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1.0 INTRODUCTION AND SUMMARY

This report presents the results .of a performénce and cost analysis

" of a metal hydride air conditioning (heat pump) system as compared to con-
ventional absorption heat pumps. The system analyzed represents ons of
several possible implementations of the Hydride Conversion and Storage _
System (HYCSOS) concept developed by the Argonne National Laboratory.

~ Due to the preliminary state of development of the HYCSOS concept,
a major part of the effort was to develop a baseline design for a commer-
cially-practical hydride air conditioner driven by solar energy obtained
by concentrating collectors. A 100-ton design capacity was arbitrarily
chosen to coincide with the size of commercially availap1e Lithium
Bromide absorpticon heat pumps. - Typical commercial-practice heat transfer
rates, water flow rates and temperature drops were used in developing the
baseline design. Since minimum system capital cost was an otjective, the
~baseline system relied to the maximum extent possib]e on estabiished engin-
Aeering:designs for heat exchangers, pumps and va]Ving.

The baseline system cost estimate was developed from component costs
derived from manufacturers/vendors information, from commercial catalogs ~
and, where necessary, from secondary sources (e.g., Chemical Engineers
Handbook).

~ The resultant 100-ton baseline system was estimated to have a coef-
ficient-of-performance (COP) of 0.46 at a total cost of $17,292. In the
baseline system, the cost of the hydride represents 51% of the total cost.
The above estimates may be compared to a 100-ton Lithium Bromide absorp-
tion heat pump which exhibits a (2 of 0.68 and is commercialiy priced-
- at $20,000. E

The following section presents a brief discussion of metal hydride
properties important to heat pump design and describes the operation of
the metal hydride air conditioner. Section 3.0 presents the baseline
system design and performance estimates, and Section 4.0 details the cost
estimate. Section 5.0 compares the baseline system performance/cost
estimates with conventional systems, and Section 6.0 discusses technology
areas where progress is needed. |
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2.0 METAL HYDRIDE PRINCIPLES
AND HEAT PUMP CPERATION

2.1 METAL HYDRIDE PROPERTIES

Metal hydrides have been studied as hydrogen storage media in various
energy system applications since the discovery of their hydriding properties
less than ten years ago. The property of interest is that, at a given
temperature and constant pressure, the alloys XN1‘5 and XCo (where X is
generally but not always a rare earth metal) become XN15H6 and XC05H6 with
the release of substantial amounts of heat. W1th heat input the process
is reversible. Two meta] hydrides with d1fferent properties can be used
for heat and hydrogen storage in heat pumps and other energy conversion
systems. The hydrides LaN15 and CaN15 are currently used in the Hydride

Conversion and Storage System (HYCSOS) conceived by the Argonne National
Laboratory (Reference 1). As an example, LaNisH0 2 yields 94 Btu's per
pound of alloy in the process of absorbing hydrogen to become LaN15 6.7

At constant temperature, the hydriding process consists of two distinct
phases, o and 8, with a mixed phase between. Figure 1 illustrates the
constant temperature process. In the distinct a phase, increasing amounts

Figure 1. . Hydrogen Content Versus Pressure

o v

8 phase

o« and B phase

a phase

Average Number of Hydrogen Atoms (n)

LaleHn or CaN15Hn
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of hydrogen are dissolved in the metal alloy (LaNi5 or CaNis) with an in-
crease in pressure to PO. The distinct B phase starts at pressure P0 when
LaNisH6+ or CaN1'5H6+ has completely formed. Between the two distinct phases
there is a pressure plateau region (constant pressure Po) where both phases
co-exist and the actual chemical hydriding occurs (XNi5 -> XNisHG). During
this phase, hydrogen absorption (desorption) results in approximately 80

Btu's per pound of hydride to be released (input).

Figure 2 (from Reference 2) presents a schematic representation of the
structure of the ¢ and g phases. o

Figure 2. A schematic representation of formation
of ternary hydride from a binary compound ABp
(n > 1) of transition elements. Only element A
is assumed to form a stable binary hydride. 0On |
absorption, the lattice expands to accomodate the .
hydrogen.

