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Abstract. Developing a static metal hydride-based hydrogen compression sys-
tem with minimal thermal energy requirements and low maintenance is key to
building a robust and efficient hydrogen microgrid, where compression plays a
critical role. A hydrogen microgrid constitutes a viable approach for the sustain-
able supply and storage of energy across industrial, institutional, and remote com-
munity sectors. The green hydrogen microgrid encompasses renewable energy
sources (RES) for electricity generation, in conjunction with integrated systems
for hydrogen production, compression, storage, and fuel cell-based energy con-
version. To address the challenge of hydrogen compression for high-pressure
storage in hydrogen microgrids, a three-stage metal hydride hydrogen compres-
sor (MHHC) was developed. This system overcomes the typical delivery pressure
limitation (<100 bar) by compressing hydrogen to pressures exceeding 150 bar.
The three-stage MHHC was successfully commissioned and tested, achieving a
delivery pressure of 160 bar with heat transfer fluid (HTF) circulated at approxi-
mately 45 °C. This approach demonstrates techno-commercial viability, particu-
larly when the MHHC is operated utilizing waste heat or renewable thermal en-
ergy sources. Overall, the findings underscore thermochemical hydrogen com-
pression as a robust and energy-efticient approach for hydrogen microgrid appli-
cations, effectively meeting the escalating energy demands in remote and hard-
to-access regions.
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1 Introduction

Hydrogen microgrids provide a reliable and sustainable solution for energy supply and
storage in industrial, institutional, and remote settings. Designed for stand-alone oper-
ation, these systems support the advancement of the hydrogen economy. Solar-powered
hydrogen microgrids offer a practical approach for rural electrification and improve
system resilience against outages caused by extreme weather events [1]. The global
focus on mitigating climate change has prioritized carbon emission reduction in energy
policy, accelerating the transition toward hydrogen-based infrastructure [2]. At the
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same time, there is a growing need for eco-friendly ways to produce hydrogen and cre-
ate green hydrogen supply chains to help reduce carbon emissions from energy systems
that rely on fossil fuels.

A microgrid is a localized energy system that integrates distributed energy resources
(DERs), such as photovoltaic (PV) panels, waste-to-energy units, and other generators
with energy storage systems (e.g., batteries and hydrogen storage) and connected elec-
trical or thermal loads. Equipped with intelligent control systems, a microgrid can op-
erate either in parallel with the main utility grid or independently in island mode [3].
Microgrids are typically classified according to various criteria, including operational
mode (grid-connected or stand-alone), supervisory control architecture (centralized or
decentralized), electrical configuration (single-phase or three-phase), power type (AC
or DC), and the nature of integrated components such as power generation sources,
storage systems, and demand-side loads [3].

In a hydrogen-based microgrid, hydrogen is typically produced through water elec-
trolysis powered by renewable energy sources (RES), such as solar energy. At present,
green hydrogen production technologies typically operate at pressures of approximately
30 bar [2]. The produced hydrogen is then compressed and stored at high pressure for
later use. To meet the water requirements for electrolysis, treated wastewater may be
utilized through technologies such as electrodialysis reversal (EDR). For electricity
generation, the stored hydrogen is supplied to a fuel cell, which converts it into electri-
cal energy, enabling a clean and reliable power supply.

Because of the low volumetric energy density of hydrogen, it is required to store
hydrogen at significantly elevated pressures to ensure its practical applications [4]. This
requirement has underscored the importance of developing efficient hydrogen compres-
sion systems that are cost-effective, demand low operational energy, and require mini-
mal maintenance to ensure sustainable performance. Conventional mechanical com-
pressors, though widely used, are bulky. Moreover, they generate substantial noise due
to moving components and consume considerable electrical energy. Overall, they are
facing operational inefficiencies [5].

In contrast, MHHCs offer a promising alternative, utilising thermal energy for hy-
drogen absorption and desorption. These systems operate silently, as they do not have
moving parts. They also require comparatively lower energy input, and hence they are
more efficient [5]. Besides having application in hydrogen compression, metal hydrides
find extensive utility in hydrogen storage, transportation, purification, and thermal en-
ergy storage owing to their unique chemical and thermodynamic properties [5, 6-9].
Notably, MHHCs are capable of supplying hydrogen gas to refueling stations and other
storage facilities [10].

