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ENHANCEMENT OF LOW GRADE HEAT VIA THE HYCSOS CHEMICAL 
HEAT PUMP* 
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ABSTRACT 

The Argonne HYCSOS system i s  a thermally dr iven chemical hea t  pump based 
on two metal  hydrides wi th  d i f f e r e n t  f r e e  energ ies  of formation t h a t  func t ions  
i n  hea t ing ,  cool ing and energy conversion modes. Hydrogen i s  t r a n s f e r r e d  by 
means of thermal  g rad ien t s  from one hydride bed t o  another  and t h e  hea t  re -  
l ea sed  on hydride formation o r  absorbed on hydride decomposition i s  a v a i l a b l e  
f o r  hea t ing  o r  cool ing  purposes. With t h r e e  beds of t h e  same hydride cyc l ing  
between a higher  temperature and a lower one, a continuous supply of high 
pressure  hydrogen can be generated,  do use fu l  work i n  an expansion engine- 
dynamo u n i t  supplying e l e c t r i c i t y  and then  be absorbed on t h e  a l l o y  a t  a lower 
temperature.  

An i n t e r e s t i n g  mode of HYCSOS opera t ion  i s  made f e a s i b l e  by t h e  recent  
development of  a s e r i e s  of  t e r n a r y  a l l o y s  whose hydrogen decomposition pressures  
a t  a given temperature can be va r i ed  by seve ra l  o rde r s  of magnitude. By proper 
choice of p a i r s  of a l l o y s  with p r o p e r t i e s  s u i t a b l e  f o r  t h e  a v a i l a b l e  temperature 
regime, low grade s o l a r  energy, such a s  can -be obtained from inexpensive f l a t  
p l a t e  c o l l e c t o r s  i n  northern cl imes with low l e v e l s  of i n s o l a t i o n ,  can be en- 
hanced t o  provide domestic hot water .  Using t h e  LaNi5 and C d i 5  c u r r e n t l y  i n  
t h e  HYCSOS system, 34 kca l  of thermal energy r a i s e d  t h e  temperature of water 
from 39% t o  66OC. 

INTRODUCTION 

The Argonne KYCSOS system i s  a two hydride concept [l-61 ope ra t ing  a s  a 
chemical hea t  pump f o r  s torage  and recovery of thermal energy f o r  hea t ing ,  
cool ing,  and energy conversion. Low grade thermal energy, as from a s o l a r  
c o l l e c t o r ,  can be used t o  decompose a metal  hydride wi th  t h e  higher  f r e e  energy 
of d i s s o c i a t i o n  and t h e  r e l ea sed  hydrogen i s  reabsorbed a t  an in te rmedia te  

. temperature and s to red  a s  a second hydride with a lower f r e e  energy of d i ssoc i -  
a t i o n .  The hea t  of reabsorp t ion  of  t h e  second hydride a t  t h e  in te rmedia te  
temperature can be used f o r  space hea t ing .  The hea t  pump mode of t h e  h e a t i n g .  
cyc le  i s  t h e  use of low temperature outdoor hea t  t o  decompose t h e  second 
hydride and reabsorb t h e  hydrogen at t h e  in te rmedia te  temperature as t h e  f i r s t  
hydride. The hea t  of absorpt ion of  t h e  f i r s t  hydride can now be used f o r  space 
hea t ing .  By r e j e c t i n g  t h e  in te rmedia te  temperature heat  of  hydrogen absorpt ion 
t o  t h e  outdoors and withdrawing t h e  low temperature from indoors ,  t h e  hea t  
pump cyc le  can be used f o r  space cool ing.  The HYCSOS system a l s o  lends  i t s e l f  
t o  conversion of thermal  energy i n t o  usefu l  s h a f t  work. High pressure  hydrogen 
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from t h e  high temperature d i s soc i a t ion  of  a hydride could do work i n  an expansion 
engine d r i v i n g  an e l e c t r i c  generator  before  being reabsorbed on another  bed of 
t h e  same hydride a t  a lower pressure  and temperature.  The heat pump cycle  can 
a l s o  be used t o  r a i s e  t h e  temperature a v a i l a b l e  from an inexpensive f l a t  p l a t e  
s o l a r  c o l l e c t o r  o r  which i s  a v a i l a b l e  a s  waste hea t  i n  many i n d u s t r i a l  
opera t ions .  

