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Performance Investigation of Multi-
Stage Hydrogen-Based Sorption Heat
Pump

Metal hydrides are broadly investigated, for more than three decades,
towards its application for cooling and heating applications. As a
continuation of those works, in the present study, authors have investigated
the performance of a multi-stage sorption heat pump for multiple cooling
and heating outputs. The metal hydrides selected for the present study are
Tig 9sZro.02Vo.43F€0.00Cro0sMn; s, MmNiy;Aly 3, LaNigsAly, and ZrpoTiy,
CrooFe;;, with the operating temperature range as 20°C for cooling
output, 45°C for heating output and 140°C for heat supply. The system
produces three cooling and four heating outputs with only one heat input.
The performance of the system is investigated, via finite volume approach,
in terms of hydrogen interaction within the coupled beds, bed temperature
variations and heat interactions during hydrogen transfer processes. The
minimum temperature observed during the cooling process is 0.5°C,
whereas the maximum temperature observed during the heating process is
60°C, which shows that the obtained temperature is capable of space air-
conditioning. On the other hand, the maximum cooling and heating
outputs, at a particular instant of time, are estimated at 361 W and 402 W,

respectively with a heat supply of 23 W.

Keywords: hydrogen storage; heat pump; finite volume method.

1. INTRODUCTION

Recently, a lot of research work has been carried out on
metal hydrides, and they have been proved to be a good
alternative for using in cooling and heating systems and
hydrogen compressor. Moreover, metal hydrides have
been successfully used for thermochemical energy
storage applications. Compared to conventional vapour
compression refrigeration systems, which need high-
quality energy for their operation, systems based on
sorption phenomena are a more environment-friendly
and efficient option. This is because they can be
operated using low-level energy in the form of waste
heat from other systems or solar energy [1]. Its use of
hydrogen as working fluid replaces the need for harmful
refrigerants. To achieve a more extensive range of
working temperature and with improved efficiency,
multistage metal hydride based sorption system can be
employed, which further opens up the opportunity to get
multiple heat outputs. For the purpose, the selection of
good working pairs is vital. A lot of theoretical and
experimental research work has been carried out to
determine excellent performing working pairs for use in
single as well as multi-stage metal hydride sorption
based thermodynamic systems.

Sandrock [2] comprehensively reviewed the
hydrogen storage capabilities in addition to the reaction
kinetics of materials such as alloys, complex hydrides,
natural elements and carbon-based materials. The study
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was conducted for the temperature range of 0-100°C
and pressure range of 1-10 bars. It was concluded that
Vanadium is the only suitable natural element for the
given range of operating conditions. It was also reported
that Metal Hydrides having ABs, AB, and AB
combinations show excellent pressure-concentration
isotherms (PCI) properties at room temperature while
the compounds having a combination of AB, and AB
show functional H, storage capacity with a minimal
material cost. Here, element A refers to rare earth and
alkaline metals, while element B is generally a
transition metal. On the other hand, Dantzer [3]
analysed the properties of metal hydrides (MHs) based
on their suitability for hydrogen storage purposes for the
temperature range of 500 K. It was concluded that, by
controlling the slope and hysteresis, the reaction kinetics
could be altered and the storage capacity can be
improved, and by varying the composition, the materials
can cater to the needs of the future for energy storage.

A review on the use of metal hydrides for storing
hydrogen, electrochemical processing, gas separation, etc.,
was presented by Sandrock & Bowman [4]. It was con-
cluded that to make the use of hydrogen storage materials
viable; there is a need for determination of materials with
better reaction kinetics and hydrogen storage capacity
compared to materials being used currently.

Rusman & Dahari [5] reviewed the recent
improvements in the amount of hydrogen stored in
metal hydrides. It was observed that storage capacity
and reaction kinetics of materials such as metal hydrides
and complex hydrides, etc., can be augmented by the
addition of catalysts. Mohtad & Orimo [6] reviewed the
use of metal hydrides for applications involving energy
storage. The key improvements in the storage materials
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were reported, which could make their use as energy
storage materials more efficient.