;
As illustrated, thq formation of the B phase involves a volume increase.
This volume increase strains the crystal lattice and results in a rapid
breakdown of the bulk hydride into a fine 6-micron powder which has a void

fraction greater than 60%. Because of fhis porosity and grain size, the
hydride metal alloys are capable of very high hydrogen reaction rates.

Hydrogen pressure and temperature re]étionships have been established
for several hydrides. The pressure/temperature relationships for LaNisHn
and CaNian used in this analysis are presented in Figure 3 (Reference 3).
The following physical properties were used for both hydride alloys (Ref-
erence 4):

o Density 0.1 1b/ind
o Thermal Conductivity 0.27 Btu/Ft °F hr
e Specific Heat 0.11

2-2
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The cost of LaNi5 has been estimated to be $5-7/1b (Reference 5),
while CaNi5 has been estimated to cost $2.50/1b (Reference 3). This range
of materials cost combined with the heat storage capability of 80 Btu/pound
implies a prohibitively high cost for hydride thermal storage - $30,000 to
$90,000 per million Btu. On the other hand, the high reaction rate of the
absorption (desorption) process implies that a relatively small amount of
hydride in separate beds could be rapidly cycled and used as a cost-effec-
tive air conditioning system (heat pump) (Reference 1).

2.2 HYDRIDE HEAT PUMP OPERATION

In its simplest form a hydride heat pump would consist of two hydride
beds (each containing a different hydride) interconnected to allow hydro-
gen gas to flow between them. Means would be provided for the 1npdt of
high temperature heat (from solar concentrating collectors); for heat re-
jection 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 4a and 4b illustrate the theoretical -
process which is described below.

In the first step of the process, high temperature (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 intermediate temperature. The hydrogen
is absorbed by the second bed with a release of medium temperature'heat.
In order to keep the second bed constant at the intermediate temperature,
the released heat is rejected to the building (heating mode) or to the
atmosphere (cooling mode). |

During the second step the hydrogen interconnect is closed, and the two
beds are cooled, the first bed to an intermediate tempefature and the second
bed to a low temperature. This step is necessary for the correct pressure
differential to exist between the beds for reverse hydrogen and heat flow
during the next step.

The hydrogen interconnect is opened again ﬁuring the third step. Heat
from the bui1ding (cooling mode) or from the atmosphere (heating mode)
causes the second bed to desorb hydrogen at a préssure sufficient to cause
it 'to flow to the first bed which is now at an intermediate temperature.

2-4
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Figure 4a. Theoretical Hydride Heat Pump Operation
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The hydrogen is absorbed by the first bed with the release of medium tem-

perature heat. To keep the first bed constant at the intermediate temper-
ature, the released heat is rejected to the building (heating mode) or to

the atmosphere (cooling mode). '

At this point the hydrogen interconnect is closed and step four begins.
During this step both beds are heated - the first bed to a high temperature
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 is 1.0 for cooling (2.0 for‘heating) if 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 low temperature (step 3) and the sum is rejected to the
atmosphere at the intermediate temperature (steps 1 and 3).

To bkovide a near-continuous heat pumping action the HYCSOS concept
(Reference 1) uses four hydride beds, two with LaNigH and two with
CaNian. Thus, the respective beds can exchange heat during the temper-

- ature change periods (steps 2 and 4); and with the exception of these per-.

iods the heat pumping action is continuous.
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3.0 BASELINE SYSTEM DESIGN AND PERFORMANCE

The previous section described a theoretical hydride heat pump and its
operation. A real hydride heat pump, however, must accommodate the engin-
eering compromises necessary to interface it with the driving energy source
- (solar) and with the building being heated and cooled. Practicable designs
for the required heat exchangers and hydride beds impact the operating
temperatures and heat transfer rates. Therefore, a baseline design was
developed which could be used in estimating the performance and cost of
the system.

