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The Argonne HYCSOS system is a two hydride· 
cvnc~pt, oPerating as a chemical he3t pump for 
storage and recovery of thermal energy for heating, 
cooling and energy conversion. Hydrogen gas is 
transferred from one hydride bed by· solar thennal 
energy input at a characteristic temperature to a 
second bed where· hydrogen is absorbeq and thermal 
energy is released at another temperature app:o­
priate .for the mode of operation in use. 

The basic HYCSOS concept uses· thermal energy 
fro:n a lou··S~ade ·source· such as a Solar cOllector 
tu decompose a hydride, e.g. CaNis, and the re-. . 
leased hydrogen is absorbed. at a lower, intert:tediace; 
cecperature and stored as a second hydride, e;g; 
La~isH 6 • The heat pump mode is the low temperature 

· dissociatio,, of ch~ LaNi·sHs and the absorption of 
the hydrogen at .the intermediate temperature. The 
int~rmcdiate temperature is available for space 
heating, using solar energy during periods of in­
solation and using low temperature ambient heat via 
heat· pump action during_ other times. Operated in a 
reverse mode, the systeQ can be used for refriger­
ation, ell~tnatlng the mechanical compress~on re­
~uir~d in ~he operation of a conventional air con­
ditioner. ~ith three hydride heat exchangers 
containing the ~ame hydride cycling between a high 

·ceQperature·and·a lower one, a continuou5 supply of 
high pressure hydrogen can be generated to do use-
ful ·vork in an expansion engine-dynamo unit supply­
ing el~ctricity, the hy.drogen being absorbed after· 
exp~nsion on the alloy at a lower temperature. 

The demonstration test facility in the AliL 
Chemistry Division has four stainless steel hydride 
heat exchangers of approximately 2.5 liter capacity· 
ca:h for holding ·the metal hydrides. The facility 
is instrumented to measure and record system char­
acteristics on a data logger and graphics computing 
system. ·Three isotR"ermal heat transfer fluid loops 
which can be remotely valved and fluid pumped into 
the appropriate hydride h·eat exchanger are avail­
able. The unit J:s of sufficient size that thermal 
losses are small compared to niea5urP.d heat transfer 
rates in a he~t storage made, refrigeration ~ode 
and pouer generation mode. 

Although the system currently contains the 
alloy pair, CaNis-LaNis, recent developments of 
alcmin~ substituted ternary alloys ~ave provided 
a versatile class of materials whose hydrogen dis­
sociation pressure can be varied in a pcedeterrnined 
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rnanOer by almost three·orders of magnitude and.can 
provide a wide range of preselected temperatures 
and pressures for chemical heat pump operation. 

the current status of the HYCSOS sy.stem is 
discussed. 

Introduction 

Application of the "heat pump" concept, the 
use of heat available at a lower temperature to warm 
a space at a higher temperature, has been discussed 
for manv years and was first pointed out by Lord 
Kelvin.\ Interest in solar energy driven heat pUmps, 
includ~~~ chemical heac ·pumps has recently been 
shown. · 

· The Argonne HYCSOS system is a two hydride 
concept, s-e operating as a chemical heat pump.for 
storage and recovery of thermal energy for ht!atlng, 
cooling and energy conversion. Low grade thermal .. 
energy, as from a sol.a~ c.ollector,. is USt::d. to decom­
pose one of a pair of metal hydride with the higher 

, free 'energy of dissociation and tbe released hydrogen 
is reabsorbed at an intermediate temperature to form 
a second hydride with a lower free energy of dissoc-· 
iation. The heat of reabsorption of the second· 
hydride at 'the intermediate temperature can be used 
for space heating, The heat pump mode of the heat­
ing cycle uses low temperature outdoor heat to de­
co~pose· the second hydride and reabsorb the hydrogen . 
at· the intermediate temperature as the first ·hydride. 
The heat of absorption of the first hydride can now 
be used for space heating. By rejecting the inter­
mediate temperature heat of hydrogen absorption to 
the outdoors and withdrawing low temperature heat 
from indoors, the heat pump cycle can be used for 
space cooling. The HYCSOS system also lends itself 
to conversion of thermal energy in.to useful shaft 
~ork. High pressure hydrogen from the high temper­
ature dissociation of a hydride could do work in an 
expansion engine driving an electric generator be­
"fore being reabsorbed on another bed of·the same 
hydride· at a lower p'ressure ·and tecperat·ure .. 

