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ARTICLE INFO ABSTRACT
Keywords: Absorption chillers are attractive because they use natural refrigerants and can be powered by low-grade heat
Absorption chiller sources. Among the commercially available working fluids, the most common one, HoO-LiBr, has a critical

Heat and mass transfer

Tonic liquid drawback associated with the crystallization of the solution at low temperatures and high absorbent concen-
onic liqui

trations. This limitation restricts the operating range of these systems, especially when they are air-cooled or used

[DMIM][CI] irs . . i . .

Additive as heat pumps. Additives can be used in HyO-LiBr to reduce the crystallization temperature by improving the

HyO-LiBr solubility of LiBr in the solution. However, they often present disadvantages such as the requirement of a
rectifier, and a negative impact on heat and mass transfer. Ionic Liquids (ILs) used as additives represent an
alternative to overcome these drawbacks. In the present study, 6 % of [DMIM][Cl] by mass in absorbent (LiBr +
[DMIM][CI]) is added as an anti-crystallization additive to study its effect on the experimental behavior and
crystallization limit of a HyO-LiBr single-effect bi-adiabatic absorption chiller prototype. Results of H,O-LiBr and
H0-(LiBr + [DMIM][CI]) were compared for the individual heat transfer elements and the global system COP.
The results show a decrease in the crystallization temperature using HoO—(LiBr + [DMIM][CI]), which extended
the operating range of the prototype. A decrease of 15 °C in crystallization temperature was found for HoO—(LiBr
+ [DMIM][CI]) compared to HoO-LiBr at an absorbent mass of 65 %. Crystallization impeded the operation for
H,O-LiBr at the highest driving temperature (100 °C) and lowest cold source inlet temperature (9 °C), whereas
no crystallization was observed at same operating conditions for the (LiBr + [DMIM][CI]) solution. Under the
tested conditions, the addition of the IL as additive increased the chiller operating range without the requirement
of a rectifier and with a negligible impact on the cooling capacity and thermal COP.

consumption, greenhouse gas emissions, and other environmental im-
pacts associated with cooling systems [4 5 6].

Various working pairs have been suggested for absorption technol-
ogy [7], but many have been deemed unsuitable due to factors such as
explosion risks, high costs, corrosion, environmental hazards, inade-
quate transport properties, and chemical instability. Ammonia-water
(NH3-H0) is commonly used (ammonia is used as refrigerant and
water as absorbent) [8 9], but it requires higher driving temperatures
and an additional component, the rectifier. Ammonia’s toxicity also
limits its suitability for space heating and cooling, as inhalation of low
nology [3]. However, this technology faces environmental challenges concentrations of ammonia can cause coughing, irritation of the nose
due to high electricity consumption and greenhouse gas emissions from and throat, while higher concentrations can lead to severe lungs damage

synthetic refrigerants, which cause global warming. To address these or fatality [10]. Water-Lithium Bromide (H,O-LiBr) is preferred for its
challenges, sustainable cooling technologies are crucial. Absorption

chillers offer a promising alternative, utilizing natural refrigerants and
capable of being powered by waste heat or any low-grade heat sources
(ideally, renewable). Their implementation can help reduce electricity

1. Introduction

The demand of cooling, particularly in warmer regions, is rising due
to population growth, improved living standards, and global warming.
This trend is driving increased demand for air conditioning, with pro-
jections indicating a tripling of demand from 2016 to 2050 [1].
Currently, space cooling accounts for 3 % of global primary energy
consumption [2], largely reliant on electric vapor compression tech-

high efficiency, non-toxicity, no need of a rectifier, and low cut-off
temperatures [11 7]. In this solution, water is used as a refrigerant
which is abundant, non-toxic, and inexpensive, while LiBr serves as an
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Nomenclature

COP Coefficient of Performance

G Specific Heat, kJ.kg '.K™?

C Heat capacity, W.K~!

L Ionic Liquid

k Thermal conductivity, Wem ™ leK™?
LiBr Lithium Bromide

m mass flow rate, kg.s~!

Q Heat load

T temperature, °C/K

p density, kg.m ™3

) Pressure, kPa

U Dynamic viscosity, mPaes

€ Thermal effectiveness of heat exchangers
[DMIM][CI] 1,3-dimethylimidazolium chloride
Subscripts and superscripts

a absorber

act actual

c condenser

c.sol concentrated solution

d desorber

d.sol diluted solution

Dis Distributor

e evaporator

EG Ethylene Glycol (50 %) based water solution
ext external circuit

htf heat transfer fluid

i inlet

max maximum

o outlet

Res Reservoir

SHX solution heat exchanger
th thermal

wt liquid water

w mass fraction

absorbent. Although there are some obstacles using this solution (e.g., it
is highly corrosive, it requires bulky components and it presents high
initial cost), but its benefits generally overshadow the drawbacks.
Nevertheless, LiBr crystallization at high concentrations hinders its
operating range and complicates its implementation in air-cooled sys-
tems and heat pumps (for heating purposes). In this case, a separate
direct-contact cooling tower for heat dissipation becomes necessary to
set the intermediate temperature below the ambient temperature, which
in consequence increases the overall system cost and size. Furthermore,
cooling towers are associated with respiratory infections risks caused by
Legionella bacteria. Therefore, improving the solubility of LiBr in the
H0-LiBr solution can enable the technology to be air cooled, elimi-
nating the need of a cooling tower. Furthermore, air cooled systems offer
several benefits including reduced maintenance, lower operating costs
and a compact size.