THE HYCSOS SYSTEM 

The Argonne HYCSOS system i s  a demonstration t e s t  f a c i l i t y  t o  eva lua te  
ma te r i a l s  and components f o r  use i n  t h e  hydride hea t  pump concept. The dua l  
metal-metal hydride demonstration u n i t  c o n s i s t s  of four  hea t  exchangers of 
approximately one-half ga l lon  volumetric capac i ty  each, conta in ing  two d i f f e r e n t  
t ypes  of metal powders o r  metal hydride powders. The Hydride heat  exchangers 
and hydrogen p ip ing  system a r e  made of 316 type  s t a i n l e s s  s t e e l .  A kjdrogen 
f i l t e r ,  one micron r e t e n t i o n ,  i s  incorporated immediately above t h e  hydride 
heat  exchangers t o  preclude t r a n s f e r  of hydride powder through t h e  l i n e s  and t o  
prevent contamination of o the r  hydride ma te r i a l .  Safe ty  r e l i e f  va lves ,  f i l t e r s ,  
flowmeters, shutof f  va lves ,  and manifolds between t h e  hydride beds a r e  provided 
i n  t h e  hydrogen process  system. For personnel s a f e t y  cons idera t ions ,  t h e  hydride 
conta iners  a r e  surrounded by a we l l  v e n t i l a t e d  hood through which a l a r g e  
volume f lowra te  of a i r  (2000 CFM) i s  drawn and exhausted outdoors.  Continuous , 

hydrogen concentrat ion monitoring, with an alarm s e t  below t h e  f lammabil i ty  
l i m i t ,  i s  provided t o  warn of p o t e n t i a l  danger. The t e s t  f a c i l i t y  i s  l a r g e  
enough t h a t  heat  l o s s e s ,  kept t o  a minimum by i n s u l a t i n g  t h e  system and minimizing 
i t s  heat  capac i ty  by reducing t h e  hea t  t r a n s f e r  f l u i d  volume, do not s e r ious ly  
impair t h e  accuracy of t h e  measureme.nts ( see f i g u r e  1). 

Because t h e  hydride r eac t ions  a r e  heat t r a n s f e r  l i m i t e d ,  design consider- 
a t i o n  of t h e  heat exchangers conta in ing  t h e  a l l o y  powder i s  important.  The 
cu r ren t  u n i t s  a r e  tanks  wi th  i n t e r n a l  hea t  t r a n s f e r  sur faces  i n  t h e  form of  
co i l ed  tub ing  with t h e  heat t r a n s f e r  cool ing o r  hea t ing  f l u i d  c i r c u l a t i n g  i n s i d e  
t h e  tubing.  The a l l o y  powder i s  between t h e  loops of  t h e  c o i l s  such t h a t  no . 

powder i s  more than  1/8 inch  from a c o i l  sur face .  Advanced design heat  ex- 
changers a r e  being inves t iga t ed  i n  order  t o  reduce cyc le  t imes and increase  t h e  
heat  t r a n s f e r  i n  t h e  a l l o y  beds. A hea t  exchanger conta in ing  t h e  a l l o y  powder 
i n  t h e  small  i n t e r s t i c i e s  of an aluminum foam matr ix bonded t o  heat  t r a n s f e r  
f l u i d  channels i s  being developed and constructed.  

A prel iminary examination of  such a u n i t  showed a hea t  r a n s f e r  r a t e  
approximately e igh t  f o l d  g r e a t e r  t han  a c o i l e d  tub ing  heat  exchanger. Com- 
pac t ions  of metal  hydrides with high thermal conduct iv i ty  metal powders a r e  
repor ted  [ 7 ]  t o  have a thermal conduct iv i ty  10-20 t imes b e t t e r  than  t h e  a l l o y  
powder. Commercially ava i l ab l e  high performance compact f i n -p l a t e  hea t  exchangers 
a r e  a l s o  being evaluated.  

Many v a r i a b l e s  a r e  followed during t h e  opera t ion  of the . sys tem.  Information 
from t h e  var ious  sensors ,  e,. g. , temperature,  p re s su re ,  flow and power i s  
d i g i t i z e d  and t r ansmi t t ed  by a d a t a  logger  t o  a Tektronix d a t a  handling system. 
Important v a r i a b l e s  a r e  a l s o  displayed on a remote graphic panel .  The 
instrumentat ion system can be used t o  provide real-time ind ica t ion  of  important 
system c h a r a c t e r i s t i c s ,  provide f o r  logging of  d a t a  generated during system 
opera t ion ,  provide a means of processing raw d a t a ,  and provide a way t o  
a u t o m ~ t i c a l l y  con t ro l  HYCSOS system opera t ion .  



Figure I. The HYCSOS System 

THFBMODYNAMICS OF HYDRIDE MATERIALS 

The selection and ava i lab i l i ty  of desirable pairs  of hydrides t o  function 
as a chemical heat pump are important t o  the  e f f ic ien t  and economical operation. 
I n  recent years, lanthanide-nickel hydride systems have been investigated which 
h a ~ e  properties t ha t  m&e them a t t rac t ive  candidates f o r ,  solar energy u t i l i za t ion  
purposes. 