It has been projected that the adoption of MHHCs could reduce compression costs
by approximately 15-20% relative to conventional methods. Metal hydride-based hy-
drogen compressors are thermally driven systems capable of compressing hydrogen to
higher pressures in either single or multiple stages [11-13].

The working principle of MHHC involves a reversible reaction where a metal (M)
with desired characteristics reacts exothermally with hydrogens, producing MH com-
pounds (absorption) and releasing heat (Q) [14]. The reverse reaction, that is, endother-
mic desorption, occurs at high temperature, whereas compressed hydrogen releases
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from the MH bed [13]. The reversible absorption/desorption reactions are represented
as shown in Eq. 1, whereas equilibrium of the reaction depends on hydrogen pressure
(p), hydrogen concentration in the MH bed (C), and MH bed temperature (T) [14].

M(s) + SHy = MH(s) + Q )

Pressurized hydrogen finds various applications in coal-based thermal power plants.
At NTPC Energy Technology and Research Alliance (NETRA), demonstration facili-
ties for a hydrogen microgrid powered by solar energy have been established, compris-
ing hydrogen production, compression, storage, and fuel cell-based energy conversion.
The compressed hydrogen storage system stores hydrogen up to 200 bar. Currently,
mechanical compressors are deployed, resulting in complex, multistage compression
systems with high operational and maintenance costs due to their reliance on moving
components.

As per the collaborative project on MHHC, an alternate compression system, it has
been envisaged to fabricate hydrogen storage reactors of 10000 L of hydrogen storage
capacity with hydrogen compression up to 300 bar operating at a temperature (between
80 °C and 300 °C) and a hydrogen supply pressure (between 5 bar and 25 bar).

Metal hydl’ide alloys Lao.sCeo.2Nis, Lao.sCeo.sNisFe, and Tio.sZro.2CrMno.sFeo.sNio.1
were utilized in the first, second, and third stage reactors, respectively. Following fab-
rication, each reactor was individually activated. Subsequently, the stages were coupled
to form a complete three-stage metal hydride-based hydrogen compressor (MHHC),
which was experimentally demonstrated to compress hydrogen to pressures exceeding
150 bar. The detailed design, development, construction, and performance evaluation
of the MHHC system are presented in the authors’ previous publication [4]. The present
study highlights the continuous hydrogen filling into a high-pressure storage cylinder
and its integration with a hydrogen microgrid, specifically targeting industrial applica-
tion scenarios.

For future deployment in hydrogen refueling stations, particularly in the transport
sector, where hydrogen needs to be compressed to 700—800 bar, further design and
development may be undertaken, whereas the number of compression stages may be
increased, thermal design may be improved, and advanced hydride-forming alloys with
higher plateau pressures and faster kinetics may be selected. Plateau pressure is the
pressure of the plateau region of PCT isotherm plots representing the relationship be-
tween pressure, concentration, and temperature for a metal hydride material, where hy-
drogen concentration changes while pressure remains almost constant.

The demand for hydrogen will increase manifold with the scaling of carbon capture
and utilization (CCU) projects in thermal power plants. Carbon dioxide, captured from
flue gas, will be utilized to produce methanol, ethanol, urea, sustainable aviation fuel,
etc., using hydrogen to achieve the goals of energy transition. Presently, NTPC has
designed an innovative green hydrogen-based microgrid system to supply 200 kW of
power round-the-clock, replacing the existing diesel gensets at off-grid Army locations
where temperatures drop to -30 °C at an altitude of 4,400 metres, reducing carbon emis-
sions by 1500 tonnes annually [15]. Low-cost options for the hydrogen compressors
with fewer maintenance requirements will facilitate achieving the goal of the storage
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of hydrogen at high pressure. Under this scenario, the MHHC technology holds strong
potential as a scalable, safe, and energy-efficient solution for high-pressure hydrogen
delivery in the green hydrogen economy.

2 Materials and Methods

The hydrogen microgrid demonstration setup comprises six main components as shown
in Fig. 1: (i) a solar photovoltaic power supply system, (ii) a wastewater treatment unit,
(iii) hydrogen generation systems, (iv) compressed hydrogen storage systems, (v) a fuel
cell-based power generation unit, and (vi) a power delivery system. The schematic con-
sisting of the above systems is shown in Fig. 2.