In recent years, researchers have addressed LiBr crystallization issues
through various methods, including thermodynamic cycle modifica-
tions, system control strategies, improvements in the heat and mass
transfer processes, and crystallization inhibitors [16]. Regarding the
first method, Izquierdo et al. [12] performed a comparative simulation
study of single and double-effect absorption cycle to examine the limi-
tations of air-cooled absorption systems due to the crystallization of LiBr
in HpO-LiBr. Crystallization impedes the operation of the single-effect
cycle when the condensing temperature exceeds 40 °C. However, the
double-effect cycle can operate at condensing temperatures up to 53 °C.
Regarding the second method, Liao and Radermacher [13] investigated
temperature control strategies to prevent crystallization in air-cooled
absorption chillers, enabling their use in cooling, heating, and power
systems. However, this innovative approach compromises the cooling
capacity and COP of the absorption chiller. Finally, regarding the third
and fourth methods, Reimann et al. [14] prepared a solution called
“Carrol” which contains LiBr, ethylene glycol, and 1-nonylamine. In this
solution, 1-nonylamine is used as an additive to improve heat and mass
transfer, while ethylene glycol acts as a crystallization inhibitor. It was
found that the film heat transfer coefficient increased by around 100 %.
However, 1-nonylamine was later replaced by phenylmethyl carbinol
due to its side effect of forming chemically refractory copper soaps in the
presence of copper oxide upon heating. A comparison of the crystalli-
zation curves between Carrol and HyO-LiBr revealed that Carrol offers a
larger feasible operational area than HyO-LiBr. However, due to the
potential presence of trace amounts of ethylene glycol in the vaporized
refrigerant from the generator, Inoue [15] and Park et al. [16] recom-
mended incorporating a rectifier in absorption systems utilizing Carrol

as the working fluid. Kim et al. [17] analyzed the theoretical COP of LiBr
+ HyN(CH3)20H + H30, LiBr + HO(CH3)30H + Hy0 and LiBr+
(HOCH,CH3)oNH + H,0 as potential working fluid solutions for air-
cooled absorption chillers. Among these solutions, LiBr + HoN
(CH2)20H + H0 provided the widest operating range due to its
improved solubility. However, several problems were identified,
including corrosion, deterioration of heat and mass transfer perfor-
mance, and the requirement of a rectifier. Yoon and Kwon [18] per-
formed a cycle analysis of an air-cooled double-effect absorption chiller
using HyO-LiBr + 1,3 propanediol (HO(CH3)30H) as a new working
fluid. The simulation results indicated that this new working fluid could
offer an 8 % higher crystallization limit compared to the conventional
H»0-LiBr solution. Thermal properties and corrosion characteristics of
LiNO3 in H30-LiBr, Lil in HpO-LiBr [19], and (Lil + LiNO3 + LiCl) in
H0-LiBr [20] were reported. LINO3 was added as a crystallization in-
hibitor and corrosion inhibitor. Likewise, Lil also acts as a crystallization
inhibitor, while LiCl acts as a pressure depletion agent. Different pro-
portions and combinations of (LiCl + LiI + LiNO3) in HyO-LiBr were then
used by a Japanese company [21] for a double effect air-cooled ab-
sorption machine. As a result, the allowable operating temperature for
condenser and absorber increases by 4 °C and 10 °C, respectively,
compared to a water-cooled system. In a systematic investigation, Wang
et al. [22] examined the crystallization temperature of HyO-(LiBr +
CHO3Na). The results showed an unsatisfactory crystallization perfor-
mance of the proposed solution, complicating its implementation in a
refrigeration system.

In the search for new absorbents for the conventional refrigerants
(NH3 and H0) to form innovative working fluids that overcome the
drawbacks of the conventional working fluids, Ionic liquids (ILs), liquid-
state salts at room temperature, have gained attention in absorption
technology. Aratjo et al. [23] performed a thermodynamic analysis of a
single-effect absorption refrigeration system using two ILs as absorbents
([EMIM] [EtSO4] and [EMIM][BF,]). The H,O-[EMIM][EtSO4] solution
showed similar COP and an exergetic efficiency compared to conven-
tional HyO-LiBr systems, especially at low absorber and condenser
temperatures and high evaporator temperatures. Zhai et al. [24]
explored five different ILs ([BMIM][BF4], [DMIM][DMP], [EMIM]
[DMP], [EMIM][OAc], and [EMIM][OMs]) under different operating
conditions, finding LiBr optimal for a targeted COP below 0.778. On the
other hand, [EMIM][OAc], [EMIM][OMs], and [BMIM] [BF4] exhibited
a superior performance for a targeted COP above 0.778. Despite theo-
retical good performances and no crystallization issues, ILs’ poor
transport properties result in lower experimental thermal COPs.
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Alternatively, ILs have recently been suggested as additives for HoO-LiBr
given their low vapor pressure and water absorption capabilities [25 26
27]. Their implementation could provide an anti-crystallization effect
without the common drawbacks associated with commonly known ad-
ditives (the requirement of a rectifier, and a negative impact on heat and
mass transfer). Krolikowska et al. [28 29] investigated various ILs’ in-
fluence on the solubility of HyO-LiBr. They concluded that even small
quantities of IL significantly affect the range of liquid composition
achievable at the operating temperature conditions of the absorber.
Shiflett et al. [30] studied various ionic compounds in HyO-LiBr and
found them to be effective as working solutions in absorption systems.
The inclusion of these ionic compounds as additives demonstrated a
reduction in the crystallization issue in such systems.

Absorption chillers are attractive because they utilize natural re-
frigerants and can be powered by waste heat or other low-grade heat
sources. The HyO-LiBr working solution is preferred due to its non-
toxicity, the absence of a need for a rectifier, and its low cut-off tem-
peratures. However, the inherent crystallization issue of LiBr makes this
technology difficult to operate at high concentrations. Implementing ILs
as additives enhances LiBr solubility in H,O-LiBr, facilitating the use of
absorption machines as air-cooled systems and heat pumps. Despite
some research indicating this potential, there is a gap in the literature
regarding the impact of ILs as an additive on real prototypes. This study
aims to address this gap by investigating the effect of adding an IL as
additive in a HoO-LiBr single-stage bi-adiabatic absorption chiller that
uses a technology patented by Altamirano Cundapi et al. [31]. After the
most promising additive was identified ([DMIM][CL]), it was added as
part of the absorbent in HyO-LiBr and incorporated into the prototype.
Results compare the behavior of the different heat transfer elements and
the overall prototype performances using both H>O-LiBr and HyO—(LiBr
-+ [DMIM][CI]).

2. Methodology

In order to meet the above-mentioned objectives, the following
methodology is adopted: the selection of the most promising additive
and the preparation of the H,O—(LiBr + [DMIM][CI]) solution are dis-
cussed in detail in section 2.1. The thermophysical properties of [DMIM]
[Cl] in HoO-LiBr is discussed in section 2.2. The description of the ab-
sorption machine prototype and experimental conditions employed for
this study are discussed in section 2.3. Finally, the procedure to evaluate
the data is described in section 2.4.

