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Abstract

This report presents the design, performance
and cost of a solar-powered metal hydride heat
pump and power system for use on a residence.
This system was first conceived of and its feasi-
bility demonstrated by Dieter Gruen, et.
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. MiTAL HYDRIDE SOLAR HEAT PUMP AND POWER SYSTEM (HYCSOS)

Figure 12 shows the characteristic pressure compo- '

sition curve for LaN{
atures. The use of t

al., at

Argonne National Laboratory. The system design,

which ts limited by heat transfer, was optimized "

via an fterative computer program. The

process starts with optimizing the thermal trans- - F

port properties of the hydride-bed-heat

then traces temperatures and pressures through
the operating cycles. The coefficient of perfor- 5
mance (COP) of the overall system is then deter-

mined from the thermal losses due to cycling the MrE
hydride beds and due to the auxiliary power con- 5
sumed by freon pumps and air-moving fans. The

system, using high temperature solar collector ur
input at 210°F to 280°F, provides heating with a
COP of approximately 1.6 and cooling with a COP of
approximately 0.6, and electrical power during
spring and fall, all for a cost comparable to a

solar absorption cooler.

1. Introduction

The use of solar energy for building heating
“and cooling has been a target for the past decade.
The available technology (absorption and rankine -
cycle powered vapor compression refrigeration)
have had low coefficients of performance (COP),
These
large solar collectors are then inactive for most
of the spring and fall when heating and cooling :

and thus large solar collector sizes.

are not needed. ..

-

- The Hydride Cbnversion an& Storage System
(HYCSOS) provides heating, cooling and electrical

febend &

at different temper-
ssimilar metal alloy |
systems which possess different hydriding {sotherms
enables one to pump heat from a lower to an inter- *
mediate temperature with heat supplied from a
higher temperature.

design

exchanger,
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power from solar energy or other low quality finput

_heat. It would thus provide electrical

, heat,

and air-conditioning output from the solar collec-

tors on a year-round basis. The cost for a HYCSOS
which can do all these functions is the same or
less than for a solar driven absorption unit of

‘the same cooling capacity.

This investigation's aims are: designing a
.residential HYCSOS system, evaluating the perfor-
mance of that design, and establishing the cost
of that design. Previous investigations have
established HYCSOS feasibility in the 100 ton

size.

A

11. Theoretical Operation

The property of metal hydrides that is uti-
1ized for heat pump operation is that, at a given
temperature and near constant pressures, metal .
and CaNi5 absorb hydro-

amounts of (
heat. With heat input the process is reversible. !

alloys such as LaNig _ Al
gen with the releasg 8f slbstantial
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Fig. 1. Dissociation Pressure of LaN14_5A1°-4Hn

In its simplest form a hydride heat pump would
consist of two hydride beds -(each containing a

different 'hydride) interconnected to allow hydrogen

step process.

gas to flow between them.
for the input of high temperature heat (from solar

concentrating collectors); for heat rejection to or
heat acquisition from the atmosphere; and for heat

fnput to or heat rejection from the building. The

heat pumping action of the system involves a four-

Figures 2 and 3 {llustrate the

Means would be provided

theoretical process which is described below.

In the first step of the process, high temper-

. A s

ature (solar) heat is applied to the first bed
causing it to desorb hydrogen at high pressure.
Because of the pressyre differential between the
beds, the hydrogen flows to the second bed which
fs at an intermediate temperature.
{s absorbed by the second bed with a release of

The hydrogen
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Fig. 2. Block Diagram of Theoretical Hydride Heat

Pump Operation.
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Fig. 3. Theoretical Hydride Heat Pump Cycle.

In order to keep the
second bed constant at the intermediate tempera-
ture, the released heat is rejected to the building
(heat\ng wode) or to the atmosphere (cooling mode)

During the second step the hydrogen inter-
connect is closed, and the two beds are cooled,
the first bed to an intermediate temperature and

the second bed to a low temuersture. This step ts
necessary for the correct pressure differential to
exist between the beds for reverse hydrogen and
heat flow during the next step. '
The hydrogen interconnect 1s opened again dur-
ing the third step. Heat from the buflding (cool- :
ing mode) or from the atmosphere (heating mode)-
causes the second bed to desorb hydrogen at a pres-
sure sufficient to cause 1t to flow to the first
bed which is now at an intermediate temperature.
The hydrogen is absorbed by the first bed with the
release of medium temperature heat. To keep the
first bed constant at the intermedfate temperature.
the released heat is rejected to the building
(heating mode) or to the atmosphere (cooling mode)

At this point the hydrogen interconnect 1s
closed and Step Four begins. During this step
both beds are heated--the first bed to a high tem-
perature and the second bed to an intermediate
temperature--in preparation for the start of the
next four-step cycle.