Van Vucht, Kuigpers and Bruning 181 reported the a b i l i t y  of intermetall ics 
of the  form AE5, where A can be a lanthanide and B i s  nickel or  cobalt,  eas i ly  
t o  absorb and reversibly desorb large amounts of hydrogen with excellent 
kinetics.  These compounds have hexagonal structure.  For example, stoichiometric 
LriMi:, can absorb over s i x  hydrogen atoms while undergoing a 25% l a t t i c e  ex- 
pansion. A two-phase region i s  bounded by sol id  solution a t  low H/M r a t i o s  
and the  hexagonal LdiiR6 h.ydri.de phase a t  higher 3/M ra t ios .  The H/M range of 
t he  two-phase plateau region is  shortened somewhat with increasing temperature. 
A hysteresis effect  between the absorption and desorption plateau pressures 
increases with temperature and i s  probably re la ted t o  the  in te rna l  s t resses  
associated with the large volme change on hydriding. Althaugh temperature 
dependent, the  kinet ics  of the  system are  rapid, with over 95% of t he  equi l i -  
brium hydrogen pressure attained i n  a few minutes a t  room temperature. The 
heat of formation of LaJ?igR6 i s  7.2 kcal/mole H2. 

The hydrogen pressure required f a r  absorption and desorption determine 



t h e  ma te r i a l  and cons t ruc t ion  of t h e  system. From t h e  t reatment  [ 9 ]  of  chemical 
heat  pumps and f i g u r e  2 ,  where t h e  d iss ,oc ia t ion  pressure  i n  t h e  p l a t eau  reg ion  
i s  approximated by t h e  v a n ' t  Hoff equation 

where AS and AH a r e  t h e  entropy and enthalpy changes per  mole of hydrogen f o r  
t h e  hydriding r e a c t i o n ,  it can be seen -that t h e  most e f f i c i e n t  heat  pump 
opera t ion ,  being ab le  t o  pump from t h e  lowest temperature,  occurs when t h e  
entropy f o r  t h e  hydride r e a c t i o n  i s  t h e  same f o r  t h e  two hydrides.  The 
temperature regime over which a  given p a i r  of hydrides can func t ion ,  however, 
i s  determined pr imar i ly  by t h e  enthalpy f o r  t h e  hydride r eac t ion .  

The use of f r e e  e n e r e  charge-cel l  volume c o r r e l a t i o n s  has been use fu l  
i n  obta in ing  hydrides with spec i f i ed  p rope r t i e s .  ~ l t h o u ~ h  varying t h e  r a t i o  
of n i cke l  t o  lanthanum' i n  LaNi5, p a r t i a l l y  s u b s t i t u t i n g  o t h e r  lan thanides  . f o r  
lanthanum o r  o the r  t r a n s i t i o n  metals  f o r  n i cke l  have been known [ l o  ,111 f o r  
some time t o  change t h e  p l a t eau  d i s s o c i a t i o n  pressure  by a  f a c t o r  of about 4 ,  
t h e r e  has been no systematic  way of changing t h e  e n t h a l p i e s . o f  hydriding 
r eac t ions  over a  wide range. It has r ecen t ly  been shown [12-141 t h a t  aluminum 
s u b s t i t u t i o n s  f o r  n i cke l ,  forming t h e  LaNi5- .Alx t e r n a r y  a l l o y  system, lowers 
t h e  p l a t eau  pressure  by a  f a c t o r  of a b o u t  103 i n  going from LaNi5 t o  L a N i h A l .  
Measurements 02 wweJ.1 annealed samples i n  t h e  LaNi5-$1, system show t h e  entropy 

Figure 2. Thermodynamics of Metal Hydride 
Chemical Heat Pumps. 



changes over a wide composition range t o  be v i r t u a l l y  cons tan t  [15] .  