2.1. Selection of ionic liquid and solution preparation

In the process of choosing the most promising commercial ionic
liquid to be used as an additive, two key properties were taken into
consideration: first, the reduction in crystallization temperature with
respect to the pure HyO-LiBr solution and second, a vapor pressure close
to that of HoO-LiBr. Based on this, five different ILs were selected: 1,3-
dimethylimidazolium chloride [DMIM][Cl], 1-Butyl-3-methylimidazo-
lium bromide [BMIM][Br], 1-Butyl-3-methylimidazolium chloride
[BMIM][CI1], Tris-(2-hydroxyethyl)-methyl-ammonium methyl sulfate
[MN((CHz2)2(0OH))3]1[MeSO4] and 1-Butyl-3-methylimidazolium acetate
[BMIM][OAc] after literature review [32 30]. Their chemical and
physical properties were characterized, as this was crucial for accurately
determining their thermophysical properties. Since the chemicals were
provided by various companies, it was essential to verify their chemical
structures and identify present impurities. Nuclear Magnetic Resonance
(NMR) Spectroscopy was used to verify the chemical structure of each
IL. Only small peaks were observed, which can correspond to some
remaining products from the synthesis process. The presence of impu-
rities such as water and halides were assessed through titration and
atomic absorption spectroscopy methods. The water content of ILs
ranged from 200 to 6500 ppm, which was satisfactory given their strong
hydrophilic nature, making water removal a challenging task. Whereas
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the halide content in each IL was below 200 ppm, aligning with the
specifications provided by the supplier companies. The thermal stability
of the ILs was measured using a thermogravimetric balance, indicating
that each selected IL exhibits a stability above 200 °C. The [MN
((CH2)2(0OH))3]1[MeSO4] was discarded because it presented some side
reactions with the LiBr.

To determine the minimal amount of ionic liquid (IL) necessary to
achieve a substantial decrease in crystallization temperature (more than
10 °C), the solubility temperature was measured at a total absorbent
composition of 65 % (LiBr + IL) for each of the ILs solution. The solu-
bility temperature was obtained when the last crystal disappears upon
heating the solution. The IL mass fraction in the absorbent was raised
from 0 % to 33 %, increasing by 3 % approximately at each step. From
the tested ILs solutions, the one with [DMIM][Cl] shows the solubility
temperature depletion of more than 10 °C for a 6 % mass fraction in
absorbent, whereas the other solutions required 9 % mass fraction of
additive to reach similar results. At 6 % mass fraction of ILs in absorbent,
the decrease in crystallization temperature follows this order: [DMIM]
[Cl] > [BMIM][OAc] > [BMIM][Cl] > [BMIM][Br].

Another important criterion in selecting the ionic liquid was the
vapor pressure of the resultant working solution. A working solution
with lower vapor pressure is important because it indicates a stronger
affinity between water and the absorbent. For this, the vapor pressure of
the ILs (with mass fraction of 6 % for [DMIM][C]] while 9 % for [BMIM]
[OAc], [BMIM][CI] and [BMIM][Br]) in H,O-LiBr solution was
measured. Experimental results showed that for imidazolium based ILs
with the same cation, the depletion in vapor pressure has the following
order: [Br] > [Cl] > [OAc]. Whereas the reduction of alkyl chain length
in the cation results in higher depletion in vapor pressure of the system.
For the chloride anion, the trend in terms of cation has the following
order: [DMIM] > [BMIM]. The vapor pressure values were also
compared to those obtained by Raoult’s law, corresponding to the par-
tial vapor pressure of water, as the absorbent was considered non-
volatile. The four IL solutions show a negative deviation from the
values calculated by Raoult’s law at 30 °C, signifying a strong affinity
between the refrigerant and the absorbent. Among all the investigated
Ho0—-(LiBr + IL) solutions, HoO—(LiBr + [DMIM][CI]) presents vapor
pressure closer to the HyO-LiBr solution.

Based on solubility and vapor pressure, [DMIM][CI] with a mass
fraction of 6 % in absorbent (LiBr + IL) was selected. Further details on
the selection and composition of the Ionic Liquid are provided in an
internal report of the CREVER Research Group that is result of a
collaborative work with YTC America [33].

To examine the thermal stability of new solution H20-(LiBr +
[DMIM][CI]), the sample was prepared in glass vessel and stirred for 30
min. It was distributed to two closed vessels where one sample was kept
at room temperature while the other one was kept in an oven at 95 °C.
The pH and NMR spectra was performed on the prepared samples after
14 days. It was found that the pH and structure of samples does not show
significant changes comparing to the spectrum of freshly prepared
sample. After 32 days, the experiments were repeated and found NMR
spectra similar to the sample prepared after 14 days. The pH was
approximately similar (little less) as compared to the sample prepared
after 14 days. Finally, to prepare the solution, [DMIM][CI1] with 97 % of
purity was added as an additive in HyO-LiBr. In the absorbent (LiBr +
[DMIM][CI]), the mass fraction of 6 % is attributed to [DMIM][CI] while
remaining 94 % consist of LiBr. The addition process was carried out
with continuous stirring to create a uniformly mixed solution of HyO-
(LiBr + [DMIM][CID.

The refrigerant used in the HoO—(LiBr + [DMIM][CI]) solution is
H»0, a natural refrigerant that is safe and poses no harm for space
cooling and heating applications. While LiBr and [DMIM][CI] are non-
volatile, chemically and thermally stable, making them suitable for
use in absorption refrigeration systems. Additionally, they are non-
flammable, reducing the risk of fire-related incidents. Although they
are non-volatile, but they are toxic. Careful handling and disposal are
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recommended to minimize adverse effects on health and the environ-
ment. The use of appropriate personal protective equipment is advised
when handling LiBr and [DMIM][CI]. In case of skin or eye exposure,
rinsing with plenty of water is recommended. Therefore, the addition of
[DMIM][CI] does not pose any significant additional safety or environ-
mental risks compared to LiBr.

