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a b s t r a c t 

Thermal energy storage technologies play a significant role in building energy efficiency by balancing the mis- 
match between renewable energy supply and building energy demand. The absorption thermal energy storage 
(ATES) stands out due to its high energy storage density (ESD), high coefficient of performance (COP), low charg- 
ing temperature and wider application flexibility. A hybrid compression-assisted ATES (CATES) using ionic liquid 
(IL)-based working fluids is investigated to address the problems of the existing ATES cycle. Models for mixture 
property and cycle performance are established with verified accuracies. Four ILs ([DMIM][DMP], [EMIM][Ac], 
[EMIM][DEP], and [EMIM][EtSO 4 ]) are compared with H 2 O/LiBr. Results show that the CATES effectively avoid 
the crystallization, decreases the circulation ratio, lowers the charging temperature, and improves the COP/ESD. 
H 2 O/[DMIM][DMP] has the highest COP and performs better than H 2 O/LiBr with generation temperatures above 
86 °C, while H 2 O/[EMIM][EtSO 4 ] shows the highest COP with generation temperatures below 75 °C. Among the 
H 2 O/IL mixtures, H 2 O/[EMIM][Ac] shows the highest ESD with generation temperatures above 86 °C, otherwise 
H 2 O/[EMIM][EtSO 4 ] shows the highest. The optimal compression ratio is 1.6–2.8 for H 2 O/[DMIM][DMP] under 
the generation temperatures of 90–70 °C with the maximum COP of 0.758–0.727. The ESD increases significantly 
with the compression ratio. 
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. Introduction 

Building energy efficiency plays an important role in mitigating
he global warming problems due to the huge energy consumption
n building sector, which accounts for 20–40% of the total energy
se [1] . Among the building energy use, heating, ventilating and air-
onditioning (HVAC) is typically the largest contributor. Renewable en-
rgy and waste heat have attracted increasing interests for improving the
VAC energy efficiency. However, most of the existing renewable/waste
nergy systems suffer from the mismatch (in terms of timing and inten-
ity) between these intermittent energy sources and time-variable build-
ng loads. This mismatch will discount the energy saving potentials of
enewable/waste energy systems. To address this issue, different ther-
al energy storage (TES) technologies have been proposed to balance

he energy supply from renewable/waste energy sources and the energy
emand of buildings [2] . 

Depending on the principles of energy storage, the TES systems are
lassified into sensible TES (e.g., heat storage in water, soil, and aquifer),
atent TES (e.g., cold storage in ice and cold/heat storage in phase
hange materials, PCMs), and thermochemical TES (e.g., cold/heat stor-
ge via chemical reaction, solid adsorption, and liquid absorption pro-
esses) [3] . Different TES systems differs a lot in the energy storage
ensity (ESD), the coefficient of performance (COP) and the applica-
E-mail address: weiwu53@cityu.edu.hk 
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le charging temperature. Comparing the existing TES technologies,
he sensible TES suffers from low ESDs (small capacity of temperature
hange), while the latent TES has low COPs (low chilled water tempera-
ures for ice storage) or slow charging/discharging processes (low ther-
al conductivities of PCMs). Among the thermochemical TES systems,

he solid adsorption TES typically yields low COPs, while the chemical
eaction TES usually requires a high charging temperature (minimum
f 200 °C) [4] . Therefore, the liquid absorption thermal energy storage
ATES) stands out owing to its better comprehensive performance, i.e.,
elatively high ESDs, relatively high COPs, and relatively low charging
emperatures. An additional advantage of the ATES systems is that the
harged energy can be discharged in various forms including cooling,
eating and dehumidification, offering a wider flexibility in applications
han most TES systems. 

Working fluids greatly affect the performance of the ATES systems.
he H 2 O-based [5 , 6] and NH 3 -based [7] solutions have been commonly
tudied, with the former featuring high COPs and ESDs, and the lat-
er suitable for sub-zero cold storage. Comparisons of the mass-based
SDs of different working fluids under a heat source of 180 °C revealed
hat NH 3 /H 2 O showed the highest ESD (95 Wh/kg) for low-temperature
old storage (an evaporating temperature of − 20 °C) while NaOH/H 2 O
ielded the highest ESD (260 Wh/kg) for normal-temperature cold stor-
ge (an evaporating temperature of 5 °C) [8] . Comparisons of the ESDs,
 November 2019 

 an open access article under the CC BY-NC-ND license. 
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Table 1 

Basic information of different ILs. 

