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Abstract; The refationship ameng the hydrogen starage properties, cycling characteristics and thertal pa-
rameters of the metal hydride air conditioning systems was investigated. Bascd on a new alloy selection
model, three pairs of hydrogen storage alloys, LaNi, ; Mg 5 Alg 50/ Lag s Ndo « Niy s Mny 3 Cug 5 LaNi, o
Mg, o5 Al 1z /Loag g Ndp  Niy s Mg ; Cug; and LaNi, s Mny 25 Al 13 /Lag s Yo o Nig s Mng ;» were sclected as
the working materials for the metal hydride sir conditioning system, Studies on the factors affecting the
COP of the system showed that higher COP and available: hydrogen content need the proper operating
temperature and cycling time,large hydrogen storage capacity. fat plateau and small hysterisis of hydrg-
gen alloys, proper original input hydrogen content and mass ratio of the pair of alloys, It also needs small
weight, heat capacity and good heat conductivity of the reaction beds. An experimental metal hydride air-
‘ conditioning system was established by using LaNi; ¢ Mng 26 Abo 1/ Lao s Yo u Niﬂig Mny_; alloys as the work-
ing materials, which showed that under the operating temperature of 180°C/40°C, a low temperature of
13°C was reached, with COP =0, 38 and W, =0, 0% kW/kg.
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1 Introduction

Metal hydrides can be used as the working materials in the field of energy technology and show very

promising potentials to contribute to the rational use of en-

ergy., One impertant application of hydrogen energy is the

®J, which uses the hydrogen re-

metal hydride heat pumpt'~
action enthalpy to generate useful cold or heat, and the

metal hydride air conditioner is one important form of it,

p(H,) / MPa

The correlative reaction processcs of metal hydride heat

pumps=are reversible, high effective, innoxious, non corro-

sive, steady and low cost. All of these make the metal hy-

dride air conditioner a hot research direction in the arca of 265 30 15 4-_0
“green air conditioners” in the world, Meral hydride air DE_WQQ/K"

conditioner will be a new way to solve the problems of both  kig | The working principle of 4 single-stage heat
pollution and energy, compared to the traditional Freon air pump

conditioners. The working principle of a single-stage heat pump is shown in Fig. 1.
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The metal hydride air conditioner shows the following advantages; (1) It can be operated with the
waste heat exhausted from industrial plants, low grade heat sources and solar energy. Therefore it is an ef-
fective way to recycle low grade heat sources and waste heat to save energy, (2) Compared 1o other air con-
ditioners, it can be operated only with heat. Therc is no moving part and the relevant noise 1a the operating
process. Thus it is a quiet hcat transfer device. (3) It only utilizes hydrogen as the working medium and
has no poliution to environment caused by Freon leak. (1) Since there is only the interaction between gas
and solid in the system, there is no corrosion and the abrasion caused by the operation af accessories, which
enhances the working safety for it. (5) As hydrogen is the only working medium and can be transierred
through pipelines, both the scheme and outline size of it can be flexible to fit the space, (6) Tt can provide
useful cold in summer and useful heat in winter by changing the cycle model, (7)1t offers a wide range of

operating temperature from —50C to 550°C.

2 Selection of the metal hydride pair

Considering the analysis of classical thefmodynamics, P. Dantzer'"! proposed a theoretical metal hy-
drides selection model for the metal hydride air conditioner system, which gave a relationship between the
enthalpy AH and entropy AS of hydrides with the operating temperature. This model can get the proper
AH and AS of metal hydrides when T,,» Tm and T, are given. Based on this maodel, the pressure difference
of a hydride pair AP, the safe pressure and the hysterisis of hydrides were taken into account to develop a
new metal hydrides selection model for the metal hydride air conditioner, Three pairs of metal hydrides
were selected based on this model and are shown in Tablel. This modified model is more practicable than

the Danter’s model.