2.2. Thermophysical properties of the HoO—(LiBr + [DMIM][CL])
solution

The properties of HyO-LiBr containing 6 % of [DMIM][Cl] as additive
in absorbent were experimentally determined by the CREVER Research
Group. The visual-polythermal method was used to measure the solu-
bility; this method involves identifying the temperature at which the
transition from a solid to a liquid phase occurs, i.e., when the last crystal
dissolves in a saturated solution. The procedure conducted with the use
of a glass cell and thermal bath. The cell’s temperature was measured
using a digital precision thermometer (Anton Paar MKT100) equipped
with a platinum thermoresistance PT 100 with the accuracy of + 0.01 K.
The estimated uncertainty in the experimental temperature was + 0.02
K. The detailed experimental technique is described in reference [34].
The solubility data of HyO-LiBr and HyO—(LiBr + [DMIM][CI]) for
absorbent mass fractions (Waps = Wy, + Wiigy) from 57 % to 69 % cor-
responding to temperatures from 0 to 90 °C is presented in Fig. 1 [34
35]. From this figure, one can observe that the solubility limit at similar
absorbent concentrations is reached for lower solution temperatures in
the case of the solution with the additive, which clearly decreases the
risk of crystallization of the solution if implemented in an absorption
chiller prototype.

A static method was used to obtain the vapor pressure data. The
experimental method and apparatus detail is described in reference
[36]. The setup included an equilibrium cell, a precise pressure
controller (Ruska), a differential pressure null transducer (DPT) (Ruska)
and two Haake proportional temperature controllers for a double walled
thermostated bath of 25 L capacity filled with water. The bath temper-
ature was controlled (within + 0.01 K) and determined utilizing a digital
precision thermometer (Anton Paar MKT 100). Two stainless steel cells
(with volumes of 149 cm® and 193 ¢cm®) were used for high-pressure
measurements. Pressure was measured using digital pressure gauges
(with uncertainty of & 0.05 kPa). Mettler balance (with a precision of +
0.001 g) was used to weigh the components. Fig. 2 shows the vapor
pressure for an absorbent mass fraction between 52.31 % to 62.24 %,
corresponding to solution temperatures in the range of 20 °C to 100 °C.
Even though the vapor pressure lines at identical concentration are close

100 T
90 T
80 +
70 +
60 +
50 Tt
40 +
30 + -

Solubility Temperature (°C)

10 + - 7

0 t t

20 + - ==
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to each other, as a general trend, one can observe that the vapor pressure
of the HoO—(LiBr + [DMIM][CI]) solution is higher than that of the H,0O-
LiBr solution. This would lead to slightly higher equilibrium absorbent
concentrations in an experimental prototype given the same pressure
and temperature conditions in the sorption exchangers (i.e., the
absorber and the desorber). The combined uncertainties in vapor pres-
sure were + 0.037 kPa (when p < 10 kPa), +0.14 kPa (when p < 20
kPa), and + 0.12 kPa (p < 50 kPa), where uncertainty in absorbent mass
fraction and temperature were 0.02 %, and 0.1 K respectively, with a 95
% level of confidence (k = 2).

An Anton-Paar vibrating tube densimeter connected to pressure
system was used to obtain the density. To avoid the evaporation of the
solvent, pressure was set higher than the saturation level across the
entire measurement range. The vibrating tube densimeter was
temperature-controlled using a water bath with a resolution of 0.1 K. A
digital precision thermometer (Anton Paar MKT100) with + 0.01 K
accuracy was used to measure the sample temperatures. The experi-
mental setup and procedure have been previously detailed in ref [37].
Fig. 3 shows the density for absorbent mass fractions from 51.55 % to
61.31 %, corresponding to solution temperatures from 20 °C to 100 °C.
As observed from this figure, the density of the proposed solution (with
the additive) is systematically lower as compared to the conventional
H0-LiBr solution, which is beneficial to the pressure losses when
implemented in an experimental prototype. The maximum difference is
noted 6 % on average at 57.14 % mass fraction. It can also be seen that
density decreases as the mass fraction decreases and temperature in-
creases. The combined uncertainty in density was 1.1 kgem >, where
uncertainties in mass fraction and temperature were 0.02 % and 0.1 K
respectively, with a 95 % level of confidence (k = 2).

A piston-type viscometer (Cambridge Viscopro 2000) was utilized
(viscosity range of 1 to 20 mPa-s). The measurements were temperature-
controlled using a Julabo F20-ME water bath. To measure the temper-
ature, Pt-100 thermometer situated inside the viscosimeter was used.
The more detail about experimental procedure and setup are given in
reference [37]. Fig. 4 presents the dynamic viscosity data for absorbent
mass fractions from 52.31 % to 62.24 % corresponding to solution
temperatures from 30 °C to 100 °C. From this figure, one can observe
that the dynamic viscosity of HyO—(LiBr + [DMIM][CI]) is lower as
compared with the HyO-LiBr solution, especially at high absorbent
concentrations. It can also be seen that the viscosity decreases as the
mass fraction decreases and temperature increases. The maximum dif-
ference was noted at the absorbent mass fraction of 57.41 %. The
combined uncertainties in dynamic viscosity were + 7 % (n < 5 mPaes)
and + 5 % (n < 25 mPaes), while the uncertainties in mass fraction and

1 i 1

0.57 0.59 0.61

T T T

0.63 0.65 0.67 0.69

Absorbent mass fraction W abs(kg/kg)

==== Crystallization line H2O-LiBr[35]

==== Crystallization line H2O-(LiBr+IL)[35]

Fig. 1. Solid-liquid equilibrium curves of H,O-LiBr and H,O—(LiBr + [DMIM][CI]) solutions [35].
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Fig. 2. Vapor pressure for H;O-(LiBr + [DMIM][CI]) and HO-LiBr at different temperatures and absorbent concentrations [33].
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Density of HyO—(LiBr + [DMIM][CI]) and H,O-LiBr at different temperatures and absorbent concentrations [33].
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Fig. 4. Dynamic viscosity of H,O—(LiBr + [DMIM][CI]) and H,O-LiBr at different temperatures and absorbent concentrations [33].

temperature were 0.02 % and 0.1 K respectively, with a 95 % level of
confidence (k = 2).

