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Abstract – Global warming and continuous fossil fuel 
depletion are worldwide phenomena that pose challenges such as 
the reduction of greenhouse gas emissions and the further 
exploitation of renewable energy sources. Nevertheless, the 
transition from fossil fuels to a renewable-energy-based economy 
demands more innovative solutions and developments such as the 
Power-to-Gas-to-Power (PtoGtoP) idea. Hydrogen is considered 
one of the clean energy carriers in the concept of PtoGtoP. 
However, this strategy still suffers from several challenges, like 
intermittent inflows of energy, high costs, and rather low energy 
efficiency due to the losses during conversion and storage. The 
goal of the Digi-HyPro (Digitalized Hydrogen Process Chain for 
the Energy Transition) project is to develop an efficient and 
modular PtoGtoP system. The concept of this modular system, 
called Smart-Energy-Transform-Unit (SET-Unit), aims to design 
a decentralized and scalable system for clean energy demands 
spreading across different locations. The SET-Unit serves to 
optimize the connections between renewable sources and the 
current power and gas grid demand. Applying this concept, 
hydrogen generated by an electrolyzer can be stored compactly 
and safely in a metal hydride storage system or fed into the 
natural gas grid. On-demand, hydrogen can also be taken from 
the intermediate storage facility or the gas grid by applying gas 
separation techniques and can be delivered (i) to an integrated 
fuel cell to produce power or (ii) to a metal hydride compressor 
to provide hydrogen for the mobility sector (trucks, cars, trains, 
etc.). Component and system level simulations are performed to 
design, develop and optimize the individual and overall 
integrated system. These digital models draw critical data from 
experiments and are validated using prototype setups. For this 
purpose, experimental setups on a laboratory scale of 10 kWel, 
and an intermediate scale of 50 kWel are part of the Digi-HyPro 
project’s plan. This multidisciplinary investigation involves the 
optimization of the digital SET-Unit system with experimental 
demonstrations in kWel ranges. Final scalability studies in the 
industrially relevant MWel range can pave the way to an 
efficiently networked green energy system. 

Keywords – Green Hydrogen Production, Sector Coupling, 
Metal Hydrides, Hydrogen Purification, Gas-Grid-Based Hydrogen 
Storage 

NOMENCLATURE 

AB2-alloy Room temperature hydride forming alloy 
based on Ti-Zr (A) and Cr-Mn-V-Fe (B) 

AB5-alloy 
Room temperature hydride forming alloy 
based on La-Ce-Pr-Nd (A) and Ni-Mn-
Co-Al (B) 

AEM Anion Exchange Membrane 

Digi-HyPro Digitilized Hydrogen Process Chain for 
the Energy Transition 

EL Electrolyzer 
ENG Expanded Natural Graphite 
FC Fuel Cell 
FEM Finite Element Modeling 
HTF Heat Transfer Fluid 
MH Metal Hydride 
NG Natural Gas 
PEM Proton Exchange Membrane 
PSA Pressure Swing Adsorption 
PtoGtoP Power-to-Gas-to-Power 
RT Room Temperature 
SET-Unit Smart-Energy-Transform-Unit 
SIM System Integration Modeling 
TRL Technology Readiness Level 

 

I. INTRODUCTION  
The worldwide dependency on non-renewable fossil fuel 

resources [1], the increase in energy demand [2], and the rise 
in the earth's average surface temperature owing to global 
warming [3] request the short-term introduction of renewable 
energy sources [4]. Hydrogen is considered one of the clean 
energy carriers required to implement the PtoGtoP concept. 
However, this strategy still suffers from several challenges, 
like intermittent inflows of energy, high costs, and low energy 
efficiency (15 to 40 %) due to the losses during conversion and 
storage [5]. One of the main bottlenecks to improve the 
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efficiency of integrated systems based on hydrogen 
technology is to incorporate an efficient method to store 
hydrogen [6]. Hydrogen is an extremely light gas at normal 
pressure and temperature and is difficult to store. For compact 
storage, e.g., in vehicles, high pressures of up to 700 bar are 
required. Alternatively, hydrogen can be liquefied in an 
energy-intensive process in which about 30 % of the energy 
content of the hydrogen must be used for liquefaction. An 
energy-efficient and compact solution is hydrogen storage in 
MH compounds: compared with high-pressure hydrogen 
storage, twice the volumetric capacity (> 50 kg H2/m3) is 
achieved at considerably lower pressures typically between 
10–50 bar [7]. Especially for stationary applications in areas, 
where space is limited and expensive and high safety 
restrictions apply, MH-storage has a decisive advantage over 
other storage methods. The MH-storage is stable over the long 
term, and is the safest option: Even in case of an unforeseen 
hazard, hydrogen is not released catastrophically, but only at a 
certain controlled rate, because release consumes heat. In 
addition, the usually low storage pressures are easy to handle. 
Thus, legal requirements are less demanding. Furthermore, the 
MH compound does not cause any further side reactions. 
Hydrogen can be stored 100 % reversibly in MH 
independently of the time scale and the size of the system [5,] 
[6,][7]. 

The Digi-HyPro (Digitalized Hydrogen Process Chain for 
the Energy Transition) project aims to develop an efficient and 
modular PtoGtoP system based on the storage and 
compression of hydrogen in MH units. The concept of this 
modular system, called Smart-Energy-Transform-Box (SET-
Unit), proposes a novel efficiency-maximized strategy to 
design a decentralized and scalable system for energy 
demands spreading. The SET-Unit serves to optimize the 
connections between renewable sources and the current power 
and gas demand. FIGURE 1 shows the concept of the set box 
connecting the existing grids and also the visualization of the 
development of a digital twin for optimization purposes. 

 
FIGURE 1: CONCEPTUAL VISUALIZATION OF THE SET-UNIT. 
 

FIGURE 2 shows a simplified flow diagram of the SET-Unit 
concept, where the main components (FC, EL, MH-storage, 
compressor, gas separation process, and heat exchange 
management) and streams are included. As shown, the system 
is designed to utilize and provide electrical power during the 
low and high demand hours, respectively. Furthermore, it is 
also possible to mitigate and stabilize the intermittency of 
power generation from renewable sources. Applying this 
concept, hydrogen generated by the EL can be stored 
compactly and safely in the MH-storage unit, or sent to the 
MH-compressor unit for utilizing it in the mobility sector. On-
demand, the hydrogen can be separated from the mixed gas 
grid (natural gas + hydrogen) by a membrane gas separation 
unit combined with a pressure swing adsorption process [8,][9]. 
Then, hydrogen can be delivered to the integrated FC device 

to produce electrical power or be stored in the MH-storage 
unit, or even delivered to the MH-compressor unit. The system 
can be designed to gain efficiency through the recycling of the 
waste heat (Qw) coming from the EL, the FC, from the 
exothermic hydrogen absorption in the MH-storage and 
compressor units, and also from the heat generated in the gas 
separation process. An efficient heat exchange management 
allows recovering heat (QR) and re-using it for the 
endothermic hydrogen release from the MH-based units on 
demand.  

In the Digi-HyPro projects, bottom-up as well as top-down 
strategies are applied to develop the SET-Unit concept. On the 
one hand, the bottom-up approach consists of units and 
subsystem-level model developments and their experimental 
set-up designs and optimizations. On the other hand, the top-
down approach consists of the conceptual design and 
development of the whole SET-Unit and final realization 
considering an optimized automatic control strategy. 

