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Summa

The Argoane HYCSOS system is a two hydride
concept, vperating as a chemical heat pump for
storage and recovery of thermal energy for heating,
cooling and energy conversion. Hydrogen gas is -
transferred from one hydride bed by solar thermal
energy input at a characteristic temperature to a
second bed where hydrogen is absorbed and thermal
energy is released at another temperature appIo-
priate for the mode of operation in use.

Thevba§fchYCSOS concept uses’ thermal energy
‘from a low grade source such as a solar céllector
to decompose a hydride, e.,g. CaNis, and the re-

leased hydrogen is absorbed at a lower, intermediate,

temperature and stored as a second hydride, e.g.
LaNigHg. The heat pump mode is the low temperature

“ dlgssociation of the LaNlsHg and the absorption of

the hydrogen at the intermediate temperature. The
intermediate temperature 1is 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 system can be used for refriger-
ation, ellmtinating the mechanical compression re-
quired in the operation of a conventional air con-
ditioner. With three hydride heat exchangers

containing the same hydride cycling between a high

’:emperature-and‘a lower one, a continuous supply of

high pressure hydrogen can be generated to do use-

ful work in an expansion engine-dynamo unit supply-
ing electricity, the hydrogen being absorbed after-
expansion on the alloy at a lower temperature,

The demonstration test facility in the ANL
Chemistry Division has four stainless steel hydride
heat exchangers of approximately 2.5 liter capacity-
each for holding ‘the metal hydrides. The facilicy
{s instrumented to measure and record system char-
acteristics on a data logger and graphics computing
system. ~Three isothermal heat transfer fluid loops -
which can be remotely valved and fluid pumped into
the appropriate hydride heat exchanger are avail-
able. The unit is of sufficient size that thermal
losses are small compared to measured heat transfer
rates in a heat storage mode, refrigeration mode
and power generation mode.

Although the system currently contains the
alloy pair, CaNis-LaNis, recent developments of
aluminun substituted ternary alloys have provided
a versatile class of materials whose hydrogen dis-
sociation pressure can be varied in a predetermined

manner 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 system is
discussed. ’

Introduction

Application of the "heat pump' concept, the
use of heat avallable at a lower temperature to warm
a space at a higher temperature, has been discussed
for many years and was first polnted out by Lord :
Kelvin. Interest in solar energy driven heat pumps,

'tncludig§ chemical heat -pumps has recently been

shoqn.2

The Argonne HYCSOS system is a two hydride
concept, 3% operating as a chemical heac pump.for
storage and recovery of thermal energy for heatlng,
cooling and energy conversioa, Low grade thermal ..
energy, as from a solar collector, is used to decom-
pose oné of a pair of metal hydride with the higher

free energy of dissoclation and the released hydrogen

is reabsorbed at an intermediate temperature to fora
a second hydride with a lower free energy of dissoc-
fation. 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-~
compose' the second hydride and reabsorb the hydrogea
at' the intermediate temperature as the firsc ‘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 into useful shaft
work. High pressure hydrogen from the high temper-
ature dissociation of a hydride could do work 1id an
expansion eagine driving an electric generator be-
‘fore being reabsorbed on another bed of -the same
hydride at a lower pressure and temperature.

The Argonne HYCSOS system® designed and con-
structed to show the scientific feasibility of the
concept and to evaluate system componeats and mat-
erials for use as hydrides has been operational for
approximately a year, The sclentific feasibility
was demonstrated by the rapid cycling of hydrogea
between CaNis hydride and LaNis hydride at experi-
mental conditions approaching design specifications.
Optimum operational characteristics fdr this first
pair of hydrides are yet to be determined, Because
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the unit was designed to be a versatile test
facility and does not yet have capabilicty for re-
generative hcat exchange between hydride beds,
thermal efficlency measurements of the cycles would
not be cmeaningful. Advanced concept hcat exchang-
ers and new versatile ternary alloys are available
for future testing.