The isobaric heat capacity was measured by calorimetry using two
specially designed stainless-steel vessels to prevent the presence of any
vapor phase. The heat capacity of samples was measured using step

method. To take the measurements, the measuring vessel was sequen-
tially filled with a vacuum, water, and sample, while the reference vessel
was maintained under vacuum (while the heating rate was 0.3 K.min_l).
The experimental setup and procedure have been previously detailed in
reference [34]. Fig. 5 presents the specific heat capacity data for
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Fig. 5. Specific heat capacity of HoO—(LiBr + [DMIM][CI]) and H,O-LiBr at different temperatures and absorbent concentrations.

absorbent mass fractions from 49.97 % to 63.14 % corresponding to
solution temperatures from 20 °C to 100 °C. It can be observed from the
figure that the specific heat capacity of HoO—(LiBr + [DMIM][CI]) is
more as compared to HoO-LiBr. Additionally, the deviation between the
two working solutions is more at higher mass fraction as compared to
lower mass fraction. For instance, it is 13 % and 3 % higher on average at
63.14 % and 49.97 % mass fraction respectively. The uncertainty was
estimated as 0.034 J/(g-°C) for the heat capacity and 0.01 K for the
temperature.

2.3. Absorption chiller experimental prototype and experimental
conditions

The tested prototype is a 2-kW single-stage bi-adiabatic absorption
chiller integrating 3D-printed adiabatic sorption exchangers (i.e., the
absorber and the desorber) designed and patented by Altamirano Cun-
dapi et al. [31]. In the desorption mode, the adiabatic sorption
exchanger was characterized and demonstrated a mass effectiveness
higher than 90 % at the nominal machine operating conditions [38]. The
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Fig. 6. Schematic diagram of the studied single-stage absorption chiller.
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detailed description of the absorption chiller operation and its para-
metric global and component’s characterization will be presented in a
separate article. The main components of this system include an
absorber heat exchanger (vii), an adiabatic absorber (i), a desorber heat
exchanger (ix), an adiabatic desorber (ii), an evaporator (iii), a
condenser (iv), a solution heat exchanger (xi), a siphon (v) and a water
storage tank (vi). The main specificity of this prototype is that it uses
commercially available plate heat exchangers (PHEs) for the heat
transfers and 3D-printed adiabatic sorption exchangers for the mass
transfers (i.e., the desorption and the absorption). The detailed sche-
matic diagram of the prototype is presented in Fig. 6. The prototype
operates as follows: the desorber heat exchanger (ix) heats up the so-
lution (Qq) coming from the desorber recirculation pump (x), the su-
perheated solution entering the adiabatic desorber (ii) generates then
water vapor that flows to the condenser (iv), where it is liquefied; the
heat released during condensation (Q¢) is transferred to a cooling water
source. The condensate is transferred from the condenser to the evap-
orator (iii) via a siphon (v) that is used to absorb the pressure difference
between the two internal pressure levels through liquid hydrostatic
pressure. Once in the evaporator, water undergoes phase change pro-
ducing a cooling effect (Q.) on the cold source. The generated vapor
flows then to the adiabatic absorber (i) where it is absorbed by a solution
that has been previously subcooled (Q,) in the absorber heat exchanger
(vii) and that is circulated thanks to the absorber recirculation pump
(viii). This pump is also used to send a part of the diluted solution to the
desorber, where the cycle starts again. On the way from the absorber to
the desorber, the solution passes through an internal heat recovery de-
vice (solution heat exchanger, (xi)) which pre-heats it and pre-cools the
solution coming from the desorber to the absorber.

A 7-kW electric resistance is used as a high temperature source, the
intermediate temperature that links the absorber and the condenser in a
parallel configuration is maintained at the desired temperature by
means of a heat exchanger supplied with tap water; finally, a 3-kW
thermostatic bath is used as the cold source. A water storage tank (vi),
connected to the evaporator is used to absorb the solution concentration
variations (impacting its water content) in the system. The free surface
level in the evaporator is fixed by the amount of water within the water
tank, On the other hand, the chamber of the adiabatic absorber (i) is
used as a solution storage tank to absorb the concentration variations.
The solution level in the adiabatic desorber chamber is kept constant
thanks to an overflow. Regarding the instrumentation, PT100 temper-
ature probes are used to measure the temperature at all the desired lo-
cations, whereas Coriolis mass flow meters are used to determine the
concentration and flow rate of the diluted and concentrated solutions
before entering the adiabatic absorber and desorber, respectively.
Capacitive pressure sensors are placed at the top of adiabatic absorber
and desorber tanks to measure the high and low operating pressures.
Finally, magnetic flow meters are used to measure the flow rate of the
external heat transfer fluid (HTF) circuits (desorber heat exchanger,
absorber heat exchanger, condenser, and evaporator). Regarding the
data acquisition, an Agilent 34972A data acquisition system is used
coupled with a LabVIEW user interface to collect and display in real time
the sensors data with an acquisition frequency of 0.1 Hz.

The experimental conditions used in the present study are shown in
Table 1. The testing facility allows the independent control of all inlet

Table 1

Operating conditions.
Driving temperature at the desorber heat exchanger 90 °C, 100 °C
Cold source inlet temperature at evaporator 9°C—-25°C

Intermediate temperature source (inlet of condenser and absorber) 25 °C

Absorber heat exchanger HTF flow rate 8 Ipm
Condenser HTF flow rate 7 lpm
Desorber heat exchanger HTF flow rate 8 Ipm
Evaporator HTF flow rate 7 Ipm
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variables, enabling to compare the performance of H>O-LiBr and HyO—
(LiBr + [DMIM][CI]) solutions. During experiments, the steady-state
condition is assumed to be reached after 30 min of constant indepen-
dent variables. For the data presented in this work, at least 5 min of
averaged data was used for every steady-state condition. As an example,
the Fig. 7 shows the temperature of heat transfer fluid at inlet and outlet

position of the adiabatic absorber as a function of time at Tﬁ'{ =100"C

and 'Ii"lf = 9°C, for the case of IL. After 20 min, the curve stabilizes with
only a minor deviation, which is within the temperature sensor’s un-
certainty of 0.1 °C. To ensure that all other variables (including internal
and external circuit variables) also reach a steady state, a duration of 30
min was typically chosen. This criterion was consistently applied to all
other variables.