2.1  Solar Photovoltaic (PV) Power Supply System

The electrical energy required for both the electrolysis of water for green hydrogen
production and the operation of the electrodialysis reversal (EDR) system for
wastewater treatment is supplied by a solar photovoltaic plant with an installed capacity
of 4 MWp. The details of the solar plant capacity are mentioned in Table 1.

2.2 Wastewater Treatment Unit.

To address the requirement of the pure water for the electrolysis process (about 12 kg
of water for 1 kg of hydrogen generation) under a water-stressed ecosystem, water re-
use, the electrodialysis reversal (EDR) process is employed to treat wastewater for elec-
trolysis. In the hydrogen microgrid setup, wastewater is sourced from the Sewage Treat-
ment Plant (STP) operated by the local municipal corporation, and it is treated on-site
using the EDR system. Schematic of EDR system is shown in Fig. 3.

The electrodialysis reversal (EDR) system is a membrane-based separation technol-
ogy that utilizes alternating anion exchange membranes (AEMs) and cation exchange
membranes (CEMs) [16, 17]. AEMs contain positively charged groups that allow anion
passage while blocking cations; CEMs have negatively charged groups that allow cat-
ions and restrict anions [18]. These membranes create concentrated, diluted, and elec-
trode wash compartments.

When an electric field is applied, anions migrate toward the anode and cations to-
ward the cathode. The electrodes, made of titanium coated with mixed metal oxides (Pt,
Ru, Rh), facilitate ion transport [19]. To prevent membrane fouling from charged par-
ticulates, the polarity of the voltage is reversed every 30—60 minutes, a process known
as electrodialysis reversal (EDR), which effectively cleans the membranes by reversing
ion flow.

At 75% water recovery and 25°C, EDR energy consumption ranges from
0.49 kWh/m? (for 1000 mg/L TDS) to 1.75 kWh/m? (for 5000 mg/L TDS). The EDR
system at NETRA can purify up to one tonne of sewage treatment plant (STP) water
per day for use in hydrogen electrolysis. The details of the EDR system are provided in
Table 2.
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Table 1. Details of Solar Plant at NETRA

Item Capacity
Solar Module Rating (Wp) 545
Inverter Rating (kW) 3300
Total Modules in Plant 7410

Plant DC Capacity (kWp) 4038
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Fig. 3. Schematic drawing of EDR system

Table 2. Details of the EDR system at NETRA

Parameters Value
Capacity of the plant 1000-1100 L/h
TDS of Feed water 1500-2500 mg/L

Size of the unit/no. of unit
Number of cell pair of membranes in each

unit
Running time

EDR Inlet/Outlet (using APHA test

method)

80cm *40cm/3
120

8h then 15 minutes reversal

pH: 8.6/7.7

Conductivity (us/cm): 1760/ 905.7
TDS (ppm): 1056/541.4
Turbidity (NTU): 0.48/0.38
Chloride [CI7] (ppm): 259.5/100.7
Ca Hardness (ppm): 130/40

Mg Hardness (ppm): 122/50
Total Hardness (ppm): 252
P-Alkalinity (ppm): 28/-
M-Alkalinity (ppm): 404/246
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2.3  Green Hydrogen Generation

A polymer electrolyte membrane (PEM)-based electrolyser system has been installed
at NETRA to produce 6 kg/h of hydrogen with the designed power input of approxi-
mately 350 kW. Alternately, a solid oxide electrolytic cell (SOEC) has also been in-
stalled to electrolyse high-temperature steam with temperatures around 800—850 °C,
producing approximately 0.5 kg/h of hydrogen. Notably, the high-temperature steam
electrolyser (HTSE) consumes around 20% less electricity compared to the PEM-based
system, owing to improved thermodynamic efficiency at elevated temperatures.

PEM-based electrolyser. In a PEM electrolyzer, when water is introduced at the anode
and a direct current (DC) is applied across the electrodes, the platinum-coated anode
catalyzes the electrolysis reaction, splitting water into oxygen gas, protons (H"), and
electrons. The DC potential drives the electrons through an external circuit toward the
cathode, while the polymer electrolyte membrane selectively conducts the protons from
the anode to the cathode. At the cathode, these protons combine with the incoming
electrons to form hydrogen gas (Hz). The membrane permits only the transport of pos-
itive ions, thereby ensuring the spatial separation of hydrogen and oxygen gases, which
can then be collected and stored independently. The membrane, serving as the electro-
lyte, is typically made of perfluorosulfonic acid (PFSA) or perfluorocarboxylic acid
(PFCA) polymers, valued for their high proton conductivity and stability [20]. The
schematic of PEM electrolyser has been shown in Fig. 4 and details are listed in Table
3. The power requirement is sourced from solar plant as shown in Fig. 5.

