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Among several thermodynamic applications of metal hydrides, sorption hydrogen
compressor (SHC) is more attractive for real-time application due to ease of construction
and operation. In the present study, a four-stage sorption hydrogen compressor is pro-
posed with detailed working principle for the compression output of >500 bar pressure. By
adopting the screening methodology, four metal hydrides, i.e. LagoCeq1Nis, Tip99ZI0 01-
Vo.43F€0.99Cr0.0sMn; s, MmNis and TiCrMn are selected for stages — 1, 2, 3 and 4 respectively
with the supply temperature of 298 K and discharge temperatures of 373 K. The perfor-
mance of sorption hydrogen compressor is estimated through finite volume approach and
thermodynamic simulation in terms of variations in metal hydride bed pressure, tem-
perature, hydrogen transmission, compressor work and efficiency. The numerical model is
validated with experimentally measured metal hydride bed temperature and hydrogen
concentration for single-stage hydrogen compressor, which are observed to be in good
agreement. The cycle time of multi-stage SHC is predicted to be ~100 min with the
maximum compression ratio of 73 with an overall efficiency of 10.62% employing 0.5 kg of
each alloy and supply pressure of 9.5 bar. It is also observed that the discharge temperature
greatly influences system performance. The dynamic performance of the system is also
estimated with the implementation of simulation generated property data and observed
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that the performance parameters increased with the progression of hydrogen

transmission.

© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

In sorption hydrogen compressor, the heat interactions dur-
ing hydrogen absorption and desorption in metal hydrides are
employed to run the system as well as the phenomena of in-
crease in plateau pressure by heating is used for hydrogen
compression. The main advantages of metal hydride based
sorption hydrogen compressor are: ease of design and devel-
opment (i.e. compact and safe), the nonexistence of me-
chanical moving parts, reliable and can be operated using
waste heat. Very high-pressure hydrogen is used in hydrogen-
fuelled vehicles and other industrial applications. Hydrogen
compression system, in refuelling stations, is highly respon-
sible for higher infrastructure and operation cost. Sorption
hydrogen compressor can help to reduce this cost due to the
advantages mentioned above.

Metal hydrides are used worldwide in several research
institutes, nuclear and defence industries for many years to
store and process hydrogen isotopes, protium, deuterium and
tritium [1,2]. The first prototype of metal hydride based water
pump was tested in Sandia National Laboratories with the
working temperature range of 20—80 °C [3]. The performance
measurement of energy conversion system with the applica-
tion of coupled sorption hydrogen compressor and conven-
tional organic Rankine cycle concluded that the compression
of hydrogen through sorption system is much efficient
because of low operating cost, high COP and power output [4].

A research team of Srinivasa Murthy at IIT Madras [5—7]
have measured the performance of SHC theoretically and
experimentally. In 2002 [7], a parametric study on single-stage
SHC is carried out and reported the hydrogen delivery pres-
sure of 64 bar at 340 K with a supply pressure of 8 bar using
Tio.08ZY0.02V0.43F€0.00Cr00sMny 5. Later, another single-stage
SHC is tested by employing MnNi, ¢Aly 4 alloy and reported
the system efficiency of 7.3% and a pressure ratio of 8.8 at
90 °C. Later in 2012 [8], a research team of Muthukumar at IIT
Guwahati have conducted a numerical investigation on three-
stage SHC. The series of alloys used are LaNis, MmNiy gAlo 4
and Tig 08ZT0.02V0.43F€0.00Cr00sMn 5. The maximum storage
pressure of 100 bar is predicted at a delivery temperature of
120 °C for the supply pressure of 2.5 bar at 20 °C. Later, Anil
Kumar and the team at IIT Indore [9] have developed and
tested a single-stage SHC using Lag gCe,Nis alloys in three
different bed patterns, i.e. lose metal hydride powder, pallets
of MH mixed with graphite flakes and pallets of MH mixed
with graphite flakes and embedded with copper wire mesh.
Hydrogen compression was reported as 35 bar at 80 °C from
10 bar at 20 °C. Recently, a thermodynamic simulation of
double-stage SHC is reported by Vinod and Anil [10] using
LagoCeo1Nis and LaggCeg,Nis in series. It is reported that
hydrogen can be compressed from 4.5 bar at 20 °C to 75 bar at

80 °C with a cycle efficiency of 12.5%. Karagiorgis et al. [11]
developed a novel six-stage SHC operates between 10 and
80 °C. Hydrogen compression takes place up to 22 MPa from
0.7 MPa supply pressure. In each MH compression stages,
6.2 kg of material was used. The detail observations on studies
carried out by several researchers on the development of
sorption hydrogen compressors are presented in Table 1.

It is observed from the detailed literature review on metal
hydride based SHC that several experimental and theoretical
studies were carried out on the development of single and
multi-stage sorption hydrogen compressors. But, the thermal
compressor for hydrogen delivery at a pressure of more than
500 bar is not tested yet either experimentally or numerically.
In continuation with that, in the present study, a four-stage
SHC is proposed to achieve the hydrogen compression more
than 500 bar pressure. It is also observed that minimal studies
were carried out on a screening of working pairs and perfor-
mance prediction of SHC. Apart from that, the effect of
hydrogen transmission rate and amount on system perfor-
mance is never being attempted. Therefore, in the present
study, a novel four-stage metal hydride based sorption
hydrogen compressor is proposed and evaluated its perfor-
mance for the delivery pressure of 695 bar at 373 K with the
initial supply pressure of 9.5 bar at 298 K. The detailed meth-
odology on screening of working pair and performance pre-
diction are also presented. Based on the previous studies and
screening methodology; a set of Lag oCeo 1Nis, Tio.09Z10.01V0.43-
Fep 99Cro.0sMn; 5, MmNis and TiCrMn alloys are chosen in each
stage of hydrogen compression. The performance of four-
stage SHC in terms of metal hydride bed pressure, tempera-
ture, hydrogen concentration, compression work and effi-
ciency is evaluated through thermodynamic and heat — mass
transfer (Finite Volume Approach) analyses. Besides, the
thermodynamic performance of SHC is evaluated for static as
well as dynamic conditions by employing the numerically
predicted hydrogen transfer behaviour (rate and amount).
Lastly, the performance of the system is also estimated for a
large mass of metal hydrides (i.e. 10 kg of each MH) to predict
its performance for massive output. The study is further
extended to determine the influence of discharge temperature
on system performance.

Working principle of multi-stage sorption
hydrogen compressor

Before understanding the working principle of sorption
hydrogen compressor, a little information about metal hy-
dride formation and decomposition is vital to keep in mind. It
is well known that the metal hydrides are formed by the
interaction of special alloys with hydrogen with the release of



Table 1 — Summary of literature on single and multi-stage sorption hydrogen compressor.

