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1.0 INTRODUCTION AND SUt*ibMRY 

This report  presents the r e su l t s  o f  a performance and cost  analysis  
o f  a metal hydride a i r  conditioning (heat  pump) system as compared t o  con- 
ventional absorp'tion heat pumps. The system analyzed represents ono of 
several possible iaplementations of the Hydride Conversion and Storage 
System (HYCSOS) concept developed by the Argonne National Laboratory. 

Due t o  the preliminary s t a t e  of deseJopment of the HYCSOS concept, 
a major part  of the e f f o r t  was t o  develop a baseline design fo r  a cormer- 

- c ia l .1~-prac t ica l  hydride a i r  conditioner driven .by so lar  energy obtained 
by concentrating col lectors .  A 100-ton design capacity was arbi  t r a r i  ly  
chosen t o  coincfde with the s i ze  of comercial ly  available L i t h i u m  

Bromide absorption heat pumps. . Typical comercial-pract ice heat t r ans fe r  
ra tes ,  water flow rates  and temperature drops were used i 'n developing the 
baseline design. Since minimum system capi tal  cos t  was an object ive,  the 
baseline system rel ied t o  the maximum extent possible on es tab i i shedenain-  
,cering. designs fo r  heat exchangers, pumps and val ving. 

, . 

The base1 ine system cost estimate was developed from' component costs 

derived from manufa,cturers/vendors information, from commercial catalogs' ' -  

and, where nece'ssary, .from secondary sources (e.  g . , Chemical Engineers 
Handbook). 

The resul tant  1CO-ton baseline syste~n was estimated t o  have a coef- 

' !  
ficient-of-performance ( C O P )  of 0.46 a t  a to t a l  cost  of $17,292. In the 

I baseline systcm, the cost o f  t h e  hydride t q r e s e n t s  51% of t h e . t a t a l  cos t .  
The above estimates may be compared to  a 100-ton Lithium Bromide absorp- 

t ion heat pump which exhibits a C:'.' of 0.68 and i s  commercialiy pr iced .  
a t  $20,000. . 

The following section presents a br ief  discussion of metal hydride 
properties important t o  heat pump design and describes the operation of 
the metal hydride a i r  conditioner. Section.3.0 presents the baseline 
system design and pcrfolmance estimates,  and Section 4.0 d e t a i l s  the  cos t  
estimate. section 5.0 compares the base1 ine system performance/cost 
estimates rvi t h  cot~ventional systems, and Section 6.0 discusses technol.ogy 

areas where progress is needed. 
. . 

1-1 



2.0 METAL HYDRIDE PRINCIPLES 
AND HEAT PUMP OPERATION 

2.1 METAL 'HYDRIDE PROPERTIES 

Metal hydr ides have been ' s tud ied  as hydrogen storage media i n  var ious  

energy system app l i ca t i ons  s ince  the  d iscovery  o f  t h e i r  h y d r i d i n g  p rope r t i es  

l ess  than ten  years ago. The p rope r t y  o f  i n t e r e s t  i s  t ha t ,  a t  a g iven 3 

temperature and constant  pressure, t h e  a l l o y s  XNi5 and XCo5 (where X i s  

genera l l y  b u t  n o t  always a r a r e  e a r t h  me ta l )  become XNI~H; and X C O ~ H ~  w i t h  

the  re lease of subs tan t i a l  amounts of heat. With heat  i n p u t  t h e  process 

i s  r e v e r s i b l e .  Two metal hydr ides  w i t h  d i f f e r e n t  p r o p e r t i e s  can be used 

f o r .  heat  and hydrogen storage i n  heat  pumps and o t h e r  energy conversion 

systems. The hydr ides LaNi5 and CaNi5 a r e  c u r r e n t l y  used i n  t h e  Hydride 

Conversion and Storage System (HYCSOS) concei ved by  t h e  Argonne Nat iona l  

Laboratory (Reference 1 ) .  As an example, LaNi5HOa2 y i e l d s  94 B t u ' s  per  

pound o f  a l l o y  i n  t he  process o f  absorbing hydrogen t o  become LaNi5H6.7. 

A t  constant  t e ~ p e r a t u r e ,  the  h y d r i d i n g  process cons i s t s  o f  two d i s t i n c t  

phases, a and 6, w i t h  a mixed phase between. F igure  1 i l l u s t r a t e s  the  

constant  temperature process. I n  t h e  d i s t i n c t  a phase, i nc reas ing  amounts 

F igu re  1. .Hydrogen Content Versus Pressure 

Average Number of Hydrogen Atoms (n)  
LaNi5Hn o r  CaNi5Hn 

B phase 

1 

. V) 
a 
L 
P 

u 

1 2 3 4 5 6 7 

a and B phase 

I I I I I 
I I I 



of hydrogen are  dissolved in the metal alloy (LaNi5 or CaNi5) with an in- 

crease in pressure t o  P,. The d i s t i n c t  B phase s t a r t s  a t  pressure P, when 

LaNi5H6+ or  Ca!4i5H6+ has completely formed. Between the two d i s t inc t  phases 

there is a pressure plateau region (constant pressure P o )  where both phases 
co-exist and the actual chemical hydriding occurs (XWi5 + XNi5H6). During 

t h i s  phase, hydrogen absorption (desorption) , r e s u l t s  i n  approximately 80 
' 

Btuls per pound of hydride t o  be  released ( input) .  