Applying the bottom-up strategy, the units to be developed 
and designed are the gas separation process based on 
membranes, and the MH-storage and -compressor ones. In the 
case of MH-storage and compressor units, depending on the 
material and application, these can result in a TRL 3 to 8. The 
separation of H2 from gas mixtures using membranes is an 
established technology in the chemical and petrochemical 
industry with a TRL between 4 and 9, and typical H2 purities 
in the range from 95 to 99 vol% are reached [8]. FC and EL 
devices are already in the market in the ramp-up phase and 
have already reached a TRL 8 to 9. Thus, FC and EL 
implementation lies in the integration with MH-storage, MH-
compressor, and membrane gas separation units, but not in the 
development of such devices themselves. The subsystem level 
involves the coupling of MH-Storage and EL, MH-storage and 
FC, MH-compressors and EL / MH-storage as well as the 
combination of the membrane separation process. For this 
purpose, experimental setups on a laboratory scale of 10 kWel, 
and an intermediate scale of 50 kWel are proposed.  

By implementing the top-down strategy, it is possible to 
bring in the complex and dynamic interaction between the 
components of the system. Above all the heat exchange 
management which basically gives the optimized process 
strategy for the interactions. Finally, proceed with scalability 
investigations of the SET-Unit on the MWel range.  

The whole analysis and investigation of the SET-Unit 
concept can pave the way to innovative and efficient 
networked green energy systems. 

 
FIGURE 2: FLOW DIAGRAM OF THE SET-UNIT CONCEPT.  
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II. EXPERIMENTAL AND MODEL DESCRIPTION 
In this section, the experimental procedures and modeling 

descriptions are presented. In the case of the MH material for 
storage and compression, the synthesis, characterization, and 
surface modification techniques are described. The software, 
the physics included, and the relevant parameters introduced 
in the models are shown for the FEM and SIM. 

A. Characterization and surface modifications of MH forming 
alloy for hydrogen storage 

The commercially available metal alloy HydralloyC5 
(AB2-alloy; Ti0.95Zr0.05Mn1.46V0.45Fe0.09) was 
purchased from GfE (Gesellschaft for Elektrometallurgie). 
The particle size of the Hydralloy C5 was reduced from 2-10 
mm down to ≤ 4 mm before use with a Retsch BB50 jaw 
crusher. ENG (particle size 5 µm; SGL-Carbon) and Aerosil 
R805 (Evonik Operations) have been used as received. For the 
experiments, the HydralloyC5 has been used as pure material 
or in combination with ENG and Aerosil. In a typical 
experiment, 10 g of Hydralloy was placed with ENG (1 g; 
10 wt%) and optionally Aerosil R805 (0.02 g; 0.2 wt%) in a 
round-bottom flask and mixed for 2 h with a mechanical stirrer 
at RT. The characterization of the sample was done with an in-
house produced Sieverts apparatus. In addition to the 
hydrogen capacity, the temperature and strain were also 
measured in situ by attaching a strain gauge and thermocouple 
to the sample holder. In a typical experiment, the sample 
holder was filled with about 8 g of sample, and the conditions 
were set to 40 °C / 40 bar hydrogen pressure (absorption) and 
40 °C / 5 bar hydrogen pressure (desorption). The hydrogen 
capacity and temperature behavior of the samples were 
evaluated during 50 hydrogenation-dehydrogenation cycles, 
while the stress behavior was evaluated for 7 to 16 
hydrogenation-dehydrogenation cycles. 

B. Synthesis and Characterization of MH forming alloy for 
hydrogen compression  

TiCr1.9 alloy was synthesized by using and Edmund Bühler 
MAM-1 arc melter. The desired mass of Ti and Cr foils were 
weighed to form the TiCr1.9 composition. In total, 4 g of 
material was placed into the melting chamber. Ti and Cr were 
melted together with an electric arc and cooled to room 
temperature. The prepared alloy was inverted and remelted 
five times to obtain a homogeneous product. The synthesized 
alloy was crushed into small pieces and stored in air. 
Diffraction patterns of as-synthesized and hydrogenated 
samples were collected using a Bruker D8 Discover 
diffractometer, equipped with a 2D Vantec detector. Cu Kα 
radiation was used and the Bragg angle was chosen between 
30-80o. Phase analysis of as-synthesized and hydrogenated 
samples was carried out via MAUD software with the Rietveld 
approach [10,][11]. Hydrogenation of the samples for the 
diffraction experiment was carried out using a Sieverts 
apparatus, Hera (QC J4G 1A1, Canada) [12]. The reactor with 
the hydrogenated sample was cooled to the liquid nitrogen 
temperature for ~30 minutes followed by the evacuation of the 
cooled reactor for ~1 minute. Then, the sample was exposed 
to air and further kept at liquid nitrogen temperature for 30 
minutes. The reactor was at that moment opened to air, and the 
diffraction pattern of the sample was collected immediately.  

Pressure composition isotherms were collected using a 
Sieverts apparatus PCTPro-2000 (Hy-energy LLC). 2 g of 
alloy, cut into small pieces, were placed in the sample 
chamber. For activation, the sample was firstly evacuated at 

8 oC, and hydrogenated under 120 bar of H2 at room 
temperature. Pressure-Composition isotherms were collected 
at five different temperatures: 15 oC, 5  oC, 0 oC, – 5 oC and      
–10 oC. Enthalpy and entropy of the sample were 
experimentally calculated, and the dependence of equilibrium 
pressure against temperature was plotted using using the van’t 
Hoff equation. 

C. Finite element modeling description 
The modeling of the MH-storage and compressor vessels 

was performed using the FEM software COMSOL 5.6. It 
includes the modeling of heat, momentum and mass transfer. 
The most important assumptions for the modeling of such 
MH-based vessels were: 1. the hydride bed was modeled as 
isotropic and 2. local thermal equilibrium between the solid 
particles of the hydride bed and the gas phase. The hydrogen 
was modeled as an ideal gas and the expansion of the metal 
hydride due to the absorption of hydrogen was not taken into 
account. To model the transport of hydrogen, in the case of the 
MH-storage vessel, Darcy’s law was applied, while for the 
MH-compressor vessels, the Brinkman equation was utilized. 
In both cases, the thermodynamic behavior of the MH 
compounds was described by the van’t Hoff EQUATION 1: 

 

𝑝𝑝𝑒𝑒𝑒𝑒 = 𝑒𝑒𝑒𝑒𝑝𝑝(∆𝐻𝐻 (𝑅𝑅 ∗ 𝑇𝑇)⁄ − ∆𝑆𝑆 𝑅𝑅⁄ ) EQUATION (1), 
 

where, 𝑝𝑝𝑒𝑒𝑒𝑒  [bar] represents the equilibrium pressure of the 
MH-M system, ∆𝐻𝐻 [kJ/mol H2] and ∆𝑆𝑆 [J/mol H2 K] are the 
enthalpy and entropy changes, 𝑇𝑇 [K] is the temperature, and 𝑅𝑅 
[J/ mol K] the ideal gas constant.  

The kinetic behavior of the hydrides was implemented by 
applying the differential form of the separable variable 
EQUATION 2 [13]. 
 

𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑⁄ = 𝐾𝐾(𝑇𝑇) ∗ 𝐹𝐹(𝑝𝑝,𝑝𝑝𝑒𝑒𝑝𝑝) ∗ 𝐺𝐺(𝑑𝑑) EQUATION (2), 
 

where, 𝑑𝑑 represents the hydrogen absorbed/desorbed fraction, 
i.e., mass of hydrogen absorbed during the process over the 
maximum reached hydrogen mass, 𝐾𝐾(𝑇𝑇) is the temperature 
functionality described by the Arrhenius's dependency, 
𝐹𝐹�𝑝𝑝, 𝑝𝑝𝑒𝑒𝑒𝑒�  is the pressure functionality dependent on the 
operative pressure and the equilibrium pressure 𝑝𝑝𝑒𝑒𝑝𝑝, and 𝐺𝐺(𝑑𝑑) 
is the description of the rate-limiting step of the reaction. 