S. No. Study Material used Observations/Remarks Reference
1 A numerical study was carried out Lag 1Nis 78Sn0 22 It is reported that for the production of 48 bar at 465 K, the absorption [12]
on pressure of the hydride should be less than 0.3 bar at 282 K. The plateau
single-stage sorption hydrogen slope must be relatively flat at low as well as high temperature to reduce
compressor the power input. The plateau slope increases with the number of cycles

for the production of 48 bar due to degradation of hydride powder.
hydrogen at 465 K.
2 Experimental studies were carried (MmLaCa)(NiAl)s Properties of different AB5 and AB2 type metal hydride were studied to [13]
out on single and and Ti, x(CrMnV), determine their suitability for hydrogen compressor. For the development
double stage hydrogen of single-stage compressor, MmNis was selected, but due to the high
compressors for the high-pressure hysteresis and poor activation properties La, Al and Ca are added, and
hydrogen output of 45 MPa at finally, Mm, ;Cag 5Lag 1(Nis 9sAlg 05) Was chosen. The hydrogen
170 °C from 4 MPa at 20 °C. compression rate of 40 L/min was reported.
Similarly, Ti; xCro_y(Mn,V)y (x = 0.0.2; y = 0.4.0.8) were selected for the
double stage hydrogen compressor, and the compression rate was
observed to be 20 L/min. The heat transfer medium used in the single-
stage was oil, whereas it is water in case of the dual-stage.
3 Experimental study on two-stage Lag.35Ce0.45Cag oNis 95Alg o5 Lag.35Cep.45Ca0.2Nig 95Alg o5 alloy and Tig gZro ,Cro osFep.95Vo 1 alloy are [14]
hydrogen compressor alloy and Tip gZr 2Cro o5F€0.95Vo.1 developed and used as the first stage and second stage metal hydrides,
with the employment of AB5 and respectively. A setup was built and tested with a hydrogen compression
AB2 type metal hydrides for capacity of around 2000 L per cycle with oil as a heat exchange medium of
the production of 74.5 MPa 423 K maximum temperature, which produces hydrogen pressure of
hydrogen was carried out. 74.5 MPa. The hydrogen flow rate of the compressor was 34.6 L per minute.
4 Experimental studies on the two- LaNis and The first reactor contains 5 g of LaNis and second reactor contains 3 g of [15]
stage compressor for CaggMmyg 4Nis CapgMmy4Nis and Sn binder mass of 0.3 g. The thickness of the reactor
hydrogen output of 55 MPa was tube walls was 0.12 inches to withstand maximum operating pressure up
carried out. to 55 MPa. The compression ratio of 12 was achieved when the limit of the
operating temperature was maintained between 10 °C and 90 °C.
5 Hydrogen compressor was LaNis gSng » 45 kg of LaNig gSng » and 3.5 kg of LaNi, 55Al, 75 are used for the system. The [16]
developed and tested and LaNiy 55Alg 75 effect of heat transfer management was studied with the implementation
for compressing hydrogen from of fin and reported that the reactor with fins possessed high heat transfer
0.02 MPa to 3.3 MPa. efficiency than without fins. The performance of the compressor was
tested for 207 cycles with the pressure range of 0.3—3.3 MPa at 310—450 K
for LaNi, gSno., and 0.02—0.3 MPa at 315—410 K for LaNi, »sAly 7s.
6 Experimental studies on single and LaNis, Cag sMmyg 4Nis and In a single-stage compressor, with the high supply pressure, Cag ,Mm gNis [17]
dual-stage Cap ,Mmy gNis possessed 56% and 14.7% higher compressor ratio compared to LaNis and
hydrogen compressor were carried Cap eMmy 4Nis, whereas at low supply pressure, it is almost same.
out. In a dual-stage system, the pair of LaNis - Cag,Mmg gNis possesses 53%
higher compression ration than that of pair LaNis - CaggMmyg 4Nis.
It is also reported that the reactor design and screening of a working pair
greatly influence system performance.
7 Experimental investigation on the LaNig gSno o, A part of the hydrogen produced from the electrolyser is compressed and [18,19]

three-stage
hydrogen compressor was carried
out.

LaNis and MmNiy ;Aly 3

achieved the overall compression ratio of 20:1 when it is operating
between 20 °C and 80 °C.
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Thermodynamic simulation of
single and

three-stage hydrogen compressor
is carried out.

Characterisation of metal
hydride for hydrogen compressor
application was presented.

Performance evaluation

of real-time hydrogen
compressor installed in

the fuel station was carried out.

Experimental and numerical
investigations on two-stage
hydrogen compressor were carried
out.

Numerical study on three-stage
hydrogen compressor

was carried out using

ABs and AB, type metal hydrides.

Tio.85210.15Mn1 33V 3,
Tio.8Z10,Mn; 5Cro6Vo.2
and Tip 9Zro.1Mn; 47Cro.4Vo .2

40 Ve20Tie40Cr (at%)

LaNis and
Lag sCeq sNis alloys

LaNi5, MmNi4.
6Al0.4 and AB2 intermetallic alloys

Two different metal samples of AB, type were synthesised. A low-pressure
Tip9Zro1Mn; 34V 5 alloy and a high-pressure Tig 9Z1ro 1Mn4 47Cr 4Vo » alloy
are considered. The reactor temperatures are operating between 296 K and
353 K. The work is extended to investigate the thermodynamic model of
three-stage MH hydrogen compressor using AB, alloys, which are
synthesised by arc melting process. The selected alloys were
Tio.85ZT0.15MN1 33V 3, Tio.8Z10.,Mn4 5Cr06Vo.2 and TipeZro.1Mn1 47Cr.4Vo 2 as
low, medium and high-pressure metal hydrides respectively, which are
operating between 23 and 80 °C. However, the optimum desorption
temperature for three stages was identified within 110-132 °C, and the
overall compression ratio was about 92.

Itis also concluded that the amount of compressed hydrogen, the mass of
alloy and volume of reactors linearly depend on the volume of a
compressed hydrogen storage tank.

A high-pressure capacity apparatus is developed for the characterisation
of a metal hydride, i.e. 40 Ve20Tie40Cr (at%) in the pressure range up to
1000 bar and 200 °C temperature. The compression of hydrogen from

21 bar to 300 bar is achieved with the hydrogen concentration of 1.8 wt% at
200 °C.

Authors have presented the successful onsite operation of SSHC equipped
in hydrogen refuelling station in South Africa over three years period. This
SSHC has several advantages like simplicity in design, capital cost,
operational cost, safety and reliability, and noiseless operation over the
conventional compressors, which are currently used. The system delivers
13 Nm3/h of hydrogen at 185 bar pressure using steam heat at 140 °C,
whereas uses water at 20 °C for cooling the system. The above report
proves the feasibility of sorption hydrogen compressor for high-pressure
hydrogen output in real practice.

In the first stage, 0.85 kg of LaNis was used, whereas 0.7 kg of Lag sCeq sNis
was used in the second stage. The absorption was done at 20 °C, and the
desorption of hydrogen occurred at 140 °C, which produces the hydrogen
at a pressure more than 100 bar in 2.5 h.

The working principle of the three-stage compressor and modelling
scheme was presented. The results are validated with previous
experimental data and observed to be in good agreement. The
temperature limits are fixed between 20 and 130 °C. The compression ratio
of 22:1 is obtained with the maximum pressure at the end of the last
dehydrogenation process delivers 315 bar.

The work was extended for seven-stage MH hydrogen compressor with
relatively low-temperature ranges of 10—80 °C and achieved a
compression ratio of 18.7. The total energy demand required for attaining
the compression ratio of 18.7 was about 37.96 kWh. When the desorption
temperature is increased to 120 °C, the compression ratio and the total
energy demand were found to be increased to 41.5 and 56.05 kWh,
respectively.

[20,21]

[22]

[23]

[24]

[25,26]
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absorption heat, whereas it can be decomposed with the
supply of external heat. The formation of metal hydride takes
place in three phases, i.e. solid solution (), plateau (o-+p) and
hydride (B). Here, plateau region is critical because it plays a
vital role in the development of any MH based thermody-
namic device and the storage capacity within this region is a
reversible storage capacity of a metal hydride, which gets
exchanged between coupled MH beds. It is also important to
note that the plateau pressure increases drastically with a
marginal increase in operating temperature. This pressure
upsurge capacity dramatically depends on the type of metal
hydrides that classifies it into low-pressure, medium-pressure
and high-pressure type metal hydrides. For the application of
hydrogen compressor, high-pressure metal hydrides are a
better option. The above information is required because, in
basic SHC, the low-pressure hydrogen is absorbed by metal
hydride at lower temperature and by heating the MH bed;
high-pressure hydrogen can be delivered.

