ever made model for the hydrogena- 

ion and dehydrogenation reaction of recycled Mg/Al-based 

aste on a medium scale system size. The simulation model 
s an approach for a method to predict even larger systems. 
ased on this, it can now be utilized for sensitivity analysis 
nd to design tank systems for energy storage purposes for 
pplication scale. 
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