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ABSTRACT

Argonne National Laboratory (ANL) is developing a hydride conversion and
storage system (HYCSOS) that 1is capable of thermal energy storage, space

heating and cooling. As a thermal storage medium, metal hydrides provide a
high~energy density; however, the economics of such a system are currently
unattractive. As a chemical heat pump, a metal hydride system offers the

promise of using solar energy, waste heat, natural gas and other energy sources
to provide space heating and cooling. The incorporation of an electrical power
generation cycle is also a possibility.

The HYCSOS chemical heat pump utilizes the heat of absorption and desorp-
tion of hydrogen from different metal hydride beds to provide space heating or
cooling. 1In its simplest form, a hydride heat pump consists of two different
hydride beds that are interconnected to allow hydrogen gas transfer between
them.

Past work at ANL has concentrated on demonstrating the feasibility of the
concept, and on the development of metal alloys suitable for this application.
Recehtly, an engineering development program has been initiated to study the
various system aspects of the hydrlde chemical heat pump This study has
included conceptual designs of various systems. .

This paper will concentrate on the engineering development of a heat pump
which uses a unique tubular hydride bed that can be cycled rapidly. This
design features a large number, about 200, of individual tubes. Each tube
contains a high temperature hydride at one end, and a low temperature hydride
at the other end. The central portion of the tube is designed to allow hydro-
gen to flow freely between the ends, but retard the flow of heat between the
ends.

This proposed design has several advantages including:

e no hydrogen valves required;

. high reliability due to the large number of independent hydride bed
elements;

e potentially high coefficient of performance (COP) due to a unique
method of heating and cooling the hydride beds;

e potentially high COP by cascading units for gas-fired applicatioms;
and




e simple control system and minimal valves outside of the unit.

This concept .can be applied to a number of applications including: gas
fired heating and cooling, solar assisted heat pump, automobile air condition-
ing, and truck refrigeration. Most of the systems engineering and experimental
efforts are directed toward the gas-fired application.

INTRODUCTION

Heat Pumps .

A heat pump is a device which transfers heat from a cold body to a hot
body with the expenditure of energy. The presently available heat pumps are
driven by electricity. The electricity is used to drive a compressor which is
the source of energy input. The principle of operation of these units is
identical to that of a household refrigerator. In the summer. heat 1is pumped
from inside the house to outside the house. In the winter the process is
reversed, and heat is pumped from the cold outside air into the house.

Presently available heat pumps suffer from the disadvantage of requiring
high priced electricity. In an attempt to eliminate this drawback, heat pumps
are being developed which use little or no electricity. These heat pumps can
be divided into two types: absorption and chemical. Absorption units utilize
the heat of solution of a fluid, such as ammonia in water, to reduce the need
for electricity by replacing the compressor. It should be noted that a high

temperature heat source 1is required. Chemical heat pumps use the heat of a-
chemical reaction to produce the heat pump effect. Various types of chemical
heat pumps have been proposed including: metal hydridesl, sulfuric acid- .

waterz, methylated salts3, and ammoniated salts.®

-

Metal Hydrides

About 10 years ago, it was discovered that intermetallics of the form
ABs (A is a lanthanide and B is a transition metal) possessed the ability to
easily absorb and reversibly desorb large amounts of hydrogen. At constant
temperature there is a pressure plateau where the pressure increases slightly
with increasing hydrogen/metal ratio. The absorption and desorption curves for
metal alloy hydrides are not identical but exhibit hysteresis. By varying the
materials A and B and the ratio B/A, pressure-temperature relationships over
wide ranges are obtainable. '

Metal hydrides have the property of providing good kinetics while under-
going a reversible thermal decomposition. This feature combined with reason-
able cost, and the ability to tailor a system by varying the composition of

alloys make hydrides unique in the field of energy conversion. Because of
their desirable properties, metal alloy hydrides have been proposed for thermal .
energy storage applications and for thermal heating and cooling. The incor-

poration of an electrical power generation cycle is also possible, but at this
time it is not being considered.

Operation

In its simplest form, a hydride heat pump consists of two different



hydride beds that are interconnected to allow hydrogen gas transfer between
them. The heat pumping action of the system involves a four-step process
which 1s shown for a heating mode in Figure 1. :

1. High temperature heat is applied to the first bed causing it to
desorb hydrogen at a pressure higher than the second bed. There-
fore, hydrogen flows to the second bed where it is absorbed with a
release of heat at an intermediate temperature. This heat is re-
jected to the building.