TABLE I shows the metal hydride forming material 
properties used in the MH-storage and compressor vessel 
simulations:  
TABLE I: MATERIAL PROPERTIES FOR FEM SIMULATIONS OF MH-
STORAGE AND COMPRESSOR VESSELS  
Properties Hydralloy C5 Ref. AB2-Alloy Ref. 

ρmetal 6379 [kg/m³] This work 6240 [kg/m³] [18] 
wtmax 1.1-1.2 [wt%] This work 1.4 [wt%] [18] 
ΔHAbs 
ΔHDes 

- 22.3 [kJ/mol] 
28.4 [kJ/mol] [14] - 22 [kJ/mol] 

24 [kJ/mol [18] 

ΔSAbs 
ΔSDes 

-96 [J/mol K] 
112 [J/mol K] [14] - 107 [J/mol/K] 

110 [J/mol/K] [18] 

𝐴𝐴Abs 
𝐴𝐴Des 

109.4 [1/s] 
14.96 [1/s] [15] 107 [1/s] 

520 [1/s] [19] 

EA,Abs 
EA,Des 

19.5 [kJ/mol] 
15 [kJ/mol] [15] 14 [kJ/mol] 

20 [kJ/mol] [19] 

dP 23 [µm] [15] 15 [µm] [15] 
k𝑠𝑠 1 [W/(m K)] [16] 1 [W/(m K)] [16] 

Cps 500 [J/(kg K)] [17] 500 [J/(kg K)] [17] 
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In the following subsections, modeling details of the MH 
storage and compressor vessels are provided, i.e., geometries 
and operative conditions.  

1) MH-storage vessel 
In FIGURE 3, an example of the simulated geometry of the 

MH-storage vessel including 16 fins for improved heat 
transfer, and a description of the components can be seen. The 
modeling was carried out in a 2D geometry to change the 
number of fins and to analyze the effect on the temperature 
inside the hydride bed and therefore the hydrogen release. All 
simulations were run with an automatically generated mesh 
with adequate quality. During the work, different numbers of 
fins (0, 4, 8, 12, 16) and the heat distribution inside the storage 
vessel were considered. 

 

 
FIGURE 3: GEOMETRY AND COMPONENT DESCRIPTION OF THE MH- 
STORAGE VESSEL. 
 

For all simulations, the initial temperature was set at 20 ºC 
and natural convection flow on the vessel hull was considered 
with an external temperature of 55 ºC (FIGURE 3). The initial 
pressure condition in the hydride bed was set at 38 bar of 
hydrogen and the final pressure at 5 bar of hydrogen (FIGURE 
3). Such operative conditions were taken as parameters for 
coupling the MH vessel with an electrolyzer (initial pressure 
and temperature conditions) and a fuel cell (final temperature 
and pressure conditions). As MH-storage material, Hydralloy 
C5 was used due to its adequate thermodynamic and kinetic 
behavior for the design of such a MH-storage reservoir. TABLE 
I shows the most relevant parameters of Hydralloy C5 used for 
the simulation of the dehydrogenation process.   

2) MH-compressor vessels  
A two-stage MH-compressor was modeled. The key 

components of an MH-compressor are the pressure vessels 
and the MH material. In this case, they consist of a cylindrical 
hull made of stainless steel, which is filled with metal powder 
and heated and cooled by an external heat transfer fluid (HTF). 
A sintered filter improves the distribution of hydrogen into the 
metal bed. Taking into consideration the swelling behavior of 
the metal hydride bed upon hydrogenation [20], the internal 
volume of the reservoir was calculated so that the MH material 
occupied 60-80 % of the internal volume providing free space 
for the MH material expansion [21]. Each stage consists of a 
pressure vessel, one for the low-pressure stage and the other 
for the high-pressure stage. The compressor was modeled in a 
2D geometry, and a proper mesh quality was used for the 
simulations. 

The model domain and its most important features are 
shown in FIGURE 4. The compression cycle was modeled as a 
batch process. 

 In the first stage, the following steps took place: inlet of 
hydrogen into the vessel, exothermic absorption of hydrogen 
into the metal hydride bed, while the vessel is cooled, closing 
the inlet and using the sensible heat of the MH-bed to increase 
the equilibrium pressure of the reaction and endothermically 
desorbs the hydrogen at a higher-pressure level at this elevated 
temperature. These steps were repeated in the second stage to 
further increase the hydrogen pressure.  

 

 
FIGURE 4: GEOMETRY AND COMPONENT DESCRIPTION OF THE MH 
COMPRESSOR VESSELS. 
 

In this case, Hydralloy C5 was used as the MH-material in 
the first low-pressure stage and an AB2-material reported 
previously was employed for the second high-pressure 
step[18,][19]. The most important properties of these materials 
can be found in TABLE I.  

D. System simulation 
 In the following subsection, the main modeling 
considerations for the system simulation of PEM EL and PEM 
FC coupled with MH in 0D geometry are provided.  

1) EL-MH-storage coupling 
The two dynamic 0D models (MH tank and PEM EL) were 

created using Aspen Custom Modeler® V11 and took into 
account the equations for mass and energy conservation, 
chemical reaction kinetics, and thermodynamic properties. 

The cell voltage, 𝑉𝑉𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐[𝑉𝑉],  of the PEM EL model was 
calculated according to EQUATION (3): 

𝑉𝑉𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐 = 𝑉𝑉0 + 𝜂𝜂𝐴𝐴 + 𝜂𝜂𝐵𝐵 − 𝜂𝜂𝐶𝐶 + 𝜂𝜂𝐼𝐼             EQUATION (3), 
 

where, 𝑉𝑉0  is the reversible cell voltage (𝑉𝑉𝑟𝑟𝑒𝑒𝑟𝑟0 ) defined by 
EQUATION (4), 𝜂𝜂𝐴𝐴  and 𝜂𝜂𝐶𝐶  are the anodic and cathodic 
activation overpotentials accounting for the kinetic, diffusion, 
and crossover losses, 𝜂𝜂𝐵𝐵 accounts for the overpotential of the 
electrolyte layer due to the membrane proton conductivity and 
𝜂𝜂𝐼𝐼  describes the overpotential caused by interfacial contact 
and electronic resistances [22]. 

𝑉𝑉𝑟𝑟𝑒𝑒𝑟𝑟0 = △ 𝐺𝐺𝑅𝑅0/(2 ∗ 𝐹𝐹) =  1.229 𝑉𝑉  
             
           EQUATION (4), 
 

 

where △ 𝐺𝐺𝑅𝑅0 is the standard Gibbs free energy of formation of 
water [kJ/mol] and 𝐹𝐹  is the Faraday constant, 96485.3 
[C/mol].  

 The model also provides the cell efficiency 𝜀𝜀𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐𝐻𝐻𝐻𝐻𝐻𝐻 
calculated according to the EQUATION 5:  

 

MH-Bed 
Empty Space 

Sinter filter Hull 

Thermal insulation 

H2-Inlet H2-Outlet 

1st stage: low 
pressure 

  

2nd stage: high 
pressure 

 

HTF cooling/heating 
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𝜀𝜀𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐𝐻𝐻𝐻𝐻𝐻𝐻 =
△𝐻𝐻𝑅𝑅0 ∗ �̇�𝑛𝐻𝐻2

𝑃𝑃𝐷𝐷𝐶𝐶
=
𝐻𝐻𝐻𝐻𝑉𝑉 ∗ �̇�𝑛𝐻𝐻2
𝐼𝐼𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐 ∗ 𝑉𝑉𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐

 
   

           EQUATION (5), 
 

where △𝐻𝐻𝑅𝑅0  [kJ/mol] is the standard formation enthalpy of 
water, 𝑃𝑃𝐷𝐷𝐶𝐶  [W] is the electrical power, 𝐻𝐻𝐻𝐻𝑉𝑉 [kJ/mol] is the 
high heating value of hydrogen, �̇�𝑛𝐻𝐻2 [mol/h] is the molar flow 
of hydrogen and 𝐼𝐼𝑐𝑐𝑒𝑒𝑐𝑐𝑐𝑐 [A] is the electrical cell current. 