The baseline design was developed for a hydride air conditioner with

a nominal capacity of 100 tons. This capacity was arbitrarily chosen to ‘
' allow a direct cost comparison with conventional absorption air conditioners
that are now available for commercial bui]ding service.

To minimize the amount (and cost) of hydride used in the system the
hydride bed absorption and desorption times were assumed to be one minute.
A 20°F temperature rise in the building cooling loops was assumed. This
assumption is in line with general commercial practice for minimizing fluid.
flow losses, fluid flow pipe size and cooling coil size and cost. Also in
line with general commercial practice, the design film temperature drops
in liquid heat exchangers was assumed to be approximately 10°F.

The following sections describe the major components of the baseline
system and present an estimate of the baseline system performance.

3.1 BASELINE SYSTEM DESCRIPTION

3.1.1 Hydride Bed/Heat Exchanger Design

For the baseline system, a design was chosen which integrates the
hydride beds with the water passages necessary for removing/adding the heat
of absorption/desorption (Section 2.2 - Steps 1 and 3) and for heating and
cooling the beds (Section 2.2 - Steps 2 and 4). Figures 5 and 6 illustrate
this integral hydride bed/heat exchanger design.

The hydride material has a low thermal conductivity (see tab]e 1).
In order to augment the thermal conductivity of the hydride, it is imbedded
in an open pore foam of 6061 aluminum. This foam has 40 pores per inch,
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~ Table 1. Thermal Conductivity of Various Substances

(Btu/Ft °F Hour)

Silver " 242
Copper 232
Aluminum 130
Nickel 36
Titanium _ 9
Duralumin 64
Stainless Steel 301 : 8
LaNi5 powder .27
Hydrogen (212°F) . .124
Air .014
Fiberglass Insulation .03
Cork .02
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has a 90% void fraction and has a thermal conductivity of 7 Bfu/Ft°F Hour
(Reference 6). A layer of foam 0.16 inches thick with the voids filled with
hydride will absorb/desorb in 60 seconds at a rate of 10,000 Btu/Ft® Hour
with a temperature drop across the hydride of 5°C.

In order for the cycling energy to be minimized, the mass of thel
heat exchanger and the mass of the water in it must be minimized with respect
to the mass of the hydride. As illustrated in Figures 5 and 6 the hydride:
bed/heat exchanger is a vacuum brazed assemblage of 0.020-inch thick stamped
aluminum sheets and open pore aluminum foam with entrained hydride. This method
of construction is used for “"compact heat exchéngers“ which are, in general,
the least costly and iightest weight form of heat exchangers available.

The baseline system consists of a total of four hydride bed/heat ex-
changer modules - two filled with Lanthanup-Nicke] hydride (LaNis) and two
filled with Calcium-Nickel hydride (CaNig). Each module is vacuum brazed
together with the hydrides already entra;ned in the aluminum foam and then
the hydrogen is introduced later. | ‘

The temperature change of the water ciréu]ating through the beds is
set at 20°F (11°C) for the high, intermediate and low temperature loops. At
the design rate of heat transfer (about 10,000 Btu/Ft2 Hour) the flow velocity
of the water is 5-10 feet per second and the bed water path length is 10 feet.
Each of the four modules is split into two sub-beds in which the water flow
is separate and into four sub-beds in which the hydrogen manifolds are sep-

arate (Figure 6).

The four modules are connected together with hydrogen lines and valves
and with water lines and valves. The flow during the four phases of opera-
tion is shown in Figure 7.

3.1.2 Value Design and Fluid Flows

3.1.2.1 Hydrogen

The valving for the hydrogen is shown in Figure 7. "C" means the
valve is closed while "0" means the valve is open. The hydrogen valves must
withstand an internal pressure of up to 10 atmospheres and must be about
1.5 inches in diameter in order to pass the required hydrogen mass flow with-
out a high pressure drop. They must be relatively leak free. )
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3.1.2.2 MWater