Abbreviation Full name Molecular 
Formula 

Molecular 
weight 

[DMIM][DMP] 1,3-dimethylimidazolium 

dimethylphosphate 

C 7 H 15 N 2 O 4 P 222.18 

[EMIM][Ac] 1-ethyl-3-methylimidazolium 

acetate 

C 8 H 14 N 2 O 2 170.21 

[EMIM][DEP] 1-ethyl-3-methylimidazolium 

diethylphosphate 

C 10 H 21 N 2 O 4 P 264.26 

[EMIM][EtSO 4 ] 1-ethyl-3-methylimidazolium 

ethylsulfate 

C 8 H 16 N 2 O 4 S 236.29 
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Nomenclature 

B second virial coefficient, cm 

3 /mol 
C p heat capacity, J/(mol K) 
CR compression ratio 
f circulation ratio 
h mass-based enthalpy, kJ/kg 
H mole-based enthalpy, J/mol 
m mass flow rate, kg/s 
p pressure, kPa 
Q heat exchange rate, kW 

R universal gas constant, J/(mol K) 
T temperature, K, °C 

V volume, cm 

3 /mol, m 

3 

W power rate, kW 

x liquid mass fraction 
X liquid mole fraction 
Y vapor mole fraction 
𝛼, 𝜏 adjustable parameters 
𝜂 efficiency 
𝛾 activity coefficient 
Φ correction factor 
𝜌 density, kg/m 

3 

Abbreviations 

ATES absorption thermal energy storage 
CATES compression-assisted ATES 
COP coefficient of performance 
ESD energy storage density 
HVAC heating, ventilating and air-conditioning 
IL ionic liquid 
NRTL non-random two liquid 
PCM phase change material 
TES thermal energy storage 
VLE vapor-liquid equilibrium 

[DMIM][DMP] 1,3-dimethylimidazolium dimethylphosphate 
[EMIM][Ac] 1-ethyl-3-methylimidazolium acetate 
[EMIM][DEP] 1-ethyl-3-methylimidazolium diethylphosphate 
[EMIM][EtSO 4 ] 1-ethyl-3-methylimidazolium ethylsulfate 

Subscripts and Superscripts 

a absorber 
c condenser, compressor 
e evaporator, electricity 
g generator 
i species index, isentropic, ideal 
L liquid 
mix mixing 
p pump 
r refrigerant 
s saturation, strong, solution 
w weak 

OPs, charging temperatures, economics, and corrosion of different
orking fluids for long-term solar heat storage indicated that H 2 O/LiCl
ad high ESD and COP but was too expensive; H 2 O/KOH had low cost
nd high ESD but was too corrosive; H 2 O/CaCl 2 was inexpensive but suf-
ered from low ESD, with H 2 O/LiBr being the best choice considering
ifferent factors comprehensively [9] . However, most of the aqueous
alts have a risk of crystallization when the concentration is too high
r the temperature is too low in the storage tank. Although some re-
earchers studied the feasibility of three-phase ATES with crystallization
10 , 11] , the accumulated solid crystal might be difficult to dissolve (es-
ecially for long-term storage), affecting the composition of the working
uid and the sustainability of the ATES cycle. 
140 
The literature review indicated that the current ATES suffers from
rystallization of the conventional working fluids, limiting the ESD and
ystem reliability. In addition, the charging temperature of the conven-
ional cycle (minimum of 80 °C) cannot be further decreased while main-
aining a satisfactory efficiency. To maximize the ATES’s contribution to
nergy saving, a hybrid compression-assisted ATES (CATES) cycle us-
ng ionic liquids (ILs) as novel working fluids is proposed in this work.
lthough the current prices of ILs are still high, they are expected to
ecrease as the market and industry develop. 

The ILs have been intensively investigated due to their negligible va-
or pressure, good stability and high solubility with various refrigerants
12] . The introduction of ILs greatly enriches the family of absorption
orking fluids, including H 2 O/IL, NH 3 /IL, alcohol/IL, HFC/IL, HFO/IL
nd CO 2 /IL [13–16] . However, the current studies on IL-based working
uids are all conducted for absorption chillers or heat pumps, with lit-
le research on ATES systems. The only study on ATES using IL-based
orking fluid is from our previous work [17] , which compares the dy-
amic charging and discharging behaviors of a basic ATES cycle. As for
he compression-assisted absorption cycle, it has been widely used to
mprove the cycle performance by integrating an auxiliary compressor
fter the evaporator to increase the absorption pressure or before the
ondenser to decrease the generation pressure [18 , 19] . This technique
as been applied to different cycles (single-effect, multi-effect and GAX
generator absorber heat exchange)) [20–22] for different applications
cooling and heating) [23 , 24] . However, there is little research on ATES
ntegrated with auxiliary compression, i.e., the proposed CATES cycle.
lthough the initial cost will be increased, it is still economic due to

he significant performance improvement contributed by the auxiliary
ompression. 