2.4. Data calculation

The measured variables allow to calculate the parameters needed to
compare the performance of HyO-LiBr and HyO-(LiBr + [DMIM][C1])
solutions in the absorption chiller prototype. These parameters are
described in Egs. (1)-(9) for the desorber heat exchanger heat load,
absorber heat exchanger heat load, condenser heat load, evaporator heat
load, solution heat exchanger heat load, thermal COP, and heat
exchanger effectiveness, respectively.

Qu = iy ¢%(Tg] — T47) (1)
Qu = g ! (Tef — Ta) @
Q = e (T — T2Y) ®)
Qe =il (1] = TLY) @
Q;hx — mg];i?lcs.sol(rrg.sol _ -I-<ii.sol) (5)
COPy, = % (6)
€= Qact/Qmax )
Where
Qact = Chut(Thot.i - Thot.o)orccald(Tcold.o - cold.i) (8
Qmux = Cmin(ATmaX) 9
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Fig. 7. Temperature as a function of time to reach steady state conditions.
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Where C is the heat capacity rate of the fluid
3. Uncertainty analysis

The experimental setup is instrumented in order to evaluate the
temperature, pressure, flow rates and solution concentration at multiple
point of the cycle. The pressure sensors (Pfeiffer Vacuum CPT 200) have
an accuracy of + 0.2 %. The Coriolis flow meters have a precision of +
0.1 % on the flow rate and density of the fluid. The temperature sensors
(PT100) have a precision of + 0.1 °C. The uncertainty of Krohne AF- E
400 magnetic flow meter was + 0.2 % full scale. The Root Sum Square
(RSS) method, which is a statistical technique, has been used to evaluate
the combined uncertainty in parameters dependent on independent
variables, each with its own uncertainty. First, the individual un-
certainties of the independent variables were identified and squared.
Then, the squared uncertainties were summed, and the square root of
this total was taken. This results in the combined uncertainty for each
parameter. Table 2 presents the uncertainty in each calculated param-
eter resulting from the uncertainty in the measured variables. The un-
certainty at each point is shown in the plots in section 4 in the form of
error bars (in positive and negative directions).

4. Results and discussion

In this section, the results are presented and discussed to study the
effect of [DMIM][CI] as additive in HyO-LiBr on the performance of a
single-stage absorption chiller prototype. The fundamental benefit of
utilizing [DMIM][CI] as additive, relies on the enhanced solubility of the
resulting solution. The impact of [DMIM][Cl] additives on machine
performance are presented in the form of comparison of thermal COP,
heat loads and thermal effectiveness for heat transfer components.

4.1. Improvement in solubility

The solid-liquid equilibrium is illustrated in Fig. 8 in the absorbent
mass fraction range of 0.58 to 0.69 for HyO-LiBr and H,O—(LiBr +
[DMIM][CI]) [34 35] (where [DMIM][CI] mass fraction is 6 % in the
absorbent (LiBr + [DMIM][CI]). Beneath each crystallization line, the
solution contains solid salt, while above them, only a liquid phase is
present. As anticipated, increased temperature results in a greater ca-
pacity for salt to dissolve. In absorption refrigeration and heat pumps,
the exit of SHX rich in absorbent (which is linked to absorber inlet) is the
zone with the highest risk of LiBr crystallization. From Fig. 8, one can
observe an average decrease of 16 °C in crystallization temperature for
Ho0-(LiBr + [DMIM][CI]) in an absorbent mass fraction range between
0.60 and 0.65. A decrease of 15 °C in crystallization temperature was
found for HoO—(LiBr + [DMIM][CI]) compared to HyO-LiBr at an
absorbent mass of 65 %. This clearly shows the potential benefit of
adding [DMIM][Cl] in HyO-LiBr as it considerably improves the

Table 2
Uncertainties in calculated parameters.

Uncertainty in calculated parameters Maximum Absolute Uncertainty

U(Qﬂ) =0.09, U(Qd> =0.11,
\/ O+ ) + (R u(a) - o005 v(a) -

0.077
U(COPy) = 0.027

Uncertainty in heat loadsU(Q) =

Uncertainty in thermal COPU(COPy) =
5COP, 5COP,
( g thqu)2+( ’ th”Qc)z
0Qq 0Qe
Uncertainty in thermal effectivenessU(e) =
oe 2 oe 5
(orug )+ (g,
\/ ET M T, W

Where U represents the Uncertainty in calculated parameters, while u represents the
uncertainty in individual variables

U(eq) = 0.05, U(eg) = 0.06,
Ule:) = 0.054, U(e,) = 0.058
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solubility of the saline solution and can provide a greater safety buffer
against crystallization. The improvement in solubility can allow the
absorption chillers to better operate as air-cooled system (eliminating
the need of a direct-contact cooling tower) and as a heat pump for
heating purposes (where the LiBr concentration needs to be higher).
The improvement in solubility that was measured through the visual-
polythermal method by the CREVER Research Group was experimen-
tally validated by the present study with the experimental absorption
prototype. In Fig. 8, the concentration and temperature of the diluted
solution at the inlet of the SHX are plotted for both studied working
fluids. Most of the points are above the crystallization line; however,
crystallization is observed for HyO-LiBr at the highest driving temper-

ature and lowest cold source inlet temperature (TZf{ =100"C and Ti,"lf =

9°C, respectively), which lead to the highest absorbent concentration
(0.624) at a solution temperature of 29 °C. The crystallization phe-
nomenon impeded the operation of the absorption prototype and
therefore, the results for this steady-state operating condition is missing
(Figs. 6-12). For HoO—(LiBr + [DMIM][CI]), however, no crystallization
was observed at similar operating conditions (solution temperature of
29.4 °C with an absorbent concentration of 0.626). From this, one can
observe that the working fluid with the additive was able to operate in
concentration and temperature ranges that otherwise would be impos-
sible (due to crystallization) with the conventional HyO-LiBr working
fluid and therefore, the effectiveness of using [DMIM][CI] as anti-
crystallization additive in absorption chillers is demonstrated.