Figure 1 shows the schematic of the multi-stage sorption
hydrogen compressor, whereas Fig. 2 (a) and (b) show its
working principle on PCIs and van’t Hoff plot, and thermo-
dynamic cycle, respectively. Four metal hydride reactors, i.e.
MH 1, MH 2, MH 3 and MH 4 can be seen in Fig. 1. All the reactor
are connected with low temperature and high-temperature
heat sources for cooling and heating of reactors to facilitate
the absorption and desorption of hydrogen, respectively. MH 1
is connected with low-pressure hydrogen supply cylinder, and
MH 4 is connected with high-pressure hydrogen storage cyl-
inder, whereas MH 1 — MH 2, MH 2 — MH 3 and MH 3 — MH 4
are interconnected for hydrogen transmission. The system

also consists of pumps and valves for heat transfer fluid flow
and control.

As already mentioned that the thermodynamic sorption
system considered being works within plateau region of
employed metal hydrides, refer to Fig. 2 (a and b), point 1 (i.e.
o—a+f) shows the start of absorption of hydrogen, in MH 1,
supplied from supply cylinder at a saturation pressure of MH
1. With the absorption of hydrogen, the equilibrium pressure
of MH 1 increases to point 1’ (i.e. a+B—p) at a temperature T;
with the release of absorption heat (Q,). After that, MH 1 is
sensibly heated to Ty, (i.e. its desorption temperature), which
drastically increases its equilibrium pressure and is denoted
by point 2. This is the end of the first stage; after that, the
hydrogen stored in MH 1 gets desorbed with the help of
desorption heat (Qn) at Tn. This desorbed hydrogen is absor-
bed by MH 2, which is coupled with MH 1. Condition of MH 2 at
the beginning of absorption is denoted by point 3, whereas
conditions of MH 1 and MH 2, at the end of desorption and
absorption processes, are denoted by point 2’ and 3’, respec-
tively. It is to be noted that high-pressure difference is avail-
able between MH 1 (point 2) and MH 2 (point 3) to facilitate the
hydrogen transmission. Stage 2 completes with the sensible
heating of MH 2 from point 3’ to point 4. Similar to stage 2, in
stage 3, MH 2 desorbs hydrogen which is absorbed by MH 3 at
state points 4 and 5 respectively. Upon hydrogen trans-
mission, the pressure of MH 2 decreases from 4 to 4’ and
pressure of MH 3 increases from 5 to 5. At the end of the
sensible heating of MH 3 at point 5, stage 3 completes. Now, in
stage - 4, hydrogen transmits from MH 3 to MH 4 and their
states changes from 6 to 6’ and 7 to 7/, respectively. This is due

Multi Stage Sorption Hvdrogen Compressor

Low
Pressure
H; Gas

High
Pressure
H; Gas

— Hydrogen flow

— High Temperature Fluid Flow (T,)
Low Temperature Fluid Flow (T,)

(Q — Heat Load
P — Pump

Fig. 1 — Schematic of the multi-stage sorption hydrogen compressor.
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Fig. 2 — (a) PCI and van’t Hoff representation of multi-stage SHC cycle. (b) Thermodynamic cycle.

to the decrease and increase in bed pressures, respectively.
The reactor 4 is sensibly heated to Ty, i.e. to point 8, which is
the highest pressure and discharge point of the system. At this
point, the high-pressure hydrogen is delivered to the storage
cylinder. The condition of MH 4 at the end of desorption is
denoted by point 8’. After that, reactors are sensibly cooled to
original conditions, i.e. MH 1 from 2’ to 1, MH 2 from 4’ to 3, MH
3 from 6’ to 5 and MH 4 from 8’ to 7. This process prepares the
system for the next compression cycle.

It is to be noted that in all the 4 stages there exist large
pressure difference between coupled reactors, i.e. processes 2
to 3, 4 to 5 and 6 to 7 to facilitate the fast and high hydrogen
transmission. Also, points 2, 4, 6 and 8 are the maximum
pressure states at the end of each stage. The hydrogen
transmission between coupled beds stops when the pressure
among both the reactors reach equilibrium. This can be seen
in Fig. 2 (a) and (b) with the pressure equilibrium of reactors
MH 1 (point 2') — MH 2 (point 3’), MH 2 (point 4') — MH 3 (point
5') and MH 3 (point 6') — MH 4 (point 7'). It can also be seen from
Fig. 2 that at the end of sensible heating of metal hydrides its
pressure increased significantly. All the absorption processes
occurred at T; with the rejection of absorption heat, whereas
all desorption processes occurred at Ty, with the consumption
of desorption heat. The amount of absorption and desorption
heats are different for different metal hydrides and depend
upon their thermodynamic properties.

Screening of alloys

High reversible storage capacities, reaction enthalpies and
fast kinetics involved during the formation and

decomposition of metal hydrides are the main contributors in
the development of any thermal device. Apart from these
favourable properties, the metal hydride should possess
flatter plateau, minimum hysteresis as well as higher plateau
pressure at lower operating temperatures. The difference in
pressure between MH beds is also one of the major factors that
significantly affect the amount of hydrogen transmission
from one to other. It is observed from the literature review
that La based, Mm-based and Ti-based metal hydrides are
widely used for the development of sorption hydrogen com-
pressors due to their high reversible hydrogen storage ca-
pacity, high plateau pressure and thermal stability. By keeping
this in mind, in the present study, screening of metal hydrides
is carried out by floating various ABs, AB and AB, type metal
hydrides in a code generated in visual-basic for screening. The
metal hydrides used for screening, along with their properties,
are listed in Table 2.

A computer code for the screening of working materials is
generated based on the requirements of best-suited alloys for
four-stage sorption hydrogen compressor working with sup-
ply temperature of 298 K and discharge temperature of 373 K
for a delivery pressure of >500 bar. The ambient temperature
is chosen as supply temperature, whereas a discharge tem-
perature of 373 K is chosen to facilitate the utilisation of solar
energy or industrial waste heat as an input. It is also ensured
during code generation that sufficient pressure difference
must exist between coupled bed to enable the full absorption
and desorption of hydrogen. In a combination of above prop-
erties, the material should possess low desorption enthalpy
that can reduce the heat input to the system consequently
increases efficiency. Based on the above screening procedure,
out of several metal hydrides, a set of LaggCeqNis,
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Table 2 — List of metal hydrides used for screening of working materials.