Figure 2 (from Reference 2) presents a schematic representation of the 
s t ructure of the c and B phases. 

Figure 2. A schematic representation of formation 
of ternary hydride from a binary compound AB, 
(n > 1 )  of t ransi t ion elements. Only element A 
i s  assumed t o  form a s table  binary hydride. On 
absorption, the l a t t i c e  expands to  accomodate the 
hydrogen. 

AS i l l u s t r a t ed ,  t h y  formation of the B phase involves a volume increase. 
This volume increase s t ra ins  the crystal  l a t t i c e  and resu l t s  in a rapid 
breakdown of the bulk hydride into a f ine  6-micron ,powder which has a void 
fract ion greater than 60%. Because of this porosity and grain s i z e ,  the 
hydride metal alloys a re  capable of very high hydrogen reaction ra tes .  

Hydrogen pressure and temperature relationships have been established 
f o r  several hydrides. The pressure/temperature relationships f o r  LaNi5Hn I :  

and CaNi5Hn used in t h i s  analysis are  presented i n  Figure 3 (Reference 3) .  
1 

The following physical properties were used fo r  both hydride alloys (Ref- - 
erence 4):  

r Density 0.1 lb/in3 
B Thermal Conductivity 0.27 B t u / F t  O F  hr 
0 .  Specific Heat 0.11 



30 3 5 
1 Inverse Kel v i n  Temperature (T x 1 o4 I . 



The cost of LaNi5 has been estimated to  be $5-7/lb (Reference 5 ) ,  
while CaNi5 has been estimated to  cost $2.50/lb (Reference 3 ) .  This range 

, of materials cost combined with the heat storage capabili ty of 80 Btu/pound 
implies a prohibitively high cost fo r  hydride thermal storage - $30,000 to  
$90,000 per mill ion B t u .  On the other hand, the high reaction ra te  of the 
absorption (desorption) process imp1 ies  tha t  a re1 a t i  vely small amount of 
hydride in separate beds could be rapidly cycled and used as a cost-effec- 
tive a i r  conditioning system (heat pump) (Reference 1 ) .  

2.2 HYDRIDE HEAT PUMP OPERATION 

In i t s  simplest form a hydride heat pump would consist  of two hydride 
beds (each containing a different  hydride) interconnected to  a1 low hydro- 
gen gas t o  flow between them. Means would be provided f o r  the i n p u t  of 
high temperature heat (from solar  concentrating col lec tors ) ;  fo r  heat re- 
jection to  or heat acquisition from the atmosphere; and fo r  heat input t o  
or  heat rejection from the building. The heat pumping action of the system 
involves a four-step process. Figures 4a and 4b i l l u s t r a t e  the theoretical 
process which i s  described below. 

In the f i r s t  s tep of the process, high temperature ( so la r )  heat i s  
applied t o  the ' f i r s t  bed causing i t  t o  desorb hydrogen a t  high pressure. 
Because of the pressure d i f fe rent ia l  between the beds, the hydrogen flows 
t o  the second bed which i s  a t  an intermediate temperature. The hydrogen 
is absorbed by the second bed w i t h  a release of medium temperature heat. 
In order to  keep the second bed constant a t  the intermediate temperature, 
the released heat i s  rejected to  the building (heating mode) or  to  the 
atmosphere (cool ing mode). 

During the second s tep the hydrogen interconnect i s  closed, and the two 
beds a re  cooled, t h e  f i r s t  bed to  an intermediate temperature and the second 
bed to  a low temperature. This s tep i s  necessary fo r  the correct pressure 
d i f fe rent ia l  t o  ex i s t  between the beds f o r  reverse hydrogen and heat flow 
during the next step. 

The hydrogen interconnect i s  opened again huring the th i rd  step. Heat 
from the building (cooling mode) or from the atmosphere (heating mode) 
causes the second bed to  desorb hydrogen a t  a pressure suf f ic ien t  t o  cause 
i t ' t o  flow to the f i r s t  bed which i s  now a t  an intermedi'ate temperature. 



Figure 4a. Theoretical Hydri de Heat Pump Operation 
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Figure 4 b .  ~hebretical Hydrlde Heat Pump Cycle 
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Inverse Kelvin Temperature 



The hydrogen i s  absorbed by the f i r s t  bed with the release of medium tem- 

perature heat. To keep the f i r s t  bed constant a t  the intermediate temper- 
ature,  the released heat i s  rejected to  the building (heating mode) or to  
the atmosphere (cool i ng mode). 

A t  t h i s  point the hydrogen interconnect i s  closed and s tep four begins. 
During th i s  s tep both beds are heated - the f i r s t  bed to  a high temperature 
and the second bed to  an intermediate temperature - i n  preparation for  the 
s t a r t  of the next four-step cycle. 

I t  should be noted that  the coeff ic ient  of performance. (COP) of this 
theoretjcal cycle i s  1.0 fo r  cooling (2.0 f o r  heating) i f  the net energy to  

heat and cool the beds (steps 2 and 4) i s  zero. In other words, the heat 
added to the f i r s t  bed a t  high temperature (step 1 ) i s  equal to  the heat added 
to the second bed a t  low temperature (s tep 3) and t h 2  sum i s  rejected to  the '  
atmasphere a t  the intermediate temperature (steps 1 and 3) .  