Also, a l i n e a r  r e l a t i o n s h i p  has been observed between the'aluminum 
content and t h e  hea t  of  formation f o r  t h e  hydriding r eac t ion .  Within exper- 
imental e r r o r ,  a 0 .1  change i n  "x", t h e  aluminum con ten t ,  changes t h e  heat of 
form:ation by about 0.5 kcal/molH2 [16] .  Aluminum has a l s o  been s u b s t i t u t e d  f o r  
n i cke l  i n  mishmetal* (Mn) pentanickel  a l l o y  wi th  s i m i l a r  reduct ion  i n  p l a t eau  
d i s s o c i a t i o n  pressure  [17] .  A s u b s t a n t i a l '  add i t i ona l '  b e n e f i t  i s  t h e  reduct ion  
i n  t h e  high h y s t e r e s i s  which renders  t h e  unsubs t i tu ted  a l l o y  unusable. The 
use of low cos t  mishmetal r e s u l t s  i n  a l l o y  r a w  ma te r i a l  c o s t s  .35-45% t h a t  of 
present  IlaNi5 c o s t s  and.about  'TC% of fl?-twe c o s t s  on a per  u n i t  hydrogen s to rage  
b a s i s .  The advent of t h e s e  t e r n a r y  a l l o y s  adds f l e x i b i l i t y  t o  t h e  s e l e c t i o n  of  
a l l o y  p a i r s  f o r  t h e  opt imiza t ion  of engineering design and performance charact-  
e r i s t i c s  of t h e  hydride hea t  pump system. 

To be use fu l  f o r  chemical heat  pump purposes,  hydrides must be s u f f i c i -  
e n t l y  s t a b l e  t o  undergo many hydride-dehydride cyc les  without decomposition. 
Since t h e  b inary  hydrides of t h e  A i n t e r m e t a l l i c  component (which can a l s o  be 
calcium) a r e  very s t a b l e ,  t h e  t e r n a r y  hydrides t end  t o  be metastable  and form 
t h e  binary hydride of A ,  pure B metal ( o r  a compound more r i c h  i n  B )  and 
hydrogen [18] .  That t e r n a r y  hydrides do form i s  due t o  t h e  l i m i t e d  d i f f u s i o n  
of t h e  A and B atoms a t  t h e  temperatures used. The p l a t eau  capac i ty  of 
CaNi5, c i ~ r r e n t l y  used a s  MI i n  HYCSOS systems, has been fo-and t o  be sub- 
s t a n t i a l l y  reduced when contained i n  a hydrogen atmosphere f o r  an extended 
period of  t ime [19] .  Figure 3 shows t h e  e f f e c t  of a s eve ra l  year  exposure t o  
hydrogen on t h e  CaNi5 i n  t h e  HYCSOS system. Regenation of  t h e  o r i g i n a l  a l l o y  
can be achieved by anneal ing t h e  mater ial .  i n  a vacuum a t  a moderate temperature 
[201. 

TEMPERATURE ENHANCEMENT 

An i n t e r e s t i n g  mode of  HYCSOS opera t ion  i s  made f e a s i b l e  by t h e  a b i l i t y  
t o  s e l e c t  a l l o y s  wi th  a p a r t i c u l a r  decomposition pressure .  By proper choice 
of p a i r s  of a l l o y s  wi th  p rope r t i e s  s u i t a b l e  f o r  t h e  a v a i l a b l e  temperature re-  
gime, low grade s o l a r  energy, such a s  can be obtained from inexpensive f l a t  
p l a t e  c o l l e c t o r s  i n  northern climes with low l e v e l s  of i n s o l a t i o n ,  can be 
enhanced t o  provide domestic hot water.  The add i t i on  of  hea t  pump opera t ion  
t o  t h e  s o l a r  c o l l e c t o r  system enables  longer  per iods  of usefu lness  wi th  lower 
ava i l ab l e  s o l a r  temperatures .  

To cyc le  between a s o l a r  c o l l e c t o r  temperature a s  low a s  4 0 ' ~  and produce a 
high temperature of  75'C, thermodynamic cons idera t ions  [ 9 ]  of hydride hea t  
pumps suggest a r a t i o  of 1.1 f o r  t h e  enthalpy of  hydride formation f o r  two a l l o y s  
having t h e  same entropy. Such a mode of opera t ion  i s  shown i n  f i g u r e  4. Using 
L a N i 5 ,  with an enthalpy of 7.2 kcal/mole H2, a s  M2 and 8.1 kcal/mole H2 f o r  t h e  
enthalpy of t h e  more s t a b l e  hydride MI, a heat  pump input  temperature of  4 0 ' ~  
could be enhanced t o  7 5 ' ~ .  The same 4 0 ' ~  input  temperature could a l s o  be used 
t o  complete t h e  cycle  a t  a r e j e c t  temperature of 4 . 5 ' ~ .  I n  l a t e  sp r ing ,  summer 
and e a r l y  autumn during t h e  time of  day when s o l a r  c o l l e c t o r  output  temperatures 
a r e  s u f f i c i e n t ,  d i r e c t  water hea t ing  can be used. A t  o the r  t imes t h e  heat  pump 
addi t ion  would decrease t h e  need f o r  a u x i l i a r y  heat ing.  

