Solar Energy Vol. 28, No. 5, pp. 421424, 1982
Printed in Great Britain.

0038-092X/82/050421-04$03.00/0
© 1982 Pergamon Press Ltd.

THE RATES OF SOLAR ENERGY STORAGE AND
RETRIEVAL IN A ZEOLITE-WATER SYSTEM

R. GoraL, B. R. HOLLEBONE, C. H. LANGFORD and R. A. SHIGEISHI}
Department of Chemistry, Carleton University, Ottawa Ontario, Canada K1S5B6

(Received 24 March 1981; accepted 2 September 1981)

Abstract—The salient features that determine the possible use of a water vapour-zeolite 13X system as a method of
energy storage were investigated. Cycling studies over two months revealed no decrease in water capacity nor any
structural deterioration. The rate at which water could be desorbed in a static situation was determined at various
temperatures from 110 to 250°C. The adsorption isotherm and the heats of adsorption as a function of amount of
adsorbed water were determined. The saturation capacity was 0.33 g H,O/g zeolite while the heat of adsorption
declined from 90 to S50kJ mol™'. The rate of heat development was found to be very high so that heat extraction
from the store would not be a problem in any practical utilization of this system.

INTRODUCTION

An earlier study[1] demonstrated the feasibility of a
water vapour-zeolite adsorption system as a means of
energy storage. The desirable characteristics of this sys-
tem which lead to a high energy density are the high
adsorptive capacity of zeolites for water vapour and the
large heat of adsorption which is released in the ad-
sorption process. The method of effecting energy storage
and retrieval is simple in concept and involves a drying
and wetting cycle analogous to a charging-discharging
cycle of a battery. In the charging mode hot air is driven
through a bed of zeolite particles of suitable size causing
any adsorbed water to be expelled. This requires tem-
peratures in the range 100-200°C depending on the
degree of zeolite dryness required. In the discharge mode
moist ambient air is driven through the bed, water
vapour is adsorbed and the heat of adsorption is
released. The bed temperature increases and the result is
warm relatively dry air suitable for space heating.

While this method was initially viewed as a means of
storing solar energy it is obvious that any source of
waste heat or cheap off peak electrical power could be
used to dry the zeolite.

The superior energy density of this system in com-
parison to phase change and sensible heat methods was
based upon the published equilibrium properties of water
vapour adsorption on various zeolites. In this com-
munication we wish to report on those factors which
would directly affect its practical feasibility. First, any
system undergoing repeated cycling may show a
deterioration in efficiency. To determine whether this
applies to zeolites we have carried out wetting drying
cycles over a two month period to monitor any loss in
adsorptive capacity. Second we have determined the
adsorptive capacity under ideal conditions and the heat of
adsorption as a function of the amount of adsorbed water.
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Third, we have determined the rate of adsorption and the
concomitant release of heat. Any practical realization of
zeolites as an energy storage medium is critically depen-
dent on whether the stored energy can be released at rates
consistent with demand.

EXPERIMENTAL

Cycling studies and dehydration rates

Small zeolite samples (=10g) were placed in 100 ml
beakers and oven dried at 300°C for 24 hr to obtain the
dry weight. After saturating the zeolite with water
vapour they were placed in ovens at 110, 150, 200 and
250°C for 24 hr. The beakers were then placed in shallow
pans containing water, covered with aluminum foil and
allowed to adsorb water vapour for 24 hr. The heating
and adsorption cycle were then repeated. Commercially
available Linde zeolites 4A, 5A and 13X in both bead
(1/16" dia.) and powder forms were used.

Concurrent with cycling studies, dehydration rates
were determined on bead zeolites saturated with water in
order to obtain information on the rate at which the
system can be charged. After saturation, zeolite samples
were placed in ovens and weighed every hour.