The proposed hybrid CATES can be charged at much lower temper-
tures with high COPs and to more concentrated solutions with high
SDs. The hybrid CATES will be compared with the basic ATES to eval-
ate the performance improvement. Different IL-based working fluids
ill be investigated to identify the best-performing alternative. 

. Methodology 

The H 2 O/IL mixture property model is first introduced, then the
ATES thermodynamic model is briefed, and finally the models are val-

dated or verified by the results for relevant references. 

.1. Property method of the H 2 O/IL mixtures 

We have compared 14 H 2 O/IL mixtures with adequate experiment
ata, using the circulation ratio as an indicator. Among the 14 ILs,
EMIM][Ac], [EMIM][DEP] and [EMIM]EtSO 4 ] show the lowest circu-
ation ratios in most conditions ( Fig. 1 ). In addition, [DMIM][DMP] has
lso been wide investigated in absorption cooling systems. Therefore,
ased on our preliminary screening, four ILs are chosen for further de-
ailed analysis, as listed in Table 1 . 

The non-random two liquid (NRTL) activity coefficient model is used
o describe the vapor-liquid equilibrium (VLE) behavior, which are used
o calculate the pressure, temperature or concentration from two of the
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Fig. 1. Circulation ratios of different H 2 O/IL 
working fluids ( T a = T c = 40 °C, T e = 5 °C). 

Table 2 

Adjustable parameters of the NRTL model for H 2 O/IL mixtures. 

IL 𝛼 𝜏0 12 𝜏1 12 𝜏0 21 𝜏1 21 

[DMIM][DMP] − 0.086 − 4.442 − 3283.680 3.644 − 645.872 

[EMIM][Ac] 0.233 − 15.891 8395.751 − 2.828 − 952.830 

[EMIM][DEP] 0.070 21.710 − 1999.990 − 6.694 − 1999.990 

[EMIM][EtSO 4 ] 1.499 3.674 − 1301.384 1.347 − 906.562 
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Table 3 

Coefficients of heat capacities and densities of selected ILs. 

IL C 0 C 1 D 0 D 1 

[DMIM][DMP] 292.135 0.321 1434.6 − 0.619 

[EMIM][Ac] 149.38 0.497 1119.6 − 0.674 

[EMIM][DEP] 348.016 0.607 1314.2 − 0.576 

[EMIM][EtSO4] 242.318 0.472 1259.5 − 0.680 
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hree parameters [25] : 

 𝑖 𝑝 Φ𝑖 = 𝑋 𝑖 𝛾𝑖 𝑝 
𝑆 
𝑖 
( 𝑖 = 1 , 2 ) , (1) 

𝑖 = 𝑒𝑥𝑝 

[ 

( 𝐵 𝑖 − 𝑉 𝐿 
𝑖 
) 
(
𝑝 − 𝑝 𝑆 

𝑖 

)
𝑅𝑇 

] 

(2) 

here X i and Y i are the liquid and vapor mole fractions; index 1 and
 represent H 2 O and IL, respectively; Y 1 is 1 due to the neglected IL
oncentration in the vapor phase; p is the mixture pressure, kPa; 𝑝 S i is
he saturated vapor pressure, kPa; 𝛾 i is the activity coefficient; Φi is the
orrection factor; B i is the second virial coefficient, cm 

3 /mol; 𝑉 L 
𝑖 

is the
aturated molar liquid volume, cm 

3 /mol. 
The activity coefficients of the H 2 O/IL mixtures are calculated by

q. (3) –(6) [25] : 

n 𝛾1 = 𝑋 

2 
2 

[ 

𝜏21 𝐺 

2 
21 (

𝑋 1 + 𝑋 2 𝐺 21 
)2 + 

𝜏12 𝐺 12 (
𝑋 2 + 𝑋 1 𝐺 12 

)2 
] 

(3) 

n 𝛾2 = 𝑋 

2 
1 

[ 

𝜏12 𝐺 

2 
12 (

𝑋 2 + 𝑋 1 𝐺 12 
)2 + 

𝜏21 𝐺 21 (
𝑋 1 + 𝑋 2 𝐺 21 

)2 
] 