S. No. Materials Enthalpy (AH)  Entropy (AS) (/KmolH,) Maximum Storage Capacity  Reference
(kJ/molH,) (wt%)/Temp (°C)

1 MmNi, gAlg » 31.16 101.2 1.28/23 [27]
2 LaNis 7Sno 3 36.51 112.6 1.04/24.9 [28]
3 MmNi, ;S 3 31.83 106.8 0.97 [28]
4 LmNiz oSno 28.97 104.3 1.29/23 [27]
5 MmNi, 7Al 3 27.50 107.6 1.21/23 [27]
6 LaNig gSng o 31.3 101 1.28/22 [19]
7 LaNis 30.7 110 1.29/21 [19]
8 MmNiy oFeq 1 24.8 84.7 1.2 [29]
9 MmNis 20.3 101.4 1.44/20 [30]
10 MmNi, sAlg s 24.41 97.04 1.36/20 [30]
11 MmNi,Al 26.17 79.9 1.30/20 [30]
12 MmNi; ;C0g ;Mno Al 5 33.11 96.94 1.16/20 [30]
13 MmNi; sC0og sMng 4Aly aFeg 3 34.27 97.82 1.05/20 [30]
14 Lao gCeo oNis 26.6 107.3 1.4/20 [31]
15 Lag oCeo1Ni5 32.9 121 1.3/40 [32]
16 LaNiy 6Alo.4 34.04 108 1.41/20 [33]
17 LaNiy 7Alg 3 32.7 105 1.22 [34]
18 MmNi, Al g 25.09 120 1.3/25 [35]
19 LaNi, gsAlg 15 31.6 106 1.25 [36,37]
20 MmN, gsAlo 15 21.05 93.9 1.4/20 [37]
21 LaNiy g5Sno 15 29.8 105 1.3/30 [37]
22 MmNi, 6Aly 4 28 107.2 0.95/20 [38,39]
23 MmNig 6Feo s 27.5 105 1.15/20 [38,40]
24 LaNig sSng s 36 97 0.95/26.8 [41]
25 Mmyg sLag sNis 7Sno 3 33.8 111.2 - [42]
26 LaNi, gAlg » 30.4 101.6 = [42]
27 MmNi, ;Feg 3 25.0 87.4 - [42]
28 TiFeg oMng 1 29.7 107.7 - [42]
29 Lag gsCeo.15Nis 24.3 91.28 - [42]
30 ZrFe; gNig» 17.2 119.7 = [42]
31 Tio.08Z%0.02V0.43F€0,09CT0.0sMn1 5 27.4 112 15 [43]
32 Z109Ti0.1CrooFes 1 29.6 92.0 = [44]
33 Tiy 0sFeo.oNbo 1 28.5 98.9 = [45]
34 Ti1.05Fe€0.8Nio 15CTo.05 42,5 120.6 - [45]
35 LaNi, 5G0s s 24.4 76.6 - [45]
36 LaNi, sC0, 4Sio 1 27.6 81.9 = [45]
37 TiCrMn 19.6 106 - [46]
38 Ti; 1CrMn 22 113.4 1.5 [47]
39 Tio.0ZTo1MnN1 34Vo 3 28.7 93.5 1.65 [20]
40 Tio.5Vo.45Nbg osMn 25.71 109.73 1.26 [48]
41 Tio.sVo.4Nbg ;Mn 23.68 104.48 1.55 [48]
42 LaNiy :Mng 26Al0.13 36.9 109.7 - [44]
43 Lag ¢ Yo 4NissMng 26.9 102.3 = [44]
44 LmNis 91Sno 1 27.2 103.1 1.3 [44]
45 Ti0.99ZT0.01V0.43F€0.09CT0.0sMn1 5 20 97 1.99 [44]
46 LaNiy ¢Alg .4 34.8 113.9 - [44]
47 Zr0.6Ti01Cro6Fe1 .4 24.55 92 = [44]
48 LaNiy 35Al0 65 34.9 104 1.13 [49]
49 Lao sMmo »Nis oFeo 1 23.56 85.39 1.65 [50]
50 Lag sMmg 4Nis oFeg 1 22.55 89.38 1.62 [50]
51 Lao.4Mmo gNis oFeo 1 17.48 75.53 1.6 [50]
52 LmNis 91Sng 15 31 115 1.61 [51]
53 MmNig oFeq 1 24.8 84.7 1.66 [29]
54 MmNi, sFeg s 26 91.6 1.46 [29]
55 MmNis 4C0g sAlp sMng 5 39.1 121.7 = [45]
56 MINis 4C0g gAlo 3Mng 5 34.43 95.59 - [45]
57 Cag.eMmyg 4Nis 26.6 100 = [15]
58 ZrCo 97.8 145.5 = [52]
59 Mg,Ni 64.5 124.5 3.52 [53]
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Ti0.99Z10.01V0.43F€0.99Cr0 0sMn1 5, MmNis and TiCrMn alloys is
found suitable for stage 1, stage 2, stage 3 and stage 4
respectively, to produce favourable performance with high-
pressure discharge. The properties of chosen metal hydrides
used for present work are presented in Table 3.

Numerical modelling

The detailed methodology adopted for the present study,
including geometry, governing equations, solution scheme
and thermodynamic performance parameters is presented in
following sub-sections.

Metal hydride reactor

The reactor geometry used in the present simulation is shown
in Fig. 3. Since it is a four-stage system, a total of four reactors
are required in series filled with four different metal hydrides.
The dimensions of all the reactors are kept the same, i.e.
168 mm length and 33 mm diameter, to accommodate about
0.5 kg of alloy. The water jacket is also provided at an annulus
for supply and extraction of heat during the reactions. A
provision for hydrogen supply to MH 1 reactor and an exit
from MH 4 reactor is provided. The % inch tube with multiple
tapered holes is provided at the centre of the cylinder to
ensure the proper distribution of hydrogen gas throughout the
length of the cylinder. A hydrogen supply tube with multiple
holes helps to reduce reaction time. The reactors are also
connected with ¥ inch tube provided with valves. Filters are
provided to protect the drawing off of metal hydride particles
during desorption as well as to ensure the supply of pure gas
without impurities. Several thermocouples are provided at
different locations to record the average bed temperature
during hydrogenation and dehydrogenation.

Governing equations and boundary conditions

For the prediction of hydrogen compression performance,
pressure and energy equations are discretised to transform
differential equations to algebraic equations. The generated
algebraic equations are solved by considering numerous
boundary conditions and assumptions. During the simulation,
the existence of thermal equilibrium among alloy and H, is
assumed. The effect of heat transfer through radiation is not
considered. The effect of pressure and hydrogen concentra-
tion on reaction enthalpy and entropy is negligible as well as
heat transfer from the reactor to ambient is considered

negligible. Following equations are used for the performance
prediction of SHC concerning Fig. 2.

Hydrogen absorption in the first stage (Process 1 to 1')

The hydrogen is supplied to the MH 1 at low pressure and
temperature. The low-pressure metal hydride absorbs the
hydrogen. The equilibrium pressure inside the reaction bed is
calculated using the van’t Hoff Equation. Assume, the initial
temperature is 298 K, and the concentration of hydrogen is
minimum.

AH AS x 1 6
—10° _ _= d
Peq= 10" exp RT R, + (¢ £ ¢p)tan |:7T(Xf 2)] iz} (1)

where enthalpy of formation (AH) and entropy formation (AS)
are taken from previous studies, slope (¢, ¢,) and hysteresis
factors (B) are calculated from PCIs. The mass of hydrogen
absorbed by the metal hydride is calculated using the
following equation.

—E, Ps
mHz = Cﬂ €xp <RMT> In <P7eq> (pss - ps) (2)

The increase in temperature within the reaction bed is
determined by solving the following energy equation.

(1Co) G + () TIT = AFT s [T =T(Crs = )| (3

The heat generated within the reactor can be effectively
removed by the heat transfer fluid circulated in the outer pe-
ripheral tube. The gas pressure (Pg) inside the reactor can be
calculated by enforcing the continuity equation. Also, the
velocities in the respective directions can be calculated using
Darcy’s equation.

The continuity equation for hydrogen gas can be written as
follows:

3(py)
ot

e + V(pgug) =My, 4

Momentum equation for calculating the velocity of
hydrogen gas in the porous zone is determined using Darcy’s
equation.

— K

Ug= ——VP 5
1= = s ©)
Assuming hydrogen as an ideal gas, so the density of

hydrogen can be defined as

MQ PQ
PR, T, (6)

Table 3 — Thermodynamic properties of chosen materials.

Alloys Absorption Enthalpy  Desorption Enthalpy  Absorption Entropy (J/ Desorption Entropy (J/
(kJ/mol) (kJ/mol) mol K) mol K)

Lag.oCep 1Nis —25.98 27.96 104 106

Tio.00ZT0.01V0.43F€0.69CT0.0sMn1 5 _27.4 28.5 112 105

MmNis -20.35 22.55 101 110

TiCrMn -19.6 20.1 106 103
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Fig. 3 — Reactor geometry.

