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DEVELOPHENT OF A TllERllAL STORAGE SYSTEM BASED ON 
THE HEAT OF ADSORPTION OF WATER l N HYGROSCOPIC MATERIALS . 

A.J.Th .M . Wijsman 
R. Oos terhaven 
C. den Ouden 
Institute of Applied Phy s ics TNO-TH 

·p, o. Box 155 . 
2600 AD DELFT 
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ABSTRACT 

A therma l. s t o r age sys t em based on the hE:at 
of adsorption of wat e r in hygroscopic 
materi a l s has been studied as a component of 
a solar s pace heating system . The aim of 
thi s project i s t o decr ease th e s t orage 
volume in compari son with a ro ck-bed sto rage 
sy s t em by increas ing th e s t ored energy 
denEity. 
Th e measu red stored e nergy density fo r 
several adsorbents are g ive n. Further some 
system modifications are d iscussed with 
r egard t o a sola r space h ~at ing system us ing 
a ro ck-bed storage sytem . The so l ar con­
tribution of t he sys t em with an adsorb en t 
bed, which has been calculated wi th our TPD 
compute r simulation progranne of a so la r 
hea t ing system, is g i~en for the seve r a l 
adsorbents and ha s been compan,d with t he: 
so l ar contribution of the same sys t em hav ing 
a rack-bed storage system. 
Th e proj~ct is carried out in the frame work 
o f both th e Europe an and tl1 e J ut.eh Sola r 
Ene r gy Program and in co-operation with a 
Dutch f irm. 

I . INTRODUCT:::Ot; 

In th e Dutch climate s pace heating i s one 
of th P. possible app lica li ons of solar ener­
gy. The main components of 11 solar sp.1ce 
heating S)'$tcm a r C' the solar co ll ectors , t he 
hea t storage sys tem, on auxiliary heate r and 
th e heat distribution system . The purpose 
of t he short ter.n hear sLoragc sys t t>m is t o 
s t ore a s urplu c of cul l cc t ed hea t fo r the 
nigli t and f or a nex t cloudy day . 
A solar air heat ing sys t em (see f i g . I) i s 
one of the poss ible systems . Usuall y such a 
system cons i s t s of a so l a r air co ll ector, a 
ro ck-LL·d heat storage sys t em and an a ir dis­
tr ibution system . To cha r ge and di scharge 
tl! c s t oraf, 1~ sys t em ai r is passed th rough 
t ile r ock-bed. An adva nta ge of thi s sol<ir 
heating s ys t em i s the possibi li ty t o Lrans­
fer the collected heat direc tly inLo Lhe 
house : co ld air from th e house i s pas se d 
throu~1 Lh e col l ecto r and i s trans ferred in­
to the house . 
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So the collector can ope r a te at a low t em­
perature l evel . Only if there i s a surplus 
of collected hea t , the heat is stored. In 
a solar a ir heating sys tem usually a ro ck-bed 
storage ha s been inc luded be cause of its 
l argE! interna l hea t exchange area between the 
transl.e rmedi.um nnd the stor age medium . This 
l arge heat exchange area is needed bec ause 
of th e low thermal condu ctivity of t he Lrans ­
fcr medium air. A disadvan t age of a ro ck-
bed storage s ystem i s Lhe l ow stored energy 
density : i n a wa t e r storage sys t em th e stored 
ene r gy by heating Lhe materia l from 20- 80 °c 
i s :.150 MJ/m3; in a rock-b ed (bed porosi ty ::: 
~ onl y 75 MJ/m 3 

Supplied Ventilation Air . 
L 

------j~-
C o 11 el]t or . Storage 

-System 

Exhau s t ed 
Ventilation Ai.r 

Fig . 1. Diagram of A Sola r Ai r Heating Sy s t e'll 

For Dutch clima:o l og i cal ci r cumstances a 
wel! designed solar hea tin g Hys t ec for a 9 
kW-house ccnsistb of about 30 m2 of co llec­
t or a r ea and 6 m3 r ock-bed storngc system . 
A poss ibiliLy to decrease th e storage volume 
seems to be a packed-Jed of a n adsorben t 
matc- r ia l. Acco 1·ding to Close a nd Dunk l e C I J 
t he sto r ed energy dE:nsity will be 10-20 ti rucs 
hi gher t han in a r ocl<-bed. Therefore , it 
seems proniising to [ind a comp act 1>ractical 
stora . .;e-unit, ..-hie!:, i f integrn t "'d i n a 
so lar heating sysLem, t akes good advant age 
of thi s ph ys i cal pri nc iple . 