Anode 2H,0 - 0, + 4H* + 4e” )
Cathode 4H* + 4e~ —> 2H, 3)

HTSE based electrolyser. As shown in Fig. 6, the Solid Oxide Electrolytic Cell
(SOEC)-based High-Temperature Steam Electrolyser (HTSE) enables the electrolysis
of steam at elevated temperatures (~850 °C), offering significantly higher efficiencies
compared to conventional alkaline or polymer electrolyte membrane (PEM) electrolys-
ers. HTSE cells are composed of oxygen ion-conducting ceramic membrane electro-
lytes. A dense ceramic electrolyte is sandwiched between two porous, electronically
conductive electrodes that possess high catalytic activity. In this system, ultrapure
steam is preheated to the required operating temperature and introduced into the cath-
ode side of the HTSE unit, where reactions occur (Eq. 4) [21].

Cathode Reaction 2H,0 + 4e~ > H, + 40%*" 4

The resulting oxygen ions (O?) migrate through the solid electrolyte under the in-
fluence of the electric field and are oxidized at the anode, releasing oxygen gas via the
reaction (Eq. 5) [22]:

Anode 0% - §02 + 2e” (5)

The main subsystem of the SOE system has been enlisted in Table 4.
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Fig. 4. Schematic of Polymer electrolyte membrane (PEM) electrolysis

Table 3. Detail of PEM Electrolyser

Item Description

Model of Electrolyser Mark 1

Technology PEM

Hydrogen Production Rate 6 kg/h

Stack operating temperature Max. of 85 degree C
Power rating (DC) 300 kW

Inlet Water (Normal) 2.7 L/min

Inlet water pressure 30 psi (2.1 bar)
Rejected water 1.3 L/min

Material of construction (H2 pressure reduc-
tion system)

AC Power consumption

Start-up time (from off state)

Ramp-up time (minimum to full load)

DI water consumption

Coolant
Interface connection

Cost

Valve body: SS304, Internal: SS316, piping
& fitting SS304 % SS316

5.5 kWh/Nm3 H2 or 55 kWh/kg H2

10 min

S5s

1.4 L/min (quality of water with less than 2
micro-siemens/cm)

Liquid cooled (glycol-water mixture)

H2 product port -.75 in

02 and H2 vent port — diluted in plenum.
Inlet water line diameter- lin

Drain port (rejected water) - .5 in

Rs. 1.31 Cr
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T
Fig. 5. Site photograph of the hydrogen microgrid.
Fig. 6. Site photograph of the TSE System showing various components.
Table 4. Main Sub-system of SOE system
Physical Devices Control Devices System Wide Setting

Solid Oxide electrolysis cell (SOEC)
stacks and Hotbox assembly

Heat exchangers (HXs),

Molten salt bath,

H2-02 steam generator (combustor)
Electric Topping Heaters (ETHs)
Hydrogen/Steam Mixer

Hydrogen recycle loop

Flash drum

Switchyard

Mass flow controllers

Electrical Panel

Classical feedback
Controllers

Feedforward controllers
Temperature control
valves (TCVs)

Control bus

System components

Other Equipment
H2 Leak Detector
Gas Purity Analyzer
HVAC
Chiller Unit




144 S. Kumar et al.

2.4 Power Production System

The compressed hydrogen is used for electricity generation through either a fuel cell
system with a 25-kW capacity or a hydrogen-fuelled internal combustion engine. Ac-
cording to the design of the hydrogen microgrid at NETRA, approximately 2 kg of the
stored hydrogen per hour is fed into the fuel cell to generate electricity, supplying 25
kWe into the microgrid during non-solar hours (18 hours). The details of the fuel cell
have been listed in Table 5. The typical fuel cell at NETRA is shown in Fig. 7.
Polymer Electrolyte Membrane (PEM) fuel cells are high-efficiency (50-60%) elec-
trochemical systems that convert hydrogen into electricity and heat. They consist of
platinum-catalyzed anode and cathode electrodes separated by a proton-conducting,
water-based acidic polymer membrane [22]. At the anode, hydrogen is split into protons
and electrons; the electrons generate electricity via an external circuit, while the protons
travel through the membrane to the cathode, where they react with oxygen to form wa-
ter and release heat. Bipolar plates provide structural integrity, enable electron conduc-
tion, distribute gases, and manage thermal output. A single PEM cell generates 0.5—
0.7 V under standard operating conditions.
2.5 Compressed Hydrogen Storage Systems