It should be noted that the coefficient of
performance (COP) of this theoretical cycle {s 1.0
for cooling (2.0 for heating) 1f the net energy to
heat and cool the beds (Steps 2 and 4) is zero. In
other words, the heat added to the first bed at
high temperature (Step 1) is equal to the heat
added to the second bed at lower temperature (Step
3) and the sum {s rejected to the atmosphere at
the intermediate temperature (Steps 1 and 3).

The beds must be-brought from one temperature

to another. The energy to heat and cool the beds, °

while Tess than the hydriding energy, decreases
the COP. The thermal losses are proportional to
the temperature swing of the hydride beds and to
the total “thermal mass" of the hydrides and their
associated heat transfer mechanisms. The Yower
the “thermal mass" the higher the performance.

To provide a near-continuous heat pumping
action the HYCSOS concept uses four hydride beds,
two with LaNigH and two with CaNi H_ or LaNi
Al _H . Thus, tHe respective beds Eaﬂ exchangg x
heSt"during the temperature change periods {Steps
2 and 4), and with the exception of these periods
the heat pumping action is continuous.

The .sYope of the pressure-composition 1ine
for the hydride materfials as shown in Figure 1
means that for the hydrogen to be driven out of
one hydride bed to the other hydride bed at the
end of a desorption-absorption period, the desorb-
ing bed must produce hydrogen at a pressure which
is higher than the highest hydrogen pressure for
the receiving alloy on the “plateau” of its pres-
sure-composition curve. But the hydrogen from
the desorbing bed is at the lowest pressure of its

“plateau” on its pressure-composition curve.

This requires higher desorption temperatures
than the simple relationship of Figure 3. The
single soiid lines of Figure 3 become double line:
the absorbing pressure versus temperature and the
desorbing pressure versus temperature. The ab-
sorbing pressure is higher then the desorbing




* pressure 8t @ given temuereture, ceusing greater The power generstion cycle starts with the R
Jempecatere swings in operation and lower high temperature. The addition of heat and the
efficiency "(COP). : opening of the expander flow valve initiate the

power cycle. The hot hydrogen at high pressure

The alloy composition LaNi, Al_ (for the high (about 10 atmospheres) s expanded {sothermally by

3 heat pump action. Figure 6 shows a schematic of

temperature bed) is varied in o;dér to optimize the the addition of heat to the expander during expan- M
performance of the system at various design temper- sion. This sdditional heat is much less than the ° ; o
atures. desorption energy (about 1100 Btu/lb H, compared ; -
to 6400 Btu/1b H, desorbed). The theo;etical '
The operation of the hydride power cycle s efficiency for tﬂe isothermal expansion (work out 1 .
shown in Figures 4 and 5. Only the two high tem- divided by desorption and {sothermalization energy) ;
perature (CaNiSN") beds are cycled. is 0.15. This is comparable to the output of other h "
power cycles working between 250°F and 95°F. i
mea
ave - The expanded hydrogen is absorbed by the
. vaivs second CaNi R _bed which is held at the medium tem- }
aca m bl T perature by the removal of heat. After the high 1
RO T R o iowtion [~ 1% temperature bed has desorbed all of its hydrogen, i
“"“"]:8 wctaoy svtre the high temperature bed is cooled to the medium %
' temperature ‘and the medium temperature bed (now
. , saturated with hydrogen) is warmed to the high tem- i
nue ’ : perature. This {s Step 2 in Figure 4. The hydro-
prvspmpvay - S — gen is not allowed to leave the bed while it is !
p—lve 06 vt euar” T s being heated. The hydrogen-saturated bed is then - .
Rt | Mreaaiero. L desorbed in Step 3 by the addition of heat just as ;
L jo%o™ in Step 1. Step 4 is a repeat of Step 2. :
-en i
awe Iliﬂll:'lllll ;
vt . I11. System Design !
. snewioun |3 weu mcn :
Vo Nun b ot s e f— . The concept for the HYCSOS system {s to use a i
P—}uu;w}_o...m,(..,,,,m set of four hydride beds. The heat transfer into H
the beds, and between the HYCSOS beds and the out- |
door air heat exchanger, the indoor afr heat ex- g
. changer, and the solar.heat input is provided by :
vatv condensing and evaporating freon loops. The HYCSOS !
o Soouac e beds generate high pressure hydrogen which can be i
Mthotiny e ) tun s | expanded through an expander-alternator to produce !
prenots ot electricity when not needed for heat or cooling via ;

. . the HYCSOS system analyzed in the heating and’
Fig. 4. Theoretical Hydride Power Cycle Operation cooling modes.
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. Due to the high cost of the hydride materials-
(5-7 $/1b) it is necessary for the hydride beds to
cycle very rapidly ard frequently §n order to maxi-
mize the output per unit hydride weight. Yo facil-
{tate rapid cyclind the hydride beds were designed
to maximize heat transfer while minimizing hydrogen
pressure drop and preventing migration of the
hydride particles. Figures 7, 8 and 9 {llustrate
the design.