By substituting ug and p, in Eq. (4), the gas pressure (P)
inside the reactor is calculated using the following equation:

eMy\ 0Py (éMiPg\ 0 (1\ K 0 () K 0 (0P)
R,T) 8t R, ) 8t\T) wgror\ or) wjoz\oz)

)
The above process is continued until the hydrogen gas is

filled inside the reactor (when equilibrium pressure reaches
the supply pressure).

Sensible heating of MH 1 bed (Process 1’ to 2)
During this process, only heat transfer takes place between
the reactor and the respective heat transfer fluid at approxi-
mately 373 K.
aT - )

(,OCP)QE-"- (pCp), U.VT =2 V°T (8)

From the above equation, when the temperature of the
metal hydride bed increases the hydrogen pressure also in-
creases. For multi-stage hydrogen compression, this system is
coupled with the series of reactors in such a way that the
metal hydrides are filled in the reactors that the equilibrium
pressure of the previous hydride alloy is higher than the
equilibrium pressure of the next stage hydride alloy for the
same operating temperature ranges.

Hydrogen transmission between couple reactors (Processes 2 to
3,4to5and 6 to 7)

The amount of hydrogen desorbed from the low-pressure
reactor is estimated using the following equation:

P —Eq Peq,LT - Pg‘H(St
myr =Cq €Xp (RuTLT> ( Pegit PmLT ©)

Hydrogen desorption takes place from a low-pressure
reactor when there is a sufficient pressure difference be-
tween low pressure and high-pressure reactors. Due to the
assumption of local thermal equilibrium between the
hydrogen and the hydride bed, a combined energy equation is
considered for predicting the temperature in the reaction bed:

oT

— . [AH
954‘ (pCp)g u.vT= AEVZT — Myt |7 — T(Cp,g — Cp.m) (10)

(pCp) M,

Simultaneously, the variations in hydrogen concentra-
tion and bed temperature of high-pressure metal hydrides
(Processes 3 to 3/, 5 to 5 and 7 to 7') are predicted using

equations (1)—(3). The variations in gas pressure during
these processes in all the reactors are estimated using
equation (7).

Sensible heating and cooling of high pressure and low-pressure
reactors and respectively

Here, equation (8) can be used to determine the variation in
beds temperature during sensible heating of high-pressure
beds from 298 K to 373 K (processes 3’ to 4, 5’ to 6 and 7’ to 8)
and sensible cooling of low-pressure beds from 373 K to 298 K
(processes 2’ to 1, 4’ to 3 and 6’ to 5).

Compressed hydrogen delivery (Process 8 to &)
Finally, the compressed hydrogen is desorbed to the delivery
tank by merely opening the control valve. After that, by sen-
sible cooling of the high-pressure reactor from 373 K to 298 K
(8 to 7) the system is ready for the next cycle.

Boundary conditions of desorbing beds at Ty, absorbing beds at
T

At the end of each sensible heating process, the corresponding
reactor is at desorbing condition, i.e. at Ty. The opening tem-
perature and density of alloy powder are assumed constant in
the entire reactor. The initial conditions for MH beds at Ty, are:

Pm, Des (Za T) = Pss3 Tm (Zv T) = Tg (27 Y) = TDES = Tc; Xpes (27 Y) = XDes, max
For absorbing beds:

pm(Z,7)=pi; Tm(z,7) :TQ(Z, 7)=Taps =Tm; X(Z,7) = Xabs min

oT oT

&(z, 1,t), =05 &(Z, r,t), ,=0 (8a)
Py(z,1i,t) =P, (9a)
e (2168 =U(Tarys ~ T) (102)

where, T, . and Ty are the temperature of hydride bed at the
outermost radius and temperature of heat transfer fluid
(water), respectively. Additionally, the convective boundaries
are associated with variable wall temperature conditions
(equation (11)), which gives temperature change of heat
transfer fluid in an axial direction. This variable wall tem-
perature influences the average bed temperature significant,
which leads to the actual condition of the system.
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My, C (Twm - Twout) = U(Twm - TTo) (11)

The gas pressure P, ;. 5 for connecting pipesis calculated as

Ny 5tRu Ty st

- 12
VDes + VAbs + VP ( )

Pg+ﬁt =
Thermal resistive network

The heat and hydrogen transfer behaviours of multi-stage
SHC are studied for 0.5 kg of alloys mass in the cylindrical
reactors embedded with cooling water jackets. The heat
transfer from MH bed to cooling water was analysed using the
thermal circuit, as shown in Fig. 4 (front and side view). With
the help of this resistance network, the heat transfer rate is
analysed using the following equation [54]:

AT

Rt,Tota]

(13)

Here, the total thermal resistance (for conduction, con-
vection and fins) can be calculated as

In?2
Rconduction = m (14’)

1

Reonvection = m
2

(15)

In equation (14), r, and r; are the external and internal
radius of the reactor, L is bed length, and k is thermal con-
ductivity. In equation (15), h is the convective heat transfer
coefficient.

Solution scheme

The steps involved in the solution of governing equations
about heat and mass transfer behaviour of MH beds are pre-
sented in Fig. 5. Very first the properties of metal hydrides, i.e.
AH, AS, ¢, B, X5, Cq, Eq, pm and pss, required as input for gov-
erning equations are experimentally measured as well as
occupied from literature. After that, grid size and, first input

data for hydrogen concentration, alloy thermodynamic and
thermo-physical properties, operating temperature, cycle
period, time steps, etc. are defined. The computational
domain of half of the reactor was divided into 41 x 41 grid size
for obtaining the numerical solution of governing equations
using a finite volume approach. After assigning the initial
conditions, the MH bed pressures are calculated using the
van’t Hoff equation, and these values are used for the esti-
mation of hydrogen transmission at each time steps. In the
next step, energy equation, i.e. equation (10) is discretised as
well as assigned the required initial and boundary conditions
and solved using TDMA algorithm, which results in the
average MH bed temperature. Similarly, the pressure equation
is discretised and solved to generate succeeding pressure
value. This newly generated pressure value is used to estimate
velocity for the present time step. The simulation was
continued till the present time step reaches to predefined
cycle time by updating the calculated data values.

Thermodynamic performance

The thermodynamic performance, i.e. compressor work, total
heat supplied and compressor efficiency is calculated using
the following equations.

The compression work is calculated as

11
Y R dtstuge 1) !
We=——m — -1

=1 -
Pd(smge 2)> ! —1]+

-+

% R

71’)’1}12 Tabs
Y- 1 (stage—2) »MHQ_ P,

S(stage—
" (16)

Y [ R ] Pd(sluge 3)
o 12 0ge o) Tabs My, | ( =1+

%
<

"U

S(stage-3)

<
<

(Pagas )~ 1
P S(stage—4)

The total heat supplied is calculated as

% R
N 1mH2(smge—41 Tabs _MHZ_

HTF Flow

th, water, conv

th, water, conv

Metal Hydride Powder

Fig. 4 — Schematic of a thermal resistance network.
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Qh = n(stage—l)AI—Ides(smg78 1) + [(maﬂuycaﬂoy + mRCR) (Tdes - Tabs)] +
n(stage—Z)AHdes<stage 2) [(malloy alloy + mRCR) (Tdes - Tabs)] +
n(smge 3) AHfles (stage—3) [(maﬂay alloy + mRCR) (Tdes - Tabs)] +
N(stage—4 AHdes<Smge 4 [(maﬂoy alloy + mRCR) (Tdes - Tabs)]

(17)
The compression efficiency is calculated as

_Isentropic compression work W, (18)
"le = Total heat input to compressor _ Q;

Results and discussion

The results obtained from the performance investigation of
multi-stage sorption hydrogen compressor in terms of varia-
tions in bed pressure, temperature and concentration are
discussed in following sub-sections.