Hydrogen produced from the PEM electrolyser at ~10 bar and from the SOEC system
at ~0.5 bar is compressed to ~30 bar using diaphragm compressors and fed into a com-
mon buffer tank. Then, hydrogen is further compressed up to ~200 bar using a two-
stage diaphragm compressor as shown in Fig. 8 and stored in a high-pressure storage
system. The details of the diaphragm compressor are listed in Table 6. As shown in Fig.
9, the storage unit consists of 20 cylinders arranged in five stacked layers on a steel
frame, enclosed with safety provisions in compliance with PESO regulations.

Table 5. Details of fuel cell.

Technical Data Description
Main system pa- The system is based on the FC stack platform. Output power is 40 kW,
rameters maximum current is 334 A, system output voltage is 125-250 V, load

modulation is 30-100 %, and operation modes are idle, stand-by, run
mode, and emergency
Anode (Hydro- Swagelok standard fittings, hydrogen pressure required is between 8 and

gen) Line 12 barg, hydrogen quality should be as per ISO 14687

Cathode (air) It includes an integrated compressor and 3-phase inverter, fresh air sup-

Line ply for the cathode sub-system, depleted air extraction, and drainage of
condensed water.

Cooling Line Liquid cooled, Tin- 65-70 OC, Tout-75-80 OC, coolant is a mixture of
De-ionized water and Glycol, liquid to air heat exchanger, connection
ports/tubes

Communication Based on the CAN interface (CAN 2.0B Extended frame)
Means

Dimension of 920X 920X 920 mm

Metal enclosure

(LXW X H)
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Fig. 8. Site photograph of the Diaphragm Compressor
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Fig. 9. Site photograph of the Hydrogen Storage.

Table 6. Details of the Diaphragm Compressor

Parameter Value
Compressor Model/Type D1-70/100, Metal diaphragm type, electrically
driven, water cooled, two stages
Suction Pressure (Temperature) 27 barg (Ambient)
Maximum discharge pressure 200 barg,
Operating media/Flow rate Hydrogen gas, 85 SCMH
H2 purity at compressor inlet/outlet 99.99%/99.99%
Construction Material Process Head: 300 series stainless steel.

Check Valves: 316 SS, 17-4 PH, Vespel peak, Pro-
cess seal-Viton, Oil Seal — Buna, Diaphragm
(Gas/Middle/Oil) -301 SS, Leak detection -316
SS, Brass

Cost Rs. 1.75 Cr.

2.6 MHHC

Metal hydride-based thermochemical hydrogen compression works on the characteris-
tic absorption-desorption cycle at different sets of temperature and pressure conditions.
The process of development of multi-stage MHHC has been shown in Fig. 10.

Design and Development of MHHC. The 3-stage MHHC has been designed and de-
veloped to meet the estimates of parameters listed in Table 7. Design consideration for
the MH reactors are taken to optimize the hydrogen compression capacity, compression
ratio, thermal efficiency, and mass of the reactors, while maximizing mechanical and
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Fig. 10. Process of development of multi-stage MHHC

structural strength to withstand high pressures within the MH bed [23, 24, 25]. The
design guidelines in Division 2 of Section VIII of the American Society of Mechanical
Engineers (ASME) Boiler and Pressure Vessel Code were followed [26, 27]. Based on
the above design considerations, 19 tubes were used in each reactor of the MHHC. The
outer diameter of 33.4 mm, with a wall thickness of 4.55 mm for all the reactors. The
length of all 19 tubes for Stage 1 and Stage 2 is 1000 mm. For the Stage 3 reactor, all
19 tubes have a length of 1200 mm. Tubes are arranged on concentric circles: one tube
is kept in the centre, 6 tubes are arranged in the middle circle with a radius of 43.44
mm, and 12 tubes are arranged in the outer circle with a radius of 86.8 mm, equally
distributed. The tube sheet has a diameter of 232.5 mm and a thickness of 14.8 mm.