(4) 

 12 = exp 
(
− 𝛼𝜏12 

)
, 𝐺 21 = exp 

(
− 𝛼𝜏21 

)
(5) 

12 = 𝜏0 12 + 

𝜏1 12 
𝑇 
, 𝜏21 = 𝜏0 21 + 

𝜏1 21 
𝑇 

(6) 

here 𝛼, 𝜏0 12 , 𝜏
1 
12 , 𝜏

0 
21 and 𝜏1 21 are adjustable parameters which are re-

ressed from experimental data [26–29] . The regressed adjustable pa-
ameters of the four selected mixtures are presented in Table 2 . 

The enthalpies of the H 2 O/IL mixtures are calculated by Eq. (7) –(9)
29] : 

 = 𝑋 1 𝐻 1 + 𝑋 2 𝐻 2 + Δ𝐻 mix (7) 

 2 = 

𝑇 

∫
𝑇 0 
𝐶 p , IL d 𝑇 + 𝐻 0 (8) 
141 
 mix = − 𝑅 𝑇 2 

[ 

𝑋 1 

( 

𝜕𝑙𝑛 𝛾1 
𝜕𝑇 

) 

𝑝,𝑋 

+ 𝑋 2 

( 

𝜕𝑙𝑛 𝛾2 
𝜕𝑇 

) 

𝑝,𝑋 

] 

(9) 

here H 1 and H 2 , are respectively the enthalpies of liquid H 2 O and IL,
/mol; ΔH mix is the mixing enthalpy, J/mol; T 0 is the reference temper-
ture (273.15 K); H 0 is the reference enthalpy at the reference tempera-
ure, J/mol; R is the universal gas constant (8.314472 J/(mol K)); C p, IL 
s the heat capacity of the IL (J/(mol K)) regressed from experimental
ata: 

 p , IL = 𝐶 0 + 𝐶 1 𝑇 (10)

The densities of the H 2 O/IL mixtures are estimated by Eq. (11) and
12) [25] : 

= 𝑥 1 𝜌1 + 𝑥 2 𝜌2 (11) 

2 = 𝐷 0 + 𝐷 1 𝑇 (12) 

here x 1 and x 2 are the mass fractions of H 2 O and IL, respectively; 𝜌1 
nd 𝜌2 are the densities of the liquid H 2 O and IL, kg/m 

3 . The coefficients
f heat capacities ( Eq. (10) ) and densities ( Eq. (11) ) of the four selected
Ls are listed in Table 3 . 

.2. Thermodynamic models of the CATES 

Fig. 2 shows the schematic diagram of the CATES, in which a com-
ressor is located between the solution tank and the refrigerant tank. A
alve is installed in parallel with the compressor to realize mode switch
etween the process with compression and the process without compres-
ion. In the charging process, the solution tank (acting as the generator)
s heated by the external heat source (e.g., renewable energy or waste
nergy) to generate vapor H 2 O, which is then condensed in the refriger-
nt tank (acting as the condenser) with the condensation heat removed
y the external cooling water. As the vapor H O being generated from
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(a) Charging process (b) Discharging process

Refrigerant
tank

CondenserGenerator

Solution
tank

Refrigerant

Refrigerant pumpSolution pump

Heat
source

Heat
sink

Compressor

Valve

Refrigerant
tank

EvaporatorAbsorber

Solution
tank

Refrigerant

Refrigerant pumpSolution pump

Heat
sink

Heat
source

Compressor

Valve

Fig. 2. Schematic diagram of the CATES system. 
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he solution tank, the H 2 O/IL solution gets more and more concentrated,
hus the thermal energy is stored in the solution tank. In the discharging
rocess, the liquid H 2 O evaporates from the refrigerant tank (acting as
he evaporator) while producing cooling effect. The vapor H 2 O is then
bsorbed by the solution tank (acting as the absorber) with the absorp-
ion heat removed by the external cooling water. These processes are
imilar to the normal ATES without compression. 

If the available charging temperature is relatively low, the solution
L fraction at the end of the charging process is low. Therefore, the so-
ution IL fraction at the beginning of the discharging process is also low
nd the absorption process is weak. As a consequence, the performance
f the ATES system is worsened. With the assistance of the compression
n the discharging process of the CATES system, the absorption pressure
s boosted by a factor of compression ratio (CR) [30] . In this manner,
he absorption process is strengthened, and the system performance is
mproved even under relatively low charging temperatures. It is worth
oticing that the compressor can also be bypassed by the valve when the
vailable charging temperature is high enough and the CATES is not nec-
ssarily better than the normal ATES system. This bypass function can
aximize the energy storage performance under different conditions. 