The water valving is rather elaborate and is shown in Figure 8. The
valve is a three position sliding plug valve. The valve need not be excessively
leak proof, as slight leakage would have 1ittle affect on the operation or
safety of the system. The maximum pressure drop in the system is 5-17 pounds
per square inch and the flow rate is 200-400 gallons per minute - comparable
to absorption air conditioner flow rates and-pressure drops. Figure 8 is
not a definitive design but merely an existence proof of the possibility of
relatively simple valve construction for the functions required. The posi-
tions 1, 2 and 3 of the plug are the operating stages of the system absorp-
tion-desorption, regeneration (heating and cooling of beds) and absorption-
desorption in the other direction. The cycle is repetitive 1, 2, 3, 2, 1,

2, 3, 2, 1, 2, 3, where the valve is always in positions 1 and 3 for 60
seconds each and in position 2 for 20 seconds.

3.1.3 Pumps

The pumps required for the building hot and cold service loops and
for the input energy loop (solar) were assumed to be supplied with the build-
ing. This is the normal practice with commercial building absorption air
conditioners. These pumps will be sized to accommodate the specific building
design and to interface with the hydride bed/heat exchanger modules.

Two pumps are required for the regeneration‘loops (Section 2.2 - Steps
2 and 4) within the hydride bed/heat exchanger modules.

These pumps must produce a flow rate of 400 gallons per minute. The
pressure drop in the 10 foot heat exchanger path, computed using turbulent
flow assumptions (Reference 9), is 5-16 pounds per sduare inch depending on
the scale of the surface roughness inside the -passages. This results in a
maximum pumping power requirement for the regeneration}loop oi 1.5-5 horsepower
per pump. This is comparable to the 5 horsepower pump which recycles the solu-
tions in a commercial absorption air conditioner. The regeneration loop
pumps are 3~inch by 3-inch centrifugal pumps running at 1750 rpm. They
only run at full flow for 20 seconds out of every 80 seconds.

3-9
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3.2 SYSTEM PERFORMANCE
3.2.1 Absorption/Desorption Cycle Heat Transfer

As noted previously, the heat flux into and out of the aluminum
matrix-hydride is about 10,000 Btu/Ft2 Hour due to the absorption-desorp-
tion process. The heat flux rate is maximum at the water surface interface
in the heat exchanger. At the part of the'hydride farthest (0.16 inches)
from the 1iquid loop the flux rate is zero. The distribution of the hydride
was assumed to be uniform so .the average heat fiux across the bed is 5000
Btu/Ft2 Hour. The thermal conductivity of the aluminum matrix plus the hydride
is 7.3 Btu/Ft°F Hour. This results in a temperature difference across the
bed of 5°C during absorpticn and desorption.

The water flow through the heat exchangers is at an average velocity
of 5-10 feet per second. The heat transfer film coefficient was computed-
using established turbulent flow methodology (Reference 8). The film coef-

ficient was calculated at 3810 Btu/Ft2°F Hour at 212°F and 1498 Btu/Ft2°F.HOUP
at 36°F. The film coefficient is limited by scaling which is worst at the

highest temperatures. In general, however, aluminum is only effected
slightly by scaling in compérison with other materials. Commercial practice
heat transfer coefficients genera]]y'vary from 500-1030 Btu/Ft2°F Hour.

To accommodate the scaling which may occur, a film coefficient of

1111 Btu/Ft2°F Hour was assumed.

The temperature distribution in the beds and their water passages IR
during the absorption/desorption cycles are shown schematically in Figure '
9. The maximum and minimum temperatures and the associated hydrogen pressures
are illustrated. For hydrogen to completely saturate the beds and to be
comp]ete]y'desorbed, the minimum hydrogen pressure in the desorbing bed must
be equal to or greater than the maximum hydrogen pressure in the absorbing
bed. - ‘

The need for higher hydrogen pressure on the desorbing bed has deter-
mined the design of the beds. The water paths were split in each bed in order
to provide a series-parallel arrangement. The medium temperature heat re-
Jection loop goes first through the absorbing CaNi5 beds so they are at a
relatively Tower temperature (and hydrogen pressure) to receive the hydro-
gen from the desorbing LaNi5 beds. The hydrogen flows are also split to

take maximum advantage of the temperature gradients in the beds.
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Figure 9. Schematié of Bed Temperatures and Hydrogen Pressures

