
International Journal of Heat and Mass Transfer 52 (2009) 5262–5265
Contents lists available at ScienceDirect

International Journal of Heat and Mass Transfer

journal homepage: www.elsevier .com/locate / i jhmt
Technical Note

Numerical analysis and evaluation of an open-type thermal storage system
using composite sorbents

Huijun Wu a,b,*, Shengwei Wang b, Dongsheng Zhu c, Yunfei Ding a

a College of Civil Engineering, Guangzhou University, Guangzhou 510006, PR China
b Department of Building Services Engineering, The Hong Kong Polytechnic University, Kowloon, Hong Kong
c The Key Laboratory of Enhanced Heat Transfer & Energy Conservation of Ministry of Education, South China University of Technology, Guangzhou 510640, PR China

a r t i c l e i n f o a b s t r a c t
Article history:
Received 15 October 2008
Received in revised form 12 May 2009
Accepted 13 May 2009
Available online 15 July 2009

Keywords:
Thermal energy storage
Sorption
Composite sorbents
Numerical analysis
0017-9310/$ - see front matter � 2009 Elsevier Ltd. A
doi:10.1016/j.ijheatmasstransfer.2009.05.016

* Corresponding author. Address: College of Ci
University, Guangzhou 510006, PR China. Tel.: +86
39366086.

E-mail address: wuhuijun@tsinghua.org.cn (H. Wu
A family of composite sorbents has been acknowledged as promising thermal storage materials for low
grade thermal energy storage owing to its high specific storage capacity and low regenerating tempera-
ture. This paper reports a simplified numerical model aiming to determine the dynamic characteristics of
the composite sorbents and evaluate the specific capacity and COP of the open-type thermal energy stor-
age system. The computational results were validated with the experimental measurements carried out
on an open-type thermal energy storage set-up filled with composite sorbents. By using the simplified
numerical model, the dynamic characteristics of the composite sorbents in the thermal energy storage
process were determined. The effects of the composite sorbents and the operating parameters on thermal
energy storage system performance were also evaluated.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Thermal energy storage (TES) is an advanced technique to cor-
rect the mismatch between the supply and demand of energy
[1–3]. The thermo-chemical technology based on water sorption/
desorption on porous materials appears to be a promising candi-
date for TES since little heat loss occurs over the sorption storage
process because of the temporally dissociation with adsorbate
from adsorbent. Recently, a family of composite sorbents has been
developed by impregnating the porous adsorbents to the aqueous
solution of hygroscopic salts so as to improve their sorption and
TES capacity [4–7]. The dynamic characteristics of the composite
sorbents differ from the silica gels and zeolites. In point of deter-
mining the dynamic TES characteristics and optimizing the TES
system performance, it is time- and energy-consuming to measure
the TES characteristics through experimental investigations for dif-
ferent composite sorbents under various operating conditions. It
will be helpful to establish a facile and feasible model and carry
out numerical tests to optimize TES performance [8]. The majority
of modeling undertaken so far concentrates on the pure adsor-
bents, e.g. silica gels and zeolites. Little work has been directed to-
wards the dynamic TES characteristics of the composite sorbents
by using a facile and feasible numerical model. The aim of this
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paper is to determine the dynamic characteristics of the composite
sorbents and evaluate the performance of the open-type sorption
TES through numerical tests based on a facile and feasible model.
The simplified model was first validated by experimental measure-
ments for the composite sorbents. Numerical tests were then car-
ried out to determine the dynamic characteristics and evaluate the
sorption TES performance.

2. Mathematical model

A typical open-type TES system mainly consists of an adsorber, a
humidifier, and a condenser [6,7]. The adsorber is the key compo-
nent of the sorption storage system where water is adsorbed on or
desorbed from the sorbent. In order to simplify the model, the fol-
lowing assumptions are made: (a) the heat capacity of adsorbate
in the adsorbed state is equal to that of the liquid phase; (b) the spe-
cific heat and density of dry composite sorbents are constant; (c) the
composite sorbents are uniformly packed, and the adsorber can be
considered as a packed bed with a certain porosity. It should be
noted that the assumption (a) is feasible for an open-type TES sys-
tem in this present study although the difference of the heat capac-
ity between the adsorbate in the adsorbed state and that in liquid
phase could be significant at high pressure and low temperature [9].