2. The two beds are cooled without hydrogen transfer, the first to an
intermediate temperature -and the second to a low temperature. This
step insures that the correct pressure differential between beds
exists for reverse hydrogen flow during the next step.

3. Heat from the outside atmosphere is added to the second bed to desorb
hydrogen at a pressure higher than the first bed. Hydrogen now flows
to the first bed where it absorbed and releases heat at the mter—
mediate temperature. This heat is rejected to the bulldlng

4. During this step both beds are heated without hydrogen transfer the
first to a high temperature, and second to an intermediate tempera-
ture, in preparation to the start of the next cycle.

The theorctical coefficient of performance (COP) defined as the ratio of
useful heat to the high-temperature heat added is about two for the heating
cycle. For cooling, the cycle is the same as above with '"the building" and

"the atmosphere interchanged. For this case the theoretical coefficient of
performance is about one. For either mode of operation near continuous heat
pumping action can be provided by use of multiple pairs of beds.
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Figure 1. Block Diagram of Theoret ical Hydride Heat Pump Operation



" PAST WORK

Hydride Bed Heat Transfer

The Chemistry Division of ANL has constructed a HYCSOS test facilityl,5

to experimentally evaluate hydride beds. The hydrides of LaNis and CaNig
are used in a four-bed system. A four-bed system is made up of two pairs
of beds. One pair is adsorbing and desorbing hydrogen (step 1 or 3 above),

while the other pair is being heated or cooled (step 2 or 4 above).

System Studies

Under contract to ANL, TRW performed a conceptual design study on a
100-ton solar-powered HYCSOS air conditioning unit (Ref. 6). The study demon-
strated that the concept was technically feasible, and design calculations
showed that such a unit would have a cost slightly less than current LiBr-H,0
absorption unit selling prices and a competitive coefficient of performance.
Since a large fraction of the cost of the HYCSOS system is in the hydride
material, and since LiBr-Hp0 absorption units exhibit large economics of
scale, small scale residential HYCSOS units should show particular promise.

Based upon the above considerations, a second subcontract was awarded to
TRW to assess residential applications of HYCSOS for space heating and cooling,
and electrical generation using FreonR as a heat transfer fluid (Ref. 7). A
computer program was developed to optimize the system. In both of these
studies a four-bed system was considered.

An economic evaluation based on total annualized cost was prepared for

two cities ~— Boston and Albuquerque. When compared with conventional systems,
the HYCSOS system had a higher annual cost, due to the high capital cost, but
it did use considerably less energy. When compared to a solar heating and

cooling system, the HYCSOS system had lower costs for both Albuquerque and
Boston. ' :

PRESENT DESIGN

Four-Bed System

In spite of the fact that the four-bed system has been the design most
thoroughly investigated, it suffers from a number of disadvantages. These
include:

» only one-half the system is in operation at any time, the other
half is in the regeneration cycle.

e effective recovery of heat during regeneration is difficult, and

e one hydrogen leak in a bed will shut down all of the intercon-
nected beds connected.

The last disadvantage may well be the most important as the system would
either be unreliable or expensive because of severe quality control require-
ments.



.

Tubular System

In order to overcome these disadvantages, an improved system has been
designed. This system features independent, tubular, hydride beds or elements
(see Fig. 2). A number of these tubular beds are assembled into a bundle
(see Fig. 3). And, finally, a number of bundles are assembled into the com-
plete unit.

Each bed consists of metal tube sealed at both ends containing one alloy
at one end, and a different alloy at the other end. The alloy can be contained
either as a sintered, doughnut-shaped, briquette, packed around a tubular
filter element, or contained in a capsule such 4s the one patented by the
International Nickel Company as shown in Figure 2. In any event, a heat
transfer fluid flows outside the tube, and the hydrogen flows back an forth
within the bed. 1In this way the hydrogen is completely contained, and hydrogen
valves are eliminated.

Ten. beds are combined to form a bundle as shown in Figure 3. The bundle
has fittings on the ends to allow for the heat transfer fluid to enter and
exit. Note that the central tubesheet keeps the two fluid coolant paths
separate, and also inhibits heat transfer between the two sides. Care must be
to design the shell with a small coolant volume to minimize the losses during
regeneration.

Twenty-four bundles are combined into a unit as shown in Figure 4.
Into each end of the unit there are three flows. On the hot end there are
flows to and from the heat source, the intermediate-temperature sink, and the
high temperature regeneration loop (explained below). The low-temperature side
is connected to the low temperature source, the intermediate temperature, and
the low temperature regeneration loop.