To provide a near-continuous heat pumping action the HYCSOS concept 
(Reference 1)  uses four hydride beds', two with LaNi5Hn and two w i t h  

CaNi5Hn. Thus, the respective beds can exchange heat during the ternper.- . . 

. . ature change periods (steps 2 and 4 ) ;  and with the exception of these per- 
iods the heat pumping action i s  continuous. 



3.0 BASELINE SYSTEM DESIGN AND PERFORfSANCE 

The previous section described a theoretical hydride heat pump and its 
operation. , A real hydride heat pump, however, must accommodate the engin- 
eer'ing compromises necessary to interface it with the driving energy source 
(solar) and with the building be.ing heated and cooled. Practicable desi.gns 
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 o f  

the system. 

The baseline design was developed for a hydride air conditioner with 
a nomina1,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 comercial building 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 destgn film temperature drops 
in liquid'heat exchangers was assumed to be approximately 10°F. 

The fol 1 owing sections describe the major components of the base1 i ne 
system and present an estimate of the baseline system performance. 

3.1.1 Hydri.de Bed/Heat Exchanger Design 

For the baseline system, a design was chosen which integrates the 
hydride beds wi'th the water passages necessary for. removingladding 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 table 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 

(BtuIFt O F  Hour) 

Si  1 ver 242 
Copper 232 
A1 umi num 130 
Nickel 36 

Ti'tani urn 9 
Dural urni n 64 
Sta.inless Steel  301 . 8 

LaNis powder .27 

Hydrogen (21 2°F) - .I24 
A i  r .014 

f ibe rg lass  Insula t ion .03 
Cork .02 



has a 90% void f ract ion and has a thermal conductivity of 7 Btu/Ft°F Hour 

(Reference 6 ) .  A layer of foam 0.16 inches th ick with the  voids f i l l e d  with 
2 hydride will  absorb/desorb in 60 seconds a t  a r a t e  .of 10,000 B t u / F t  Hour 

w i t h  a temperature drop across the  hydride of 5°C. 

In order fo r  the  cycling energy t o  be minimized, ' the  mass o f  the  
heat exchanger and the  mass of the  water i n  i t  must be minimized w i t h  respect  

:7 

t o  the  mass of the hydride. As i l l u s t r a t e d  i n  Figures 5 and 6 the  hydride- 
bed/heat exchanger i s  a vacuum brazed assemblage of 0.020-inch th ick  stamped 
aluminum sheets  and open pore aluininum foam w i t h  en t ra ined  hydride. This method 
of construction i s  used f o r  "compact heat exchangersu which a r e ,  i n  general,  

the  l e a s t  cos t ly  and l i g h t e s t  weight form of heat exchangers avai lable .  

The baseline system consis ts  of a t o t a l  of four hydride bedlheat ex- 
changer modules - two f i l l e d  w i t h  Lanthanup-Nickel hydride (LaNi5) and two 
f i l l  ed w i t h  Calcium-Nickel hydride ( ~ a N i , ~ ) .  Each module is vacuum brazed 
together w i t h  the  tiydrides already entrained i n  the  aluminum foam and then 
the  hydrogen i s  introduced l a t e r .  

The temperature c h a n ~ e  of the  water c i r cu l a t i ng  through the  beds i s  
se t  a t  20°F (11°C) f o r  the  high, intermediate and low tenperature loops. A t  

2 thg design r a t e  of heat t r ans f e r  (about 10,000 B t u / F t  Hour) the flow velocity 
of the  water i s  5-10 f e e t  per second and t he  bed water path length is 10 f ee t .  
Each of the  four modules i s  s p l i t  i n to  two sub-beds i n  which the  water flow 

is separate and in to  four sub-beds i n  w.hich ' the hydrogen manifolds a r e  sep- 
a r a t e  (Figure 6 ) .  

The four  modules a re  connected together w i  th  hydrogen 1 i nes and valves 
and w i t h  water l i ne s  and valves. The flow during the four phases of opera- 
t ion  is  shown i n  Figure 7. 

3.1.2 Value Deslgn and Fluid Flows 

3.1.2.1 Hydrogen 

The valving f o r  the  hydrogen i s  shown i n  Figure 7. "C" means the  
valve is  closed while "0" means the  valve i s  open. The hydrogen valves must 
withstand an in ternal  pressure of up t o  10 atmospheres and must be about 
1.5 inches i n  diameter i n  order t o  pass the  required hydrogen mass flow w i t h -  
out  a high pressure drop. They must be r e l a t i v e l y , l e a k , f r e e .  
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3.1.2.2 Water 

The water valv'ing i s  rather elaborate and i s  .shown i n  Figure 8. The 
valve is a three position s l iding plug valve. The valve need not be excessively. . 

leak proof, as s l igh t  leakage would have l i t t l e  a f fec t  on the operation or 
safety of the system. The maximum pressure drop i n  the system i s  5-17 pounds 
per square inch and the flow ra te  i s  200-400 gallons per minute - comparable 3t 

t o  absorption a i r  conditioner flow rates  and-pressure drops. Figure 8 i s  
not a def ini t ive design b u t  merely an ex.istence proof of the possibi l i ty  of 

relat ively simple valve construction fo r  the functions required. The posi- 
t ions 1 ,  2 and 3 of the plug are  the operating stages of the system absorp- 
tion-desorption, regeneration (heating and cool ing of beds) and absorption- 
desorption in the other direction. The cycle i s  repet i t ive 1 ,  2 ,  3, 2, 1 ,  
2, 3, 2, 1 ,  2, 3, where the valve i s  always i n  positions 1 and 3 for  60 
seconds each and in position 2 fo r  20 seconds. 