Table 1 Pairs of alloys used for metal hydride air conditioner

Alloy pairs T./C T./C T,/ C COP

EaNi; o My o Alg s /Toag.s Yo u Nig s Mg » 180 40 10 0. 40
LaNi, ; Mng 45 Aly 54 /1ag s Ndg y N yMn, 2 Cu, 180 60 0 0.43
1.aNi, o Mng o Al 15 /Loy, s Nde  Nig s Mg ; Cuy 150 60 10 0. 48

3 Improvement of hydrogen storage property of metal hydrides
by alloying

The existing hydrogen storage alloys do not always meet the requirement. For example, large plateau
slope and hysteresis of metal hydrides will lead to a decrease of COP for a metal hydride air conditioning
system, Alloying is onc of the most effective ways to improve the hydrogen storage properties of metal hy-
drides. Tn this work, the low temperature alloys were modified by alloying with Cu and substitution of Nd
and Y for La. The P-C isotherms of LazM,.. Ni, {Mn, . (M=Y, Nd) alloys are shown in Fig. 2, It can be
seen that the substitution of Y for La leads to increases of the plateau pressure and hydrogen storage capaci-
ty. but decreases of hysteresis, slopc of plateau and hydrogen absorption kinetics. The lower effect of a-
tomic size factor and larger average difference of electronegativity make the enthalpy of hydride formation
more negative and the hydride more stable, thus substitution of Y for La leads to an increase of the plateau
pressure”® ™", La, s Y5 s Ni, s Mn, . alloy was modified by alloying with Cu and substitution of Nd for La.
Nd is effective on loweting the plateau pressure, improving the hysteresis (from 0. 301 to 0. 247) and slop-
ing characteristics (from 0. 187 to 0. 0467, in addition to increasing the hydrogen storage capacity. Howev-
er, the Nd substitution dramatically decreases the hydrogen absorption kinetics, as shown in Fig. 2, which
is adverse ta the power output of a metal hydride air conditioning system. Alloying with a little amount of
Cu improves hydrogen absorption kinetics without changing hydrogen storage capacity of Lay s Ndo 4 Niys
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Mny ; alloy. The P-C isotherms of Lag sNd, ; Ni, s Mn, , Co, (x=0—0, 4) alloys a1 40°C are shown in Fig. 3.
It can be seen that Cu is effective on increasing the plateau pressure and modifying the hysteresis (from 0.
29 t0 0.09). In addition, a small amount of Cu (x=0—0. 2) addition can zlso improve the hydrogen ah-
sorption kinetics dramatically. For AB; type alloys, the increase of amount of elements on B side probably
leads to the formation of free Ni and Mn atoms which disperse in the alloy and contribute to the improve-
ment of the hydrogen absorption and desorption kinetics. However, more addition of Cu {x=0.3—0. 4)
obviously decreases the hydrogen storage capacity,and worsens the sloping characteristic and the hydrogen
absorptioh kinetics for the appearance of second phase Nd; Ni,.
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Fig.2 Hydrogen absorption and desorption iso- Fig.3 Hydrogen absorption and desorption iso-
therms of LarMi. Nicy Mn,, (M =Y, therms of Lag.q Ndy ; Ni, s Moy ; Cu, alloys

Nd) alloys at 273K at 313K

4 Improvement of hydrogen storage property of metal hydrides by
annealing

The slope factor of isotherms is affected by the homogeneity of alloys. The slope factor of the alloy has
been effectively decreased by annealing, as shown in Fig. 4, The decrease of slope factor of isotherms is fa-

vorable for improving the COP of metal hydride air conditioners.

5 Main factors affecting the COP of metal hydride air conditioning
systems

Coefficient of performance (COP) for a metal hydride air conditioner can he evaluated through the fol-

lowing equationt'
(AXzﬂz (Wz/Mz )/Z)AHZ_ (WzCz +WRzCRg)(Y‘.._ T[)(]-_II)
(AX] 4l (W]/ML)/Z)AH: +(W|C1 +WRlCﬁm )(TI; - Tm)(l_f‘)

Where AH (kJ/mol} is the reaction enthalpy, z is the number of cycles per hour, W (kg) is the weight of

Cop= (1

alloys, Wgis the weight of reaction beds, AX is the cycling hydrogen content, M is the molecular weight,
C (k]/kg » K) is the specific heat capacity of alloys, A is the thermal conductivity of metal hydride air con-
ditioner and Cy is the specific heat capacity of reaction beds.