 FIGURE 5 shows a schematic process flowsheet of an EL 
coupled with a MH tank as well as two secondary flash 
separators and control devices, likewise valves and an 
electrical trigger. 

 The proposed simulation setup allowed the PEM EL to be 
dynamically controlled when electrical energy is available, 
e.g., when there is a surplus of wind or photovoltaic power, 
and to produce hydrogen and oxygen from deionized water by 
electrochemical water splitting. The water input stream was 
connected to the anode side, where the oxidation process took 
place, and thus a mixture of gaseous oxygen and liquid 
residual water finally left the anode again. Meanwhile, at the 
cathode side, the electrochemical reduction reaction occurred, 
in which protons and a certain amount of water that had 
previously passed through the gas-liquid separation PEM were 
reduced to molecular hydrogen or released as liquid residual 
water. The obtained oxygen and hydrogen water mixtures of 
the anode and cathode, respectively, were separated into 
gaseous and liquid phases by the two flash separators. 

The purified hydrogen was fed into the MH tank, which 
was cooled during the exothermic absorption process. In turn, 
the release of hydrogen from the MH tank was an endothermic 
process and was controlled by the provision of thermal energy 
via a heat transfer fluid. 

 
FIGURE 5: FLOWSHEET OF A PEM-EL COUPLED WITH A MH-TANK. 
 

The MH tank simulation was based on the AB2-alloy, 
Hydralloy C5, described above. The properties of the material 
employed in the simulations are described in TABLE I. The 
equilibrium pressure as a function of the temperature of the 
MH bed was calculated according to the van’t Hoff law, as 
described in EQUATION (1). The intrinsic reaction kinetic was 
based on EQUATION (2). The thermal properties are based on a 
lumped effective thermal conductivity of the inner part of the 
tank and an assumed equidistant spatial distribution. 

2) FC-MH-storage coupling  
 A 0D model for the PEM FC was implemented in 

Matlab/Simulink/Simscape (version R2021a). The model was 
based on the working principle of a PEM FC governed by 
redox reactions where hydrogen and oxygen are combined to 
produce water and heat (𝑄𝑄) as a by-product, and electrical 
power (𝑃𝑃𝑒𝑒𝑐𝑐 ) as the main product. In this way, the electrical 

power and heat generation are connected. EQUATION 6 
describes the whole process: 
 

2Η2 + Ο2 → 2Η2Ο +𝑃𝑃𝑒𝑒𝑐𝑐+ 𝑄𝑄             
   

            EQUATION (6), 
 

For the determination of the fuel cell output voltage (𝑉𝑉𝑓𝑓𝑐𝑐), 
the electrical model takes into consideration the 
thermodynamic output voltage (𝐸𝐸) minus the activation and 
ohmic losses (𝑅𝑅𝑜𝑜ℎ𝑚𝑚 ∙ 𝑖𝑖𝑓𝑓𝑐𝑐 ) from the fuel cell by applying 
EQUATION 7 [23]: 
 

Vfc = E −  Rohm ∙ ifc                               EQUATION (7), 
 

The general assumptions of the developed model are: 1. 
mass transportation losses are neglected, 2. the temperature in 
the stack is maintained equal to the cathode and anode 
temperature and 3. humidity levels are kept suitable for any 
load. 

The generated heat can be used for the coupling with the 
MH-storage tank since the hydrogen desorption is an 
endothermic reaction, FIGURE 6 shows a conceptual diagram 
of the PEM FC and MH tank coupling.  

 

 
FIGURE 6: DIAGRAM SHOWING A BASIC PEM FC-MH COUPLING 
CONCEPT. 

III. RESULTS AND DISCUSSION 
In this section, the strategies to assemble the SET-Unit are 

described and developed. In the frame of the development of 
the project, recent results from ongoing tasks are shown. 
Furthermore, the prospects and next steps to reach the goals of 
the project are discussed. 

A. Development and design of metal-hydride (MH) based 
systems  
MH-based systems are the key technology for the 

development of the SET-Unit concept. The core of the MH 
systems is the hydride-forming material, M, which interacts 
with hydrogen by forming the hydride compound as described 
in EQUATION 8:  
 

 M + xH2  ⇋  MH2x + Qreaction                                          EQUATION (8), 
 

As seen, the hydrogen absorption is exothermic and the 
hydrogen release is endothermic. For the proposed application 
of MH-storage and compression systems, interstitial hydrides, 
so-called room temperature hydrides, are the most suitable 
ones due to volumetric capacity, pressure and temperature 
range for hydrogen absorption-desorption and ease of 
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handling. The interstitial hydrides absorb hydrogen by 
allocating it into the interstitial sites of the crystal structure of 
the hydride-forming material. Such interstitial hydrides are 
formed from alloys composed of different metal elements, 
such as Ti, Cr, Zr, Fe, Al, etc. There is a big variety of hydride-
forming alloys which cover a wide range of pressures under 
mild temperature conditions. For the case of the project, the 
selected hydride forming alloy can cover operative 
temperature and pressure range between 20 and 150 ºC, and 
between 1 and 350 bar, respectively, gravimetric capacities 
between 1 and 3 wt% volumetric capacities (> 50 kg H2/ m3), 
ease of handling, and scale-up availability [7,][24]. Such room 
temperature hydrides allow the compact storage of hydrogen 
in a solid state under mild temperature and pressure conditions 
and the temperature-driven compression of hydrogen without 
the need for any mechanical process. 

In this section, the development and design of MH-storage 
and MH-compressor systems for the SET-Unit for efficient 
solid-state hydrogen storage and compression are discussed. 

1) Metal-hydride storage  

1.1 Hydride forming alloy for large-scale application: 
characterization and improvement  

The metal alloy Hydralloy C5 is utilized as a solid-state 
hydrogen storage material for this project because of the 
suitable thermodynamic stability and hydrogen gravimetric 
and volumetric capacity. This hydride-forming alloy can 
absorb hydrogen delivered from an electrolyzer in the range of 
pressure between 30 and 40 bar at room temperature (around 
20 ºC). Hydralloy C5 further has the advantage of 
uncomplicated handling (stable in ambient conditions), fast 
activation process, and reasonable kinetic behavior. The 
operative gravimetric hydrogen capacity of Hydralloy is 
between 1.0 and 1.2 wt%, while the volumetric hydrogen 
capacity is between 50 and 60 kg H2/m3. FIGURE 7 shows 
that the maximum capacity of Hydralloy C5 is reached after 3 
hydrogenation-dehydrogenation cycles. During hydrogen 
cycling, the material undergoes particle size reduction due to 
the swelling phenomenon. The swelling of the material is 
caused by the volumetric expansion of the metal lattice at the 
time to absorb hydrogen and allocate it to the lattice interstices 
(up to 30 % of volumetric expansion) [21,][25]. The metal alloy 
used as starting materials presented a size in the mm range         
(≤ 4 mm). Due to the swelling phenomenon and considerable 
stress, the large millimetric particles of the metal alloy split to 
a size of about 20 µm regardless of the size of the starting 
material [26]. The MH in such powder form has a low 
effective thermal conductivity of about 1 Wm-1K-1 [17], which 
leads to low thermal diffusivity upon hydrogenation. This 
results in the formation of hot spots which slows down the 
kinetic performance owing to the increase of the equilibrium 
pressure and subsequent driving force reduction (difference 
between operative and equilibrium pressure).  