Hydride Systems as Chemical Heat Punps

A heat pump is a device which absorbs heat at
a low temperature and delivers it at a higher temp-
eracture. Mechanical heat pumps generally use a
eompressor to supply the driving action. A chenmical
heat pump uses the thermal energy of reversible
chenical equilibrium to pump heat from a low temp-
eracture tu a higher one. For such a thermally
driven heat pump, which could be. used for either
heating or cooling purposes, the thermal energy need
not first be converted to mechanical energy. An
additional advantage in the heating mode is the
ability to also use the driving thermal energy for
heating purposes.

The rapid kinetlcs of hydrogen absorption
and desorption with ABs 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 pumps.

The treatment'® of the following general heat
pump équations can be applied to any pair of com-.
pounds and can be used to determine alloy proper-
ties for best heat pump operatlon at specified:
temperatures.’

Consider a thermally driven heat pump used
for heatling purposes, A quantity of heat Qy -is
supplied to the heat pump at a high temperature Ty,
heat Qp.ls delivered by the heat pump at the inter-
nediate temperature Tm uséd for space heating, and

-heat Q, is extracted from-a lower temperature T2
For a reversible process,
Qm=Qh+Q2
and
B W, b
Tm Th T2

An index of the efficiency of such'a heat
puzp, the coefficlent of the performance, COPy, the
ratio of the useful heat delivered to the required
high cemperature heat input, can be seen to be

Qm Tm Th-TE

cop, = B~ 2
b Ty [T T

The coefficient of performance for the refrigeration
mode is

o T [Ty
% o [Ty

cop =
c

For both cases the highest performance is reached
as the low temperature approaches the intermediate

‘T

temperature to which the low temperature heat is
pumnped.

For the specific case where the heat puwmp con-

‘sists of a pair of metal hydrides M; and M; with

hydrogen flowing freely between them, M2 cycles be-
tween T, and Ty with corresponding dissociatlon

P, and &2 and My cycles between temperatures Ty

and Ty where 1ts dissociation pressures are P, and

P; respectively. The equilibrium digsoclation press-
ures in che two phase region, which are plotted in
Fig. 1, are determined by the enthalples AHy, and
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Thermodynamics of Metal Hydrlde®
Chemical Heat Pumps.

Figure 1.

AﬁN; of the hydride formatlon reactions and by the
entroples 84Sy, and A4Sy .

To operate the hydrides M, and M in the heat
pump mode, start with M; saturated with hydrogen at
n and Py, Heat My to Ty, causing the pressure to
rise to P, and hydrogen to desorb, The released
hydrogen, is absorbed by M; at Ty and Pz, the heat of
absorption AHy, being released at Tp., The temper-
ature of M; 1s now lowered to Ty and that of M; to
T,. - Hydrogen desorbing from Mz at T, absorbs heat
from the environment while the heat of reactlon,
AHy,, 1s again released at Tp. Hydtogen gas is the’
working fluld in this closed cycle which can be re-
peated indefinitely.

It is clear that to optimize the choice of
metal hydride pairs for a particular mode of heat

_ pump operation, the relationship between the thermo-

dynamic quantities governing the hydride formation
reactions and the operating temperatures Ty, Tp-and
Tz needs to'be established. .

For the general case in both heating and cool-
ing cycles, BHy # AHM y ASM ¢ ASH , inspection of
Fig. 1 shows thdc -

AF, AF

M, M

-R In p2 = - —_—
. n Th

Al"M_2 AFMl

=R 1n p3 -.—T-l—‘= _T—




Straightforward substitution and rearcangement glves

oY T (8s, _bs,) T

M M m

- =2 Sy
AH.H) . AHM] T Th .
and
AHMz Tl(ASMz _ ASHI) Ti
—_— == . (2)

A}lﬂl AAH}h Tm *

Since LHy is the high temperarure, Ty, heat (1)
used to dbtive 8Hy, (Q,) from the low temperature,

T;, to Ty, and 1s 1ts€lf used for heating at T,
the heating cycle performance of the hydride heat
pump is
AHHz . AHMl AHﬂ;
'COPh"——'A—}IM———-=l+m .
1 My

Combining with equatioﬁs (1) and (2) shows that for
the general case the performance of a hydride heat
pump in the heating cycle,

COP, = TaTh " T
LN

is the same as that for a mechanical heat pump
operating reversibly far heating purposes.