It is assumed that the refrigerants leaving the evaporator/condenser
re saturated; the solutions exiting the generator/absorber are in equi-
ibrium; the flow resistance, the pressure losses, and the heat losses are
gnored; the throttling processes are isenthalpic. This work aims to com-
are the cycle performance of the CATES to screen novel working flu-
ds (instead of the charging/discharging behavior), so the steady-state
quations are used [11] . The dynamic behaviors will be detailed in the
uture work. The CATES is modeled based on the mass and energy bal-
nces [25 –29] : 

𝑚 𝑜𝑢𝑡 = 

∑
𝑚 𝑖𝑛 (13)

𝑚 𝑜𝑢𝑡 𝑥 𝑜𝑢𝑡 = 

∑
𝑚 𝑖𝑛 𝑥 𝑖𝑛 (14)

 + 𝑄 + 

∑
𝑚 𝑜𝑢𝑡 ℎ 𝑜𝑢𝑡 = 

∑
𝑚 𝑖𝑛 ℎ 𝑖𝑛 (15)

here m in and m out are the inlet and outlet mass flow rates of each com-
onent, kg/s; x in and x out are the inlet and outlet concentrations (re-
rigerant mass fractions); h in and h out are the inlet and outlet enthalpies,
J/kg; Q is the heat load and W is the electrical power input, kW. 

For absorption cycles, the circulation ratio ( f ), defined as the ratio of
he solution pump flow rate to the refrigerant flow rate, is an important
142 
erformance indicator. The circulation ratio is calculated from the mass
onservation of refrigerant: 

 r 𝑓 𝑥 w = 𝑚 r + 𝑚 r ( 𝑓 − 1 ) 𝑥 s (16)

The power of the compressor is calculated by Wu et al. [31] : 

 𝑐 = 𝑚 r 
(
ℎ 𝑑𝑖𝑠 − ℎ 𝑠𝑢𝑐 

)
= 

𝑚 r 
(
ℎ 𝑑𝑖𝑠,𝑖 − ℎ 𝑠𝑢𝑐 

)
𝜂𝑖 

(17)

here h suc , h dis and h dis, i are respectively suction enthalpy, discharge
nthalpy and ideal discharge enthalpy, kJ/kg; 𝜂i is the isentropic effi-
iency, an index representing the difference of an actual compression
n relative to an isentropic compression, and is set to 0.7 in this study
31] . 

For the absorption cycles with auxiliary compression, the compres-
ion ratio (CR) indicating the increment of absorption pressure is defined
s: 

𝑅 = 

𝑝 a 
𝑝 e 

(18)

here p a and p e are the absorption pressure and evaporation pressure,
espectively, kPa. 

The two most important performance indices of the CATES system,
OP and ESD, for cold storage are defined as: 

𝑂𝑃 = 

𝑄 𝑒 (
𝑄 𝑔 + ( 𝑊 𝑐 + 𝑊 𝑝 )∕ 𝜂𝑒 

) (19) 

𝑆𝐷 = 

𝑄 𝑒 

𝑉 𝑠 + 𝑉 𝑟 
(20) 

here Q e and Q g are the cumulative cooling capacity during the dis-
harging process and heat input during the charging process, kW; W c 

nd W p are the electrical powers of the compressor and pump, kW; 𝜂e is
he power generation efficiency (45%); V s and V r are volumes of the so-
ution tank and refrigerant tank, m 

3 . The volumes of the auxiliary com-
ressor and accessories are not considered following the convention of
he studies on ATES systems [32] . This is reasonable considering that
he solution and refrigerant tanks typically have much larger volumes.
his work investigates the effect of operating parameters on the cycle
erformance, while the influence of different types of heat exchangers
ill be considered in future studies. The software MATLAB [33] is used

or the programming. 
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(a) [EMIM][Ac] [26] (b) [EMIM][EtSO4] [27]
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Fig. 3. Comparisons between calculation and measurement of H 2 O/IL mixtures (Marks represent experimental data; lines represent simulation results). 
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Fig. 4. Verification of the thermodynamic model of the absorption cycle. 
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.3. Model verification 