Model validation

The numerical model is validated for MH bed temperature as
well as hydrogen concentration at a hydrogen supply pressure
of 10 bar and operating temperature of 30 °C, as shown in
Fig. 6. For validation purpose, the reactor geometry is
considered the same as used in experimental studies [9], i.e.
130 mm length and 30 mm inner diameter. The metal hydride
used is Lag gCeo ,Nis with a total mass of 0.25 kg as well as the
other material properties are similar to presented in Ref. [9].
Figure 6 shows the variation of MH bed temperature and
hydrogen concentration obtained from both experimental
measurement [9] and numerical estimation. It is observed that
the variation in temperature and concentration generated
through numerical modelling are in good agreement with
experimentally measured values. There is a small deviation
occurred at the peak point of the temperature curve, which is
due to the fast reaction kinetics of metal hydride resulted
from high-pressure difference at the beginning. This may be
difficult to incorporate with numerical results. In the case of
hydrogen concentration, it is observed that the full concen-
tration reached in 470 s in experimentation whereas it

34 1.2
Absorption - Lag Ce; s Nig: Supply Pressure = 10 bar
Operating Temperature = 30°C
1
35 1 ’|
o : - Mass Fraction [ Fo0s8 .
& Simulation ! =
o 13
4 &
£ ] =
s 2 0.6 3
2 1
B 2
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T
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=
=
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=
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=

104 o
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Fig. 6 — Model validation for average MH bed temperature
and hydrogen concentration factor.

reached in 230 s in simulation. The deviation may be due to
the experimental uncertainties as well as several assumptions
in a numerical model. It is also observed that about 90% of
hydrogen transmission is achieved within 80 s in experi-
mentation and within 50 s in simulation. The results obtained
in Fig. 6 revealed the suitability of the generated numerical
model for the prediction of hydrogen compressor perfor-
mance. The performance prediction of multi-stage hydrogen
compressor is carried out employing the same numerical code
by incorporating certain adjustments to lodge the staging. The
dimension and schematic of the reactor used in present work
are already presented in Section Metal hydride reactor.

PCIs of metal hydrides

The PCIs of Lao_9Ceo_1Ni5, Tio_992r0,01Vo_43Fe0_99Cr0_05Mn1_5,
MmNis and TiCrMn alloys are presented in Fig. 7 at the ab-
sorption temperature of 298 K and a desorption temperature
of 373 K. Since the thermodynamic system works within the
plateau region, the PCIs of the materials are presented only for
the plateau phase.

Itis seen from PCIs that the equilibrium pressures of all the
desorbing alloys are much higher than the corresponding
absorbing alloys in coupled MH beds. This proves the suit-
ability of these alloys for better performance of SHC because it
allows complete absorption and desorption of hydrogen,
which in return favourable for system performance. Also, it is
seen that the pressures at the end of absorption processes are
higher than that of the beginning. This is due to the existence
of a plateaued slope that results from the presence of impu-
rities or surface contaminations. In general, the presence of
high plateau slope is not acceptable for the development of
thermal devices, but in case of hydrogen compressor, it is
somehow favourable because, at the end of sensible heating of
the bed, this results in high discharge pressure. However, it is
to be noted that the higher plateau slope leads to a reduction
in reversible hydrogen storage capacity. In this system with
the implementation of multi staging, it is observed that the
LagoCep1Nis absorbs hydrogen at 9.5 bar and 298 K and
TiCrMn delivers the high-pressure hydrogen at 695 bar and
373 K. This observation leads to the maximum compression

729 -
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Fig. 7 — PCIs of MH beds at absorption and desorption
temperatures.
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ratio of 73.15 by considering the endpoints of the plateau re-
gions of Lag 9Cep 1Nis and TiCrMn hydrides.

Thermodynamic cycle with pressure variations

Figure 8 shows the thermodynamic cycle represented on the
van’t Hoff plot constructed using mid-plateau pressures of
employed metal hydrides. In this thermodynamic cycle, the
actual variation of MH pressures is also presented for all the
processes in respect of PCIs. It is already discussed in Section
Working principle of multi-stage sorption hydrogen
compressor that the sorption hydrogen compressor works
within the plateau region as well as its representation in the
thermodynamic cycle. Similarly, the thermodynamic cycle in
Fig. 8is constructed using the data from Fig. 7. The state points
Pi1, Pi, and P; 3 are the intermediate pressure at which the
hydrogen transmission stops where pressure equilibrium
reached. The details of MH bed conditions, i.e. the opening
pressure and discharge pressure corresponding to storage
capacities (wt%) for all the stages are presented in Table 4. It
also shows the values of a maximum pressure difference be-
tween coupled reactors concerning mid-plateau pressures as
well as plateau region end to endpoints, i.e. the pressure gap
between the starting point of a desorbing alloy (8 — a-+p) and
stating point of absorbing alloy (x— a:+).

It can be seen that high-pressure differences exist among
the coupled reactors in respect of both mid-plateau as well as
ends of the plateau region, and increased values are obtained
for subsequent stages. Also, the minimum of 68.37 bar and
maximum of 313.93 bar gaps are obtained among coupled
beds that lead to high reaction rates, which is discussed in
subsequent sections. The obtained data also depicts that the
maximum discharge pressure of 695.34 bar can be achieved at
the end of sensible heating of TiCrMn. This high-pressure
output at the temperature of 373 K is the outcome of the se-
lection of Lag oCe 1Nis in the first stage because this material

C—> Low pressure H, inlet

—=p High pressure H, inlet
Absorption

provides excellent pressure lift with a small upsurge in tem-
perature with significant reversible hydrogen storage capac-
ity, and favourable plateau slope and hysteresis. However, the
materials used in the present study provide high-pressure lift
and excellent PCI properties in the reported literature.

Variation in MH beds temperature

It is well known that the absorption and desorption of
hydrogen by metal hydrides are exothermic and endothermic
reactions, respectively. Therefore, in the present system,
wherever hydrogen absorption takes place, a certain amount
of heat is released whereas a certain amount of heat is sup-
plied to the system for hydrogen desorption. This phenome-
non is seen in Fig. 9 with the sudden drop and rise in MH bed
temperatures at each stage.

In Fig. 9, the increase in LagoCep Nis bed temperature
during hydrogen absorption at 298 K and sensible heating
from 298 K to 373 K can be seen at the stage — 1 whereas for
stage — 2, the temperature variation in coupled beds, i.e.
LapoCep1Nis and  Tip.99Zr0.01V0.43F€0.99Cr00sMny 5 during
desorption followed by sensible cooling and absorption fol-
lowed by sensible heating, respectively, is presented. Simi-
larly, it is shown for other MH beds for stage — 3, stage —4 and
hydrogen delivery processes. The sudden rise and drop in bed
temperatures are due to the fast reaction rates, which results
from the high-pressure difference between beds. Due to this,
in the beginning, hydrogen transmission is fast, and then it
decreases with a decrease in pressure differential. It can be
seen that the bed temperature first increased then decreased
gradually to its original temperature, i.e. 298 K during ab-
sorption similarly, during desorption the bed temperature
suddenly drops then increased gradually to 373 K due to the
circulation of heat transfer fluid in the annulus. The values of
maximum rise and drop in bed temperatures for all the stages
are given in Table 5. These temperature jumps are also due to

Sensible Heating
— Sensible Cooling
—> Hydrogen Transfer

===~ Desorption

® La,,Ce, Ni;s

o ]

2 ; " —
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Fig. 8 — Thermodynamic cycle presenting the pressure variation during processes.
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Table 4 — MH bed conditions during hydrogen transfer processes.