On each side of the unit there is a multi-port rotating valve. This
valve directs the flow of heat transfer fluid from each bundle to the appro-
priate heat exchanger and back to the bundle. Each bundle undergoes a complete
cycle per revolution of the valve. The valves in this design are not believed
to be standard, and they are within state of the art.
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Fig. 2. Tubular Hydride Bed
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The operation of the system can be understood by following a complete
cycle for space heating. Consider a bundle just about to be exposed to the
high-temperature fluid (see Fig. 5). The high-temperature end of the elements
are heated by the fluid. They accept heat and desorb hydrogen. The hydrogen
flows down the elements where it is adsorbed at the low-temperature end reject-
ing heat to the fluid flowing to the house. The cycle time is set so that when
this process 1is virtually complete, the valves place the bundle into the
regeneration mode.

In this mode, a closed loop circulates heat transfer fluid from the
bundles being cooled to the bundles being heated as shown in Figure 6. With
this method the bundles are efficiently heated and cooled. At the end of the
regenerative cooling, the bundle reaches the low-temperature portion of the
cycle.

At this portion of the cycle heat 1is added to the low-temperature alloy
causing the hydride to desorb hydrogen. The hydrogen flows down the element to
the high temperature end where heat is rejected (into the house in the heating
mode). The bundle is then regeneratively heated back up to the start of the
high temperature heating where the cy;leicontinues.

Conceptual Design

ANL has performed a conceptual design study on the tubular concept. The
analysis was done to determine the size, performance, and potential cost of a
residential-sized heating and cooling system. The results of this analysis
are presented in Table 1. This analysis is the basis for continuing work on
system design. '
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Table 1. Summary of Initial System Design

Physical
Number of element bundles . 24
Number of bundles in regeneration made 6
Number of tubular elements per bundle 10
Total weight of hydride, 1b 110
Cycle time, min 4
Per formance
Design Rating, Btu/hr 50,000
Coefficient of Performance (Heating) - 1.55
Coefficient of Performance (Cooling) 0.55

Cost, $/1000 Btu Heating Capacity $110

Experimental Work

To implement the results of the system studies, a prototypical bundle 1is
being procured from INCO. This bundle has ten elements.. Each element con-
tains 13 capsules. The six outer capsules on each end contain hydride, and
the central capsule is empty and provides insulation (see Fig. 2). This
bundle will be tested in the Chemistry facility in early 1980. .

APPLICATIONS

The HYCSOS system has many potential applications. Among the uses that
are being or have been studied are: :

e large scale (100 ton) refrigeration using waste heat (Ref. 6),



e residential scale heating and cooling using solar energy as input
(Refs. 1 and 7), ‘

e residential scale heating and cooling using gas as the input energy
supply (Ref. 8), -and

e upgrading waste heat (Refs. 9 and 10).

Other potential applications are automotive air-conditioning, truck
refrigeration using engine heat, and power generation.

At present no clear choice can be made as to the first commercial ap-
plication. At present ANL is concentrating on development of a gas fired
- residential unit, while INCO is under contract to New York State Energy Re-
search and Development Authority to develop a system to upgrade waste heat
(Ref. 10).

FUTURE PLANS

The ANL HYCSOS program milestone chart is shown in Figure 7. During
fiscal years 1980 through 1982, effort will be concentrated on the design,
construction, and testing of a HYCSOS system for residential heating and
cooling. Also advanced work will be directed at the design of a two-stage
system which would be particularly suited for use with a natural gas heat
source.

4 The goals of the one and two stage system are presented in Table 2.
By meeting these goals, HYCSOS could become a viable heat pump system.
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Table 2. Hydrogen Heat Pump (HYCSOS) Goals and Performance
Specifications -~ Natural Gas Heat Input

One-Stage Two~Stage

Unit Price for Heating Capacity,
$ per 1000 Btu/hrd 100 70

Ratio of Cooling-to~Heating Capacity 0.5 0.5

Coefficient of Performance (Btu Output/Btu Input)

Heating 1.5 2.0
Cooling 0.5 1.0
Heat Transfer Media Temperatures, °F
Heating
Heat Input . 240 340
Minimum Low-Temperature Inputb : - =20 -20
Heat Delivery ' 110 110
Cooling
Heat Input . : 240 340
Heat Discharge o , 130 130
Coolant N _ ' 40 - 40
Initial Test ' 1981 1983

a8price to building contractor for complete unit, including heat supply and
external heat exchangers, having capacity rating in range of 20,000 to
100,000 Btu/hr for heating (10,000 to 50,000 Btu/hr for cooling), when manu- -
factured in quantities of 10,000 units per year. '

bBased on -10°F ambient temperature and 10°F temperature differential.
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