The models needed to be verified to guarantee the accuracy of the
redicted results. To validate the NRTL property model of the H 2 O/IL
ixtures, the calculated pressures and the measured pressures under

arious compositions and temperatures are compared in Fig. 3 . For the
elected ILs, [EMIM][Ac] and [EMIM][EtSO 4 ], the two sets of data agree
ell with each other. It is also the case for other ILs, which are not pre-

ented here due to a length limitation. It is concluded that the NRTL
odel can predict the properties of the H 2 O/IL mixtures with high ac-

uracies. 
Due to a lack of studies on the ATES system with IL-based working

uids, the performance data of a normal absorption cooling is used to
erify the CATES model. The calculated COPs using the model are com-
ared to those from the reference [29] , which adopted a single-effect
bsorption cooling cycle using H 2 O/[DMIM][DMP] as working fluid.
he condensation, absorption, and evaporation temperature are respec-
ively 40 °C, 30 °C and 10 °C for the comparison. Fig. 4 shows that the
wo sets of data agree well with each other, in terms of the cooling COP
143 
s well as the operating temperature range. The relative deviations are
ithin ± 2% in most conditions, indicating high accuracy of the CATES
odel in predicting the performance of absorption cycles. 

. Performance of the CATES under various temperatures 

The circulation ratios, COPs and ESDs of the CATES system using
ifferent ILs are compared in this section. The conventional ATES sys-
em without compression is included as the baseline cycle while the
onventional H 2 O/LiBr is included as the baseline working fluid. The
ompression ratio CR is fixed at 1.5 for the CATES system in this sec-
ion. 

.1. Comparison of circulation ratio 

Under a typical cooling condition with a chilled water temperature
f 7 °C and a cooling water temperature of 35 °C, the evaporation tem-
erature ( T e ) is set to 5 °C and the condensation temperature ( T c ) is set
o 40 °C. The absorption temperature ( T a ) is regarded as the same as
 c with a parallel configuration of cooling water. The generation tem-
erature ( T g ), which corresponds to the charging temperature, varies
rom 70 °C to 100 °C. The circulation ratios of the ATES and CATES
sing different working fluids are compared in Fig. 5 . For both cycles,
he circulation ratio decreases fast first and slowly later as the genera-
ion temperature increases. When the generation temperature increases
o a certain value, the circulation ratio keeps relatively stable, so the
harging temperature does not need to be too high. When the gener-
tion temperature decreases to a certain value, the circulation ratio is
oo high or even negative, so the cycle yields very low efficiency or even
efuses to work. 

Comparing the ATES and CATES cycles, it is found that the CATES
an be charged by lower temperatures and the circulation ratio is much
ower under the same generation temperature. This is because the ab-
orption pressure is boosted by the compression (from p e to CR·p e ) and
hus the absorption process is strengthened, contributing to larger con-
entration differences and lower circulation ratios. Comparing different
orking fluids, it is found that the conventional H 2 O/LiBr is constrained
y crystallization, i.e., there is a risk of crystallization (with a 3% safety
argin) when the generation temperature is above 90 °C. Among the
 2 O/IL mixtures, H 2 O/[EMIM][EtSO 4 ] shows the lowest circulation ra-

io under lower generation temperatures while H 2 O/[EMIM][Ac] shows
he lowest under higher generation temperatures. 
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Fig. 5. Comparisons of circulation ratios of ATES and CATES using different working fluids. 

Fig. 6. Comparisons of ATES and CATES COPs under various generation temperatures. 
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.2. Performance under various generation temperatures 

Figs. 6 and 7 compare the COPs and ESDs of the ATES and
ATES cycles under various generation temperatures. Compared with
he ATES, the CATES can operate under lower charging temperatures.
his is because a high enough concentration difference can be ob-
ained under reduced charging temperature with the help of com-
ression. For the CATES, H 2 O/[DMIM][DMP] has the highest COP
nd performs better than H 2 O/LiBr with T g above 86 °C. When
 g is below 75 °C, H 2 O/[EMIM][EtSO 4 ] shows the highest COP
mong all the working fluids. The COP keeps relatively stable for
 2 O/[DMIM][DMP] with T g above 90 °C and for other H 2 O/IL mixtures
ith T g above 85 °C. H 2 O/[EMIM][EtSO 4 ] can operate under 70 °C,

o that the CATES can be charged with lower-temperature thermal en-
rgy. This can be well explained by the circulation ratio ( Fig. 4 ), i.e.,
144 
EMIM][EtSO 4 ] has the lowest circulation ratio under lower generation
emperatures. 