3.!.3 Pumps 

The pumps required for  the building hot and cold service loops and 
- fo r  the i n p u t  energy loop (so lar )  were assumed to  be supplied , w i t h  the build- 

ing. This i s  the normal practice w i t h  commercial building absorption a i r  
conditioners. These pumps will be sized t o  accomnodate the specif ic  building 

design and to  interface w i t h  the hydride bed/heat exchanger modules. 

Two pumps are  required fo r  the regeneration loops (Section 2 .2  - Steps 
2 and 4) w i t h i n  the hydride bed/heat exchanger modules. 

These pumps must produce a flow ra t e  of 400 gallons per  mlnute. The 
pressure drop in the 10 foot heat exchanger path, 'computed using turbulent 
flow assumptions (Reference 9), is  5-16 pounds per square inch depending on 
the scale of the surface roughness inside the .passages. This resu l t s  in a 
maximum pumpi ng power requirement for  the regeneration 1 oop of 1 .5-5 horsepower 
per pump. This i s  comparable to  the 5 horsepower pump which recycles the solu- 
t ions i n  a commercial absorption a i r  conditioner. The"regenerati0n loop 
pumps are 3-inch by 3-inch centrifugal pumps running a t  1750 rpm. They 
only run a t  f u l l  flow for  20 seconds out of every 80 seconds. , 
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3.2 SYSTEM PERFORMANCE 

Absorption/Desorption Cycle Heat Transfer 

- As noted previously, the heat flux into and out of the aluminum 
2 matrix-hydride i s  about 10,000 B t u / F t  Hour due t o  the absorption-desorp- 

t ion process. The heat flux r a t e  i s  maximun a t  the water surface interface 
i n  the heat exchanger. A t  the part  of the ilydride fa r thes t  (0.16 inches) 
from the l iquid loop the flux r a t e  i s  zero. The dis t r ibut ion of the hydride 
was assumed t o  be uniform so .the average heat f ' u x  across the bed i s  5000 

2 B t u / F t  Hour. The thermal conductivity of the  ciluminum matrix plus the hydride 
i s  7.3 Btu/Ft°F Hour. This resu l t s  in a temperatwe difference across the 
bed of 5OC during absorption and desorption. 

The water flow through the heat exchangers i s  a t  an average velocity 
oP 5-10 f e e t  per second. The heat t r ans fe r  film coeff icient  was computed- 
using establ ished turbulent flow methodology (Reference 8 ) .  The film coef- 
f i c i e n t  was calculated a t  3810 B ~ U / F $ O F  iiour a t  212°F and 1498 B ~ U / F ~ " F  Iiour 
a t  36°F. The film coefficient i s  limited by scaling v~hich i s  worst a t  the 
highest temperatures. In general, however, aluminum i s  only effected 

- -"-- . . . - . 
. , . s l ight ly  by sca?i r !g  i n  con?ar i s~n  with cther mater-ials. Ccmmercial ---.-+'-- PI  U L b l L C  - --- 

I heat t ransfer  coefficients generally v a y  from 5C0-1C.30 S t u / F t  2 O F  Hour. 
To accommodate the scaling which may occur, 'a film coefficient of 

' , 

2 1111 B t u / F t  O F  Hour was assumed. 
2. . . -  

The temp€;-ature dis t r ibut ion in the beds and the i r  water passages 
during the absorption/desorption cycles are  shown schematical ly  in Figure 
9 .  The maximum and minimum temperatures and the associated hydrogen pressures 
are i l lus t ra ted .  For hydrogen t o  completely saturate  the beds and t o  be 
completely 'desorbed, the minimum hydrogen pressure in the desorbing bed must 
be equal to  or greater than the maximum hydrogen pressure in the absorbing 
bed. A 

The need fo r  higher hydrogen pressure on the desorbing bed has deter- 
mined the design of the beds. The water paths were s p l i t  in each bed in order 
t o  provide a series-parallel  arrangement. The medium temperature heat re- 
jcction loop goes f i r s t  through the absorbing CaNi5 beds so they are  a t  a 
re1 atively 1 ower temperature (and hydrogen pressure) to  receive the hydro- 
gen from the desorbing LaNi5 beds. The hydrogen flows cre  also s p l i t  to  
t a k  maximum advantage of the temperature gradients I n  the beds. 
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The temperature drops and' r i ses  across and' along the beds a l l  detract  

from the performance. The higher absorption temperatures and iower desorp- 

tion temperatures drive the mean bed temperatures in order t o  allow complete 
hydrogen absorption. In step 3 the mean temperature i s  driv2n u p  i n  the 

low temperzture loop which suppl ies  building cool ing, while the mean temp- 
erature of the h i g h  temperature bed in which absorption occurs i s  driven 
down. In step 1 the mean temperature of the highest temperature bed must t L . - 
be driven u p  in order to  provide s u f f i c i e ~ t  hydrogen.pressure fo r  the low 
temperature bed t o  absorb a t  the medium temperature. 