During Absorption/Desorption Cycles (Steps 1 and 3)
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The temperature drops and rises across and along the beds all detract
from the performance. The higher absorption temperatures and Tower desorp-
tion temperatures drive the mean bed temperafures in order to allow complete
hydrogen absorption. In step 3 the mean temperature is driven up in the
low temperature loop which supplies building cooling, while the mean temp-
erature of the high temperature bed in which absorption occurs is driven
down. In step 1 the mean temperature of the highest temperature bed must
be driven up in order to provide sufficient hydrogen pressure for the low
temperature bed to absorb at the medium temperature.

The pkocess of establishing the temperature of the beds is an iterative
one. The bed temperatures noted in Figure 9 weré established through this
iterative process. However, due to the limits on time and effort it was not
determined if the bed temperatures were optimized.

3.2.2 Regeneration

Regeneration is.the term used to describe the process by which the
beds are heated and cooled with no hydrogen flow so that the useful output
of absorption heat and desorption cooling will be at the correct temperatures.
(Section 2.2 - Steps 2 and 4).

~ Preliminary analysis showed that if the thermal energy used to heat
and cool the beds were to come from the useful output flows, the net output
of cooling would be zero. This is because the thermal mass of the heat
exchangers and beds when cycled through. the temperature extremes required
would require more energy then there was available from the hydrogen desorp-
tion process.

The regeneration process therefore uses the thermal energy in the
beds at different temperatures to reduce the useful energy needed to heat
and cool the beds.

Table 2 shows the mean temperature of the beds and their associated
water loops during the absorption/desorption cycle.

The analysis of the regeneration was done on a per square foot of bed
heat transfer area basis._'The thermal mass of the aluminum matrix - hydride-
aluminum heat exchanger wall combination is 1.458 Btu/°C. The thermal mass
of the water contained in the heat exchanger (p]usASO percent for interior
plumbing) is 1.020 Btu/°C. The energy contained in the‘hydride is 167 Btu.
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Table 2. Mean Temperatures During Absorpt1on/Desorpt1on

Cycles (Steps 1 and 3)

Bed ' A]um1num-Hydride Temperalure (Mean) Water Temperature (Mecan)
Hy 104.5°C - 110°C

Hy 41.25?C 33.75°C

L 2.5°C 8.5°C

Lo 46.75°C 39.25°C
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The heat transfer coefficient between the 1iquid loop mean temperature and
the bed mean temperature is 667 Btu/Ft2 °C Hour.

During regeneration the fluid flow through bed H] is then pumped to
bed H2 and back through H]. This flow continues until both bed H] and H2
‘approach uniform temperature. The same is done with beds L1 and L2. The
time constant for the bed heat transfer is 7.89 seconds. Within the regen-
eration time of 20 seconds the temperature of each bed will approach o with-
in 8 percent of the original temperature difference between the bed starting
and ultimate temperature to the mean bed temperature.

The mean temperature of the water in the loops of beds H] and H2 at
the start of regeneration is 72°C. The temperature of the beds H] and H2
plus the water loops after a long time when all of the thermal energy has
been shared is 72.6°C. The final temperature of bed Hy is 72.6° °C + 0.08
(104.5°C - 72.6°C) or 75.15°C. The final mean temperature for bed H2 is
70.09°C. The mean temperatures of beds L, and L, are 22.44°C and 25.94°C,
respectively. The final temperature of the water loop in beds H] and H2
is 72.55°C; and in beds L] and L2 it is 21.49°C.

3.2.3"System Coefficient of Performance

The final mean bed and water temperatures provide the key to the cal-
culation of the system COP.