4.2. Absorber

The absorber heat load as a function of the inlet evaporator tem-
perature is presented in Fig. 9 showing an increasing trend. The studied
machine links a plate heat exchanger, where heat transfers take place, to
an adiabatic absorber, where mass transfers take place. The thermal load
mentioned here concerns the heat transfer within the exchanger, which
indirectly reflects the efficiency of the mass transfer within the adiabatic

absorber. For the case of TZ‘{ = 90°C, HyO-LiBr and H,O—(LiBr +
[DMIM][CI]) exhibit remarkably similar performances at high inlet
evaporator temperatures (e.g., a relative difference of around 1 % for
Ti”lf = 25°C). While at low inlet evaporator temperatures, the absorber
heat load of HoO-(LiBr + [DMIM][CI]) is higher than that of HoO-LiBr
(e.g., a 8 % relative difference at 'Ii“lf = 13°C). On the other hand, for

Tgf{ = 100°C, the absorber heat load for H,O—(LiBr + [DMIM][CI]) is

higher than that of HyO-LiBr. This difference is more prominent at lower
inlet evaporator temperatures (reaching a maximum of up to 34 % at

Ti”lf =13°C), while it decreases at high inlet evaporator temperatures (e.

g., around 1 % at Tiulf = 25°C). This indicates that high absorbent con-
centrations (low evaporator temperatures and high desorber tempera-
tures) lead to improved absorber heat loads for HoO—(LiBr + [DMIM]
[C1]) compared with HoO-LiBr. An explanation to this might be related
to the lower viscosity and higher specific heat capacity of the solution
with the additive with respect to that of HoO-LiBr, especially at high
absorbent concentrations (see Fig. 4 and Fig. 5). Indeed, a lower vis-
cosity can decrease the falling film thickness and increase the mass
diffusivity of the solution in the adiabatic absorber (reducing the mass
transfer resistance), leading to an enhanced water vapor absorption and
a lower solution concentration at the absorber heat exchanger. In an
adiabatic absorber, heat exchange occurs separately, so the higher
specific heat capacity solution means have higher enthalpy, which can
lead to an increased absorber heat load. Other parameters that might be
impacted by the addition of the additive and that could play an
important role in absorption enhancement includes the properties
affecting heat and mass transfer (i.e., mass diffusivity). Indeed, this
aspect will need to be further investigated in future studies.

From Fig. 9, one can observe that the data point for the conventional
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Fig. 8. Solid-liquid equilibrium curves of HyO-LiBr and H,O-(LiBr + [DMIM][CI]) solutions [35] and diluted solution conditions at the inlet of the SHX during the

experimental campaign in the absorption chiller prototype.
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Fig. 10. Desorber heat exchanger load as a function of the inlet evaporator
temperature.

working fluid (without IL) at a driving temperature of 100 °C and the
lowest inlet evaporator temperature (9 °C) is missing due to crystalli-
zation at this condition. This inlet evaporator temperature is close to the
nominal chilled water temperature of commercial HoO-LiBr chillers
(between 7 and 15 °C) [7]. The presented prototype faces a crystalli-
zation risk at this operating condition, where commercial chillers typi-
cally do not, due to two main reasons: the low effectiveness of the
presented prototype evaporator (see Fig. 14) increases the temperature
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Fig. 11. Condenser heat load as a function of the inlet evaporator temperature.
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Fig. 12. Condenser heat exchanger thermal effectiveness as a function of the
inlet evaporator temperature.

pinch which can result in lower operating pressure in evaporator and
consequently in absorber as compared to commercial chillers. The other
reason is the prototype’s architecture, which, in adiabatic absorption,
leads to higher concentrations of the solution in the solution circuit.
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4.3. Desorber

The desorber heat load as function of the inlet evaporator tempera-
ture is shown in Fig. 10. As expected, the desorber heat load increases as
the driving temperature increases from 90 °C to 100 °C, since higher
driving temperatures increase the desorption potential, increasing the
circulated refrigerant fluid and the heat loads at the different heat
transfer components. Results show that the desorber heat load for H,O-
LiBr is marginally above with less than 3 % difference as compared with
H,0-(LiBr + [DMIM][CI]) at Ti¥ = 90°. The exception is found at
T = 13°, where the heat load for HyO—(LiBr + [DMIM][CL]) is 6 %
higher as compared to HyO-LiBr. For the case of TiY = 100°, the
desorber heat load for HyO-(LiBr + [DMIM][CI]) is higher (up to 11 %)
in comparison with HyO-LiBr. Higher desorber heat load values might be
related to the enhanced desorption phenomenon linked to the theoret-
ical cycle obtained thanks to the higher equilibrium vapor pressure of
HoO—(LiBr + IL) (see Fig. 2) as compared with HyO-LiBr. This means that
for the same operating pressure (set out by the condenser temperature),
the working fluid with the additive has the theoretical potential to reach
a higher concentration (in absorbent). Hence, more refrigerant vapor
can be desorbed with the same driving temperature. Another explana-
tion for this might be related to higher specific heat capacity of the so-
lution with the additive as compared to HyO-LiBr (see Fig. 5). Higher
specific heat capacity solution results in higher heat load as more energy
will be required to reach the desired desorption. From Fig. 10, one can
observe that this phenomenon is less evident at lower absorbent con-
centrations (90 °C driving temperature), for which the desorber heat
loads are remarkably close for both solutions.

4.4. Condenser

The heat load at the condenser as a function of the inlet evaporator
temperature is shown in Fig. 11. The condenser heat load increases with
both Tke‘fif and Tg‘f As discussed in section 4.3, the increased driving
temperature increases the refrigerant desorption rate at the desorber.
Consequently, the condenser load increases as the refrigerant flow rate
increases. At T“}fif = 90°C, the condenser heat load for HyO—(LiBr + IL) is
slightly lower as compared with HyO-LiBr (a relative difference in the
range of 2-8 %). On the other hand, for the case of T} = 100°C, the

condenser heat load is higher for the solution containing [DMIM][CI]

tf
i

17 % for Th{ = 25°C. The reason behind this might be explained by the
same phenomenon happening in the desorber; i.e., as discussed in sec-
tion 4.3, an increased desorption potential of the solution due to an
increased equilibrium vapor pressure. The higher refrigerant mass flow
rate generated by the solution with the additive ends up flowing to the
condenser, where higher heat loads are required.