Compression Stages MH beds condition Pressure Maximum
Desorptionpoint Absorption point D1ffgrent1a1 w.r.t Pressurg
Mid Plateau Differential
[B— o+ [0 o+B]
(bar) w.r.t PCIs(bar)
Supply from low-pressure — Lag.oCegp 1Nis; — Supply pressure 9.5
cylinder (Stage — 1) 0.081 wt% and 2.7 bar at 298 K
Stage — 2 Lag 9Cep 1Nis; Ti0.99Z10.01V0.43F€0.99CT0 0sMn1 s; 27.12 68.37
1.21 wt% and 78.5 bar at 373 K 0.14 wt% and 10.13 bar at 298 K
Stage — 3 Tio.99ZY0.01V0.43F€0 9oCIo 0sMn s; MmNis; 31.39 166.95
1.07 wt% and 187.7 bar at 373 K 0.17 wt % and 20.75 bar at 298 K
Stage — 4 MmNis; TiCrMn; 48.68 313.93
1.17 wt % and 367.13 at 373 K 0.14 wt% 53.20 bar at 298 K
Delivery to the TiCrMn; = = Max. delivery pressure 695.34
high-pressure cylinder  0.98 wt% 695.34 bar at 373 K
Stage - 1 | Stage - 2 Stage - 3 | | Stage - 4 | . Delivery |
383 - - -
Ni | SH 7 MmNiz TiCrMn | Sensible Heating (SH) |
. 3 = SR Sensible Cooling (SC)
373 1
363 1
%353 -
@
|
2343 -
g
2 SH SH
5333 -
=
323
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303 A
293 T L T T Cat T r e r — 5{.. T —
= S = S s = = S s = = S
] S 7 = n S I3 S W = 3] =3 3] S
-y — o~ ~ L] 2] -T - w LT ] b= =} -
Time (Sec)

Fig. 9 — Average MH bed temperature during hydrogen transmission processes.

the accumulation of heat because of the poor thermal con-
ductivity of metal hydride powder.

Rates of hydrogen transmission

The rates of hydrogen transmission during all the processes
are presented in Fig. 10. It can be seen that full hydrogen

transmission occurred within 500 s for all the stages except
stage — 1. This is due to a very high-pressure difference be-
tween coupled reactors whereas, in the first stage, hydrogen is
supplied to MH 1 at a pressure of 9.5 bar, which is compara-
tively very less with other stages. The hydrogen transmissions
presented in Fig. 10, in connection with Fig. 5, evidences the
transmission of a significant amount of hydrogen, which is

Table 5 — MH bed temperature variation values.

Stages Materials Variation in MH bed temperature Time (sec)
Stage 1 Lag oCep 1Nis From 298 K to 305.6 K in20s
Stage 2 Lag oCep 1Nis From 373 K to 344.1 K in 9% s
Tip.09ZT0.01Vo.43F€0.00Crp osMn 5 From 298 K to 329.5 K in9%s
Stage 3 Ti0.99Z10.01V0.43F€0.99CT0 0sMn1 5 From 373 K to 334 K in69s
MmNis From 298 K to 328.8 K in 68 sed
Stage 4 MmNis From 373 K to 351 K in 90 s
TiCrMn From 298 K to 315.1 K in93s
Delivery TiCrMn From 373 K to 366.8 K in24s
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Fig. 10 — Rate of hydrogen transmission.

responsible for better system performance. The heat and
mass transfer analyses of multi-stage SHC demonstrate that
the overall cycle completes within 6000 s, including sensible
heating and cooling processes.

MH bed pressure variations

Figure 11 shows the variation in MH bed pressure in each stage
of a multi-stage sorption hydrogen compressor. The mini-
mum pressure of the cycle is at the start of the first stage, i.e.
2.7 bar at 298 K whereas the maximum pressure of the cycle is
at the end of the fourth stage, i.e. 695 bar at 373 K. The sharp
peaks in the figure are the rise in bed pressure during sensible
heating processes. It can be seen that the bed pressure of

desorption alloy gradually decreases and the pressure of
absorbing alloy increases with the progression of compression
stages. The variation in bed pressure stops with the comple-
tion of hydrogen transmission, and the pressures of both al-
loys come in equilibrium, i.e. at an intermediate pressure. The
values of opening pressure and discharge pressure for all the
materials at each stage are already presented in Table 4.

Thermodynamic performance

The thermodynamic performances of multi-stage sorption
hydrogen compressor are estimated for static as well as dy-
namic conditions. Here, the static performance stands for the
performance parameters estimated using fix values of the
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Fig. 11 — MH bed pressure variations.
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mass of hydrogen transmitted, and supply and discharge
pressures whereas dynamic performance stands for the per-
formance estimation using the data generated through nu-
merical modelling. In contrast, the other constant properties
used in equations (13)—(16) are the same in both analyses. The
system performance is estimated using the series of equations
presented in Section Solution scheme. The estimated
compressor work, heat input and efficiency for each stage
through static data are given in Table 6. The values of other
constants are given in the author’s previous article [56]. The
overall compressor work is estimated as 37.82 k] whereas total
heat input as 356 k] with the overall efficiency of 10.26%. It is
observed that compressor work is higher at stage — 1 and goes
on decreasing for further stages. This is due to a decrease in
pressure ratio (discharge pressure/supply pressure). A similar
pattern is observed for heat input also, but this entirely de-
pends on reversible hydrogen as well as desorption en-
thalpies. The compressor work decreased by 69.8%, 75.2% and
80.4% from the stage — 1 to stage — 2, stage — 3 and stage — 4,
respectively whereas it decreased by 17.8% from the stage — 2
to stage — 3 and by 21% from the stage — 3 to stage — 4.
Similarly, heat input is reduced by 7.6%, 17.7% and 33.6%
respectively. It is also observed that at the end of the fourth
stage, 5 g of hydrogen can be delivered at predicted higher
pressure.

The above performance parameters are estimated for
0.5 kg of each metal hydrides. To forecast the performance of
the system for higher output, the thermodynamic perfor-
mance is also estimated for a large quantity of metal hydrides,
i.e. 10 kg each. The overall work input is estimated as 946.7 kJ
while overall heat input as 7120 kJ with maximum hydrogen
discharge of ~100 g at the end of 4-stage compression. Despite
these high discharge, the increased cycle time may result in
the employment of 10 kg of metal hydrides due to slower re-
action between hydrogen and a large quantity of alloy
particles.

On the other hand, dynamic performance is estimated
using the parameters generated through CFD simulation. The
variation of compressor work and heat input along with the
overall efficiency with the variation of hydrogen transmission
are shown in Figs. 12 and 13. It can be seen that the
compressor work, heat input and overall efficiency increases
with the increase in the amount of hydrogen transmitted.
Also, the rate of performance parameters is fast at the
beginning then slows down and the compressor work reached
equilibrium values of 27.14, 8.18, 6.72 and 5.3 kJ, and heat
input values reached to 101.41, 96.46, 85.88 and 69.25 kJ with
the overall efficiency of 13.3%.
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Fig. 12 — Effect of hydrogen transmission on compressor
work and efficiency.

Also, the effects of discharge temperature on system per-
formance are estimated. The discharge temperature varied
from 373 K to 473 K, and its effect on compressor work, heat
input and overall efficiency are studied as shown in Fig. 14. It
is observed that the compressor work and overall efficiency
decreases with an increase in discharge temperature, whereas
the heat input increases. With an increase in discharge tem-
perature, the higher discharge pressure can be achieved since
the equilibrium pressure of metal hydride increases with
operating temperature. Conversely, this leads to a significant
decrease in available pressure differential between coupled
reactors and results in slower reaction kinetics (increase in
overall cycle time) and reduction in hydrogen exchange. From
the previous experiments on metal hydrides PCIs [33,57], it
was observed that with the increase in operating temperature
by 20 °C, the reversible hydrogen storage capacity decreased
by 3—4% and this reduction will be more at higher operating
temperatures as well as leads to increased plateau slope.
Therefore, in the present study, to estimate the static ther-
modynamic performance of the system at different discharge
temperatures the reversible hydrogen storage is assumed to
be reduced by 4% with an increase in temperature by 20 °C.