Dantzer and Orgaz [7] experimentally investigated
metal hydride heat pump (MHHP) performance by
developing a model which works on isothermal and
isobaric modes with LaNig4 77Alj,,/LaNis pair and found
the Carnot efficiency to be around 80-90%. In another
study [8], the working pair was selected based on
entropy, reaction enthalpy, and having the higher
transfer of hydrogen between the materials. It was
observed that with ZrMn, g/L.aNi4 75Alj,s as the working
pair, an optimum COP of 2.16 at an output temperature
of 50°C was obtained. With Zry;Tip3Mny/
LaNiy 56Mng 44 @ COP of 2.00 at 100°C was obtained,
and with NiZr/LaNizAl, a maximum COP of 2.26 at
150°C was obtained. Orgaz & Dantzer [9] carried out a
comparative study of two systems, binary heat pump
(BHP) and ternary heat pump (THP). They observed
that at all temperatures, the COP of the BHP system was
found to be lower than the THP system.

Due to the necessity of concurrent cooling and
heating outputs, from air-conditioning systems, at
different locations, there is a necessity of development of
a thermodynamic device which can produce concurrent
cooling and heating outputs with a larger capacity.
Because of this, the present study aims to investigate the
performance of a multi-stage sorption heat pump for air-
conditioning applications. In our previous study [10], we
have proposed the concept of multi-stage sorption heat
pump and investigated its thermodynamic and heat-mass
transfer studies wusing the set of TiggsZronVoss
Feo00CroosMn, s, MmNiy ;Aly 3, LaNisgAlg, and ZrgoTig
CrooFe;; metal hydrides. In the present study, the
proposed thermodynamic system is adopted to investigate
its performance by employing the metal hydrides chosen
from literature as best suited pair, based on selection
criteria for a given temperature range.

2. SELECTION OF WORKING MATERIALS AND
SYSTEM DESCRIPTION

The metal hydrides for the present work is chosen by
employing the properties of different metal hydrides,
available in the literature, as shown in Table 1, in a
computer code to obtain the best-suited working pair.
The computer code is created to determine the best-
suited metal hydride pair based on cooling and heating
outputs while maintaining the optimum pressure dif-
ference between coupled beds to enable the maximum
hydrogen interaction among them. The above technique
is applied for the working temperature range of 20°C,
45°C and 140°C and the best-suited metal hydrides
obtained are  TiggsZr02Vo43FeopoCroosMn;s  (R1),
MmNi4'7Alo.3 (RZ), LaNi4'gAlo.2 (R3) and ZI'()gTi().l
CrooFer1 (R4).

The detailed working principle of a multi-stage
sorption heat pump is available in the authors’ previous
article [9]. The beauty of the present system is that it can
produce three cooling and four heating outputs with one
heat input. The heating and cooling outputs are obtained
by the heat interactions involved in hydrogen absorption
and desorption by metal hydrides which are exothermic
and endothermic reactions, respectively.

A schematic diagram of a multi-stage sorption heat
pump integrated with solar heat collection and air-
conditioning application is shown in Fig. 1. The heat
input required in the system can be fulfilled by solar
thermal energy using concentrated solar collector,
whereas the concurrent cooling and heating outputs can
be supplied to the building for air-conditioning
applications as per demand. The system serves as
environmentally friendly because it runs without any
harmful refrigerant as well as without any moving parts
like compressor as required in conventional vapour
compression refrigeration system.
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Figure 1. Schematic of multi-stage sorption heat pump for building air-conditioning [10]