2.1. Energy conservation equation

The conservation equation of energy for the composite
sorbents is
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where mcs and mb are the mass of the composite sorbents and the
adsorber heat exchanger, respectively. cp,dcs, cp,w, cp,b are the specific
heat of the dry composite sorbents, water and the adsorber heat ex-
changer, respectively. w is the amount of water adsorbed on the
composite sorbents, Qst the isosteric heat of sorption, kcs thermal
conductivity of the composite sorbents, Acs the heat transfer area
for composite sorbents, L the length of the adsorber. _Sd is the inner
heat source item in terms of the heat input power (qin = 4 kW at
Tcs < Tpr, qin = 0 at Tcs P Tpr, where Tcs and Tpr are the temperatures
of the composite sorbents and the preset temperature for regener-
ating composite sorbents, respectively.) to regenerate the compos-
ite sorbents during the heat charging process. It is zero during the
heat discharging process.

The conservation equation of energy for the air is

macp;a
@Ta

@t
¼ � _macp;a

@Ta

@x
þ kaAaL

@2Ta

@x2 þ
@2Ta

@y2 þ
@2Ta

@z2

 !
ð2Þ

where, ma, _ma, cp,a, ka and Aa are the mass, mass rate, specific heat,
thermal conductivity and heat transfer area of the air, respectively.

2.2. Adsorption equations

The mass transfer resistance of the inter-void space in the com-
posite sorbents may be neglected. A linear driving force equation is
introduced to determine mass transfer resistance of the composite
sorbents. Thus the rate of change of moisture content is propor-
tional to the difference between the equilibrium moisture content
and the actual one.

@w
@t
¼ hmðweq �wÞ ð3Þ

where weq is the equilibrium amount of water adsorbed on the com-
posite sorbents. hm is the mass transfer coefficient and determined:

hm ¼
15Ds

R2
p

ð4Þ

where Rp is the average radius of composite sorbents. Ds is the sur-
face diffusivity and can be expressed as a function of temperature:

Ds ¼
1
n

Ds;0 exp �Q st

RT

� �
ð5Þ

where Ds;0 is the diffusivity with a constant value of 1.6 � 10�6 m2/
s. n is the bend factor relevant to the pore length of the composite
sorbents.

2.3. Thermodynamic characteristics

The specific heat of composite sorbents is relevant to the
amount of water adsorbed:

cp;cs ¼ cp;cs;dry þwcp;w ð6Þ

The heat of adsorption for composite sorbents can be obtained
from the measurement of the sorption characteristics. It can also
be fitted with a polynomial function of the amount of water
adsorbed:

Q st ¼ a4w4 þ a3w3 þ a2w2 þ a1wþ a0 ð7Þ

where the constants ai (i = 0, 1–4) can be calculated by fitting the
curve of heat sorption. For the composite sorbents prepared by
impregnation the CaCl2 solution with the mass concentration of
40% into the porous silica gel, the values of the constants has been
calculated in our previous art [7] as: a4 = 1139, a3 = �3307,
a2 = 3459, a1 = �1620, a0 = 2727.

2.4. TES performance

The total heat input to regenerate the composite sorbents may
be obtained by integrating of heat power over the heat charging
period:

Qin ¼
Z

chg
qin dt ð8Þ

As the minimum temperature of the available heat output from
the adsorber by air is preset to Tavl, the total heat output by the air
over the discharging process can be calculated as

Qout ¼
Z

dchg
cp;a � _ma � ðTout � TavlÞdt ð9Þ

The specific TES capacity of composite sorbents can be accord-
ingly calculated as

cES ¼
Q out

mcs
ð10Þ

The COP of the TES system is defined as

COP ¼ Qout

Q in
ð11Þ
3. Numerical solution and experimental validation

The governing equations were solved by using the finite volume
method (FVM). The method imply that the integral conservations
of quantities such as energy, mass and momentum are exact over
any group of control volumes. The calculation domain was first di-
vided into a finite number of non-overlapping control volumes.
Then the discrete governing equations were derived over each con-
trol volume and time interval and numerically solved by using For-
tran code.

An experimental open-type sorption storage set-up was built in
Southern China to measure its TES performance to validate the
computational results from the simplified numerical model. The
dimensions of the adsorbent heat exchanger of the set-up are
0.8 m (length) � 0.3 m (width) � 0.4 m (height) [6,7]. The plat-fin
type heat exchanger was adopted to enhance the heat transfer.
During the heat discharging process, the air at the inlet of the ad-
sorber was controlled at approximately 15 �C and 0.014 g water
per gram dry sorbent by a dehumidifier. The available minimum
temperature (Tavl) of the outlet air from the adsorber was preset
to 30 �C. The data collection in the experimental study was
achieved using the data acquisition system equipped with thermo-
couples, pressure sensors and flow meters located at the desired
measurement points. The temperatures were measured by ther-
mocouples with errors of ±0.1 �C. The air humidity was measured
by a Vasala dew-point sensor with errors of ±3%. The operation
of the experimental set-up was controlled by a PLC (Programmable
Logic Controller).