*Mishmetal i s  t h e  unref ined r a r e  e a r t h  mixture of average composition; 
48-50% Ce, 32-342 La, 13-14% Nd, 4-5% Pr and 1-2% o the r  r a r e  e a r t h .  



DESORPTION FROM CaN15 (Heat + T-08457) 180,--'-1 

Figure 3. Me tas t ab i l i t y  of CaNi 
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The opera t ion  of  t h e  HYCSOS system conta in ing  L ~ N ~ ~ ( A H  = 7.2 kcal/mole H 2 )  
a s  M2and caNi5(AH = 7.5 kcal/mole H Z )  a s  MI i s  shown i n  f i gu re  5. I n  two 
minute approximately 5 moles of hydrogen (IF-3H, i n t e g r a t e d  H2 f low) was de- 
sorbed from LaNi5 a t  39OC (T-~HTF-0, o u t l e t  heat t r a n s f e r  f l u i d  temperature)  
and absorbed on CaNi5 a t  66OC (T-~HTF-0, o u t l e t  heat  t r a n s f e r  f l u i d  tempera ture) .  
The t r a n s i e n t  decrease in. LaNi5 temperature with desorpt ion and t h e  increase  i n  
CaNi5 temperature wi th  absorpt ion a r e  ev ident .  

The temperature enhancement of  t h e  thermal energy i s  observed i n  t h e  be- 
havior  of t h e  in t eg ra t ed  power i n t o  t h e  desorbing LaNi5 ( I P C )  and t h e  absorbing 
C a N i 5  ( IPA) .  A base- l ine determinat ion of  t h e  power requi red  t o  maintain each 
hydride bed (and assoc ia ted  heat  t r a n s f e r  f l u i d  loops )  at t h e  des i r ed  temper- 
a t u r e  i s  obtained f o r  about 10 minutes before  t h e  t r a n s f e r  of hydrogen i s  
i n i t i a t e d .  During t h e  hydrogen desorpt ion from LaNi5, t h e  temperature drops 
t o  36' before t h e  increased hea t ing  power r e t u r n s  it t o  39OC. No hea t ing  power 
t o  t h e  absorbing CaNi5 i s  requi red  u n t i l  t h e  temperature i s  again re turned  t o  
66OC from i t s  peak a t  70'. Approximately 34 k c a l  of thermal energy was used 
t o  increase  t h e  temperature of t h e  heat  t r a n s f e r  f l u i d  from 3 9 ' ~  t o  6 6 O ~ .  Higher 
temperatures ( 7 5 ' ~ )  could have been achieved wi th  t h e  optimum a l l o y  p a i r ,  but  
66OC i s  considered a s a f e  maximum f o r  domestic hot water .  Because t h e  a l l o y s  
a r e  not optimum, 60°C, r a t h e r  than  t h e  40°C assumed ava i l ab l e  from t h e  s o l a r  
c o l l e c t o r ,  would be requi red  t o  r e t u r n  t h e  hydrogen from Ca.Ni5. However, using 
LaNi4 8A10.2 t o  form t h e  more s t a b l e  hydride would permit t h e  r e t u r n  of 
hydrogen a t  40°C t o  t h e  LaNi5 a s  t h e  l e s s  s t a b l e  hydride a t  h°C. Tne 34 k c a l  
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Figure 4. Temperature Enhancement by Heat Pump 
Operation. 

t r a n s f e r r e d  compares wel l  wi th  t h e  37 kca l  ca l cu la t ed  from t h e  en tha lp i e s  of  
t h e  hydrides.  

In  many commercial ope ra t ions ,  e .g .  f a c t o r i e s ,  h o s p i t a l s ,  foundr ies ,  e t c . ,  
low temperature thermal  energy i s  r e j e c t e d  t o  t h e  environment. Because of  wide 
temperature range ava i l ab l e  by proper s e l e c t i o n  of a l l o y  p a i r s ,  hydride 
chemical heat  pumps can up-grade t h e  heat  t o  u se fu l  temperatures .  
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Figure 5. HYCSOS Operation i n  Temperature Enhancement Mode. IPA i s  
i n t e g r a t e d t h e r m a l  energy i n t o  CaNi5, IPC i s  i n t e g r a t e d t h e r m a l  , 

energy i n t o  LaNi5, IF-3H i s  moles of  hydrogen t r a n s f e r r e d ,  
T-2HTF-0 i s  o u t l e t  temperature of hea t  t r a n s f e r  f l u i d  t o  
CaNi5, and T-3HTF-0 i s  o u t l e t  temperature of LaNi5 heat  t r ans -  
f e r  f l u i d .  
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