The addition of expanded natural graphite (ENG) and 
pressing the metal alloy into pellets have been already shown 
to be effective approaches for improving heat conductivity 
[27]. This approach can be however only scaled up to a certain 
degree and needs additional experimental effort to find the 
optimum practical conditions for the formation of the pellets. 
It was, however, possible to improve the heat conductivity by 
simply mixing the Hydralloy C5 with 10wt% of ENG (see 
FIGURE 7). The peak temperature could be decreased from 
about 59 °C for pure Hydralloy C5 to about 56 °C in a 

Hydralloy C5-ENG mixture while retaining most of the 
hydrogen capacity (1.24 wt% vs. 1.15 wt%). 

 

 
FIGURE 7: COMPARISON OF THE HYDROGEN CAPACITY (STAR-SHAPED 
DATA POINTS) AND THE MEASURED MAXIMUM TEMPERATURE DURING 
ABSORPTION (SQUARE-SHAPED DATA POINTS) FOR PURE HYDRALLOY 
C5 (BLACK) AND WITH A MIXTURE OF HYDRALLO C5 WITH 10 wt% OF 
ENG (EXPANDED NATURAL GRAPHITE, RED). 
 

Another challenge of hydrogen storage in metal alloys is 
stress on the walls of the MH reservoir caused by the swelling 
upon hydrogenation. Such stress is increased by the 
decrepitation of the material during cycling, which leads to the 
compaction of the metal alloy powder at the bottom of the 
storage vessel. This expansion is in general compensated by 
leaving free space in the storage vessel, reducing the overall 
hydrogen gravimetric and volumetric capacity [21]. 
Experimental results have shown that the addition of ENG and 
compaction of the Hydralloy C5 powder can reduce the stress 
caused by swelling [27]. In other work [28], the effects of the 
swelling have been reduced by adding small amounts of 
Aerosil (0.2 wt%), which acts as a gliding agent and especially 
reduced the friction and compaction of the metal alloy powder 
at the bottom of the storage vessel [28]. In FIGURE 8, the 
experimental quantifications of the stress caused by the 
hydrogenation of Hydralloy C5 in a full sample holder with a 
compressed sample and reduced porosity. As seen, the pristine 
Hydralloy C5 causes excessive stress after a few cycles. 
Adding ENG reduces stress, and the combination of ENG and 
Aerosil further diminish such swelling effects. Mixing ENG 
and Aerosil with millimetric Hydralloy C5 material represents 
a scalable approach for increasing the degree of filling of 
hydrogen vessels based on MH [29].  

 
FIGURE 8: COMPARISON OF THE MEASURED STRESS TO THE WALL OF THE 
REACTION VESSEL DURING CYCLING. FOR THESE EXPERIMENTS, THE 
METAL ALLOY WAS FURTHER COMPRESSED IN THE SAMPLE HOLDER, TO 
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REACH THE CRITICAL LIMIT OF <40% POROSITY [21]. THE EXPERIMENTS 
HAVE BEEN STOPPED, AFTER REACHING THE ELASTIC DEFORMATION 
LIMIT (250 BAR). IN COMPARISON TO PURE HYDALLOY C5 (BLACK, 6 
CYCLES), HYDRALLOY C5 + ENG MIXTURE (RED; 13 CYCLES), AND 
HYDRALLOY C5 + ENG + AEROSIL (GREEN; 16 CYCLES). 

1.2 MH-storage vessel design  
The MH-storage system is designed mainly to supply the 

needed amount of hydrogen for a specific application. To take 
decisions about the MH-storage reservoir design, a 2D digital 
model has been developed to investigate the impact of 
different design parameters applying FEM [30]. The cross-
section of the cylindrical MH-storage reservoir with different 
numbers of fins (0, 4, 8, 12, 16) and for the endothermic 
dehydrogenation process has been assessed. For the sake of 
clarity and conciseness, the results obtained from the tank 
without fins and with 16 fins are here shown. FIGURE 9 shows 
the temperature distribution inside the storage vessel at 
different times for the configurations mentioned above.  

For the case of the vessel without fins and at 600 seconds 
(FIGURE 9A), it can be seen that the temperature of the hydride 
bed close to the wall increases. However, the temperature of 
the hydride bed at the center of the tank does not appreciably 
increase. The design with 16 fins (FIGURE 9B) shows that also 
mostly the shell is heated up, but in this case, the temperature 
inside the shell is lower than the tank without fins and the fins 
themselves are heated up slightly. Here, it can also be seen, 
that only the temperature of the hydride close to the shell or 
close to the fins is slightly higher than in the center of that tank. 
This behavior is expected because the fins have far higher 
thermal conductivity than the metal hydride. The temperature 
of the shell itself is lower in the fin design because the energy 
is transferred faster into the center of the vessel by means of 
fins.  

 
FIGURE 9: TEMPERATURE DISTRIBUTION INSIDE THE TANK VESSEL 
WITHOUT FINS (A AND C) AND WITH 16 FINS (B AND D) AT 600 S (A AND 
B) AND 2600 S (C AND D). 
 

After 2600 s, it can be seen that the design without fins is 
still mostly cold inside the central part of the hydride bed 
(FIGURE 9C). Only the hydride mass closer to the shell has 
been heated up. It is also noticed that the temperature drops 
significantly inside the hydride bed, while the shell is at the 
same temperature as the heating fluid. This is due to the low 
effective thermal conductivity of the metal hydride, which 
results in an ineffective heat diffusivity inside the MH-vessel. 
On the contrary, in the design with 16 fins after 2600 s 
(FIGURE 9D), the whole hydride bed is mostly heated. Hence, 

the temperature gradient is much lower than the design 
without fins. Owing to the larger thermal conductivity of the 
aluminum fins and the effective contact with the MH bed 
resulting in enhanced effective thermal diffusivity, the internal 
heat management of the MH-hydrogen vessel is notably 
improved [31]. These results show that the implementation of 
fins as a strategy to tackle the poor heat exchange of the MH-
bed is a proper approach that leads to a more effective 
response of the MH-storage vessel at the time to provide 
hydrogen to a fuel cell device, among other practical 
applications. 

1.3 MH-storage system development  
The development of the MH-storage system is mainly 

based on the hydrogen demand from the FC and the coupling 
with the MH-compressor, as well as the heat exchange 
management coupling, as depicted in FIGURE 2. As shown in 
FIGURE 7 and FIGURE 8, the selected room temperature 
material (Hydralloy C5) presents a capacity of around 1.1-1.2 
wt%, swelling issues, and also poor thermal conductivity. The 
last issue related to internal thermal management of the MH-
vessel has been addressed by implementing internal aluminum 
fins as shown in FIGURE 9. For supplying hydrogen to the 
planned lab-scale of 10 kWel and the scale-up to a 50 kWel 
fuel cell, a modular MH-storage system with a total capacity 
of 10 kg is developed. As seen in FIGURE 10, the system 
consists of a modular design with 5 MH-storage units 
containing 4 MH-storage tanks per unit. The whole system can 
be operated under different dynamic requirements by 
managing the heat in the units. Schematically, it is proposed 
to have different numbers of heat exchangers, so that the 
dynamic response of the system can be coupled with the 
dynamic of the whole SET-Unit. The hydrogen inlet and outlet 
lines coming from the electrolyzer and going to the FC or MH-
compressors are independently connected by a three-way 
valve. The connection to the hydrogen lines allows for the 
charge and discharge of each tank, and even in the 
configuration with two and four heat exchangers, it is possible 
to charge and discharge tanks at the same time. The primary 
heat exchange system provides the cooling source for the 
hydrogenation process, while the dehydrogenation process is 
performed by using the waste heat from other devices such as 
the FC. The proposed configuration makes it possible to 
connect the MH-storage system with flexibility and to employ 
the system at different scales.  