Cycling hydrogen content has a great effect on the COP of a metal hydride air conditioner. Higher COP
and available hydrogen content need the alloys to have large hydrogen storage capacity, flat plateau and

small hysterisis. For effective using of the alloys, the mass ratio of a pair of alloys should be close to

¢« (2)
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The original input hydrogen content should be close to

e Wazn Waeza ‘ \
=11 Ml 2 +?12 Mg 2 (3)

And the reaction bed should have small weight, heat capacity

and good heat conductivity. It also needs the proper operating

temperature and cycle time,
It can be found from Equation (1) that the COP of a

metal hydride air conditioner is directly affected by the oper-

=8~ Before annealing
== Afler annealing

ating temperature. As the high temperature T, increases,

there is an optimum temperature T,, which gives the maxi-

mum COP. When the temperature is higher than T, cycling

i L L 1

hydrogen content increases monotonically and is saturated but 0 02 04 06 08 10 (2

. Atomic ratj
the COP decreases. The reason why COP decreases at tem- fomic TatiotHM)

Fig. 4 Hydrogen absorption isotherins of

peratures higher than T, is that the thermal losses of both
Lag. s Yo.a Ni, s My ; alloy at 293K before

the alloys and the reaction beds increase while ¢ycling hydro-
gen content is saturated. The weight, specific heat capacity and alter annealing
and thermal conductivity of reaction beds also have influences on the COP. Increasing the weight and spe-
cific heat capacity of reaction beds leads to a decrease of the COP for higher thermal loss. Increase of the
thermal conductivity contributes to imprave the COP. Thus, it is important to select the materials for the
reaction beds. Cycle time is based on not only the hydrogen absorption/desorption kinetics of the alloys but
also the therrﬁal conductivity of the system. Longer cycle titne increases the cycling hydrogen content, but
decreases the cycle number per hour and useful cold or heat. Therefore, there is an optimal cycling time.
It is found that higher COP and available hydrogen content need the proper operating temperature and
cycling time,large hydrogen storage capacity, flat plateau and small hysterisis of hydrogen alloys, proi)er o-
riginal input hydrogen content and mass ratio of the pair of alloys, It also needs small weight, heat capacity

and good heat conductivity of the reaction beds.

6 Performance of LaNia.mMnu.zsAlo.m/ 06 —— Theoretical curve
. . ----- Experimental curve
Lag_s Yg_4N!4_3Mna_2 a"oys pall' a5
[« 9
=
A metal hydride air conditioner using two different © 04
types of metal hydrides, LaNiy e Mng g6 Aly 35/ Lays Yo
Niys Mn, ;» was investigated. The alloys were crushed 03
after the annealing and ground into powders of about
500 gm size. The mass ratio of the pair of alloys was 02 léO T lS.(J 190 200
close to Equation (2). The weight of the high tempera- e

ture alloy, LaNi, 5y Mng 55 Aly 15+ was 68.5 g and the low

temperature alloy, La ¢ Y. Niss Mn, ;» 70g. The two Fig. 5§ Companison between the results of theoretical

alloys were hydrided/dehydrided for ten times to ensure and exp erimental COP

that they were fully activated. The original inpui hydrogen content was close to Equation (3), 0.5 mo}
high pure hydrogen. The eycling exﬁeriments were carried out to obtain steady cooling output by changing
T, and T, when T,,= 40°C. The experiment result and the theoretical result are presented in Fig. 5 and Ta-

ble 2. It can be seen that the practical result of COP is lower than the theoretical one. The main reason of
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this phenomenon is that the real cycling performance is dynamic, both the hydrogen pressure difference of
alloys and the cycling hydrogen content are lower than the theoretic ones, and there exists thermal loss as
well. However, the experimental and theoretical results have the same changing trend and optimal operat-
ing temperature, which illuminates that the COP of refrigerating cycles of the alloys pair well fits with the
result of the calculation model. The caleulation model of COP plays an important role in design of the meral

hydride air conditioner.,

Table 2 Cycling parameters of the metal hydride air conditioner system at 40°C

COP cOp Eou
T./C T/C Q./kl Qu/kl . . 5
theoretic experimental (kW - kg™')