- mOian s & rwna 1

Fig. 2. MHydride Bed Heat Exchanger Assembly and
Sinqle Layer.
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Fig. 8. Hydride Bed Heat Exchanger Cross-Section
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The hydride fs_imbedded in open-pore aluminum
foam catled Ouocei.” Ouocel ts made of high ther-
mal conductivity aluminum. The conductiyity of
Duocel of 5% density, f.e.: 951 void, is about
2.5% of that of high purity aluminum solid material
This is due to the meandering nature of the thermal .
path in the network of aluminum stands and due to
the somewhat lower bulk conductivity of the 6061
alloy from which the Duocel is made. In order to
augment the thermal conductivity into the hydride
from the freon passages, fins are formed integral
with the Duocel perpendicular to the freon pass-
ages. The fins are spaced 15 to the inch. The
density of the foam between the fins as well as fin
thickness can be varied in order to maximize the
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Fig. 9. Hydride Bed Heat Exchanger Cross-Section

the thermal conduction from the freon to the hy-
dride while minimizing the mass of aluminum.

Duocel is also used for the hydrogen and freon
passages due to its structural rigidity and high
heat transfer properties. The bed is a layered
assembly of repeating elements, Figures 8 and 9
showing details of one repeating element from two
views at right angles to each other. Fiberglass
paper filters are used to prevent carry over of the
small hydride flakes.

The number of repeating elements in a specific

-design is fixed by the rated capacity of the system

and by the heat transfer characteristics of a given
repeating-element design. Primary sealing is
accomplished by brazing of the various manifolds
and repeating elements. A secondary hydrogen seal
and structural support which restrains the internal
pressure forces for the array of repeating elements
is provided by enclosing the assembly in a fitted,
lightweight, aluminum cylinder. This assembly
requires tapering of the stack of repeating ele-
ments to conform to the cross-section of the con-
tainment cylinder. A typical design results in a
complete bed assembly which is a right cylinder,
four to six fnches fn diameter, and one to two feet
in length. As may be seen in Figure 7, freon heat-
transfer fluid flows through the array in the
direction of the axis of the cylinder. Hydrogen
flows perpendicular to the axis.

Other system components include valves, pumps
and air-freon heat exchangers. The valve sub-
system must direct the various flows of freon and
hydrogen during cycling and mode changes. The
cycling control must provide for two interchanged
absorption-desorption cycles and for regeneration
between each cycle. The mode changing controls
must provide for heating and air-conditioning with
heat pump action, heating using direct solar input,
power generation with heating, and power generation
with outdoor heat rejection. The freon pumps con-
sist of five small centrifugal pumps on a single
shaft driven by one motor. The overall freon sys-
tem is shown in Figure 10. The fndoor and outdoor
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loops use freon-afr heat exchangers of the Duocel

‘type described in Reference 3.
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Fig. 10. Overall Freon Schematic

The expander is an fsothermal! free-piston,
double-acting type where the piston forms an ele-
ment of a reciprocating alternator. The valves are
timed by the position and velocity of the piston.
The expander operates as a result of the pressure
difference between similar hydride beds operated
at different temperatures. For HYCSOS the low tem-
perature is either the indoor temperature {when
heating {s required) or outdoor ambient.

A computer program was developed to assist in
the design process. The design heat transfer rate,
the aluminum foam and fin thermal conductivity
augmentation of the hydride, the outside air tem-
perature drop, and the aluminum doping of the hy-
dride material were all varied to optimize the
cost and performance (COP) of the HYCSOS system.
The system was gptimized for six design tempera-
tures {temperatures for ratid winter heat pump
operation). Tables | and 2% shows the result of
the design program process for three sizes of
HYCSOS with electrical power generation and for
the range of design temperatures.

Table 1. HYCSOS Component Sizing and Power
- Consumption - ’
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1V. Cost and Performance

The system price was estimated by including
the cost of all components an assembly charge and
a generic markup of 2.4x (for distribution, profit,
and selling costs). The computer program was used
to optimize cost and performance assuming an
increase in COP of 0.1 for the 22,000 BtuH size
was worth $600 (by reducing collector size). Table
3 shows the proportion of the system price and the
amount attributable to the major components.