The process of establishing the temperature of the beds i s  an i t e ra t ive  

one. The bed temperatures noted in Figure 9 were established through t h i s  
i t e ra t ive  process. However, due to  the l imits  on time and e f f o r t  i t  was not 
determined i f  the bed temperatures were optimized. 

3.2.2 Regeneration 

Regeneration i s .  the term used t o  describe the process by which the 
beds are heated and cooled with no hydrogen flow so tha t  the useful output 
of absorption hea.t and desorption cooling will be a t  the correct temperatures. 
(Section 2.2 - Steps 2 and 4) .  

Preliminary analysis showed that  i f  the thermal energy used t o  heat 
and cool the beds were to  come from the.  useful output flows, the net output 
of cooling would be zero. This i s  because the thermal mass of the heat 
exchangers and beds when cycled through. the temperature extremes requi red 
would require more energy then there was available from the hydrogen desorp- 
t ion process. 

The regeneration process therefore uses the thermal energy i n  the 
beds a t  different  temperatures t o  reduce the useful energy needed t o  heat 
and cool the beds. 

Table 2 shows the mean temperature of the beds and t h e i r  associated 
water loops during the absorption/desorption cycle. 

The analysis of the regeneration was done on a per square foot of bed 
heat t ransfer  area basis. The thermal mass of the aluminum. matrix - hydride- 

aluminum heat exchanger wall combination i s  1.458 B t u / " C .  The thermal mass 
of the water contained in the heat exchanger (plus 50 percent fo r  in t e r io r  

plumbing) i s  1.020 B t u / " C .  The energy contained in the hydride i s  167 B t u .  



Table 2. Kean Temperatures Dur ing Absorpt ion/Desorpt ion 
Cycles (Steps 1 and 3)  

Bed 

H1 

H2 

L1 

L2 

A1 umlnum-l~lydridt Tcniper~1ur.e ( M ~ a n )  

104r50C 

41.25OC 

2.5OC 

46.75OC 

!dater Temperature (Mcan), 

11 O°C 

33.75OC 

8.5OC 

39.25OC 



The heat t ransfer  coefficient between the l iquid loop mean temperature and 

the bed mean temperature i s  667 ~ t u / ~ t '  "C Hour. 

During regeneration the f lu id  flow through bed HI  i s  then pumped to 
bed H2 and back through H I .  This flow continues until both bed H1 and Hz 

approach uniform temperature. The same i s  done with beds L1 and L2.  The 
time constant fo r  the bed heat t ransfer  i s  7.89 seconds. lllithin the regen- 
eration time of 20 seconds the temperature of each bed will approach to  with- 
in 8 percent of the original temperature difference between the bed s ta r t ing  
and ultimate temperature to  the mean bed temperature. 

The mean temperature of the water in the loops of beds H I  and H2 a t  
the s t a r t  of regeneration i s  72°C. The temperature of the beds HI  and H2 
plus the water loops a f t e r  a long time when a1 1 of the thermal energy has 
been shared i s  72.6"C. The f inal  temperature of bed H1 i s  72.6"C + 0.08 

(104.5°C - 72.63C) or 75.15"C. The f inal  mean temperature f o r  bed Hz i s  
70.09OC. The mean temperatures of beds L1 and L2  a re  22.44OC and 25.94"C7 
respectively. The final temperature of the ~ J a t e r  loop i n  beds H1 and HZ 

is 72.55"C; and in beds L1 and L2 i t  i s  21.4g°C. 

3.2.3' System Coefficient of Performance 

The f inal  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 i t s  f inal  regeneration mean temperature to  the low temperature 
mean desorption temperature plus the energy to  cool the water in tha t  h e a t  

exchanger and i t s  associated manifolds and piping to  the cold loop mean 
temperature must a l l  come from the desorption energy. This reduces the 
building cooling energy available. The energy necessary t o  cool the low 

2 temperature bed from 25.94"C to  2.5"C mean temperature i s  34.18 B t u / F t  . 
The energy necessary to  cool the water and i t s  associated plumbing i s  
15.97 B ~ u / F ~ ' .  The energy available i n  the hydride desorption process i s  

2 167 B t u / F t  . For  1 ton of useful cooling 12, 000 Btu's per hour must be 
removed. , A t  116.55 B t u  per cycle (167 - 34.18 - 15.97) for  the system of 
four beds and 45 cycles per hour (60 seconds desorbing and absorbing and 

2 20 se'corids o f  tiegeneration) 2.283 F t  per. bed per ton are required. Each 
sq.uare foot of low temperature bed gets i t s  hydrogen from and gives i t s  
hydrogen to one square foot of high temperature bed. 



For each 167 B t u  i n  hydrogen desorption energy required by the  low 
temperzture bed, 167 B t u  must go t o  desorbing the  high temperature bed. In 
addi t ion t o  this,  the  t o t a l  energy necessary t o  reheat  the  hot bed from 
70.09OC t o  104.5OC and the  hot loop water i n  t h a t  bed from 72.6OC t o  110°C 
is 88.3 Btu's .  The t o t a l  high temperature heat input required,  therefore ,  
i s  255.3 Btu's. 