Adsorption properties and rate of heat development

A schematic of the adsorption vacuum line and the
calorimeter-adsorption cell is shown in Fig. 1. Prior to its
installation on the vacuum line the cell was weighed,
filled with 13X beads, heated to 300°C for 24 hr and
reweighed to find the dry weight of zeolite. Because of
the large water capacity of zeolites, a large gas volume
was required for gas delivery to the adsorbent. A 21. and
51. bulb were used. The exact volumes were calibrated
with water while pertinent line volumes were calibrated
using helium and standard gas burette techniques. The
ultimate pressure was less than 1x 107 torr. Low pres-
sures are required in the vacuum jacket around the cell
to minimize any heat conduction losses during calori-
metric measurements. During the adsorption process the
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Fig. 1. Vacuum apparatus and calorimeter.

vapour pressure of water was measured by a barytron
which can follow rapid pressure changes.

The calorimeter-cell was constructed of thin wall pla-
tinum with an internal fin heater for the calibration of the
heat capacity of the cell and sample. After evacuation
and heating to 300°C to desorb water the calibration was
done with various pressures of helium in the cell (1-
20 torr) to permit heat conduction from the internal heater
to the beads to the calorimeter wall where the ther-
mocouple was spot welded. Aside from conduction pur-
poses these pressures are similar to the water vapour
pressures during adsorption when heat is generated; heat
loss curves would then be comparable in the two cases.

Adsorption was effected by allowing water to
evaporate into the delivery volume to a desired pressure,
isolating the water reservoir and admitting the water
vapour to the zeolite. The vapour pressure and cell
temperature were measured as a function of time. After
the equilibrium pressure was recorded and the cell
cooled to room temperature the process was repeated.

In order to calculate the heat of adsorption the cell
temperature was plotted against time. The maximum
temperature the cell would have reached if losses had
been absent was estimated by extrapolating the curve
back to half the time required for the temperature to
reach its highest measured value. A pressure-time plot
gives the amount adsorbed corresponding to the maxi-
mum temperature. The heat of adsorption, AH, is

_CAT _(P,-P)V

AH and n= RT

where C=cell heat capacity; AT =maximum tem-
perature rise; n =amount adsorbed at time when maxi-
mum temperature is reached; P,-P = initial pressure—
pressure corresponding to n; T = temperature of vapour;
V = volume; R = gas constant.

RESULTS AND DISCUSSION
Cycling studies

Plots of the water content are shown in Fig. 2 for 13X
beads dried at the two temperature extremes of 110 and
250°C over a two month period. While there is a
significant scatter of data points especially for the 100°C
plot, on the average, for any 24 hr period the increase in
water content is approx. 8 and 14 per cent at 100 and
250°C. It is evident that there is no dramatic decrease in
the average adsorptive capacity over the cycling period.
Furthermore no loss in structural integrity of the beads
was detected. Similar results were obtained for the 4A
and SA samples except that the water adsorption was
about 3 per cent less indicating that zeolite 13X has the
highest capacity.

Powder samples were also investigated because of the
possibility of using fluidized rather than fixed beds.
Results again demonstrate no adverse effects due to
repeated adsorption—desorption cycling. Furthermore,
they are consistently superior to beads at all tem-
peratures. At 250°C they adsorb, over a 24 hr period,
approx. 21 compared to 14 per cent for beads. This is not
only due to the fact that the beads contain 10-15 per cent
clay bonding material which has a lower capacity for
water than zeolite but also because of the faster
macroscopic diffusion rate of the water into the zeolite
cavities for small particle samples. In static situations
however, this is quickly offset when the depth of the
powder sample is increased preventing easy penetration
of water vapour to the bottom of the sample. Such a
problem would not be encountered in a fluidized bed.

While a two month cycling period is short compared to
the expected lifetime of a practical storage material the
absence of deleterious effects indicates that cycling
would be benign to zeolites especially since adsorption is
a nondestructive process and temperatures below 600°C
have little effect on the zeolite lattice [3].

Concurrent ‘with cycling studies dehydration rates
were determined on 13X beads and powder saturated
with water. The drying rates are shown in Fig. 3. Even in
this static case water desorption is rapid with the
majority eliminated in 3 hr and only marginal improve-
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Fig. 2. Water content of zeolites subject to 24hr cycles of
heating and wetting.
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Fig. 3. Dehydration rates at various temperatures.

ment thereafter. While temperatures in excess of 200°C
are required to reduce water content to <2 per cent
these results indicate that it may be more economical to
use lower temperatures in the range 110-150°C to dry the
zeolite. While this would reduce the energy density to 43
and 66 per cent of the maximum the less stringent
temperature requirement would make the system more
practicable. Dehydration tests in the dynamic case where
drying is effected by a hot air flow have shown that the
rate of water loss and the final amount desorbed is
significantly greater than in the static case. An air stream
at 110°C dries the zeolite to a water content of 13 per
cent in 4hr. The energy density would then be 57 per
cent of the maximum.