... .._..__ .. -""" ... ......,..__, ..... ,. 
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2. ADSORBENT MATERIALS 

2 . I Theory 

An adsorbent materia l is a hye roscop i c mat e­
ria l , which can bind wat e r phys ica l ly . If 
water from th e vapour-phas e i s ads o r bed by 
th e adsorbe nt ma t e rial heat is libe rated: 
the heat of ad s orpt i on. Fo r the inverse p r o­
cess (drying of th e adsorbent) th e same 
amount of heat is needed . So by drying an ad­
sorbent hea t cnn be s tore d . 
The hea t of adso rpti on ( r ) i s somewhat 
higher t han th e hea t of e~aporation ( r ) and 
depends on the wa ter con t ent of the adso'\·bent : 
a t hi ghe r wa t er contents the h ea t o f adsorp­
tion approximates t he hea t of evaporation 
( see f i g . 2) . 

!1 --- ------

D.10 '·" '> .~o 

-> Xs(KG Wate r/ KG Dry A<lso r !:>ent 

Fig . 2 . The Heat of Ad so rp t ion R as a 
Function of the Wate r Con t ent Xs Af t he 
Ad s orben t. RV is the He at of Evaporation . 

Wa te r Conten t of t he Absorben t 
o. 4 T ~ 20°c 
Xs2 

0 .3 

xs 

10.2 

0 . 1 

0 . 01 0.02 0 . 03 0.04 (ATU/ 

(KG Hat"e·;;r 
KG Dry Air) 

Abs olute Humidity of t he Ai r stream 

Fig. 3 . Curves of the Eq uilibrium States 
Be tween the Ads o r bent and the Airstream 
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. An ads orb e nt hea t s tor age ay::; t em i s charged 
by d r y hot aic an d di scharged by wet cold 
ni r. The quantiti e s of water tr ansferr e d to 
or fr am the bed materia l depe nd on the 
prorerties of the adso rb e n t mater ial , the 
s tate of the adso rbent ma teria l and the 
state of the ente ring airst r eam . In fig . 3 
t he equil ibrium st;ites be tween the ads orbe nt 
and the airstream are given for a certain 
adsorb ent . 

2 . 2 . The sto red energy density of the 
seve ral adsorbents 

The s tored energy dens ity is def ined as t he 
amount of e ne rgy which has been stored pe r m3• 

In an adsorbent s to rage s ys t em ene r gy is 
stored both in the form of suns ib l e hea t and 
i n the form of hea t of adsorption . 
The amo un t of heat which i s s t ored in t he 
form of heat of adsorption depends on t he 
wa t e r adcorbing capac i ty (kg wate r / m3 ) and 
on the hea t of adsorp t ion (kJ/kg wate r) i n t h e 
ope rating range : 

xs2 

Qads = Ps·Vys l r a (\ ) d\ 

wi t h: 

Qads amount of heat s t o red in the fonn of 
heat of adsorpt i on 

p 5 density of the dry adso rben t 
V storage vo l ume 
r a hea t of adso r pti on 
Xs water con t en t of the adso r ben t 
In orde r t o make a clea r compari son be t ween 
the seve r al adsorbents the operating range 
is def i ned as fo llows: 
I. The stored ene r gy is zero i f the adso r ben t 

is in equilibr i um with air of tempera t ur e 
20 °c and of absolute hl!IIlid i ty 0 . 0 10 kg 
wa t er/kg dry air 

2 . The s t ored energy is Q(T) i f t he ads orben t 
i s i n equilibrium with air of t empera ture 
T (> 20 °c) and of absol u te humidity 0 . 0 10 
kg wa t e r /kg d r y air 

The t empera ture 20 oc a nd the abso lu t e hum i ­
di t y 0 . 0 10 kg wa t e r/kg d ry ai r (R . H. = 707. 
at 20 OC) are realistic va l ues fo r the s t a te 
o f t he atmospheric ai r , which is availab l e 
f or charg ing and discha rging of the storage · 
sys t em of a so l ar space heating sys t em . 
Wi t h t he measured heat of ads orp t ion and the 
meas ured equilibri um cur ves t he s t ored energy 
dens i t y of f i ve adsorben ts in the operat i on 
range 20-80 oc have been detennined ( see 
t able I). 

Sorbead R has the highes t stored energy 
density in this operation r ange . Wi t h r e­
gard to a rock- bed the s t or ed energy dens ity 
of an ads orb en t bed is 7- 1 I t imes higher . 

3. 
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3 . I . Set- up o . 