FIGURE 10: FLOW DIAGRAM OF THE MODULAR MH-STORAGE SYSTEM. 
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2) Metal-hydride compressor 

2.1 Hydride forming alloy for thermally driven 
compression: development and characterization 

In the area of hydrogen compression, metal hydrides have 
several advantages over the mechanical compressors used 
nowadays. The absence of moving parts and simple design, 
coupled with the possible low cost energy source, make metal 
hydrides a candidate as for hydrogen compressors [32]. 
Usually, AB2 type intermetallic are used for high-pressure 
hydrogen compression, where A stands for Ti/Zr and B stands 
for mixtures of other transition metals. Hydrogen fills the 
tetrahedral sites without changing the symmetry of the unit 
cell. In the frame of Digi-Hypro, a TiCr1.9 AB2 type alloy is 
investigated as a potential hydrogen compression material for 
a high-pressure step owing to the simplicity of such binary 
hydride forming material, high equilibrium pressures, and low 
cost of its components. However, in some works, it is argued 
that the hydrogen capacity, as well as the equilibrium pressure, 
can be increased by adding elements to the alloy, which is not 
as trivial and reproducible at a larger scale [33]. Determining 
the enthalpy and entropy values of the synthesized alloy is 
critical for metal hydride hydrogen compressor design. 
Obtaining these important parameters serves to determine at 
what pressure the alloy will absorb or release hydrogen at a 
given temperature. FIGURE 11A shows the temperature 
dependence of absorption and desorption plateau pressures of 
TiCr1.9 alloy. For example, for the TiCr1.9 composition to 
absorb hydrogen at room temperature, H2 a pressure above 50 
bar at a room temperature of 25 ºC is required. The absorbed 
sample can desorb hydrogen up to a pressure of about 350 bar 
H2 when heated to 140 oC. Therefore, Peq-Temperature curves 
are very useful because they allow for determining the 
maximum pressure that the hydrogen compressor can reach 
under a certain temperature. 

When a metal alloy absorbs hydrogen, its unit cell volume 
expands causing swelling [25]. Determining such volumetric 
increase is very important for tank design to prevent excessive 
stress on the internal tank shell. This volume expansion can be 
calculated by evaluating the diffraction patterns of as-
synthesized and hydrogenated material. FIGURE 11B shows 
the diffraction patterns of the synthesized and hydrogenated 
samples.  

Phase analyses using the Rietveld approach show that the 
synthesized TiCr1.9 has a C14 Laves phase and a calculated 
unit cell volume of 167.5 Å3 (cell parameters, a: 4.92 Å, c:7.98 
Å). Hydrogenation of the sample causes a shift in the 
diffraction peaks to lower angles due to the increase in the 
lattice parameters (FIGURE 11B). The unit cell volume of the 
hydrogenated phase was calculated as 193.1 Å3 (cell 
parameters, a: 5.13 Å, c:8.45 Å). This means that there is a 
15.3 % increase in the unit cell volume of the sample with 
hydrogen uptake. 

 
FIGURE 11: A) DEPENDENCE OF ABSORPTION/DESORPTION PEq ON 
TEMPERATURE B) DIFFRACTION PATTERNS OF AS-SYNTHESIZED AND 
HYDROGENATED TICR1.9, AS WELL AS FITTED CURVES AFTER RIETVELD 
REFINEMENT. RWP (%) REPRESENTS THE FITTING GOODNESS. 

2.2 MH-compressor vessel design  
The compression process is a batch process where the 

pressure vessel and MH-bed are heated up and cooled down 
repeatedly. Thus, it is necessary to design the vessel 
considering two important factors. First, an efficient heat 
transfer to extract the heat released from the exothermal 
hydrogenation reaction and utilize it for different means. 
Second, a minimal mass of the pressure vessel shell, so that 
the energy required for heating up and cooling down is not 
excessive. Through simulating different configurations of the 
pressure vessel, a design with improved efficiency for the total 
compression process can be found. 

The shape of the vessel has a strong influence on the heat 
transfer between the MH-bed, the hull of the vessel, and the 
external heat transfer fluid, which significantly influences the 
reaction kinetic behavior of the MH. Especially the diameter 
D and length L of the cylindrical shell of the compressor vessel 
and the resulting ratio L/D are important parameters 
influencing the heat transfer of the compressor. To ensure 
safety and take into account additional important engineering 
aspects like cost and manufacturability, during the design, the 
wall thickness is calculated by Barlow’s formula as a function 
of the diameter [34] 

Different diameters and lengths of vessels are investigated. 
The main challenge in simulating the MH-compressor lies in 
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modeling the different transient compression steps and the 
physical coupling between the two stages since two reactions, 
the desorption of hydrogen in the first stage, and the 
absorption into the second stage take place simultaneously. 

Some preliminary results for the pressure during a 
complete compression cycle for an unoptimized compressor 
can be seen in FIGURE 12. This unoptimized compressor 
configuration has an inner diameter of 4 mm and is filled with 
5 kg of Hydroalloy C5 and 4 kg of AB2 material. The target 
pressure of 200 bar can be reached at a temperature of 100 ºC. 
The time for the complete compression process is around 16 
h, which represents a very long time and is a matter of further 
optimization.  

FIGURE 12: PRESSURE DURING COMPLETE COMPRESSION CYCLE IN 
FEM-SIMULATION OF MH-COMPRESSOR AT AN HTF TEMPERATURE OF 
100 °C. 

 

One of the first approaches to improve the performance of 
the MH-compressor is the improvement of the internal heat 
management as exposed in FIGURE 9 for the MH- storage 
system. Moreover, there are also strategies to be implemented 
for the hydride-forming alloy such as the compaction of the 
powder [35] or the improvement of the characteristics of the 
material as described in FIGURE 7 and FIGURE 8. 

As part of ongoing work, it is planned to perform the 
design of a two-stage MH-compressor by employing low and 
high-pressure hydride forming alloys with more appropriate 
characteristics such as higher equilibrium pressures at lower 
temperatures, particularly for the second stage, as shown in 
FIGURE 11A for the case of TiCr1.9, as well as faster kinetic 
behavior. Two alloys like the ones described in TABLE I will 
be used. The potential selected alloys were chosen based on 
the range of temperature and resulting equilibrium pressures 
and kinetic characteristics. These are Hydralloy C5 and 
MmNi5-xFex for the low-pressure stage and TiCry-based alloys 
for the high-pressure stage [21]. Such alloys can be produced 
in large amounts (~ 30 kg), which represents an intermediate 
scale for the development of 2-stage MH-compressors. To 
design the pressure vessel, FEM elements simulations are a 
powerful tool to predict and improve the hydrogen 
compression performance of a proposed design.   

2.3 MH-compressor system development  
The metal hydride compressor serves the general purpose 

to raise the pressure level of hydrogen from the SET-Unit to 
connect to vehicles equipped with compressed gaseous 
hydrogen storage. The performance requirements of such 
compressors are focused on two main premises. On the one 
hand, the integration of a 2-stage MH-compressor into the 
SET-Unit defines the compressor size, hydrogen throughput, 

and achievable pressure, as well as operating modes, mainly 
by the availability of hydrogen and energy in the system. On 
the other hand, the compressor design aims to fulfill the 
refueling process in terms of pressure level, amount of 
hydrogen, and refueling frequency. 