Compared with the ATES, the CATES yields much higher ESDs. The
onventional H 2 O/LiBr has a risk of crystallization with T g above 90 °C
nd has lower ESDs than H 2 O/[EMIM][EtSO 4 ] with T g below 76 °C.
iven T g of 100 °C, the ESD is 65.9, 67.6, 55.8 and 55.6 kWh/m 

3 

or H 2 O/[DMIM][DMP], H 2 O/[EMIM][Ac], H 2 O/[EMIM][DEP] and
 2 O/[EMIM][EtSO 4 ], respectively. Given T g of 80 °C, the ESD is 22.2,
0.0, 26.9 and 35.5 kWh/m 

3 , respectively. Among the H 2 O/IL mixtures,
 2 O/[EMIM][Ac] shows the highest ESD with T g above 86 °C, while
 2 O/[EMIM][EtSO 4 ] shows the highest with T g below 86 °C. 

The CATES performance (COP and ESD) characteristics shown here
s comprehensively affected by the refrigerant solubility, heat capac-
ty, mixture density and compression ratio. The refrigerant solubility in
he solution determines the circulation ratio and operating temperature
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Fig. 7. Comparisons of ATES and CATES ESDs under various generation temperatures. 

Fig. 8. Comparisons of ATES and CATES COPs under various condensation temperatures. 

r  

i  

a  

i

3

 

f  

a  

A  

T  

u  

s  

f  

H  

i  

a
 

l  

l  

h  

e  

T

3

 

f  

C  

a  

m  
ange, the heat capacity determines the generation heat load (energy
nput for COP calculation), the density determines the solution volume
nd thus the ESD, while the compression ratio determines the pressure
mprovement and compressor power. 

.3. Performance under various condensation temperatures 

In this section, T g is fixed at 90 °C, T e is fixed at 5 °C, and T c varies
rom 30 °C to 50 °C. The effect of T c on the COPs and ESDs of the ATES
nd CATES cycles are compared in Figs. 8 and 9 . Compared with the
TES, the CATES can operate under higher condensation temperatures.
his is because a high enough concentration difference can be obtained
nder increased condensation temperature with the help of compres-
ion. For the CATES, H 2 O/[DMIM][DMP] has the highest COP and per-
orms better than H 2 O/LiBr with T c below 42 °C. When T c is above 47 °C,
 2 O/[EMIM][EtSO 4 ] shows the highest COP among all the working flu-
145 
ds. This is mainly due to the lowest circulation ratio of [EMIM][EtSO 4 ]
mong all the working fluids under higher condensation temperatures. 

The conventional H 2 O/LiBr has a risk of crystallization with T c be-
ow 40 °C and has lower ESDs than H 2 O/[EMIM][EtSO 4 ] with T c be-
ow 47 °C. Among the H 2 O/IL mixtures, H 2 O/[DMIM][DMP] shows the
ighest ESD with T c below 37 °C, H 2 O/[EMIM][EtSO 4 ] shows the high-
st with T c above 43 °C, while H 2 O/[EMIM][Ac] shows the highest with
 c in between. 

.4. Performance under various evaporation temperatures 

In this section, T g is fixed at 90 °C, T c is fixed at 40 °C, and T e varies
rom 2 °C to 20 °C. The effect of T e on the COPs and ESDs of the ATES and
ATES cycles are compared in Figs. 10 and 11 . As T e increases, the COP
nd ESD of both cycles increase. This is because a higher evaporation
eans a higher absorption pressure, thus enlarging the concentration
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Fig. 9. Comparisons of ATES and CATES ESDs under various condensation temperatures. 

Fig. 10. Comparisons of ATES and CATES COPs under various evaporation temperatures. 
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ifference for both cycles. For the ATES, H 2 O/[DMIM][DMP] shows
he lowest COP with T e below 3 °C, due to the lowest circulation ratio.
or the CATES, H 2 O/[DMIM][DMP] has the highest COP and performs
etter than H 2 O/LiBr with T e above 3 °C. H 2 O/[DMIM][DMP] obtains
arger improvement from the compression technique. 

Given a high T e of 20 °C, the ESD is 146.1, 130.7, 116.8
nd 156.9 kWh/m 

3 for H 2 O/[DMIM][DMP], H 2 O/[EMIM][Ac],
 2 O/[EMIM][DEP] and H 2 O/[EMIM][EtSO 4 ], respectively. Among the
 2 O/IL mixtures, H 2 O/[EMIM][Ac] shows the highest ESD with T e be-

ow 8 °C, while H 2 O/[EMIM][EtSO 4 ] shows the highest with T e above
 °C. 