The Argonne HYCSOS system9 designed and con­
structed to show the scientific feasibility of the 
concept and to evaluate system componeots and aat­
erials for use as hydr~des has been operational for 
approximately a year, The scientific feasibility 
was demonstrated by the rapid cycling of hydrogen 
between CaNis hydride and LaNis hy.dride at experi­
mental conditions approaching design specifications. 
Optimum operational characteristics· f6r this first 
pair of hydrides are yet to be determined. Because 

Tnr ... Dn'•llnJ...,.,...•"o:n..ootwr., ... tl'looed 
o1 • COI'III«::IO' c.t tl't U $. c;.,.. .. ,.ml'l'll 
uno..- 'O"IfiiCI ... 0. f'f·l1·1®-EII.G·l8. 
AtCII'O•~QI•, , .. US Ci.;vl't,......,.l.flltlnl f 

no)l'loo:h.•··•· •o ... h'"" '<•"• ro P..tll•~ 
or reo•~•'"' "'-!tll•"'4'd l.)ft!'IOI thi1 
~QIItr•O..t•OI'I. 01 .uo .. ot,..,t to do .,, tor 

U S.Go.rr,.,..~tpo.-:.c .. ,, 



the unit w.Js designed to be a versa~il.c test 
f:~clli ty and does not yet have capability for re­
g~nerative h~at exchange between hydride beds, 
thert:'wll efficiency measurements of the cycles would 
not be oeaningful. Advanced concept heat exchang­
ers· and ne.., versatile ternary alloys are av.:Lilable 
for future testing. 

Hydride Syste::.s as Chemical Heat Pumps 

A heat pu.-r:p is a device which absorbs heat at 
a lo..., te:nperature and delivers it at a higher ter.lp­
eracure. Mechanical heat pumps generally usc a 
eompressor to supply the driving action. A cho~ical 
heat pump uses the thermal energy of reversible 
che~ical equilibrium to pump heat from a low temp­
erature tu a higher one ... For such a thct"mally 
driven heat pum;i, which· could be· used for either 
heatin& or cooling purposes, the th~rmal energy need 
not first be converted to mechanical energy. An 
additional advantage in the heating mod~ is the 
ibillty to alsQ use the driving thermal energy for 
heating _purpos-es. 

The rapid kinetics of hydrogen absorption 
and desorption with ASs alloys, the ability to vary 
the dissociation pressure by controlling the chem­
ical composition of either the A or B component and 
the high hydrogen carrying capacity of these alloys 
make them especially useful for chemical heat pump 
applications. Alloys can be selected so that low 
~grade' heat. sources such as solar cullectors, auto­
mobile heat exhaust or reject heat from a power 
plant could be. used tO drive hydride heat. pum?S .. 

Tht: treatment 10 of the follouing gen&ral heat 
pump equa·tions can be applied to any pair of com-. 
pounds and can be used to determine alloy proper­
ties for best heat pump operation· at sped fled 
temperatures.· 

Consider a thermally driven heat pump used 
for heating purposes, A quantity of heat Qh ·is 
supplied to the heat pump at a high temperature Th, 
heat Qm.is delivered by the heat pump at the inter­
cediat~ te~perat4re T~ used for space heating, and 

·heat Q~ is extracted from ·a iower temperature T1 . 
For a reversible process, · 

and 

An index of the efficiency of such· a h~at 
pump, the coeffici~nt.of the performance, COPh, the 
ratio of the useful heat delivered to the required 
high_ t~t:~peratur_e heat input, can b~ seen to be 

The coefficient of performance for the refrigeration 
mode is 

For both cases the highest performa!lce is reached 
as the low temperature approaches the intermediate 

temperature: to \Jhlch the l_ow temperature heat is 
ptm~ped. 