150 18 4,56 1.50 0,35 0.33 0.07
160 16 4, 60 1,62 0.39 0. 35 0.08
170 14 4,71 1.75 0,40 0. 37 0.08
180 13 4,92 1.85 Q.40 0. 38 0.09
190 13 5,15 1. 90 €.39 0.37 0. 09
200 12 ) 0. 41 1. 95 0,37 0. 36 0,09

7 Conclusions

(1) A way of selecting proper alloys for metal hydride air conditioning systems is proposed. Three -
pairs of alloys, LaNij ¢ Mny s Als 5 /Lag s Ndo y Nig s M, Cug y LaNiy g Mng s Al s/ Lag ¢ Ndg s Nig s My
Cuo 1 s L.aNiy_ s Mng 26 Aly 15 /Lag s Yo o Nig s M 5, are sclected as the working materials of metal hydride air
conditioﬁers.

(2) A study on the effect of alloying on hydrogen storage properties and matching properties of metal
hydrides shows that the substitution of Y for La leads to an increase of the plateau pressure, and Nd is ef-
fective on lowering the plateau pressure and improving the hysteresis and sloping characteristics, in addi-
tion to inereasing the hydrogen storage capacity, Small amount of Cu (x=0—0. 2) addition increases the
plateau pressure and improves the hydrogen absorption kinetics dramatically.

(3) Higher COP and available hydrogen content need the proper operating temperature and cycling
time,large hydrogen storage capacity, flat plateau and small hysterisis of hydrogen alloys, proper original
input hydrogen content and mass ratio of the pair of alloys. Tt also needs small weight, heat capacity and
good heat conductivity of the reaction beds,

('4‘) An experimental metal hydride air-conditioning system was established by using LalNij ¢ Mng, s
Aly 15 /Lag s Yo,4 Ni, s M1y, ; alloys as the working materials, which showed that under the operating tempera-
ture of 180°C/40°C, a low temperature of 13'C was reached, with COP =0. 38 and W, =0. 09 kW/kg.
The COP of refrigerating cycles of the alloy pair well fits in with the results of the calculation model.

References
{17 Dantzer P , Wipf H. Hydrogen in Metals IIl, Properties and Applications. Springer-Verlag, Berlin, 1997,
[2] Sakai T, Yoshinaga H, Miyamura H, et al. Rechargeable hydrogen hatterics using rare-earth-based hyvdrogen
storage alloys[]]. Journal of Alloys and Compounds, 1892, 186,37,
{3] Sekai T. Matsuoka M, Twakura C, et al. Handbook on the Physics and Chemistry of Rare Earths[J], Vol 21,
133, Springer-Verlag, North-Holland, 1995.
[4] Nagel M, Komazaki Y, Uchida M, e al. Qperating characterastics og a metal hydride heat pump for generating



Vol.15 No.2,3 YANG Ke, et al: Metal hydride air conditioner

73

cooled air. Journal of the Less-Common Metals, 1984, (104):307—318.
(5] Syed Sajid Ahmed, S, Srinivasa Murthy. Analysis of a novel metal hydride cycle for simultaneous heating and
‘ooling[J]. Renewable Energy, 2004, {29): 615531,
[6] Wongsuwan W, Kumar 8, Neveu P, eral. A review of chemical heat pump technology and applications[ ], Ap-
plied Thermal Engineering, 2001, (21); 1489—1519,
(7] Danizer P, Orgaz E. Thermodynamics of hydride chemical heat pump-11: How to select a pair of alloys[]]. } Hy-
drogen Energy, 1986, (11),797—806.
[8] Lundin CE, Lynch F E, Magce C B. A correlation hetween the interstitial size in intermetallic compounds and the
thérmodynamic hroperiies of the hydrides formed from those compounds[J]. J Less-Common Met, 1977, (56) ;1.
[9] Griessen R, Driessen A, Heat of [ormation and band structure of binary and ternary metal hydrides[J]. Phys
Rev, 1984, (B30}, 1372,
[10] Bouten P C D, Miedema A R. On the heats of formation of the binary hydrides of transition metals[J]. ] Less-
Common Met, 1980, (71).147,
(117 Nishizaki T, Miyamoto K, Yoshida K. Coefficients of performance of hydride heat pumps| ] |. Journal of the
Less-Common Metals, 1983, (89),; 559--566.



