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ABSTRACT

Mobilized thermal energy storage (M-TES) system
can balance the spatial mismatch between the waste
heat source and the end-user side. In this study, an
experimental test rig has been built to study the dynamic
discharging characteristics and the storage performance
of a three-phase absorption thermal energy storage
(ATES) system. The test rig consists of an electric chiller,
electric heaters, a control cabinet, plate heat exchangers
and detachable storage tanks for mobilized applications.
LiCl solution is chosen as a working fluid for its high
energy storage density (ESD). The performances of the
proposed storage system under three application
scenarios, namely cooling, heating and combined cooling
and heating were investigated. The experimental results
show that the proposed storage system can achieve the
ESD for 484~598 (kl/kg solution) under different working
conditions. The test results verify the potential mobilized
application of three-phase ATES in district heating and
cooling systems.
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NONMENCLATURE
Abbreviations
M-TES Mobilized thermal energy storage
ESD Energy storage density
ATES Absorption thermal energy storage
EG Ethylene Glycol
M Mass (kg)
m Mass flow rate (m/s)
T Temperature (°C)
Co Specific heat capacity
H Enthalpy

X Concentration
L Liquid level
Symbols

dis Discharging
eva Evaporator
abs Absorber

s Solution

w Water

v Vapor

in Inlet

out Outlet

h Het

c Cold

T Time

1. INTRODUCTION

Heating and cooling have consumed around 50% of
global energy, which contributes to around 40% of global
energy-related carbon emissions [1]. Residential sector
and industrial sector are two primary energy consumers
around the world. Residential sector consumes around
30% of the world’s energy, most of which is consumed by
its heating, cooling and ventilation systems [2]. Industrial
sector shares another 43% of the total heating amount
[3], with up to 33% of it ultimately being directly rejected
into the environment as waste heat without further
exploitation and utilization [4]. A large proportion of the
waste heat has a temperature below 100°C, which limits
its application due to its low exergy [5].

District heating and cooling system is considered as
a key technology to reduce energy consumption and
carbon emission for residential sector [6]. A district
heating and cooling system owns chillers and a central
heat source plant can provide cooling and heating for a
group of adjacent buildings. The produced cold water
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and steam (or hot water) are supplied to various
buildings through regional pipelines within the district.
Since the energy level of low-temperature waste heat is
close to the temperature requirement of domestic
heating and hot water supply, efforts have been made to
the utilization of low-temperature waste heat [7].
Absorption heat pumps, which can be driven by low-
temperature waste heat, are widely adopted and have
shown promising applications [8, 9].

Despite the huge potential of integrating waste heat
recovery with district heating and cooling systems, there
exist several challenges. For example, in remote areas,
constructing long-distance pipelines between the waste
heat source and the end-user side is often costly and
inefficient [10]. Besides, the fluctuation and
intermittency of waste heat sources also need special
concern.

To address these issues, mobilized thermal energy
storage (M-TES) has been proposed. The primary goal of
M-TES is to develop mobilized thermal energy storage
devices that can transport the stored heat to the end-
user side [11]. Currently, the storage materials used in
M-TES can be grouped into sensible heat storage
materials, latent heat storage materials and sorption
heat storage materials based on their working principles
[12]. Among them, sorption heat storage materials have
the highest energy storage density (ESD). They are also
characterized by negligible heat loss during
transportation, making them promising storage
materials in M-TES devices. Typically, as one of the
sorption thermal energy storage technologies,
absorption thermal energy storage (ATES) uses the same
working fluids (i.e. aqueous alkali halide salt solution)
with absorption heat pumps. It also has the potential to
provide heating and cooling simultaneously. Therefore,
ATES can be easily integrated with absorption heat
pumps and district heating and cooling systems.
Moreover, if a crystallized salt solution is used as the
working fluid, the ESD of ATES can be further enhanced.
Allowing the presence of crystals during the operation of
ATES is called three-phase ATES [13]. The three phases
include a liquid phase (the aqueous alkali halide salt
solution), a gas phase (the water vapor) and a solid phase
(the alkali halide salt crystals) [14]. However, few existing
studies have experimentally investigated the energy
performance of three-phase ATES.

In this study, a three-phase ATES experimental test
rig was established, which can be used as a mobilized TES
device. The experiments were conducted under three
working conditions, namely cooling, heating and
combined cooling and heating. The dynamic discharging

characteristics under different working conditions were
studied to characterize its performance. The ESD was
calculated and compared based on the experimental
data.

2. EXPERIMENTAL METHODS AND PERFORMANCE
INDICES

2.1 Working principle and working fluids

The working principle of three-phase ATES can be
divided into three processes, charging process, storage
process and discharging process. In the charging process,
the dilute solution enters the generator and is charged
into rich solution by external heat source. The solution’s
temperature increases and generates water vapor. The
generated vapor is transported and condensed into
water in the condenser. The condensed water is
collected and stored in the water tank. During the
storage process, the rich solution and water are stored
separately in the storage tanks. The temperatures of
solution gradually drop to ambient and crystals form in
the solution. In the storage process, no internal heat and
mass transfer occurs between the solution and
refrigerant water. During the discharging process, the
stored water evaporates in the evaporator under high
vacuum degree and produces cooling effect. The water
vapor is then transported and absorbed by the rich
solution, which, as a result, produces heating effect. The
crystals dissolve and the rich solution becomes weak
solution.

In this study, LiCl solution is selected as the working
fluid due to its potential highest ESD among commonly
used water-based working fluids, LiCl solution, LiBr
solution and CaCl; solution [15]. Ethylene glycol is chosen
as an additive based on the analysis of our previous work
[13]. The mass ratio of LiCl solution: EG is 100:5.