The coef f ic ien t  of performance (COP) of the  hydride heat pump i s  the  
useful cold output, 116.85 B t u ,  divided by. the  hjgh temperature heat i n p u t ,  

255.3 B t u .  The r e su l t an t  COP i s  0.4577. 

The high temperature heat input of 255.3 B t u  i s  not a l l  required t o  go 
through the  hydride. Only 218 Btu's are t rans fe r red  from t h e  h o t  loop through 
t he  heat exchanger wall .  The other  38 Btu's are  due t o  the  d i lu t ion  of the  
high temperature input loop w i t h  cooler water. The resu l tan t  heat t r ans f e r  

2 r a t e  is 13,000 Btu/ft  Hour. The i n i t i a l  assumption of a 6OC f i lm tempera- a 

ture drop was not large  enough and the  hot loop temperature should be 0.5"C 

higher. This de l t a  represents a higher order i t e r a t i on  which wi l l  not 
s i gn i f i c an t l y  change the r e su l t s .  



5.0 HYDRIDE AIR CONDITIONER SIZE, 
WEIGHT AND COST EST1I:lATES 

As noted previously, the  hydride a i r  conditioning system cons i s t s  of 

in tegral  hydride bedlheat exchanger modules ,. water f 1 ow control valve, hydro- 
gen flow control valves, the  regeneration loop pumps. and. controls .  Figure 
10 presents a general layout of the  base1 i n e ,  100-ton capacity system. 

- 

The follorving sect ions  present s ize ,  wefght and cos t  est imates . . f o r  

each of the  major system components. 

4.1 HYDRIDE BEDIHEAT EXCHANGER MODULES 

Each square foot  of hydride bed contains 2.074 pounds of hydride. The 

100 t o n  a i r  conditioner has 228 square f e e t  per bed or  464.2 pounds of hy- 

dr ide  per bed ,  The weight of the  aluminum i n  the foam matrix and i n  the  

manifolds f o r  each bed i s  about 175 pounds per bed. The hydride bed/heat 

exchanger combination has 48 square f e e t  of area per cubic foot  of bed. - 
Each bed would nominally be 5 f e e t  long by 1.15 f e e t  high by 4.8 inches .  

wide. In the baseline design the  bed i s  folded t o  a module s i ze  of 2.5 f e e t  

long by 1.15 foot  high by 1 foot  wide w i t h  a l l  the  manifolds brought out  

the  f r o n t  as  shown in Figure 6. The bed has 2 f l u i d  loops which a re  i n  

s e r i e s  in the  high and low temperature desorption mode and i n  pa ra l l e l  in 

the  medium temperature absorption mode. The!water flow r a t e  through the  

beds of g rea te r  than 200 gallons per minuqe necess i ta tes  large. diameters 

f o r  . the  pipes in to  the beds and f o r  the  flow control valve. I 

The to t a l  weight of hydride i n  a l l  four  modules i s  1856 pounds, of 

which half i s  LaNi5 and half i s  CaNi5. The cos t  oP the  LaNi5 was taken 

as $7 per pound and the  cos t  of the  CaNi5 was taken as $2.50 per pound (Ref- 

erence 3 ) .  Therefore, the  hydride cost  i s  $8,820 f o r  the  100-ton u n i t .  

The cos t  of aluminum compact heat exchangers, including the  a1 uminurn 

foam i s  approximately $52 per cub ic  f o o t  ( ~ e f e r e n c e s  6 and 7 ) .  Because 

of the  increased complexity of the hydride bed/heat exchanger modules, t h e i r  

cos t  has bee'n estimated a t  approximately $100 per-cubic foo t ,  exclusive of 

the hydride cost (Reference 7 ) .  Therefore, t he  t o t a l  fabr ica t ion  cos t  f o r  

the  four modules was estimated a t  $1,900. 
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4.2 FLOW CONTROL VALVES 

4.2.1 lJater Flow Control Valve 

The water flow control valve is f a i r l y  complex (Figure 8), b u t  i t s  
construction should be r e l a t i ve ly  simple and inexpensive due t o  the  f a c t  t ha t  
the  peak pressure i s  cnly 50 pounds per square inch. The movable plug has 
only 3 posit ions.  The design shown i s  pract icable ,  however other  geometrical 
arrangements a r e  possible. The valve i s  large  because the  flow path must 
be f o r  a 2-1/2 inch diameter flow equivalent  through each of the por ts .  

Since the  valve must operate 90 times an hour, the  plug must be loose 
' ' 

f i t t i n g  t o  prevent wear, and there  wil l  be some leakage. Due t o  the  low 
pressures involved the leakage will  be very small compared t o  the 'system 
flows and should have a r e l a t i ve ly  small e f f e c t  on the system performance. 

! 
The valve i s  estimated t o  weigh 300 pounds and t o  cos t  $2,,000 Including the  
piping manifold t o  the beds and pumps. 

4.2.2 Hydrogen Flow Control Valves 

. The:hydrogen flows a re  controlled..by 20 open-shut valves. These vaives 
must be 1.5 inches i n  diameter and must seal  f a i r l y  well .  They must a l so  
withstand 10 atmospheres of pressure. The 20 valves a re  estimated t o  cos t  
$1,000 and t o  weight 100 pounds, w i t h  the  piping manifold t o  the  beds. 