For the specific case where the heat puwp con­
'sists of a pair of metal hydrides H, and Hz with 
hydrogen flowing freely between them, Hz cycles be­
tween T1. and Tm with corresponding dissociation 
P, and Pz and H1 cycles between temperatures Tm 
and Th where its dissociation pressures are P1 and 
Pz respectively. The equilibrium dissqciation press­
ures in the two phase region, which are plotted in 
Fig. 1, are determined by the enthalpies ~HHz and 
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Figure l. Therinodiinamics o'f Metal Hydride· 
Chemical Heat Pumps. 

~11M 2 of the .. hydride formation reactions and by the 
entropies ~SHz and ~sN,. 

To operate the hydrides ~1 1 and Hz in the heat 
pump mode, start with H1 saturated with hydrogen at 
Tm and P,. Heat H1 to Th causing the pressure to 
rise to P2 and hydrogen to desorb. The released 
hydrogen. is absorbed by Hz at Tm and Pz, the heat of 
absorption.~HHz being rele~sed at Tm• The temper~ 
ature of H1 is now lowered to Tm and that of Hz to 
T

1
,. Hydrogen desorbing from Hz at T1 absorbs heat 

from the environment while the heat of reaction, 
~HH 1 , is again released at Tm. Hydrogen gas is the 
working fluiQ in this closed cycle which can be re­
peated indefinitely. 

It is clear that to optimize the choice of 
metal hydride pairs for a part'rcular mode of heat 
pump operation, the relationship between the thermo­
dynamic quantitie~ governing the hydride forQ8tion 
reactions and the operating temperatures Th, Tm·and 
T

1 
needs to·be established. 

For the general case in 
ing cycles,. ~HH ; ~HH , ~~ 

both heating and cool­
+ ~SH 1 , inspection of 

Fig. l shows thAt . 1 z 
tiFHz ~FH 1 

-R ln P2. • -T- ~.-
m Th 

~FH2 ~FH1 
-R ln PI D.T ~ _T_m_ 



Str~ightioNard substitution and rcarra:1gc;::~nt gives 
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Since C.HM is the high temperarnrP, Th, hoat (Q 11 )· 
used to d~ive AHH2 (Qi) from the low temperature, 
~(. to Tm• and is itself used for he.J.ting at Tm• 
the heating cycle performance of the hydride heat 
pump is 

Combining with equatio~s (1) and 
the general case the performance 
pump in the heating cycle, 

(2) shows that for 
of a hydride heat 

is the same as that for a mechanical heat pump 
operat.ing rever~i.hly ·for heating purposes. 

For operation in the cooling cycle where 

COP 
c 

equations (1) and 

COP 
c 

(2) reduce to 

T tT - ·T ] ~.-!:. ~. 
Th Tm·- Ti 

also the same as for a mechanical hea~ pump. 

. It can be seen that, as. shown graphically in 
Fig. 1, the l~est temperature, T~, is reached for 
a given M1 , H2 pair when liHM 2 D As~11 , thus making 
this sp~clal case of ·particular interest for chem­
ical heat. pump applications. 

For this special case ASH 2 liSM
1 

then 

(3) 

from which it follows that 

(4) 

~t is of interest to determine the solar collector 
te~peratures required to operate a solar energy 
driven metal hydride air conditioner. A reasonable 
value ior T is 8"C (46"F) and for Tm is 40°C 
(10~°F), ma~ing Th • 76"C (169"F). Another set of 
temperatures might be Ti = 8°C (46"F) and T~ = 45"C 
(ll~°F), caking Th = 86°C (189"F). The input temp­
eratures are, therefo~e, in the flat plate collector 

rang~. 

The four hydride heat exchangers of the HYCSOS 
chemical heat pump are in fact equivalent to the 
four elCments, evaporator·. absorber, generator and 
condenser of an absorption refrigerator. Starting 
in the evaporator, refrigerant absorbs heat from the 
space to be cooled and vaporizes. The refrigerant 
vapor combines with the absorbent in the absorber, 
and the heat of reaction is removed. The absorbent.­
refrigerant mixture is heated in the generator and 
separated, Pure absorbent is returned to the absorb­
ec, whi.le refrigerant vapor continues to the conden­
·Ser. Heat is removed ·from the refrigerant in ·the 
condenser, Finally, the refrigerant is returned to 
the evaporator where the cycle is repeated. 