The composite sorbents were first pelleted by using the binder
and approximately 40 kg composite sorbents were then packed in
the adsorber. The dynamic characteristic of the open-type adsorp-
tion thermal energy system packed with four kinds of composite
sorbents (viz. CS1, CS2, CS3, and CS4) prepared by impregnating
the mesoporous silica gel with the CaCl2 solution with different
concentrations [6,7] were investigated. Fig. 1 shows an example
of the experimental and computational results of the temperature
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Fig. 1. Comparison of computational and experimental results of the temperature
in the open-type adsorber.
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during the heat discharging process in the open-type thermal stor-
age system filled with the composite sorbent CS2. It can be
observed that the experimental and simulated results agree quite
well. Based on the simplified numerical model the numerical tests
for four types of composite sorbents under various TES operating
parameters were carried out to determine the dynamic character-
istics of the composite sorbents and evaluate the performance of
the open-type sorption TES.

4. Results and discussion

4.1. Numerical analysis of dynamic characteristics in sorption thermal
energy storage process

In the heat discharging process, moist air flows through the ad-
sorber and the water vapor in the moist air is adsorbed by the
composite sorbents packed in the adsorber. The dynamic variation
of the moisture content of the outlet air from the adsorber is
shown in Fig. 2. It can be observed that the outlet air was deeply
dehumidified at the starting process due to the high sorption
capacity of the composite sorbents. Then the outlet air moisture
increased significantly with the progress of the sorption process.
Fig. 2 also indicates that the composite sorbents with higher CaCl2

content yield lower moisture content of the outlet air in most part
of the sorption process because of their greater sorption capacity.
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Fig. 2. Numerical analysis of moisture content of outlet air in heat discharging
process for different composite sorbents.
However, after a long time (viz. t > 800 min) the difference of the
moisture content of the outlet air for different composites sor-
bents decreases even to be zero because of the great amount
water adsorbed on the composite sorbents up to sorption
saturation.

Fig. 3 indicates that the temperature of the outlet air increases
fast in the initial heat discharging process since the composite sor-
bents were heated by the sorption heat. The highest temperature
of the outlet air occurs at about 200 min. Then the temperature
of the outlet air decreased slowly to 30 �C which was preset as
the minimum temperature for available heat since the sorption
capability of the composite sorbent slowly degrades. The compos-
ite sorbents with higher CaCl2 content yield higher temperature of
the outlet air. It is understandable the composite sorbents with
higher CaCl2 content can adsorb more water vapor from the air
and consequently release more heat in most part of the heat dis-
charging process.

4.2. Numerical evaluation of specific TES capacity and COP of sorption
thermal energy system

Figs. 4 and 5 present the numerical evaluation of the specific
TES capacity and COP of the open-type sorption TES for different
composite sorbents by using the simplified model, respectively.
Fig. 4 indicates that the specific TES capacity of the composite sor-
bents increases noticeably as the regenerating temperature is in-
creased from 80 to 100 �C. The higher regenerating temperature
induces greater desorption amount in the regenerating process,
which yields higher absorption capacity of the composite sorbents
in the next sorption cycle. It is very interesting to note that the spe-
cific TES capacity of the composite sorbents CS3 and CS4 is up to
1 kJ/g by using appropriate regenerating temperatures. It is signif-
icantly higher than that of the pure silica gel and zeolite adsorbent
with specific TES capacity of approximately 0.35 kJ/g and phase
change materials with specific TES capacity of approximately
0.2 kJ/g.

Fig. 5 indicates that the COP of the TES system decreases as the
regenerating temperature is increased. It is understandable that
the COP of the TES system is dependent on the ratio between the
total heat input to and the total heat released from the adsorber.
Therefore, the optimal regenerating temperature should be deter-
mined by integrally considering the requirements of both the spe-
cific capacity and efficiency.
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Fig. 3. Numerical analysis of temperature of the outlet air in heat discharging
process for different composite sorbents.
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Fig. 4. Numerical evaluation of specific TES capacity of the sorption TES system for
different regenerating temperatures.
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Fig. 5. Numerical evaluation of COP of the sorption TES system for different
regenerating temperatures.
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5. Conclusions

This paper presented numerical tests to evaluate the dynamic
characteristics of the composite sorbents in an open-type TES sys-
tem based on a simplified numerical model. The results indicate
that the nature of composite sorbents (e.g. the CaCl2 content)
played a key role on the dynamic characteristics in the TES process.
A high TES capacity of up to 1 kJ/g could be obtained for the com-
posite sorbents CS3 and CS4 at the preset available supply temper-
ature of 30 �C and the regenerating temperature of 90 �C. The
specific TES capacity increased noticeably while the COP of the
TES system decreased as the regenerating temperature was in-
creased from 80 to 100 �C.
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