4.3 REGENERATION PUMPS 

The regeneration pumps are  simple centr i fugal  water pumps w i t h  e l e c t r i c  
mo'tor drive.  They pump 400 gallons per minute across a 5-17 pound per square 
inch pressure drop. The cost  of the  two pumps and t h e i r  associated 5 horse- 
power motors i s  about $1,000. ( ~ e f e r e n c e  10) .  They a re  estimated t o  we.igh 
300 pounds. 

4.4 . SYSTEM CONTROLS 

The system controls required.include the  motor s t a r t e r s ,  temperature 
indicators ,  temperature con t ro l le r s ,  flow indicators ,  and malfunction and 
performance indication instrumentation. The estimated to ta l  weight i s  70 
pounds, and the  cos t  i s  estimated a t  $1,000. 



4.5 BASELINE SYSTEM COST AND WEIGHT SUMMARY 

The following tables sumarize the cost and weight of the baseline 

100-ton hydride air conditioning system. 

Table 3. System Cost Summary 

Hydride BedlHeat Exchanger Modules $10,720 

H20 Valve plus Manifold 

H p  Valves plus Manifolds 

Regeneration Pumps 

Controls 

Assembly and Structure 
(at 10 percent) 

Total 
- . . . . .  . -,.___ . ._  ____. = ... . . - 

- 
Table 4. System Weight Sumary 

Hydride Bed/Heat Exchanger Modules 2,600 lb 

H20 Valve plus Manifold 

H2 Valves plus Manifolds 

Regenerati on Pumps 

Control s 

Structure 

Total 



5.0 HYDRIDE A I R  CONDITIONER VERSUS CONVENTIONAL 
ABSORPTION A I R  CONDITIONERS 

L i t h i u m  Bromide ( L i B r )  absorp t ion  c h i l l e r s  a re  now commercial ly a v a i l -  

ab le  i n  r a t e d  capac i t i es  of 100 tons up. F igu re  11 presents a  drawing o f  

t h i s  type  c h i l l e r  w i t h  t h e  dimensions shown f o r  t h e  100-ton capac i t y  u n i t  

(Reference 11). It should be noted t h a t  t h e  absorp t ion  u n i t  r equ i res  ap- 

p rox imate ly  55 square f e e t  of f l o o r  space compared t o  approx imate ly  15 

square f e e t  f o r  t h e  h y d r i d e  system. The , L i B r  u n i t  weighs about 11,000 pounds 

compared t o  3,700 pounds f o r  t h e  hyd r i de  system. 

Table 5 compares t h e  ope ra t i ng  cond i t i ons  and performance o f  t h e  100- 

toan capac i t y  hydr ide  a i r  c o n d i t i o n i n g  system t o  t h e  same s i z e  L i t h i u m  Bromide 

absorp t ion  c h i l l e r  (Reference 11). 
! 

F igure  12 shows the  t o t a l  p r i c e  and marginal  p r i c e  o f  t h e  convent ional  

L i B r  absorp t ion  systems as a  f u n c t i o n  o f  capac i t y  (Reference 11) .  As i n d i c a -  

t e d  by t h e  f i g u r e ,  t h e  p r i c e  o f  a  100-ton absorp t ion  c h i 1  l e r  i s  about $20,000 

as conlpared t o  t h e  $17,000 est imated c o s t  o f  t he  hyd r i de  sdstem. 

L i f e  cyc le  c o s t i n g  i s .  most o f t e n  advocated as the  methodology t o  be 

used f o r  compari'ng new o r  improved energy systems w i t h  convent ional  systems. 

I n  general ,  t h i s  method compares t h e  new and convent ional  systems on the  

bas is  o f  t he  present  va lue (based on a  s u i t a b l e  d iscount  o r  i n t e r e s t  r a t e )  

of l i f e t i m e  system costs.  The cos ts  g e n e r a l l y  i n c l u d e  i n i t i a l  c a p i t a l  costs ,  

f i n a n c i n g  costs,  maintenance and overhead costs,  energy cos ts  and some 

scrap recovery  va lue '(if appl  i c a b l e ) .  

The usual reason f o r  us ing  l i f e  c y c l e  c o s t i n g  i s  t h a t  new o r  improved* 

energy systems u s u a l l y  r e q u i r e  l e s s  energy consumption which leads t o  energy 

cos t  savings which then a l l o w  some a d d i t i o n a l  i n i t i a l  c a p i t a l  c o s t  t o  be 

j u s t i f i e d .  

The r e s u l t s  of t h i s  s tudy  i n d i c a t e  t h a t  t he  100-ton hydr ide  a i r  cond- 

i t i o n e r  does n o t  fit i n t o  t h e  above mold. The c o s t  o f  t he  hyd r i de  system 

i s  somewhat less than the  p r i c e  o f  t h e  commercial ly a v a i l a b l e  absorp t ion  

u n i t .    ow ever, t he  usual commercial mark-up w i l l  p robab ly  r a i s e  t h e  p r i c e .  

o f  the hydr ide  u n i t  t o  a l e v e l  equal t o  o r  abovc t h a t  o f  t he  absorp t ion  u n i t .  