Fig . 4 shows ' 
system with a1 
This sys tern sl 
gard to a so l< 
bed s torage ( , 

a .. Th ech~9_e_ 
Dry a i r comi nt 
heated in hea l 
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th e s torage sy 
·air i.s cool ed 
adsorbent bed . 
a ir is cooled 
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is stored i n I 

ev aporation i~ 
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At 

Hea t 
Exchange 
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Fig . 4 . Di ogr 
System With He. 
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Table l : The Sto r ed Energy Density 
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A SOLAR HEATING SYSTEM WITH AN 
ADSORBENT HEAT STORAGE SYSTEM 

J . I. Set-up of the so l ar heating syst em 

Fig . q shows a di ag r am of a solar heating 
system with an adsorbent heat s torage system . 
Th is system shows some diff e r ences with re­
gard to a so l ar hea ting sys t em with a rock­
bed storage (see fig. I) : 

a ,. The ch'!}'g_e _c :~,r£u_it i_s open ( see fig . 5 ) 
Dry ai r coming from the atmosphere i s pre­
heated in heat exchanger I and heated further 
by th e solar collector s . Hot, dry a ir ente r s 
th e storage system In the storage s ystem th e 
ai r i s cooled and wetteJ by water f r om the 
adsorbent bed . In heat exchanger l the we t 
air i s coo l ed furth e r and transfe rred ba ck 
into t he a t mosphere . 
Of the collec t ed heat on l y the net hea t of 
adsorp tion (the diff e r ence betwPen th e hea t 
of adsorption and the he at nf evaporat ion) 
i s stored in th e s t or age system; the heac of 
evapor at i on i s transferred to the atmosphe r e , 
but the adsorb ent has , due t o it s "drynes s " 
the capability to adsorb wate r vapour from 
a t mosphe ri c ai r . So in a lat e r s t age t he hea t 
of evapo r ation can be r ecove r ed . 

Atmo s phere Su pp lied 
Hea t ---i.. .r- - Vent ilat ion Air 
Exchange r 2 [~ Auxili ary Heater 

House 

Exhaus t ed 
Venti lat ion 
Air 

Fig. 4 . Diagram of the Total Solar Heating 
System With Hea t Storage ln An Adsorbe n t Bed . 
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Q 

Q 
ATM 

Storage 
System 

Fig . 5. The Charge Circuit 

Air 

Fig . 6. The Di scha rge Circuit 

b. The ~i §C..b'!!g'E.. cj.r.£u:U i s co"1pletely 
diffe r ent (see fig . 6) 
The exhausted ven til a tion air is passed 
d1rough th e s torage sys t em . 

In th e storage system the air is dried and 
hea t ed . In heat exchange r 2 heat is emitted 
to th e suppli ed ven tilation air. 
This system-approach has been chose n be caus e : 
I. the system , in which a ir from t\1e house is 
passed through the storag~ sys t em and i s trans­
ferr ed back into the house , water vapour i s 
withdrawn f rom the house air . Sn the house ai r 
wil l be dried. To prevent this drying o f the 
house a ir , the a ir has to be wet ted . But in 
t hat case th e heat of evaporation cannot be 
r e covered from the atmosphere . 

2. in the system, in which a ir from the 
atmosphere is passed through th e s torage sys ­
t em , the a ir has to be hea teJ first by the 
storage sys t em from ambient t c.. room tempe r a­
ture . Only if th e ai r t empe r ature is higher 
t han th e room t empe rature hea t can be 
emi tt ed by the airstrerun to the house . 

A dis Rdvantage of the chosen system seems 
to be the l ow venti lation a ir flow 
c~ 200 m3/h) ; t he tot a l a ir flow in the 
hea t distribution sys t em i s about 1200 m3/h. 

,j 
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An advant age i s , t hat with an extra byp as s 
th e hea t exchanger i n t he di scha r ge c i rcuit 
can be used f o r t he heat r ecovery from t he 
exha ust ed venti l a ti on ai r . 