122 = VOL. 49, No 1, 2021

FME Transactions



Table 1. Properties of different metal

S. No. Materials Enthalpy (AH) Entropy (AS) Maximum Storage Capacity | Reference
(kJ/molH,) (J/KmolH,) (Wt%)/Temp (°C)
1 | MmNi,¢Aly, 31.16 101.2 12823 [11]
2 | LaNis-Sngs 3651 112.6 1.04/24.9 [12]
3 MmNiy 7Sng 5 31.83 106.8 0.97 [12]
4 LmNiy oSng 28.97 104.3 1.29/23 [11]
5 MmNiy 7Alg 5 27.50 107.6 1.21/23 [11]
6 | LaNisgSngo 313 101 12822 [13]
7 LaNis 30.7 110 1.29/21 [13]
8 MmNiy oFeg 24.8 84.7 1.2 [14]
9 MmNis 20.3 101.4 1.44/20 [15]
10 MmNiy sAly s 24.41 97.04 1.36/20 [15]
11 MmNiyAl 26.17 79.9 1.30/20 [15]
12 MmNi; 7Cop s Mng 3Aly 3 33.11 96.94 1.16/20 [15]
13 MmNi3A5C00(4MHOI4A10_4F60A3 34.27 97.82 1.05/20 [15]
14 Lag sCe,Nis 26.6 107.3 1.4/20 [16]
15 Lag9Cep Ni5 32.9 121 1.3/40 [17]
16 | LaNi, Al 34.04 108 1.41/20 [18]
17 | LaNiy,Algs 327 105 122 [19]
18 MmNiy ,Alg g 25.09 120 1.3/25 [20]
19 | LaNisgsAly s 31.6 106 125 211122]
20 | MmNi,gAl s 21.05 93.9 1.4/20 [22]
21 | LaNiggsSng s 29.8 105 1.3/30 [22]
22 MmNiy Alg4 28 107.2 0.95/20 [23] [24]
23 | MmNi, sFeos 275 105 1.1520 [23][25]
24 LaNig sSng s 36 97 0.95/26.8 [26]
25 | MmgsLagsNis;Sngs 33.8 1112 } [27]
26 | LaNiggAly, 30.4 101.6 } [27]
27 | MmNi,Fe, 25.0 87.4 ; [27]
28 TiFeo_QMn()‘] 29.7 107.7 - [27]
29 Lao_g5ceo_15Ni5 24.3 91.28 - [27]
30 | ZrFe, ¢Nig, 17.2 119.7 } [27]
31 | TioosZro0VoasFenooCroosMn, 5 274 112 15 28]
32 Zry 9T CrooFe; 29.6 92.0 - [29]
33 Ti1‘05F60A9Nb0A1 28.5 98.9 - [30]
34 Ti1_05Feo_gNi0_15Cr0_05 42.5 120.6 [30]
35 | LaNiysCoss 244 76.6 } [30]
36 LaNip 5Co0, 4Sip 27.6 81.9 - [30]

3. METHODOLOGY

To investigate the performance of the sorption system, a
finite volume approach is adopted. Since the present
system involves hydrogen as well as heat transfer phe-
nomenon, the fundamental governing equations, i.e.
continuity, momentum and energy equations are solved.
The partial differential equations are discretised to the
algebraic equation by the fully implicit method. The
computational fluid dynamics (CFD) analyses result in
the variation in metal hydride bed temperatures, hydro-
gen transmission and heat interactions.

The modified Van’t Hoff equation is used to deter-
mine the pressure variation within the bed during hyd-
rogen transmission.

AH AS

RuT—E+(¢i¢O)tan ;{i——J (1)

The hydrogen transmission to and from metal hyd-
ride beds are estimated using the following equations:

: ~E; \[ B, d = Parvst
mg =C;ex : . 2
d p(Rqu ){ P Pm, d (2)

e,
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a eq.a

The deviations in metal hydride beds temperature
are estimated by using the following equation:

- _T(Cp,g ~Com )} @)

g

or - 5 .
(pcp)e5+(pcp)g uNT =2,V T+m{

4. RESULTS AND DISCUSSION

The prediction of the system performance through CFD
analysis in terms of metal hydride bed temperature,
hydrogen interaction and heat interaction in cooling,
regeneration and heating processes are discussed in this
section. At first, all the metal hydrides are maintained at
predetermined temperatures, as soon as the respective
valves open, the deviation in beds temperatures can be
expected as a result of exothermic absorption and endo-
thermic desorption processes. The cooling effect can be
utilised from the desorption enthalpies of beds R1, R2
and R3 at 20°C. As a result of desorption enthalpies, the
sudden fall in bed temperatures can be seen in Fig. 2.