Even i f  an $800 a1 lowance i s  pe rm i t t ed  t h e  hyd r i de  u n i t  f o r  occupying l e s s  



Figure 11 . Conv?ntional 103-Ton Absorption A 1  r Conditioner 



Table 5. Hydride A i r  Cond i t ioner  Operat ing 
Condi t ions and Performance Versus 
Conventional Absorpt ion System 
( 1  00-Ton Capaci ty  ) 

S ing le  Stage L i B r  
Hyd r i  de A b s o r p t i o n . C h i l l e r  

A i r  Cond i t ioner  (Reference 11 ) 

Hot Temperature Water I n p u t  

Hot Temperature Water Output 

' Medi um Temperature 
Water I n p u t  

Medi um Temperature 
1 

107.6"F 
Water Output 

Cold Temperature Water Output 37.4"F 44°F 

Cold Temperature Water I n p u t  57.Z°F 53°F 

COP . 0.46 0.68 





space (40 square f e e t  a t  $20 pe r  square f o o t )  t h e  cos ts  o f  the. competing 

u n i t s  should be comparable. Also, as Table 5 i nd i ca tes ,  t he  hyd r i de  u n i t  

COP i s  l e s s  than t h a t  o f  t he  absorp t ion  u n i t .  Thus., t h e  hyd r i de  system does 

n o t  o f f e r  any energy savings t o  o f f s e t  t h e  i n i t i a l  c a p i t a l  cost .  Apply ing 
t h e  l i f e  cyc le  c o s t i n g  methodology, therefore,  does n o t  p resent  any advantage 

t o  t he  hydr ide  a i r  cond i t i one r .  



6.0 PERFORMANCE IMPROVEMEI4T POTENTIAL 
- AND NEEDS FOR FUTURE WORK 

. . As shown. i n  the previous. sections; t h e  100-ton hydride a.i.r conditioner 
should be comparable in cost t o  comm&rcial l y  available absorption systems 
b u t  .is estimated to  have a lower COP. 

The main source of the hydride system performance degradaticn from 
the theoretical cooling COP'-of 1.0 i s  the mass of material (heat exchanger 
and water) which must be thermally cycled w i t h  the hydride. . . I f  l i gh te r  
gauge .aluminum, smaller,water passage dimensions and a be t te r  heat t ransfer  

o. f lu id  other than water could.be used in the hydride bed/heat exchanger modules , 
. 

then a bet ter  COP'would resul t .  The COP would i.ncrease t o ' l e v e l s  comparable 
. . w i t h  commercial absorption units i f  the density and energy content of the 

hydride could be doubled. . . 

. . . . .  
The higher performance of the commercial absorption u n i t s  i s  due ' to  . .. . 

the f a c t  tha t  the-.absorbing media - equivalent to  .the hydride - is a l iquid.  
This l iquid i s  pumped.t.hrough the system, and there .a re  no cycling losses 
i n  the heat exchangers. :If a l iquid form of hydri.de were developed. which 

. .  . 

could be pumped through' the. heat exchangers, then a cooling COP close t o  
1.0 would ' resu l t  i n  large cost.  and energy 'savings compared t o  conventional 
absorption units.. 

Based; on the above, the' a1 uminum sheet/al uminum foam sandwich tech- 
nique of hydride bed/heat exchanger construction should'be investigated to  
: determhe if foam o f  higher :unit conductivity aid 1 ighter gauge sheet 
material could be used under! the conditions imposed by. the hydri de system. . .. 

AS a f i r s t  s tep,  a program t o  va l ida te  t h e  construction and operation of 
-. . the baseline ,hydride bed/heat exchanger module might be warranted. 

.-.. 
As noted previously the large capacity hydride a i r  'conditioning system' 

stud.ied i s  only. one of several possible implenientations of the HYCSCS concept. 

Another possibi l i ty  i s  t o  extra'ct mechanical power from the hydrogen working 
f lu id  and t o  use tha t  power to  generate e l e c t r i c i t y  d u r i n g  periods of low 
demand fo r  a i r  conditioning . . T h i s  implementation a1 ternat ive was not in- 
vestigated in the current study because of the limited time and resources 
available. For completeness, however, this system capabili ty should be 
investigated. 



.- . . 

Due to  the study.ground rules,  a.smal.ler sized hydride a i r  conditioning . 

system sui table  fo r  resident ial '  applications was not studied.  he hydride 
beds - the major component co'st -. should. 1 +nearly-.scale to. the smai l e r  .size ,. . . .  

. 

. . .  while the economics o f  the hydride .system with.freon evaporative/condens.ing 
heat t ransfer  may be more favorable than .the conven.tiona.1. absorption sys.tems.. ' . 

. . . In addition, . the . cycl ic  nature of resident ial  . . operation . should . ,  . cause the 
small absorption uni t  COP t o  decrease due to  the thermal mass.of . the heat 

. . . . .  exchanger and other normally isothermal,-parts. &cause the hydride system ,. 

. . . .  normally cycles forty-f.ive times per hour, i t s  COP should be re la t ive ly  l e s s  
cffccted by eycl ic  r-esidcntial opei-iiL'iori. These factors may favrjrahiy change - 
the cost/performance comparisons between the hydride and.absorption systems. . 

I t  would appear, therefore,  t h a t  this imp1,ernentation should be studied i n  

some de ta i l .  
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