It can be seen from equations (16) and (17) that the
compressor work as well as heat input greatly influenced by
the amount of hydrogen transmission. Due to this, the
decrease in compressor work is observed with an increase in
discharge temperature. Moreover, the increase in heatinputis
due to the increase in the sensible heating amount. Both
together leads to a decrease in the overall efficiency of the
system.

Table 6 — Thermodynamic performance of multi-stage sorption hydrogen compressor.

Compression Stages — Stage — 1 Stage - 2 Stage — 3 Stage - 4
Alloy Lag.9Cep 1Nis Ti0.99Z10.01V0.43F€0.99CT0 0sMnN1 5 MmNis TiCrMn
Reversible Storage Capacity (Wt%rev) 1.21 1.075 1.17 0.98
Supply Pressure (bar) 9.5 78.5 187.7 367.13
Delivery Pressure (bar) 78.5 187.7 367.13 695.34
Compressor Work; W, (k]) 21.68 6.53 5.37 4.23
Heat Supplied; Wy, (kJ) 104.41 96.46 85.88 69.25
Efficiency; n 20.77 6.77 6.25 6.12
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Fig. 13 — Effect of hydrogen transmission on heat input and
efficiency.

Techno-economic analysis

Metal hydride based hydrogen compressor is proposed for
hydrogen compression without contamination and with
reasonably low energy cost that makes it an attractive alter-
native to the mechanical compressor. The characteristic of

utilizing waste heat as an input, in case of sorption hydrogen
compressor, helps in reducing operation cost significantly in
comparison with mechanical hydrogen compressor. In 2018,
Emmanuel et al. [58] have presented a detail discussion on the
developments on sorption hydrogen compressor and early
markets. A brief discussion on techno-economic analysis in
connection with the previous study [58] is presented here.
Table 7 presents a comparison between conventional and
metal hydride based hydrogen compressor.

It is clear from the above table that the sorption hydrogen
compressor possesses substantial benefits over mechanical
hydrogen compressor in terms of lower weight, lower capital
cost, lower operation and maintenance cost as well as it
operates using waste heat (190 lit/min @ 90 °C). Sorption
hydrogen compressor can be directly introduced to business
like chemical industry (for utilizing waste heat), hydrogen
refuelling stations and renewable energy source (RES) storage
in compressed hydrogen. The better target market for sorp-
tion hydrogen compressor is its incorporation in a self-
sufficient power system running through RES and hydrogen
systems. It is concluded form the techno-economic analysis
that the sorption hydrogen compressor possessed good com-
mercialisation potential. This is due to the requirement of
renewable energy systems in central Europe as a result of the
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Fig. 14 — Effect of discharge temperature on heat input, compressor work and efficiency.

Table 7 — Comparison between mechanical and sorption hydrogen compressor [58].

S.No. Parameters Sorption Hydrogen Compressor Mechanical Hydrogen Compressor
1 Hydrogen Discharge (Nm?/h) 56.63 56.63

2 Supply Pressure (bar) 6.89 6.89

3 Discharge Pressure (psia) 248.2 248.2

4 No. of Stages 5 3

5 Total Weight (kg) 1000 3600

6 Electric Power Required (W) 500 20,000

7 Estimated Capital Cost (Euro) 130,000 145,000

8 Annual Power Cost (2000 h/y, €0.1/kWh) 100 4000

9 Annual Maintenance Cost (€) 1000 8000
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exclusion of nuclear plants. Also, in Europe, the number of
hydrogen refuelling stations are increasing as well as several
hydrogen-powered vehicles are introduced in the market.

In 2020, Lototskyy et al. [23] have presented the detailed
technical and economical analyses of three years operation of
the hydrogen refuelling station. It is reported that 25% of the
total cost of refuelling station goes to the development of
sorption hydrogen compressor. It is also reported that the
capital, as well as operation costs, are significantly lower than
the existing hydrogen refuelling stations. It can be observed
from the above discussion, and Table 7 that for the similar
pressure output, the total estimated cost of sorption hydrogen
compressor is significantly lower than the mechanical
compressor. The estimated capital cost for five-stage sorption
hydrogen compressor for the pressure output of 248.2 psia is
130,000 €. The comparable capital cost can be expected for the
four-stage sorption hydrogen compressor proposed in the
present study with the pressure output of >500 bar.

Conclusions

The performance investigation of multi-stage sorption
hydrogen compressor through a finite volume approach at
operating temperatures of 298 K and 373 K led to the following
conclusions:

1. A new multi-stage sorption hydrogen compressor is pro-
posed and analysed its performance for the compression of
low-pressure hydrogen at a supply pressure of 9.5 bar,
298 K to high-pressure hydrogen discharge of more than
500 bar at 373 K with the employment of LagoCeg 1Nis,
Tip.99ZY0.01Vo.43F€0.99Cro gsMn 5, MmNis and TiCrMn, which
results from the screening of several metal hydrides.

2. The solution scheme adopted for CFD simulation of multi-
stage SHC is presented. The simulation predicted the
behaviour of MH bed temperature, pressure and hydrogen
transmission during compression stages. The overall cycle
time is predicted as 6000 s, including compression stages,
and sensible heating and cooling.

3. The thermodynamic cycle of multi-stage SHC is con-
structed showing the actual variation in MH bed pressure
corresponding to PCIs are presented, yields better under-
standing of the availability of maximum pressure differ-
ential among coupled reactors, which results in fast
kinetics and maximum hydrogen transfer.

4. The static performance of SHC yields the maximum
compression work of 37.82 k] and total heat supply of 356 kJ
with the cycle efficiency of 10.62%. The dynamic perfor-
mance is estimated with the employment of predicted MH
bed parameters, which demonstrates that the system
performance (compressor work, total heat input and
overall efficiency) increases with hydrogen transmission
rate and amount.

5. The increase in discharge temperature on system perfor-
mance results into increase in heat input, whereas a
decrease in compressor work and cycle efficiency.

6. The maximum pressure ratio from the start of the first
stage to the end of the fourth stage is obtained to be 257, i.e.
from 2.7 bar to 695 bar with the discharge of 5 g of hydrogen

by using 0.5 kg of each alloy whereas the implementation
of 10 kg of metal hydrides results in a discharge of 100 g of
hydrogen.

7. The proposed system and methodology can be employed
for very high-pressure hydrogen output by varying
discharge temperature and corresponding working pairs.
The main advantage of such systems is its ability to oper-
ate using low-grade heat energy. In contrast, the main
disadvantage may be the requirement of more number of
stages and operation time to produce the pressure output
like conventional hydrogen compressor. Moreover, the
estimated capital and operation costs of a sorption system
are lower than that of a mechanical compressor.
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Nomenclature

AH: Absorption/Desorption enthalpy, k] mol*
4S: Absorption/Desorption entropy, kj mol™* K~*
¢, ¢o: PCI slope factors

p: Density, kg m 3

B: PCI Hysteresis factor

: Thermal conductivity, W m *K™*

C,: Absorption rate constant, s+

C4: Desorption rate constant, s+

E: Absorption/Desorption activation energy, kjmol * of H,
m: Mass flow, kgm 35

M: Molecular weight, kg kmol ™"

n: Moles of gas, mol

Pq: Equilibrium pressure, bar

R,: Universal gas constant, k] mol * K~ *

T: Absolute temperature, °C

u: Velocity, m s™*

wt%: Hydrogen concentration, %

x: Hydrogen concentration, (H/M ratio)

Subscripts

a: absorption
d: desorption
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