The .selection and. availability of desirable 
pairs of hydrides are thus seen to be important to 
the efficient and economical operation of HYCSOS. 

n has recently been shown 10
-

13 that aluminUID 
substitutions for nickel, forming. the. LaNis-xAlx 
ternary alloy system. lowers the plateau pressure a 
factor of about 103 in going from LaNi 5 to LaNi.Al. 
Measurements on ·.well annealed samples iri the 
LaNi,_xAlx system show the entropy changes over a• 
vide composition range· to be virtually constant.' 

Also a linear relationship has been observed 
between the aluminum content and the heat of form­
ation for the hydriding reaction. Within experimen­
tal error, a 0.1 change in "x", the ·alu:rlnum content, 
changes the heat of formation. by about 0.5 kcal/ 
molH2. 15 . Alumln.um has· aisci been substituted for 
nickel in mlshm~tai* ·(Mm) pentanickel alloy \iith 
similar reducti~n in plateau dissociation pressure.•• 
A substantial additional benefit is the red~ction in 
the impractical high· hysteresis in· the unsubstituted 
.alloy, The use of low .cost mishmetal results in 
alloy raw material costs· 35-45%.that of present LaNis 
costs and abo.ut 70% of future costs on a per ·unit 
hydrogen storage basis. The advent of these ternary. 
alloys adds flexibility to the selection of alloy 
pairs for the optimization of engineering design and 
performance characteristics of the hydride heat pump 
system. 

System Design Description 

The Argonne HYCSOS syst.em is a demonstration 
test facility to evaluate Qaterials and components 
for use in the hydride heat pump concept. In this 
dual m~tal-metal hydride concept, ·hydrogen gas is 
transferred from heat exchangers containing a metal 
hydride bed of one composition to heat exchangers · 
containing a metal hydride bed of another composition· 
by the action of applied thermal energy. The heat. of 
formation of one type of hydride· compound (termed Hl 
hydride) and sensible heats associated with system 
heat capacities will be supplied, at a specific temp­
erature· level which is commensurate with required 

·system hydr.ogen pressure level to decompose the Hl 
hydride and· drive the hydrogen to the other metal 
(termed M2) system where the hydrogen is absorbed. 

*Mishmetal is the unrefined rare earth mixture of 
average composition; 48-50% Ce, 32-34% La, 13-14% 
Nd, 4-5% Pr and 1-2% other rare earth and is less 
expensive than the separated rare earth elements. 



Tl.c Ju~J :r:ctal-31e tal hydride dcct.:>n• tracion 
uni t .;ons ists of four hydride heat cxchanJ~c rs (llliE) 
of app r oxi:a tely one-half gallon volume tri c capac ity 
each , containing tvo different t ypes of meta l pov­
ders or cecal hydride povders (see f'igure 2), The 

Figure 2. Hydrogen System 

hydride h~at exchangers and.hydrogen piping sys tem 
are oade of 316 stainless steel. For the heat 
storage and refrigeration tests, tvo of the heat 
exchangers contain l anthanum-nickel and/or its hy­
dride, the ocher cvo contain calcium nickel and/or 
its hydride. For the pover generation tes ts, only 
three heat exchangers are used containing either 
lpnthan~-nickel or calcium-nickel. Safety rel'ef 
valves, filters, flovmeters, shutoff valves , and 
manifo lds bet~een the hydride beds are provided in 
the hydrogen process system. 

Three isothermal heat transfer fluid loops , 
Figure 3, are available and can be remotely valved 
and p~ed co the appropriate HHE. The solar or 
ocher suitable lev temperature thermal energy input 
is siculaced by an 18 ~electric hearer. A ~accr 
cool ed heat exchanger of 25 ~ heat transfer cap­
acity re?resents the space being heated in winter 
anJ serves fo r acbient heat rejection during cool­
ing cycles. A heat exchanger cooling vater circuit 
is provided from the building water supply. A 
third fluid loop vith a 6 kv electric heater and 
vater chiller is t he refrigeration hea t load in the 
cooling cycle and the acbient heat suppl y during 
the recovery cycle . 

loforca tion from the various sensors. e.g .• 
teoperacure, pressure , flow and power is digitized 
and transcitted by a data logger to a Tektronix 
data handling system, Important variables are also 
displa;·ad on the remote graphic panel, Figure 4, 
froc which the system is controlled. 