For operation in the cooling cycle where

AHH2

CO0P = o
¢

equatfons (1) and (2) reduce to
T ™ = Ta ,

cop = T T =T

¢ h | 3

also the same as for a mechanical heat pump.

It can be seen that, as. shown graphically in

4F1g. 1, the lowest temperature, T is reached for

a given M;, M; pair when OHy, = A&Hl, thus making
this special case of particular interest for chem-
ical heat, pump applications.

For this special case 85y, = A5y, then

Mﬁ(z T,

T
W TT T ®
HNx h n
from which it follows that
2 B. .
Ta = ThlTe - “

It is of interest to determine the solar collector
temperatures required to operate a solar energy
driven metal hydride air conditioner. A reasonable
value for T, is 8°C (46°F) and for T, is 40°C
(104°F), ma&ing Th = 76°C (169°F). Another set of
temperatures might be Tgp = 8°C (46°F) and Ty = 45°C
(113°F), making Th = 86°C (189°F). The input temp-
eractures are, therefore, in the flat plate collector

AHHx. ) .Q.

range.

The four hydride heat exchangers of the HYCSOS
chemical heat pump are in fact equivalent to the
four elements, evaporator, absorber, generator and
condenser of an absorption refrigerater. Starting
in the evaporator, refrigerant absorbs heat from the
space to be cooled and vaporizes., The refrigeraat
vapor combines with cthe absorbent in the absorber,
and the heat of reaction is removed. The absorbent-
vefrigerant mixture is heated in the generator and
separated, Pure absorbent is returned to the absorb-
er, while 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 1s repeated.

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

1013

It has recently been shown that aluminum

- substitutions for nickel, forming. the LaNis_,Al,

ternary alloy system, lowers the plateau pressure a
factor of about 10? 1n going from LaNis to LaNi,Al.
Measurerients on well annealed samples in the

- LaNi, Aly system show the entropy changes over a
- wide cémposicion range- to be virtually constant, N

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-aluminum content,
changes the heat of formation. by about 0.5 kcal/
m01H;,'®  Aluminum has also been substituted for
nickel in mlshmgcal*‘(ﬂm) pentanickel alloy with
similar reduction in plateau dissociation pressure.
A substantial additional benefit i3 the reduction in
the impractical high hysteresis in-che unsubstituted
alloy, The use of low cost wishmetal results in
alloy raw material costs. 35-45% that of present LaNis
costs and about 70% of future costs on a per unit

16

- hydrogen storage basis, The advent of these ternary.

alloys adds flexibility to the selection of alloy
pairs for the optimization of englneering design and
performance characteristics of the hydride heat pump
system. .

System Design Description

The Acrgonne HYCSOS sysr.‘em is a démonstration
test facility to evaluate materials and components
for use in the hydride heat pump concept. In this
dual metal-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 Ml
hydride) and sensible heats associated with system
heat capacities will be supplied, at a specific temp-
erature level which is cowmensurate with required

'system hydrogen pressure level to decompose the Ml

hydride and drive the hydrogen to the other metal
(termed M2) system where the hydrogen 1s absorbed.

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




The dual metal-metal hydride demonstracion
unit consists of four hydride heat exchangers (HHE)
of approximately one-half gallon volumetric capacity
each, containing two different types of metal pow-
ders or meral hydride powders (see Figure 2). The

Figure 2.

Hydrogen System

hydride heat exchangers and hydrogen piping system
are nade of 316 stainless steel. For the heat
storage and refrigeration tests, two of the heat
exchangers contain lanthanumnickel and/or its hy-
dride, the ocher two contain calcium nickel and/or
its hydride. For the power generation tests, only
three heat .exchangers are used containing eicher
lanthani=-nickel or calcium-pickel. Safety relfef
valves, filters, flowmeters, shutoff valves, and
manifolds between 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 pumped to the appropriate HHE. The solar or
other suitable low temperature thermal energy input
is simulated by an 1B kw electric heater. A water
cooled heat exchanger of 25 kw heat transfer cap-
acity represents the space being heated in winter
and serves for ambient heat rejection during cool-
ing cycles. A heat exchanger cooling water circult
is provided from the building water supply. A
third fluid loop with a 6 kw electric heater and
water chiller is the refrigeration heat load in the
cooling cycle and the ambient heat supply during
the recovery cycle.