VOL. 49, No 1, 2021 = 123



Cooling-Heating 1 Cooling-Heating 2 Cooling-Heating 3 Regeneration-Heating
160
Sensible Heating
Sensible Cooling -
140 W :
120 - at45. oFe; ; Abs at Tiy ggZr 12V 43F
g 45 €0.00CTg0sMny 5
=100 Abs at 45[7!
J X \
) : }
= Ti 957 0,V .45Fe LaNi, gAly, : |
= 0 0.00CT0.0sMN, 5 Des at 200 Zr),Tiy,Cr, |,
5 80 Des at 20(] oFe, ; Des |1
) at 140 '
|
ﬁ 60 b v \
v A ‘ v
P
40 - ’
/
[
204 -
0 L] L] L] L] L] L] L] L] L] L] L] L]
— [—4 (4 S [—4 (—4 S S [—3 S S
$ S5 88 85888588 5§ 8
Time (Sec)
Figure 2. Bed temperature
Table 2. Metal hydride bed temperatures
Process Coupled beds Minimum beq temperature during Maxnpum beq temperature
cooling process during heating process
Cooling - Heating TioosZro02VoasFeoooCroosMnis = | g 560¢ 16 15°C in 56 seconds | | oM 43°C 10 49.2°Cin 70
MmNiy ;Alj 3 seconds
. . . . From 20°C to 0.5°C in 106 From 45°C to 60°C in 119
Cooling - Heating MmNiy ;Aly 3 - LaNiggAlg» seconds seconds
o o 1
Cooling - Heating LaNig Al - ZrooTiy1CrooFe; From 20°C to 15°C in 50 seconds From 43 iz(()):l‘gf Cin 46
Regeneration - ZryoTiyCrooFe; | - From 140°C to 137°C in 70 From 45°C to 48.9°C in 80
Heating Tig.08Z10.02Vo.43F€0.090Cro05Mn; 5 seconds seconds

The minimum and maximum temperatures of beds
because of sudden fall and sudden upswing as a result of
desorption (cooling process) and absorption (heating
process) of hydrogen among coupled beds are shown in
Table 2. Apart from the bed temperature deviations in
hydrogen transfer processes, the bed temperature
deviations in sensible heating and sensible cooling
processes are also presented in Fig. 2.

On the other hand, the amount of hydrogen exchan-
ged between paired beds for all the processes are shown
in Fig. 3. During the selection of working pairs, it is
assumed that there should be an optimum pressure diffe-
rence between paired beds to provide maximum hydro-
gen exchange among them. In this way, the cycle time
can be reduced as well as by increasing the hydrogen
moles exchanged, the cooling and heating outputs can be
increased. Since it is a four-stage system, it is challenging
to obtain the high-pressure difference between the beds
working for regeneration for a given temperature range;
as a result, less hydrogen exchange occurs among them as

124 = VOL. 49, No 1, 2021

shown in Fig. 3. This may reduce the overall useful
output as well as COP. It is also observed that all the
metal hydrides possess different reaction kinetics;
therefore, to ensure the occurrence of complete processes,
the simulation is conducted for 1200 seconds.

The cooling outputs are the result of desorption
enthalpy, whereas heating outputs are the result of
absorption enthalpies. Keeping this in mind, it will easy
to understand that during desorption, a certain amount
of heat will be absorbed from the heat transfer fluid
whereas, during absorption, a certain amount of heat
will be released to the heat transfer fluid. These heat
interactions are shown in Fig. 4. The values of the
maximum amount of heat absorbed from heat transfer
fluid are 67 W, 188 W and 106 W, which can be
considered as cooling outputs. Similarly, the values of
the maximum amount of heat released to heat transfer
fluid are 67 W, 190 W, 104 W and 41 W, which can be
considered as heating outputs. During regeneration, it is
23 W which can be considered as heat supplied.

FME Transactions
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Figure 4. Heat interactions

5. CONCLUSIONS

The computational fluid dynamics analyses of a multi-
stage sorption heat pump can be concluded with the
following points:

1.