J . 2. Th e so l a r cont r ib uti on of th e s~~ 

with a n adsorb ent s t o r age sys t em 

With our comput e r s i mul a tion programme of a 
so l ar heating system t he so l ar con tr ib ut ion 
o f the above des cribed s ys t em has bee n 
ca lculated C2J . For thes e ca l cul a t i ons hour l y 
wea the r da t a of t he Dut ch re f e r ence year have 
been used . 
The ca l cul a tions have been done f or a so l~r 

hea ti ng s ybt em tha t cons i s t s of 25 m2 

collector are a ( spec tra l s e l ec tive , s i ng le 
glaz ed ) and a storage vo l ume of 2. 5 n3 . 
Fo r t he s olar contribu t ion of othe r dime ns i on­
ed sys t ems see C2J . 

a . f~~E~!~~~~-~~!~~~~-!~~-~~~~E~!-~~~~!~~~!~ 
I n f i g 7 t he col a r cont r ib ution of this 
sys t em f or seve r a l ad s orbe ntsis g iven as a 
a fun c t ion of the annu a l hea t demand of the 
house. The annual hea t demand o f one 
t ype o f hous e i s thereby determi ned by the 
ins ulat i on and th e venti l a t i on r a t e . 
The so l a r contrib u t i on in t his fi gu re i s 
di vide -! into a "direc t us e" part a nd a n 
"indi r ee t us e" part (vi a t he s t orage sys t em). 
T\1 e ads or ben t " So rb ead R" ha s the hi ghes t 
eou t r i bution . 

So l a r 
Contri bu t ion 

io ';u • l03M.J 

10 

5 

Abso r bent : 
1. Sor bead R 
2 . 
3 . 

v ia St o r age 

Di r e c t Us e 

Sys t em 

Hea t Recove r y: 

L, 
0 30 40 

13000 M.J 

50 60 
Annua l Hea t Demand Of 
The House ( .103 MJ ) 

fi g . 7 . So l a r Contr i but i on of th e Sys t em Fo r 
Th e Seve r al Ad s orbent Mater i als As A Fun c t ion 

Of t he Ann:.ia l He at Demand Of The House. 

b. f~~E~E~~~~~~~!~~~ ~-~-E~~~=~~~-~~~-~~ 
~~~~!~~~!-~~~ 

Fo r a clear compar i s on be t ween a sys t em wi th 
a rock-bed and a s ys t ern with a n ads orben t 
bed i t is neces sa r y , t hat di e hea t demand 
t o t he syst em i s t he same. 
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The extra heat r ecove r y f unc tion of t he hea t 
excha nger in the di s ch a r ge c ircui t of the 
ad so rben t sys t em makes th a t th e hea t demand 
t o th e so l a r pa rt o f the sys t em is l e ss com­
p .~r ed to th e sys t em es ing a r ock- bed 
(compa r e fi gure s I and 4 ) . 
Fo r th e ca l cul ati ons t he sys t em with a r ock­
bed is the r e f or e ex tended with hea t recove r y 
from t he exha us t ed ven t ila ti on a i r too . 

Th e " indirec t use" pa r t of the s o l a r con­
t ribution of both s ys t ems i s given as a 
function of the s torage vo lume .( see f ig . B) 
Th e adsorb ent mate r ia l is so rbead R. TI1e 
to t a l a nnua l hea t demand of t he house is 
26000 MJ. 
An adso r be nt sys t em with abou t 2 m3 s t orage 
vo lume has the same indirec t con tribution 
as a 6 m3 rock bed . 

Solar Con tr ib ut ion 
via S t orage System 

( .103MJ) 
5 

l 
Ad so rben t Bed 

4 

3 

2 

1 

0 12 3 4'.i 

~ St or_age Vol ume 

Annual Hea t Demand 

.,-
' ' ' I 
: 
' 

6 

(M3 ) 

26000 MJ 

Fig . 8 . Compar ison Be t ween A Rock-Bed and 
An Ads orben t Bed . 

4 . CONCLUSION 

A so l a r heat i ng sys t em wi t h a n ads orb ent 
s t or age sys t em can be mo r e compact t ha n a 
so l a r hea ting sys t em with a r ock-b ed s t or aie 
sys t em: the s t o r age volume can be r educed 
wi th a facto r 3 . This factor of 3 becomes 
howeve r, l es s i mpor t ant if we s ee t ha t a 
r ock- bed s t orage sy stem with the same .re­
duced sto r age vol ume has on l y a f ew p r ecent 
l owe r s o l a r contribution . 

. In a so l ar a ir hea t i ng s ys t em t h e par t o f t he 
co l l ec t ed heat , which i s " i ndire ct used" 
(v i a th e s torage sy s t em) for s pace hea ting 
i s l es s i mportant t han the " d i r ect use" 
pa r t. Ques t i onab l e is whe ther a s t or age 
sys t em is necessary i n combina tion with 
a ir coll ecto r s . Maybe a somewha t h i gher 
t he nna l i nert i a of the hous e i s s uf f ici en t. 
The adsorb ent ma t e ria l ca n a l so be used 
f or a ir condi t ioning purposes. The com­
bina tion hea ting/ aircond i t i oning can be 
mo r e ef f icient. 
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