After regeneration, the energy required to bring the low temperature
bed from its final regeneration mean temperature to the low temperature
_ mean desorption temperature plus the energy to cool the water in that heat
exchanger and its associated manifolds and piping to the cold loop mean
temperature must all come from the desorption energy. This reduces the
building cooling energy available. The energy necessary to cool the low
temperature bed from 25.94°C to 2.5°C mean temperature is 34.18 Btu/th.
The energy necessary to cool the water and its associated plumbing is
15.97 Btu/Ft2 The energy available in the hydride desorption process is
167 Btu/Ft For 1 ton of useful cooling 12, 000 Btu's per hour must be
removed. At 116.85 Btu per cycle (167 - 34.18 - 15.97) for the system of
four beds and 45 cycles per hour (60 seconds desqrb1ng and absorbing and -
20 seconds of regeneration) 2.283 th per bed pef ton are required. CEach-
square foot of low temperature bed gets its hydrogen from and gives its
hydrogen to one squafe foot of high temperature bed.
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For each 167 Btu in hydrogen desorption energy required by the lTow
temperature bed, 167 Btu must go to desorbing the high temperature bed. In
addition to this, the total energy necessary to reheat the hot bed from
70.09°C to 104.5°C and the hot loop water in that bed from 72.6°C to 110°C
is 88.3 Btu's. The total high temperature heat input required, therefore,
. is 255.3 Btu's.

The coefficient of performance (COP) of the hydride heat pump is the
useful cold output, 116.85 Btu, divided by the high temperature heat input,
255.3 Btu. The resultant COP is 0.4577.

The high temperature heat input of 255.3 Btu is not all required to go
through the hydride. Only 218 Btu's are transferred from the hot loop through
the heat exchanger wall. The other 38 Btu's are due to the dilution of the
high temperature input loop with cooler water. The resultant heat transfer
rate is 13,000 Btu/Ft2 Hour. The initial assumption of a 6°C film tempera-
ture drop was not large enough and the hot loop temperature should be 0.5°C
higher. This delta represents a higher order iteration which will not
significantly change the results. '
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4.0 HYDRIDE AIR CONDITIOMER SIZE,
WEIGHT AND COST ESTIMATES

As noted previously, the hydride air conditioning system consists of
integral hydride bed/heat exchanger modules, water flow control valve, hydro-
gen flow control valves, the regeneration loop pumps'and controls. ‘Figure
10 presents a general layout of the baseline,. 100-ton capacity system. .

The following sections present size, weight and cost estimates for
each of the major system components. ’ ‘ '

4.1 HYDRIDE BED/HEAT EXCHANGER MODULES

Each square foot of hydride bed contains 2.074 pounds of hydride. The
100 ton air conditioner has 228 square feet per bed or 464.2 pounds of hy-
dride per bed, The weight of the aluminum in the foam matrix and in the
manifolds for each bed is about 175 pounds per bed. The hydride bed/heat
exchanger combination has 48 square feet of area per cubic foot of bed.-
Each bed would nominally be 5 feet long by 1.15 feet high by 4.8 inches
wide. In the baseline design the bed is folded to a module size of 2.5 feet
long by 1.15 foot high by 1 foot wide with all the manifolds brought out
the front as shown in Figure 6. The bed has 2 fluid loops which are in
series in the high and low temperature desorption mode and in parallel in
the medium temperature absorption mode. Thegwater flow rate through the
beds of greater than 200 gallons per minute necessitates large diameters
for the pipes into the beds and for the flow control valve. %
The total weight of hydride in all four modules is 1856 bounds, of.
which half is LaNi5 and half is CaNis. The cost of the LaNi5 was taken
as $7 per pound and the cost of the CaNi5 was taken as $2.50 per pound (Ref-
erence 3). Therefore, the hydride cost is $8,820 for the 100-ton unit.

The cost of aluminum compact heat exchangers, including the aluminum
foam is approximately $52 per cubic foot (References 6 and 7). Because
of the increased complexity of the hydride bed/heat exchanger modules, their
cost has been estimated at approximately $100 per.cubic foot, exclusive of
the hydride cost (Reference 7). Therefore, the total fabrication cost for
the four modules was estimated at $1,900. '
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4.2 FLOW CONTROL VALVES
4.2.1 Water Flow Control Valve

The water flow control valve is fairly complex (Figure 8), but its

" construction should be relatively simple and inexpensive due to the fact that
the peak pressure is only 50 pounds per square inch. The movable plug has
only 3 positions. The design shown is practicable, however other geometrical
arrangements are possible. The valve is large because the flow path must

be for a 2-1/2 inch diameter flow equivalent through each of the ports.