To prevent the escape of metal hydride powder along with hydrogen during desorp-
tion, one end of each tube was capped by welding tubular sintered porous filters. The
pore size of the filters was 0.5 pm, and the external diameter was 13 mm. SS316 mate-
rial was used for manufacturing these filters. Another end had provision for using ther-
mocouples as well as alloy filling into the reactors. The details of the developed 3-stage
metal hydride-based compressor have been delineated in Table 8.

The absorption time and the reacted fraction are two important parameters for hy-
drogen filling of a cylinder using the MHHC. Absorption time is the duration of hydro-
gen absorption indicated by the rise in temperature until the temperature reaches the
initial HTF temperature and reacted fraction is the ratio of the amount of hydrogen
absorbed (mgps 1, ) in the MH bed to the maximum storage capacity of the alloy in the

MH bed.

Table 7. Design considerations for the selection of metal alloys.

Parameters Value (available)

Maximum source temperature 120-130°C
Available hydrogen pressure at source (PEM based elec-  10-20 bar
trolyzer at NETRA generating hydrogen at 10-12 bar)

Desired delivery pressure (hydrogen is stored at 200 bar  200-300 bar
at NETRA)

Storage capacity for compressed hydrogen 6000 L of Hz
Stages of MHHC Three stages
Absorption temperature (chosen) 5-20°C

Desorption set point (chosen) 80-90°C
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Table 8. The details of the developed 3-stage metal hydride-based compressor.

Parameters

Details

Alloy for the first-stage reactor

Alloy for the second-stage reactor

Alloy for the third-stage reactor
Benefits of alloying

Procurement of alloy

The quantity of alloys filled in the
reactors

Storage capacity (wt.%), absorp-
tion pressures, and desorption
pressures of alloys

La.o.sCeo.2Nis (ABs type), (suitable for supply pressure 3
bar, output pressure 200 bar [28])

Lao.sCeo.sNisFe (ABs type), can compress hydrogen up
to 32 bar at ~60 °C, doped Fe enhances interaction with
the hydrogen atom [29]

Tio.8Zro2CrMno3Feo.sNio.1 (AB2type)

Regulates the hydrogen plateau pressure and improves
the reaction kinetics [30]

5-10 mm alloy granules were procured from a China-
based agency, M/s Zhongke Scientific & Technical Co.
Ltd.

25-30 kg of powdered alloys (as 5-10 mm granules us-
ing planetary ball mills)

The storage capacity (wt.%) of La.0.8Ce0.2Ni5,
La0.5Ce0.5Ni4Fe, and Ti0.8Zr0.2CrMn0.3Fe0.6Ni0.1
are 1.42, 1.3 and 1.3 respectively, absorption pressures

at 5°C are ~3.68, ~11.3, and ~55.3 bars respectively, and
desorption pressures at 60°C are ~10.28, ~31.54, and
~145.7 bars respectively.

The density (pyy) of ABs-type alloys (used in stages 1
and 2) is ~8400 kg/m? (approximated), and that of AB.-
type alloys is ~6000 kg/m? (approximated).

Densities of chosen MH alloys

3 Results and Discussion

The temperature, the hydrogen mass flow rate and the HTF flow rate are the important
parameters, which determine the compression and hydrogen filling performance of the
MHHC. Temperatures are measured using five thermocouples, placed inside the metal
hydride bed longitudinally at distinct locations, and two thermocouples are set to meas-
ure the HTF inlet as well as outlet temperatures. Hydrogen mass flow rate in the hydro-
gen line is measured using a Coriolis flow meter (CFM). HTF flow rate is measured by
a positive displacement flow rate meter (type: helix, make: ATN Instruments).