Information from the various sensors, e.g.,
tenperacure, pressure, flow and power is digirized
and transaitted by a data logger to a Tektronix
data handling system., Important variables are also
displayed on the remote graphic panel, Figure 4,
from which the system is controlled.

HYCSOS System Operation

Since most hydride materials are relatively
expensive, economic considerations require rapid

Figure 3. Hear Transfer Fluld System.

Figure 4.

Graphic Control Panel.

cycling of the hydride beds to obtain maximum thermal
benefits. Measurement of rapld thermal and pressure
transients are thus important for the evaluation of
materials and components. The HYCSOS instrumentation
and data handling system is desigpned to measure
system translents and output data for further eval-
uvation. In multichannel logging, 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



containing four nested colls of circulating fluild
immersed in the hydride bed such that no hydride is
more than 1/8" from a fluid' tube, can be evaluated
by comparing the temperature of the hydride bed
vith temperature of the heat transfer fluid leaving
the heat exchanger. The bed temperature, calculated
from the measured hydrogen pressure using the appro-
priate hydride vapor pressure equation and assuming

rapid gas sorption kinetics, 1s a measure of the
lowest bed temperature. Figure 5 compares the bed

TRl ARSI oW LS
-
f
=+
] Lo ©
1’-. = m 5 ”1:‘-’ ;r:
= || “N';‘::‘,:ﬁ;:"L iy
i ol 1E mimtes, )
.
g0
EIET | \
i
3 ! "
a - | y
3 | s Vel
L o 1 /
LT S
et
] ST A T =1
[ Sy P
< l
i 1 e 1 J._ 1
. 3 . S 1» e X
Figure 5. Comparison of Hydride Bed and Heat

Transfer Fluid Temperature.

temperature, normalized to the fluld remperature at
15 minutes, with the heat transfer fluid tempera-
ture for absorption of approximately 6 moles
(equlvalent to 41,33 kcal input) of hydrogen. The
large lag of bed temperature shows the relatively
slow transfer of heat between the bed and the fluid.
Since film coefficients are large, the hydriding
reactlion is seen to be heat transfer limited with
the slow step being the transfer of heat from the
reaction site in the bed to the first wall of the
heat transfer fluid tube.

The heat transfer of powder beds is limited
by the point contact between adjacent particles
and can be improved by reducing the path length in
the powder. In an advanced design hydride heat ex-
changer, Figure 6, the hydride powder is imbedded
in an open-pore aluminum foam with approximately
20 pores to the inch which is brazed to aluminum
sheets forming the fluid channels. In a single
adiabatic experiment with a test module, 1.74 moles
H; were desorbed. Figure 7 shows the subsequént
rapid adiabatic absorption of 1.07 moles Hj.
Equilibrium absorption pressure is reached in
approximately 30 seconds showing the temperature
of the unit to be uniform. The pressure rise after
10 minuces is due to absorption of amblent heat
and the resultant temperature increase of the

alloy bed.

Conclusion

An independent assessment’’ of the Argonne
HYCSOS system where design was optimized using an
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iterative computer program concludes that whereas a
solar absorption cooligg system to provide 3 tons
of cooling currently retails for $3000 excluding an
expensive cooling tower and an indoor heat exchanger,
a HYCS0S system to provide 3 tons of cooling would
cost $3700 to §$3800, including all heat exchangers.
HYCSOS also provides heating with a COP greater than
one and electrical power, although it requires a
higher solar input than the absorption unit (250° to
2B80°F as compared with 180°F) and has slightly

lower cooling COPs. Thus this HYCSOS system, which
can be packaged similar to a conventional heat pump,
compares favorably with a solar absorption cooling/
direct solar heating unit.
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