2.2 Experimental test rig and components

An experiment test rig was established to study the
dynamic process of charging and discharging
characteristics of absorption TES using novel working
fluids. Fig.1 shows the schematic of the test rig. The test
rig consists of 5 main parts, namely the heat exchangers,
solution and water tanks, thermostatic waterbaths,
chiller and sensors. Two heat exchangers are the key
components of the test rig. The one used for solution
generation during the charging process and water
absorption during discharging process is called
“Generator/Absorber”, while the other one used for
vapor condensation during charging process and water
evaporation during discharging process is called



“Condenser/Evaporator”. The two heat exchangers are
connected by a vapor pipe, fa cilitating the
transportation of vapor from the generator to the
condenser during the charging process and in reverse
during the discharging process. Below the two heat
exchangers are two storage tanks, a solution tank and a
refrigerant water tank. The solution tank is detachable
for mobilized application. The solution tank has a filter
inside to prevent crystals from entering the pipes and
pumps. Two thermostatic waterbaths, one on solution
side and the other one on the water side, are used to
provide heat transfer fluids to two plate heat
exchangers. The temperatures of both thermostatic
waterbaths are controlled and maintained by electric
heaters and a chiller.

The enthalpy of the working fluid is calculated using
correlations provided by Chaudhari and Patil [16]. The
specific heat capacity of the solution is calculated using
the correlations provided by Conde [17]. In the
discharging process, heating output (q4;s ) and cooling
output ( qgisc ) can be achieved at absorber and
evaporator simultaneously. The calculation of heating
output rate and cooling output rate are shown in Eq.(1-
6). Therefore, the ESD can be specified into heat storage
density (ESD_h) and cold storage density (ESD_c), as
shown in Eq.(6-7).

Qais,c = Qeva = CpwMw,eva (Tw,evaout = Tweva,in) (1)

Qdis,h = Yaisw = Cp,wMw,abs (Tw,abs,out - Tw,abs,in) (2)
__dMy,(7)

2.3 Experimental conditions
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Fig. 1 Schematic of the test rig

In this study, experiments are conducted under
different experimental conditions considering its real
application scenarios in district heating and cooling
supply. Table 1 shows the experimental conditions of
discharging tests. Three typical working conditions (i.e.
heating, combined heating and cooling, cooling) with
different discharging temperatures are selected. Before
each discharging experiment begins, the solution was a
partially  crystallized solution with an initial
concentration around 52.5%.

Table 1. Experimental conditions

my == (3)

M, (1) = f(L) (4)

Qais = [ qais dt (5)

ESD;, = ddish (6)

ESD, = Jevac (7)
M

N

3. RESULT AND DISCUSSIONS
3.1 Discharging characteristics of heating conditions

Fig.2 shows the variation of temperatures, including
the temperatures of solution, refrigerant water and heat
exchange fluids at the inlet and outlet of the absorber.
For heating application, the solution temperature
gradually increases at the beginning 60 mins of the
discharging process. The discharging heat during this
process is mainly used for the solution’s temperature
rise. After 60 mins, the solution temperature is kept
above 50°C. The total discharging process lasts for about
4 hours.
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Fig. 2 Variation of the temperatures for heating
Fig.3 shows the variation in concentration and heat

output rate during the discharging process. It can be
found that the discharging rate drops along the



discharging process, which is caused by the decrease of
solution’s concentration.

54.0% 20
50.0% ——Concentration 1 16 §
T Discharging rate (Heat) =
g 112 €
g 46.0% | El
3 {18 &
g 2
QO L .4
42.0% 1,2
380% 1 1 1 1 1 1 1 0

0 30 60 90 120 150 180 210 240
Discharging time (min)

Fig. 3 Variation of the concentration and
discharging rate for heating

3.2 Discharging characteristics of combined heating and
cooling condition

Fig.4 and Fig.5 show the discharging characteristics
for combined heating and cooling. Similarly, the solution
temperature increases at the first 60 mins. Compared
with the heating condition, lower evaporation
temperature brings lower absorption temperature and
lower heat and cold discharging rate.
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Fig. 5 Variation of the concentration and
discharging rate for combined heating and cooling

3.3 Discharging characteristics of cooling condition

Fig.6 and Fig.7 exhibit the discharging characteristics
for cooling. Since there is no heating requirement, the
solution’s temperature is kept at a lower level. The
evaporation temperature is around 10°C. The
concentration after discharging is still around 41%.
However, the lowest evaporation temperature leads to
the lowest cold discharging rate and longest discharging
time to reach the same concentration after discharging.
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3.4 ESD Result

The ESD result is shown in Table 2. Generally, a larger
concentration glide during discharging process leads to a larger
ESD. The ESD value is comparable to the theoretical results in
reference [15]. High ESD can reduce the size of the storage

tanks, and also reduce the transportation cost when applied in
M-TES.

Table 2. Energy storage density under different
experimental conditions

Concentration

Discharging ESD,, ESD, glide
Heating 580 / 41.0~52.6
Combined

heating and 598 534 40.2~52.8
cooling

Cooling / 484 40.8~52.2




4. CONCLUSIONS

In this paper, a three-phase ATES test rig was
established to study the dynamic characteristics and
energy performance of three-phase ATES under different
working conditions. Three typical working conditions are
selected based on different application scenarios.
Heating, cooling and combined heating and cooling are
realized using the proposed three-phase ATES test rig.
The ESD ranges from 484~598 (kJ/kg solution), which is
much higher than most of the phase change materials.
The high ESD is beneficial for its mobilized application
while flexible output temperatures demonstrate its
feasibility for district heating and cooling system.
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