The compressor will comprise two stages with an AB5 or 
AB2 material (MmNi5-xFex or Hydralloy C5) in the first stage 
to increase the pressure from the metal hydride storage or 
directly from the electrolyzer to an intermediate level which is 
then further increased by an AB2 material (TiCry-based) in the 
second stage. The final pressure level is aimed to be suitable 
for the refueling of storage systems at the 350 bar pressure 
level, which is the common technology for buses and heavy-
duty trucks at the time [36,][37]. However, the achievable 
pressure level will depend on the characteristics of the material 
still to be delivered. The general design decision was mainly 
based on the commercial availability of the hydride forming 
alloys, the expected temperature levels in the SET-Unit, and 
the reduced complexity as well as efficiency benefits of a two-
stage design compared to three or more stages. 

FIGURE 13 shows the working principle of a two-stage 
metal hydride compressor in the batch process. Each stage 
comprises a cylindrical vessel containing the hydride forming 
material and a cooling/heating jacket guiding the heat transfer 
fluid around it. The setup allows to periodically cool and heat 
the material and therefore drive the absorption and desorption 
at a higher pressure, respectively.  

The cylinder and heat jacket are one of the proposed 
potential designs to handle the mass and heat transfer in the 
compressor. To drive forward the compressor system design, 
the current work comprises a review of the vessel designs 
proposed in the literature [21,][38,][39] and transferring them 
into simple steady-state models. From the heat and mass 
balances in these models, the amounts of material and energy 
are derived in the scale that fits the size of the other 
components of the SET-Unit.  

 
FIGURE 13: FUNCTIONAL PRINCIPLE OF A TWO-STAGE METAL HYDRIDE 
COMPRESSOR. 

As seen in FIGURE 14, the two-stage compressor in 
continuous operation can be described in a flow diagram 
showing the main components: the vessels with heat 
exchangers, piping, and valves. In FIGURE 14, the upper half 
of the diagram forms one unit, and the lower half forms the 
second. Both units are alternately cooled or heated by a heat 
transfer fluid (HTF). Unit 1 is cooled by opening the HTF inlet 
valve V1.4 and drain valve V1.6. The hydrogen flow is guided 
by opening V1.1 and closing V1.2 to drive the absorption 
process in stage 1. Also, stage 2 is absorbing hydrogen coming 
from the first stage of the second unit. This is possible because 
unit 2 is heated and thus desorbs hydrogen. After that, the 
heating/cooling of the two units is inversed and the hydrogen 
flow is guided by valves V1.1-3 and V2.1-3 accordingly.  
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FIGURE 14: FLOW DIAGRAM OF A POTENTIAL TWO-STAGE COMPRESSOR 
DESIGN FOR CONTINUOUS OPERATION. 
 

Furthermore, the requirements for the coupling with the 
mobility sector are a matter of ongoing analysis by reviewing 
updated literature and roadmaps for future hydrogen refueling 
of long-haul trucks. Published works such as 
[36,][37,][40,][41,][42] are part of the analysis and represent the 
technology state of the art. Performance indicators have been 
identified and compared to the SET-Unit in the intermediate 
scale (50 kWel). Among the indicators used for comparison, 
the average flow rate of hydrogen during a filling event stood 
out as the most challenging for the metal hydride compressor 
as high amounts of metal hydride material and heating/cooling 
power would be required. Therefore, different MH-
compressor designs and their combination with buffer 
pressure tanks, allowing for a more time-independent and 
continuous operation, feasibility, and manufacturability are 
part of the ongoing analysis to find the optimum design. 

B. Membrane Technology for Hydrogen Processing  
A techno-economically viable separation process to 

extract hydrogen from NG blends underpins the overall 
feasibility of a trilateral connection between the power, gas, 
and mobility sectors. Due to its diverse end consumers, 
hydrogen should be purified to different levels of quality. In 
comparison to the stationary applications, the requirements 
specified in the ISO 14687-2 standards for vehicles’ PEM fuel 
cells are significantly more stringent and challenging due to 
the very low limits of contamination to be achieved. 
Therefore, our focus is on modeling a separation process 
customized for the latter applications. A so-called hybrid 
process taking advantage of both membrane and pressure 
swing adsorption (PSA) techniques are considered the most 
promising configuration. In this process scheme, the bulk 
separation of hydrogen is accomplished in the membrane unit 
while the following PSA module enhances the final product 
quality. The process flowsheet as depicted in FIGURE 15 has 
been developed using Aspen Custom Modeler V12 (ACM) 
and Aspen Adsorption V12. An envelope-type Matrimid 
membrane module, which is modeled in ACM, was combined 
with a 4-bed PSA system. Depending on the downstream 
applications, the PSA separation can be equipped with two or 
three layers of adsorbents. The conservation equations of 
mass, momentum, and energy are simultaneously solved using 
the finite difference method combined with numerical 
integration. 

 

 
FIGURE 15: A HYBRID SEPARATION PROCESS FOR HYDROGEN RECOVERY 
AND PURIFICATION. 
 

C. System Integration 
Process and system simulations with the combination of 

system control and regulation strategies are essential tools for 
the analysis of sub-systems (bottom-up analysis) and the 
whole Set–Box (top-down analysis). These tools are also 
applied for cost-efficient designs and scale-up validations, 
especially for new conversion and storage energy systems. 
Different from the 2D or 3D simulations performed applying 
finite element modeling, 0D models are generally not focused 
on a single device but are used to model entire systems with 
multiple interconnected devices [43]. By incorporating the 
collected information from the spatial finite element 
simulations and experimentally determined material data, 
accurate and computationally powerful 0D models can be 
created. In this section, the first approaches of 0D models for 
the PEM EL-MH tank and PEM FC-MH tank subsystems and 
the control for the whole SET-Unit are discussed.  

1) PEM EL-MH system 
FIGURE 16 illustrates the polarization curve of the PEM EL 

model including the activation, concentration, and ohmic 
overpotentials as well as the cell efficiency calculated 
according to Equation (5).  

 
FIGURE 16: SIMULATED OVERPOTENTIALS AND CELL EFFICIENCY 
 

Since the EL operating temperature and pressure have a 
major impact on the occurring cell voltage, investigations on 
the optimal process parameters e.g., by the usage of a dynamic 
digital twin are of great importance. A cold start was simulated 
at an ambient temperature of 20 °C, which then increased to 
the final operating temperature of 80 °C and a current density 
of 1.5 A/cm². The applied electrical power was ramped at 
1 kWel/min, which is one of the system boundary conditions 
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to meet the requirements for a fast system response time. The 
PEM EL was modeled with a nominal electrical power of 
10 kWel with a hydrogen output pressure of 38 bar and, since 
a hydrogen mass flow of 170 g/h was defined, operated with 
8.5 kWel. It is noticeable that the cell voltage drops slightly or 
rather the cell efficiency increases, although the current 
density is increased. The reason for this phenomenon is, on the 
one hand, the temperature increases due to the waste heat 
generated in the EL and, on the other hand, the pressure and 
temperature dependence of the electrocatalytic water splitting. 
According to Arrhenius reaction kinetics, in general, the 
higher the operating temperature, the better the electrode 
kinetics and the lower the thermodynamic energy requirement. 
However, since the membrane must be fully hydrated to avoid 
degradation problems, the practical usable operating 
temperature of Nafion-based PEM EL is limited to the boiling 
point of water or rather the dehydration of the membrane [22]. 

The concept of a MH tank as a solid-state hydrogen storage 
system and its design and boundary conditions were 
previously described: TABLE I and FIGURE 3. This 0D MH 
tank model simulated a capacity of 695 g of absorbed 
hydrogen by using about 62.5 kg of room temperature AB2-
alloy, Hydralloy C5. The mass balances of the AB2-alloy, 
MH, and absorbed hydrogen of the simulated absorption are 
presented in FIGURE 17.  