~ Since the valve must operate 90 times an hour, the plug must be loose
fitting to prevent wear, and there will be some leakage. Due to the low
pressures involved the leakage will be very small compared to the system
flows and should have a re]afive]y small effect on the system performance.
The valve is estimated to we1gh 300 pounds and to cost $2,000 including the
piping manifold to the beds and pumps. :

4,2.2 Hydrogen Flow Control Valves

The hydrogen flows are controlled-by 20 open-shut valves. These vaives
must be 1.5 inches in diameter and must seal fairly well. They must also
withstand 10 atmospheres of pressure. The 20 valves are estimated to cost
$1,000 and to weight 100 pounds, with the piping manifold to the beds.

4.3 REGENERATION PUMPS

The regeneration pumps are simple centrifugal water pumps with electric
motor drive. They pump 400 gallons per minute across a 5-17 pound per square
inch pressure drop. The cost of the two pumps and their associated 5 horse-
power motors is about $1,000. (Reference 10). They are estimated to weigh
300 pounds.

4.4 _SYSTEM CONTROLS

The system controls required- include the motor starters, temperature
indicators, temperature controllers, flow indicators, and malfunction and
performance indication instrumentation. The estimated total weight is 70
pounds, and the cost is estimated at $1,000.



4.5 BASELINE SYSTEM COST AND WEIGHT SUMMARY -

The following tables summariie'the cost and weight of the baseline
100-ton hydride air conditioning system.

Table 3. System Cost Summary

Hydridé Bed/Heat Exchanger Modules $10,720
H,0 Valve plus Manifold | 2,000
| H2 Valves plus Manifolds ' 1,000

- Regeneration Pumps : 1,000 -
Contfols : 1,000
Assemb]y and Structure . $15,720
(at 10 percent) 1,572

Total f??ZEEE'

Table 4. System Weight Summary

Hydride Bed/Heat Exchénger Modules 2,600 1b
H20 Valve plus Manifold 300
Hz Valves plus Manifo1dsv 100
| Regeneration Pumps h . 300
Controls ' ‘ 70
Structure ' 330
Total , -5:;56—;g



5.0 HYDRIDE AIR CONDITIONER VERSUS CONVENTIONAL
: ABSORPTION AIR CONDITIONERS

Lithium Bromide (LiBr) absorption chillers are now commercially avail-
able in rated capacities of 100 tons up. Figure 11 presents a drawing of
this type chiller with the dimensions shown for the 100-ton capacity unit
(Reference 11). It should be noted that the absorption unit requires ap-
proximately 55 square feet of floor space compared to approximately 15
square feet for the hydride system. The.LiBr unit weighs about 11,000 pounds
compared to 3,700 pounds for the hydride system. |

Table 5 compares the operating conditions and performance of the 100-
ton capacity hydride air conditioning system to the same size Lithium Bromide
absorption chiller (Reference 11).

Figure 12 shows the total price and marginal price of the conventional
LiBr absorption systems as a function of capacity (Reference 11). As indica-
ted by the figure, the price of a 100-ton absorption chiller is about $20,000
as compared to the $17,000 estimated cost of the hydride system.

Life cycle costing is most often advocated as the methodology to be

. used for comparing new or improved energy systems with conventional systems.
In general, this method compares the new and conventional systems on the
basis of the present value (based on a suitable discount or interest rate)
of lifetime system costs. The costs generally include initial capital costs,
financing costs, maintenance and overhead costs, energy costs and some

scrap recovery value (if applicable).

The usual reason for using life cycle costing is that new or improved
energy systems usually require less energy consumption which leads to energy
cost savings which then allow some additional initial capital cost to be
justified.