To investigate the performance of sorption heat pump,
Ti0.98Z10.02V0.43F€0.09Cro.0sMn; 5, MmNiy 7Alg 3, LaNiyg
Aly, and Zr,oTip CrooFe; ; metal hydrides are chosen
via computer code generated based on best per-
formance parameters, i.e. optimum pressure diffe-
rence and maximum amount of hydrogen exchange
between coupled beds as well as maximum COP.

To investigate the performance of the system
through the finite volume method, required gover-
ning equations are solved and discretised using a
fully implicit method.

FME Transactions

3. The numerical study results in 361 W of cooling and
402 W of heating with 23 W of heat supplied at a
particular instant of time.

4. The minimum temperature of 0.5°C and a maximum
temperature of 60°C is observed in cooling and
heating processes.
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NOMENCLATURE
AH Absorption/Desorption enthalpy, kJ mol™

A8 Absorption/Desorption entropy, kJ mol™ K™!

@ @, PClslope factors

p Density, kg m”

p PCI Hysteresis factor

A Thermal conductivity, W m™ K™!

C, Absorption rate constant, gt

Cy Desorption rate constant, s

E Absorption/Desorption  activation  energy,
kImol™ of H,

m Mass flow, kg m’s,

M Molecular weight, kg kmol™

n Moles of gas, mol

P, Equilibrium pressure, bar

R, Universal gas constant, kJ mol™ K™!

T Absolute temperature, °C

u Velocity, m s™

wt%  Hydrogen concentration, %
Hydrogen concentration, (H/M ratio)

Subscripts

a absorption
c cold

d desorption
e equilibrium
g gas

FME Transactions

m metal
SS saturated

HNCTPA)KUBAIE NTIEPOOPMAHCH
BUIIECTENIEHE A/ICOPIIIIUOHE TOIIJIOTHE
ITYMIIE HA BA3ZHU BOOJOHHUKA

C.H. Cajen, C. Ilena, B.K. lllapma, E.A. Kymap

HcrpaxuBame NpUMEHe METATHHX XUIPHAA 32 XJaljeme
U Tpejame Tpaje Beh myxe ox Tpu aeneHuje. Y HacTaBKy
JAJbUX WCTpaXKMBama ayTopu ce OaBe mepdopmaHcaMa
BUIIECTENICHE AJCOPIIIMOHE TOIUIOTHE IyMIIe, HEHUX
n31a3HuX nepdopmancu xnahema u rpejama.
UctpaxmBama cy oOyxBatwma cienehe wMeramHe
xuapuze:  TigosZ.02Vo43F€0,090Cro0sMny s, MnNiy7Aly3,
LaNi4.gAlo<2 u ZI'O‘gTi().]CI'O'gFel_I npu 4YemMy je paaHa
temmeparypa Omma 20°C 3a wm3masHy mepdopMaHcy
xnahema, 45°C 3a mepdopmancy rpejama u 140°C 3a
noBox Toriore. CHCTeM TPOM3BOAM TpU  H3JIa3HA
xnahema ¥ 4eTHpW M3Ja3Ha Tpejama ca caMo jeIHUM
ynazom Torutore. KopuimheHa je Meroga KOHa4HHX
3alpeMUHa Y HCTPaXKUBalby HHTEPaKIMje BOJOHHMKA Ca
oxmroeapajyhuM crojem, Bapujandjama TeMmIeparype y
ClOjeBMMa M TOKOM TIpolleca IpeHOca BOJOHHKA.
Hajamxa Temneparypa y mpotiecy xialema U3HOCHIA je
0,5°C a majsumma 60°C, mrro nmokasyje 1a ce ca 100HjeHOM
TEMIIEPaTYpPOM MOKE BPLIMTH KIMMaTH3aIHja IPOCTopa.
MakcumMaiiHa u3iaszHa nepdopmanca xiahemwa u rpejama
usHocwna je y oapehenom tpenyrky 361W oaHOCHO
402W a nosox Toriote 23W.

VOL. 49, No 1, 2021 = 127