+

The system performance is described by the
Coefficient of Performance (COP), and the system
output of heat and of cooling. The systems are
designed to a "design point.” The heating design
point and cooling design point use the ARI stan-
dards for indoor conditions (68°F indoors in winter
and 78°F {ndoors in summer). In addition, the
ARI summer outdoor design temperature is 95°F and
the winter outdoor design point is 47°F. The out-
put at 17°F is also used by the ARI. The HYCSOS
was designed to 3 varying set of outdoor winter
design temperatures.

Table 4 gives the system performance at the
heating and cooling design temperatures. COP both
including the electrical draw and excluding it are
given.

Table 2. ! Results of Design Optimization
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The electrical output while heating is less
than the electrical output while rejecting the
heat outdoors because the power requirements for
the indoor fan is higher than the outdoor fan. The
use of a lower indoor fan speed would result in a
somewhat higher net average power during power
generation with indoor heating. :

The performance of the HYCSOS at conditions
which are more severe and milder than those at the
design point {s fmportant for determining the
seasonal performance and ultimately the cost
effectiveness. Figures 11 and 12 show the heating
and cooling output for temperatures other than at
the design temperatures. . :

A solar absorption cooling system to provide
3 tons of cooling currently retails for $3000
excluding a cooling tower, which 1s expensive, and
an indoor heat exchanger. The HYCSOS 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 (t requires a higher
solar input than the absorption unit (250° to 280°F
as compared with 180°F), and has slightly lower
cooling COPs. Thus this HYCSOS systems, 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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fig. 12. Cooling Output Relative to Design Point
Solar Input
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e design, performance

‘ and cost of a solar-powered metal hydride heat
pump and power System for use on @ residenc§4“’//
easi-

1

This system was first conceived of and its

bility demonstrated by Dieter Gruen, et. al., at
Argonne National Laboratory. The system design,
which fs Vinited by heat transfer, was optimized
via an fterative computer program, The design
process starts with optimizing the thermal trans-
port properties of the hydride-bed-heat exchanger,
then traces temperatures and pressures through

the operating cycles. The coefficient of perfor-
mance {COP) of the overall system is then deter-
mined from the thermal losses due to cycling the
hydride beds and due to the auxiliary power con-
sumed by freon pumps and air-moving fans. The
system, using high temperature solar collector
input at 210°F to 280°F, provides heating with a
COP of approximately 1.6 and cooling with a COP of
approximately 0.6, and electrical power during
spring and fall, all for & cost comparable to a

solar absorption cooler.

1. Introduction
The use of solar energy for building heating
“and cooling has been a target foi the past decade.
The available technology (absorption and rankine
cycle powered vapor compression refrigeration)
have had low coefficients of performance (COP),
and thus large solar collector sizgs These
large solar collectors are then inactive for most
of the spring and fall when heating and cooling
are not needed.

. A Y
The Hydride Conversion and Storage System
(HYCSOS) provides heating, cooling and electrical
power from solar energy or other low quality input
_heat. It would thus provide electrical, heat,
and air-conditioning output from the solar collec-
tors on a year-round basis. The cost for a HYCSOS
which can do all these functions is the same or
Tess than for a solar driven absorption unit of
‘the same cooling capacity.

This investigation's aims are: designing a
residentia) HYCSOS system, evaluating the perfor-
mance of that design, and establishing the cost
of that design. Previous fnvestigations have
estab}ished HYCSOS feasibility in the 100 ton
size.

\

11. Theoretical Operatioh

The property of metal hydrides that is uti-
1ized for heat pump operation is that, at a given
temperature and near constant pressures, meta)
alloys such as Laki and CaN1s absorb hydro-
gen with the releasg Bf sﬁbstantzal amounts of {
heat. With heat input the process is reversible. |
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MITAL HYDRIDE SOLAR KLAT PUMP AND POWER SYSTEM (HYCSOS)
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Figure 12 shows the characteristic pressure compo-
sition curve for LaN{ at different temper-
atures. The use of the® twg dissimitar metal alloy .
systems which possess different hydriding {sotherms
enables one to pump heat from a Jower to an inter- °®
mediate temperature with heat supplied from a ;
higher temperature, :
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Fig. 1.

In its simplest form a hydride heat pump would
consist of two hydride beds (each containing a
different hydride) interconnected to allow hydrogen
gas to flow between them. Means would be provided
for the input of high temperature heat (from solar
concentrating collectors); for heat rejection to or
heat acquisition from the atmosphere; and for heat
input to or heat rejection from the building. The
heat pumping action of the system involves a four-
step process. Figures 2 and 3 fllustrate the
theoretical process which is described below.

Dissociation Pressure of LaNi4 SAIO Pun

In the first step of the process, high temper-
ature (solar) heat is applied to the first bed
causing it to desorb hydrogen at high pressure.
Because of the pressure differential between the
beds, the hydrogen flows to the second bed which
is at an intermedfate temperature. The hydrogen
1s absorbed by the second bed with a release of
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