Adsorption isotherms, heat of adsorption and rate of
heat development

The room temperature adsorption isotherm shown in
Fig. 4 is an approximate step function with a maximum
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Fig. 4. Adsorption isotherm at 25°C.

capacity of 33 per cent water by weight. The most
notable feature of the isotherm is that almost 75 per cent
of the maximum capacity is reached at equilibrium pres-
sures of less than 1torr (at 25°C the vapour pressure of
water is 23.8 torr indicating that most of the water is
adsorbed rapidly. It is just this characteristic which
distinguishes zeolites as a superior adsorbent for energy
storage. Others such as silica gel may have a higher
capacity but their isotherms only show a gradual increase
with equilibrium pressure.

The variation of the heat of adsorption with the
amount adsorbed is seen in Fig. 5. The value decreases
gradually from 88 to 66 kJ mole of adsorbed water over-
the range 0-25 per cent water content. Beyond this range
heat values were difficult to obtain because of the slower
rate of adsorption and the intrinsic cell heat loss but it is
likely that it decreases to approx. S0KJ at saturation[2).

The main concern of this research is the speed with
which water is adsorbed and the rate at which heat is
developed. Figure 6 gives the decrease in pressure with
time when 7.451. of water vapour at 23°C and 22 torr
(0.00887 moles of water) is exposed to 7.35g of zeolite
with various amounts of pre-adsorbed water. Up to a
water content of 21 per cent the rate of adsorption is
extremely rapid with the pressure dropping to less than
2torr in 2 min. As the pre-adsorbed amount approaches
the saturation value the rate then declines gradually.

The rate of heat developed is consistent with the rapid
adsorption. Figure 7 gives the initial rate of heat
produced per gram of zeolite as a function of the pre-
adsorbed water content. These values corresponding
specifically to the case when 7.35 g of zeolite are exposed
to a fixed water dosage of 0.0089 moles should be viewed
in the context of the total heat stored per gram of dry
zeolite calculated previously[l] to be 1.3kJ. As the
results indicate, heat is developed initially at the rate of
0.07kImin~'g™" (i.e. 5.5 per cent of the total stored
energy is released in the first minute) when the zeolite is
completely dry. As the water content increases the rate
is reduced to 0.01 kJ min~" g~" near saturation but by this
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Fig. 5. Heat of adsorption as a function of amount of adsorbed
water vapour.



424 R. GopaL et al.

24 F

20

torr

Cumulative amount adsorbed
0.28

Pressure ,
N

Time, min

Fig. 6. Pressure decrease as a function of time for various
amounts adsorbed.
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Fig. 7. Rate of heat development as a function of amount ad-
sorbed.

time about 90 per cent of the stored energy has already
been retrieved. Perhaps a better indication of the rapidity
of heat retrieval is the percentage of the total available
heat per adsorption dose released within 5min as a
function of water content. Up to a water content of 0.2 g
water/g zeolite this is almost 100 per cent while near
saturation only 20 per cent is recovered in 5 min. Despite
the decline, however, the rate is sufficient to raise the
zeolite temperature by 10-15°C which is still suitable for
heating purposes.

It is evident from the preceeding data that under the
conditions of the experiment virtually all of the stored
energy may be developed at rates which are sufficient for
utilization. Calculations based on the mid adsorption
range indicate that 1000 kg zeolite could generate ap-
proximately 50,000 kJ (= 50000 BTU) in one minute a rate
which is far in excess of heating requirements. These
figures would obviously be strongly modified in any
actual working storage where vacuum conditions may
not be utilized and heat losses may be substantial.
Nevertheless it would appear that the rate of heat
retrieval is not the area where problems associated with
a working system are expected. At the present time a
prototype zeolite storage system is under investigation to
determine the parameters that will maximize the storage
efficiency.
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