3.1 Demonstration of the coupling of reactors for continuous operation of the

three-stage MHHC

The 3-stage MHHC are set up at NETRA as shown in Fig. 11. For the continuous op-
eration of the three-stage MHHC, two MH reactors for each stage were arranged in
such a way so that while one cylinder is absorbing hydrogen, the other cylinder is taken
into service for desorption of hydrogen. Further, tubes, tube fittings, and valves were
fitted for the gas circuit. For effective heat transfer during absorption (removal of heat)
and desorption (supply of heat), the hot bath and the cold bath were utilised for recir-
culation of HTF (water) at constant temperature.
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Coupling of reactors (Stage I to Stage II). The Stage 1 reactor was sensibly heated to
70 °C, leading to a pressure rise up to 55 bar. At this time, the Stage 2 reactor was
cooled and maintained at a temperature of ~10 °C. 245 g of hydrogen was transferred
from the Stage 1 reactor to the Stage 2 reactor, and consequently the pressure of the
Stage 2 reactor bed rose to 25 bar. Temporal variation of bed temperature during hy-
drogen transfer from the Stage 1 to the Stage 2 reactor has been shown in Fig. 12.

Coupling of reactors (Stage II to Stage III). After absorption of hydrogen, the Stage
2 reactor was heated to raise the temperature up to 90 °C and the pressure also rose up
to 100 bar. Then, HTF with the temperature ~5 °C was circulated through the Stage 3
reactor for cooling and maintaining its temperature at ~5 °C. Under this condition 275
g of hydrogen was transferred from Stage 2 to Stage 3. Temporal variation of bed tem-
perature during hydrogen transfer from the Stage 1 to the Stage 3 reactor has been
shown in Fig. 13. Then the Stage 3 reactor was sensibly heated to ~95 °C. Variation of
hydrogen pressure during sensible heating of stage 3 reactor to cylinder have been
shown in Fig. 14.

Storage of compressed hydrogen. After hydrogen was absorbed in the Stage 3 reactor
bed, it was heated to raise the temperature up to 45 °C, leading to a reactor bed pressure
of 160 bar. Compressed hydrogen was then transferred to refill an empty gas cylinder
up to 60 bar in one cycle. Variation of hydrogen pressure during sensible heating of the
stage 3 reactor has been shown in Fig. 15, and the temporal variation of bed temperature
during hydrogen transfer from Stage 3 to the cylinder for storage of compressed hydro-
gen has been shown in Fig. 15.
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3.2 Thermal Performance Analysis

The heat flow schematic for the complete cycle consisting of absorption and desorption
has been shown in Fig. 16 for reactor 1.

Thermal energy consumption. All three stages’ reactors were sensibly cooled alter-
nately after desorption to facilitate absorption efficiently. Heat flow during cooling,
exothermic absorption, heating, and endothermic desorption was shown in Fig. 17. As
shown in Eq. 6, the cumulative thermal input (Q (1) required for completion of a single
compression cycle, including cooling, heat removal during absorption, and heating for
desorption, includes sensible heat (Eq. 7) and reaction heat (Eq. 8), taking their absolute
values.

O - |Qsensible|+ |Qreaction| (6)

O sensivie= |Q1sensible| + |Q3sensible| + |Q5sensible| + |Q7sensible| +
|Q9sensible| + |Q1l1lsensible| (7

Oreaciion=1Q2reaction| + |Q4reaction| + |Q6reaction| + |Q8reaction| +
|Q10reaction| + |Q12reaction| (8)

The mass of each reactor is 61 kg, and the mass of hydride material filling the reactor
is taken to be 25 kg (maximum wt.). So, the total mass of each reactor system is 86 kg.
The specific heat is approximated for each reactor system as 500 J/(kg.K) [4]. So, the
total estimated sensible heat for cooling as well as heating, taking their modulus, is
20.64 MJ using Eq. 9. Here, AT;, AT,, and ATs represent the temperature differences
between the desorption temperature (~90°C) and the optimum absorbing temperatures
of ~15°C, ~10°C, and ~5°C for Stage I, Stage II and Stage III reactors, respectively.