. Optimization of the compression ratio of the CATES 

The above analysis uses a fixed compression ratio of 1.5, and the
ffect of CR on the performance is investigated to identify the optimal
146 
R for the CATES. With CR varying from 1.0 to 3.0, the COPs and ESDs
f the CATES using H 2 O/[DMIM][DMP]under different generation tem-
eratures are presented in Fig. 12 . Fig. 12 (a) indicates that the COP in-
reases first and decreases later with the CR. This can be explained by
hat a higher CR strengthens the absorption process and contributes to a
arger concentration difference, but a too high CR leads to an increased
ompressor power per cooling capacity. As a result, there is an optimal
R at which the COP of the CATES reaches the maximum. The optimal
R is 1.6, 2.1 and 2.8 under the generation temperature of 90, 80 and
0 °C. The corresponding maximum COP is 0.758, 0.744 and 0.727, re-
pectively. When the generation temperature is low, the optimal CR is
igh due to higher compression required for absorption strengthening.
or lower generation temperatures, the CATES cannot work if the CR is
oo low. 

Fig. 12 (b) indicates that the ESD increases significantly as the CR
ncreases. The ESD reaches 110.9, 92.7 and 62.5 kWh/m 

3 under the
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Fig. 11. Comparisons of ATES and CATES ESDs under various evaporation temperatures. 

Fig. 12. Effect of compression ratio on the performance of CATES using H 2 O/[DMIM][DMP]. 
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eneration temperature of 90, 80 and 70 °C. If a higher ESD is more
esired, a higher CR can be used with a slight sacrifice of COP. 

It is summarized that the CR greatly affects the charging tempera-
ure, COP and ESD. Therefore, an optimal CR can reduce the operating
ost due to maximized COP. In the meanwhile, it can reduce the vol-
mes of storage tanks (and thus initial cost of tanks) due to increased
SD. 

. Conclusions 

A hybrid CATES cycle using IL-based working fluids is investigated
o avoid crystallization, enhance performance and lower charging tem-
erature of the existing ATES cycles. Models for mixture property and
ycle performance are established with verified accuracies. Four ILs
[DMIM][DMP], [EMIM][Ac], [EMIM][DEP], and [EMIM][EtSO 4 ]) are
147 
ompared with the conventional H 2 O/LiBr. The main conclusions are
rawn as follows: 

(1) The CATES effectively avoid the crystallization, decreases the cir-
culation ratio, lowers the charging temperature, as well as im-
proves the COP and ESD of the conventional systems; 

(2) With varying T g , H 2 O/[DMIM][DMP] has the highest COP and
performs better than H 2 O/LiBr with T g above 86 °C, while
H 2 O/[EMIM][EtSO 4 ] shows the highest COP with T g below 75 °C.
Among the H 2 O/IL mixtures, H 2 O/[EMIM][Ac] shows the high-
est ESD with T g above 86 °C, while H 2 O/[EMIM][EtSO 4 ] shows
the highest with T g below 86 °C. 

(3) With varying T c , H 2 O/[DMIM][DMP] has the highest COP and
performs better than H 2 O/LiBr with T c below 42 °C, while
H 2 O/[EMIM][EtSO 4 ] shows the highest COP with T c above 47 °C.
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[  
Among the H 2 O/IL mixtures, H 2 O/[DMIM][DMP] shows the
highest ESD with T c below 37 °C, H 2 O/[EMIM][EtSO 4 ] shows
the highest with T c above 43 °C, while H 2 O/[EMIM][Ac] shows
the highest with T c in between. 

(4) With varying T e , H 2 O/[DMIM][DMP] has the highest COP and
performs better than H 2 O/LiBr with T e above 3 °C. Among the
H 2 O/IL mixtures, H 2 O/[EMIM][Ac] shows the highest ESD with
T e below 8 °C, while H 2 O/[EMIM][EtSO 4 ] shows the highest with
T e above 8 °C. 

(5) There is an optimal CR to maximize the COP. The optimal CR
is 1.6, 2.1 and 2.8 under generation temperatures of 90, 80 and
70 °C with the corresponding maximum COPs of 0.758, 0.744
and 0.727, respectively. The ESD increases significantly with the
CR. If a higher ESD is more desired, a higher CR can be used with
a slight sacrifice of COP. 

It is worth noticing that the viscosities of ILs are typically higher
han conventional working fluids, future work includes reducing pres-
ure drop by design optimization and strengthening heat/mass transfer
y fluid additives. 
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