The absorption process lasted about 250 min with the 
hydrogen mass flow rate of 170 g/h and a pressure of 38 bar 
provided by the PEM EL. Assuming a convective heat 
coefficient of 500 W/(m²*K) for the outer tank shell and a 
coolant flow of 10 NL/min with a temperature of 20 °C, the 
tank reached a final temperature of about 25.5 °C. In contrast, 
the desorption process was simulated at a hydrogen output 
mass flow of 670 g/h and a defined minimum pressure of 5 bar 
with a duration of about 60 min. The flow rate of the heat 
transfer fluid was increased to 60 L/min and applied at a 
higher temperature of 60 °C. A tank minimum temperature of 
15 °C was obtained during the desorption. 

 
FIGURE 17: MASSES VS. TIME DURING THE ABSORPTION PROCESS [44]. 
 

2) PEM FC-MH system  
A FC is an electrochemical device that converts chemical 

energy into electrical energy, as described above. Among the 
different types of fuel cells, PEM FC is the most common one 
due to its simplicity [45]. PEM FCs are now used mainly for 
different applications due to their high-power density; low 

operating temperature and quick start due to their operation to 
near ambient temperature [5]. 

For our laboratory scale, a water-cooled PEM FC stack 
with a rated power of 5 kWel from the company Power 
Cellution is going to be installed [46]. The stack is included in 
a so-called V5 system additionally having power, fuel, and 
oxidant control and regulation. The integrated cooling 
subsystem manages the cooling fluid and produces heat that 
can be used in our heat management system for coupling it 
with our metal hydride storage system. 

One way of characterizing a FC and analyzing its 
performance is by obtaining the polarization curve. The 
polarization curve shows the electrical behavior of the fuel cell 
and is plotted using the voltage output of the fuel cell in a 
specific current demand range. According to the electrical 
losses of the fuel cell, three regions can be described: the 
activation region, the ohmic region, and the mass transport 
region. It is desired that the fuel cell be operated in the ohmic 
region since it is here where it is the most stable. In the 
activation region, the redox reactions are not happening fast 
enough and in the mass transport region, the power demand is 
faster than the reaction rate. FIGURE 18 shows a good 
agreement with a correlation factor of 0.9 between the 
modeled and the experimental device polarization for one cell. 
The simulated curve is based on the electrochemical model 
described by EQUATION (6)  and EQUATION (7)  [23].  Both 
polarization curves are not taking into consideration the mass 
transport region. The operational range can be defined as a 
current between 22 A and 105 A where the rated power is 
reached.  

For the efficient coupling of the fuel cell with the MH-
storage tank, the model has been improved to first account for 
the hydrogen flow and thermal interaction between MH-Tank 
and PEM FC in a steady state. It is also part of the ongoing 
work modeling the dynamic state under different power 
demand scenarios to analyze the performance and limits of the 
PEM FC-MH system. The heat produced by the FC and the 
temperature in such dynamic power demand scenarios can be 
calculated by employing the thermal model implemented in 
Matlab to obtain insights into the regulation and control of heat 
management. 

 
FIGURE 18: COMPARIZATION BETWEEN THE POLARIZATION CURVE FOR 
THE V5 SYSTEM OF POWER CELLUTION AND THE MATLAB ELECTRICAL 
MODEL WITH FITTING GOODNESS OF 0.9.  
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3) Control and regulation approaches  
The SET-Unit involves the coupling of several devices and 

systems such as MH-storage, compressor tanks, FC, EL, and 
membrane gas separation, as shown in FIGURE 1. Each device 
presents its dynamic response, and therefore a proper control 
and regulation strategy is necessary to design an efficient 
coupled system. One of the most important parameters to 
consider at the time to develop the control and regulation 
approach for the SET-Unit is the adequate management of the 
heat. Hydrogen flow and thus the efficiency of the whole 
system highly depends on heat exchange management. The 
efficient utilization of the waste heat for hydrogen release as 
well as cooling demand for charging the MH tanks have to be 
considered to reduce extensive efficiency losses by including 
additional energy supply. 

As an example of heat coupling and management, in the 
TecBia project waste heat from a PEM FC was utilized to 
release hydrogen from 48 MH-tanks [47]. TecBia was built for 
a maritime onboard power generation of 140 kW. To avoid 
heat peaks in the FC while switching power levels, seawater 
in the range of temperatures between 15 and 25 °C was used 
and the control strategy was carefully analyzed. Another 
example, but related to stationary applications, is the case of a 
project using exhaust heat recovery in Japan [48]. The system 
was designed with the economical objective to generate and 
store hydrogen during the night and reverse the process during 
day time since the electricity is cheaper by 50 % at night. Such 
a system can store 100 Nm³ of hydrogen. The mechanism of 
the exhaust heat recovery is not reported and represents one of 
the key factors for the efficiency of the system.  

The projects mentioned above can run in batch mode, 
which is per se quite challenging. A step forward is the design 
of such integrated systems to operate in continuous mode. For 
such purpose, the different components could be controlled 
independently enabling the possibility to switch between batch 
and continuous working mode. An operative continuous mode 
would involve a highly dynamic behavior of the whole system.  

FIGURE 19 shows the energy flows to be controlled for the 
SET-Unit operation. Several components can act either as a 
heat energy source or sink depending on the configuration and 
operation mode of the system. Assuming the direct MH-
storage and the FC connection, the combination of heat supply 
from FC and the demand for desorption is sufficient to ensure 
hydrogen flow to generate electrical power. Considering a 
third unit, such as MH-compressor requires energy for 
hydrogen release at the same time, such energy demand can 
be compensated by a surplus of heat delivered during the 
absorption of hydrogen in the MH-storage tank connected to 
the EL.  

 
FIGURE 19: SET-Unit SCHEME ENERGY FLOW TO BE CONTROLLED. 
 

 To avoid a lack of energy, the operating conditions of the 
whole system can either be fixed to batch mode, limited to the 
dynamic operation, or an intermediate mode operation can be 
implemented. To enable a flexible utilization of the system, a 
novel complex control strategy must be developed taking into 

consideration the critical parameters and the operation modes 
of the whole system. 

IV. SUMMARY AND PROSPECTS 
The Digi-HyPro project aims to develop a modular system, 

called Smart-Energy-Transform-Box (SET-Unit) to supply 
decentralized clean energy demands. The SET-Unit serves to 
optimize the connections between renewable sources and the 
current power and gas grid demand. This multidisciplinary 
project involves the engineering of a complex coupled system 
and the generation of digital twins at different levels, i.e., 
component (EL, FC, MH-based devices, and gas separation 
process), subsystem (EL-MH-based devices, FC-MH-storage, 
etc.), and whole system (SET-Unit) level. Experimental setups 
of the SET-Unit are developed at the kW range scale. Bottom-
up and top-down approaches are applied to design the SET-
Unit system.  

As part of the bottom-up approach, for the case of the 10 
kWel scale, commercial EL and FC devices have been 
procured and their responses have been characterized based on 
SIM 0D model simulations. Furthermore, the coupling with 
the MH-storage system has been tested. Room temperature 
hydrides have been selected as the core materials for MH-
storage and MH-compressor systems because of their 
adequate storage properties and suitable temperature and 
pressure conditions for coupling with the FC and EL. A 
modular MH-storage system with a capacity of 10 kg stored in 
an AB2 alloy is under development, and its design is based on 
FEM and the characterization and improvement of the 
hydride-forming alloy material. Aiming to connect the set box 
with the mobility sector, a two-stage MH-compression is 
designed based on FEM and system analyses. The selected 
materials for the low- and high-pressure stages are AB5 and 
AB2 room temperature hydrides, respectively. The top-down 
approach is also part of the investigations and has as aim to 
investigate and optimize control and regulation strategies for 
the SET-Unit.  

The combination of simulations, experimental setup 
developments, and the analysis of the whole SET-Unit will 
allow obtaining information about the responses of the system 
and its range of applications.  
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