O sensivie = X™o(my X ¢;) X AT = 2me (AT, + AT, + ATy) )

Reaction heat is estimated from Eq. 10. Here, the enthalpy of absorption (AH,) and
the enthalpy of desorption (AHg) are obtained from P-C-T [4]. Here, mp. is the mass of
hydrogen absorbed/ desorbed, and M, is the molar mass of hydrogen.

|Qreaction|- my, x AH,/My, + my, x AHa/My, (10)

By measuring the mass of hydrogen absorbed/desorbed for Stage I, Stage II, and
Stage 11 reactors, 307 g, 388 g, and 275.5 g, respectively, and corresponding enthalpy
of formations for absorption/desorption are 27 kl/kg, 27.5 kJ/kg/23.5 kJ/kg, and 23.8
kJ/kg and 18.3 kl/kg, respectively, total reaction heat obtained was ~17.2 MJ. For com-
pressing 275.5 g (3.1 Nm?) of hydrogen, the required total thermal energy is about 36.2
MJ or 10.1 kWh, which is higher as compared to power consumed by a diaphragm
compressor (i.e., 2.45 kWh/kg H») compressing hydrogen from 30 bar to 200 bar in-
stalled at NETRA [4]. Sourcing thermal energy from waste energy or solar energy will
enhance the efficiency of the system. Utilizing the phase change material (PCM), the
reaction heat released during absorption can be stored and then can be recycled for the
hydrogen desorption processes, enhancing thermal efficiency [23].



Metal Hydride-Based Hydrogen Compressor for Hydrogen Microgrid 153

Cold Bath

Cooling (90°C-15°C) - 'Ile\bsérp: SHE5EC) ¢ GpaieeSii o Heating (90°C)

Hot Bath

Cycle Repeats

Fig. 16. Heat flow during absorption and desorption phases of reactor 1

3.3 Comparative Analysis of MHHC

Though electrochemical hydrogen compressors can perform with high efficiencies,
reaching up to 80-95%, they are not taken in applications due to several limitations,
such as response towards hydrogen impurities, limited hydrogen throughput, and higher
cost implications. Further, mechanical compressors can provide higher efficiency and
throughput, but their function is associated with high noise levels, high electrical power,
and frequent maintenance work.

In contrast, the developed MHHC in this study exhibited a thermal efficiency of
approximately 5%. Despite the lower thermal efficiency, MHHCs offer distinct ad-
vantages: they are inherently safer, simpler in design, have lower operational costs, and
possess the added benefit of hydrogen purification during the absorption—desorption
cycle.

The performance evaluation of the developed three-stage MHHC provides improved
hydrogen compression as compared to the similar three-stage designs developed as
listed in Table 9 [31, 32].

The hydrogen throughput of about 134 L/min was achieved by discharging over 200
g of hydrogen, filling the empty cylinder in 17 min during the test as described above.
Based on this result, taking a total of 75 kg of alloy filling the reactor, the specific
productivity of 107.2 Ly, kg'h™! was achieved as compared to the productivity of 67.2
Ly,kg'h" achieved by the 6-stage MHHC developed by HYSTORE [33].

Table 9. Comparison of hydrogen compression pressures

MHHC/Yr Stage I desorp- Stage II desorp- Stage III desorp-
tion pressure tion pressure tion pressure
(bar) (bar) (bar)
Three Stage MHHC 3.4 (at 59 °C) 18.4 (at 80 °C) 115.4 (at 100 °C)
[32]/2018
Three Stage MHHC 16 (at 100 °C) 36 (at 100 °C) 92 (at 100 °C)
[31]/2012
Developed Three Stage 55 (at 70 °C) 100 (at 90 °C) 160 (at 45 °C)

MHHC/2025
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4 Conclusion

The implementation of a hydrogen microgrid, incorporating solar-driven PEM/SOEC
electrolysis and EDR-treated wastewater, demonstrates the technical viability of inte-
grated renewable hydrogen systems for continuous power supply. The development and
successful testing of a three-stage metal hydride hydrogen compressor (MHHC), utiliz-
ing Lao.sCeo.2Nis, Lao.sCeo.sNisFe, and Tio.sZro..CrMno.sFeo.sNio.1 alloys for successive
compression stages, achieved hydrogen output pressures exceeding 150 bar at operating
temperatures below 45 °C. The system demonstrated a throughput of 134 L/min, com-
pressing over 200 g of hydrogen in 17 minutes, thereby validating its operational effi-
ciency and reliability under practical conditions.

The MHHC system offers distinct advantages over conventional diaphragm com-
pressors, including lower thermal energy requirements, simplified operation, and re-
duced maintenance. Future work may focus on optimizing thermal design, increasing
the number of stages to achieve higher pressures, and adopting next-generation hydride
alloys with improved plateau pressures and absorption/desorption kinetics.
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