The results of this study indicate that the 100-ton hydride air cond-
itioner does not fit into the above mold. The cost of the hydride system
is somewhat Tess than the price of the commercially available absorption
unit. However, the usual commercial mark-up w{ll probably Eaise the price -
of the hydride unit to a level equal to or above that of the absorption unit.
Even if an $800 allowance is permitted the hydride unit for occupying less
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Hydride Air Conditioner Operating

Table 5.
’ Conditions and Performance Versus
Conventional Absorption System
(100-Ton Capacity)
Sing]e Stage LiBr
Hydride Absorption-Chiller
Air Conditioner (Reference 11)
Hot Temperature Water Input = 241°F ’ 270°F
Hot Temperature Water Output 219°F 230°F
Medium Temperature . 88°F ' 85°F
Water Input
Medium Temperature . 107.6°F 96-106°F
Water Output i '
Cold Temperature Water Output  37.4°F . 44°F
Cold Temperature Water Input 57.2°F , - 53°F
cop

0.46 ' B 0.68
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space (40 square feet at $20 per square foot) the costs of the competing
units should be comparable. Also, as Table 5 indicates, the hydride unit

COP is less than that of the absorption unit. Thus, the hydride system does
not offer any energy savings to offset the initial capital cost. Applying
the 1ife cycle costing methodology, therefore, does not present any advantage
to the hydride air conditioner. |

K
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6.0 PERFORMANCE IMPROVEMENT POTENTIAL
- AND NEEDS FOR FUTURE WORK :
As shown in the previous~sections; the- 100-ton hydride air conditioner
should be comparable in cost to commércially available absorption systems
but is estimated to have a lower COP.

The main source of the hydride system performance degradéticn from
the theoretical cooling COP-of 1.0 is the mass of material (heat exchanger
and water) which must be thermally cycled with the hydride. If 11ghter
gauge aluminum, smaller water passage dimensions and a better heat transfer
fluid other than water could be used in the hydride bed/heat exchanger modules
then a better COP would result. The COP would increase to levels comparable
with commercial absorption units if the density and energy content of the
hydr1de could be doubled. ‘

The higher performanee of the commerc1a1 absorpt1on units is due to
the fact that the absorbing media - equivalent to the hydride - is a liquid.
- This liquid is pumped through the system, and there .are no cycling Tosses
in the heat exchangers :If a liquid form of hydride were developed which
cou]d be pumped throaJn the heat exchangers, then a coo]1ng COP close to
1.0 would result in large cost and energy sav1ngs compared to conventional
absorption units.

Based on the above, the aluminum sheet/aluminum foam sandwich tech-
nique of h/dr1de bed/heat exchanger construction should be investigated to
_:determ1ne if foam of h1gher un1t conductivity and 11ghter gauge sheet .
material could be used under the conditions imposed by the hydride system
As a first step, a programeto va11date the construction and operation of
the baseline hydride bed/heat exchanger module might be warranted.

As noted previously the large capacity hydride air conditioning system
-studied is only. one of several possible implementations of the HYCSCS concept.
Another possibility is to extract mechanical power from the hydrogen working
fluid and to use that power to generate electricity during periods of Tow
demand for air conditioning . This imp]ementation alternative was not in-
vestigated in the current study because of the limited time and resources
available. For completeness, however, this system capab111ty should be
1nvest1gated
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Due to the study. ground rules, a -smaller sized hydride air conditioning
system suitable for residentia] applications was not studied. The hydride

beds - the major component cost - should linearly-scale to the smailer size,. ..

while the economics of the hydride system with .freon evaporative/condensing
heat transfer méy be more favorable than the conventional absorption systems.
In addition, the'cyc]ic nature of residential operation should cause the_"
small absorption unit COP to decrease due to the thermal mass of the heat

. exchanger and other normally isothermal parts. Because the hydride system .
normally cycles forty-five times per hour, its COP shou]d be relatively less
cffccted by eyclic residential operaticn. These factors may favarahly change
the cost/performance comparisons between the hydride and.absorption systems.
It would appear, therefore, that this implementation should be studied in
some detail. '
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