HYCSOS System Operation 

Since most hydride materials are relati vely 
exp~nsive , cconoQ!c considerations require rapid 

Figure 3. Ilea t Trans fer Fluid Sys t ee, 

Figure 4. Graphic Control Pane l. 

cycling of the hydride beds ro obtain maximum thermal 
benefits . Measurement of rapid t hermal and pressure 
transients are thus i mportant for the evaluation of 
materials and comppnents. The HYCSOS i nstrumentation 
and data handling system is designed to measure 
system transients and output data for further eval­
uation. In multichannel l ogging, HYCSOS data can be 
collected at rates up to eight channels per second, 
Successive readings of a single channel can be re­
corded up to four per second. 

The heat transfer characteristics of the hy­
dride heat exchangers , a 4" stainless steel pipe 
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con taini ng four nes ted coils of circula t ing fl uld 
ia:tnersed in the hyd ride bed s uch t hat no hydr i de i s 
more than 1/8" f rom a fluid ' tube , can be evalua ted 
by comparing the t emperature of t he hyd r lde bed 
~ i th temperat ur e of the heat transf~r fluid Leaving 
the heat exchanger . The bed t emperature , calculateJ 
from the measured hydrogen pressure using the app ro­
priate hydride vapor pressure equatlon and assUJ:ling 
rapid gas sorption kinetics, is a ~aasurc o f th~ 
l o..,est bed temperatur e . Figure 5 cotopa res t~e bed 
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figur e 5 . Compari son of Hydride Bed and ll~at 
Transfer Flu~d Temperature . 

temperature, normali zed to t he fluid temperature at 
15 minutes, wi t h the heat t ransfer fluid t empe ra­
t ure for absor pti on of approximately 6 mo les 
(equivalent t o 41,33 kcal inpu t) of hydrogen. The 
large l ag of bed t emperature shows the relatively 
s low transfer of heat between the bed and the fluid. 
Since file coe f f i ci ents are large, the hydriding 
reac t ion i s seen t o be heat transfer l imi ted ~ith 
the slow s tep being the t ransfer o f heat from the 
reaction site i n t he bed to the firs t ~all of the 
heat t r ansfer fluid tube. 

The heat t r ansfer of powde r beds i s limi ted 
by the point cont act between adj acent particles 
and can be i mproved by reducing the pa th length in 
the powder. In an advanced design hydride heat ex­
change r, Figur e 6, t he hydr ide powder is imbedded 
in an open- pore a luminum foam with approxicately 
20 pores to the inch which is brazed to aluminum 
sheets forming the fluid channel s . I n a s ingle 
adi abati c exper imen t with a test codule, 1 .74 moles 
Hz ~ere desorbed . Figur e 7 shows the subs equent 
rap i d ad iabatic absorpt ion of 1 . 07 mol es Hz. 
Equi l ibr ium absorp tion pr essure is reached in 
approxi ma te l y 30 seconds showing the t empera ture 
of the uni t to be uniform. The press ure rise after 
10 minutes i s due to absorption o f ambien t heat 
and the resultant t empera t ure i ncrease of the 

alloy bed . 

Conclusion 

An independent assessment 17 of t he Argonne 
H1CSOS systec whe re design was optimized us ing an 
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Figure 6. Advanced Design Hydride Hea t ~xch3ng~r. 
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figure 7. Hydrogen Absorpt ion on Al uminum 
foam Hea t Exchanger. 

itera tive co~pute r program concludes that wherea9 a 
solar absorption cooliqg system to provide 3 tons 
of cooli ng currently retails fo r $3000 excl uding an 
expensive cooling tower and an indoor heat exchanger, 
a HYCSOS system to provide 3 tons of cooling would 
cos t $3700 to $3800 , including all heat exchangers. 
HYCSOS also provides heating with a COP greater t han 
one and e lect rical power , a l though it requires a 
higher solar input than the absorption uni t (250° to 
280°f as compared with l 80°F) and has slightly 
lower cooling COPs, thus th i s HYCSOS system, whi ch 
can be packaged similar to a conventional hea t pump, 
compares favor ably wi t h a sol ar absorption cooling/ 
direc t sol ar heating unit. 
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