The thermal effectiveness of the condenser as a function of the inlet
evaporator temperature is shown in Fig. 12. The thermal effectiveness

increases with both T'Y and T4,

with a relative difference that is low (8 %) at low TL‘ and increases up to

which is directly related to condenser
heat load. Indeed, the effectiveness of the exchanger increases with the
refrigerant flow rate, which is a normal behavior in the turbulent regime
[39]. The thermal effectiveness for HoO-LiBr is 0.55 and 0.64 on average
at driving temperatures of 90 °C and 100 °C, respectively. Whereas, for
H0—(LiBr + [DMIM][CI]), the thermal effectiveness is 0.53 and 0.64 on
average for the same conditions, respectively. The performance of the
condenser with both solutions is similar (as expected) with a relative
difference of less than 4 % at 90 °C and 100 °C driving temperatures.

4.5. Evaporator

The cooling capacity as a function of the inlet evaporator tempera-
ture is shown in Fig. 13. As observed, it increases with both T2t and ThY.

10
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Fig. 13. Cooling capacity as a function of the inlet evaporator temperature.

Indeed, increasing the driving temperature results in an increase of
thrust, meaning that more thermal energy is available to drive the ab-
sorption process, facilitating the desorption of the refrigerant from the
absorbent solution. Consequently, this enables the generation of more
cooling capacity in the evaporator. In the case of T} = 90°C, the
cooling capacity for the conventional working fluid is higher (up to 15
%) in comparison with that of the solution with IL, especially at low ThY.
Whereas in the case of T} = 100°C, the cooling capacity of HyO—(LiBr

-+ [DMIM]I[CI]) is lower at high values of T}e‘?f (e.g., it is 8 % lower at

5t

Tz‘fif = 25°C), but higher at low Tlelfif (e.g., it is 12 % higher at Tgtif =
13°C). This might can be explained by the uncertainty in the measure-
ments. According to the phenomena observed at the different compo-
nents, the evaporator heat load should be systematically higher at high
driving temperatures, which is not the case. The reason behind this
might be related to the specific design of the prototype. Indeed, as
mentioned in section 2.3, the evaporator’s level is regulated through the
water storage tank (which is connected in parallel). Therefore, at lower
solution concentrations (higher evaporating temperatures), the water
level in the evaporator is lower, which might have an impact on the
available exchange surface for evaporation, limiting its performances
and leading to the poorer results of the evaporator load at these
conditions.

The evaporator thermal effectiveness as a function of the inlet
evaporator temperature is shown in Fig. 14. This effectiveness is 0.35
and 0.40 on average for the HyO-LiBr solution at driving temperatures of
90 °C and 100 °C, respectively. For the case of H,O—([DMIM][CI] +
LiBr), the thermal effectiveness is 0.39 and 0.41 on average for the same
conditions, respectively. The average difference at 90 °C and 100 °C of
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Fig. 14. Evaporator thermal effectiveness as a function of the inlet evaporator
temperature.
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driving temperature is small, which depicts the same performance of
both working fluids. A small difference at a driving temperature of
100 °C is however observed typically at lower evaporator temperature.
This difference can be attributed to the experimental uncertainties.

4.6. Thermal COP

The thermal COP as a function of the inlet evaporator temperature is
presented in Fig. 15. The COP values of this prototype are significantly
lower than the nominal ones of commercial HyO-LiBr absorption
chillers, which typically range from 0.6 to 0.8) [7]. This discrepancy
might be explained by the low effectiveness of the evaporator, which
was designed for a nominal effectiveness of 0.8 using existing data from
the literature on a single plate [40]. However, other phenomena are
involved when using multiple plates in a commercial PHE. This matter,
along with the performance evaluation of this prototype and its various
elements using HoO-LiBr under different operating conditions, will be
addressed in a separate article.

From Fig. 15, one can observe that increasing Tgf leads to an increase
of the thermal COP for both solutions. At a driving temperature of 90 °C,
the thermal COP for H,0O-LiBr remains higher when compared to that of
H,O-(LiBr + IL), with an absolute difference that increases at higher
inlet evaporator temperatures (0.01 at T2 = 13°C and 0.03 at TI{ =
25°C). For T = 100" C (leading to higher solution concentrations), the
thermal COP of both solutions is nearly identical, with a relative dif-
ference of less than a 1 % at low inlet evaporator temperatures. At higher
inlet evaporator temperature at a driving temperature of 100 °C, how-
ever, the thermal COP of HyO-LiBr is up to 17 % higher than that of HoO-
(LiBr + IL). This discrepancy is attributed to the lower solution recir-
culation ratio in the desorber for the IL-containing solution compared to
non-IL-containing solution. The recirculation ratio for absorber/
desorber in the presented prototype is the ratio between the mass flow
rate of the solution exchanged between the desorber and the absorber,
and the mass flow rate of the solution recirculating in the adiabatic
absorber and desorber. A possible reason for the lower recirculation
ratio in the desorber is a minor disturbance in the ball valve located in
the solution line. Consequently, an increase in the mass flow rate of the
solution in the economiser leads to an increase in the heat rate in the
desorber heat exchanger for the same cold production, resulting in a
lower thermal COP at these operating points for the solution containing
IL. Therefore, it is to note that this discrepancy is not related to the
properties of the new solution. In addition, in this research we chose to
implement IL additives in HyO-LiBr in a prototype absorption chiller
because we wanted to examine the effect of the additives on each
component of the machine. This approach allowed us to gather detailed
information on every component, which would not have been possible
with a commercial chiller.
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Fig. 15. Thermal COP as a function of the inlet evaporator temperature.
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5. Conclusion

Absorption chillers are attractive because they utilize natural re-
frigerants and can be driven by waste heat or low-grade heat sources.
The water-lithium bromide (H3O-LiBr) working fluid is preferred
because water (used as refrigerant) is abundant, non-toxic, and inex-
pensive. However, the inherent crystallization issue of LiBr at high
concentrations limits the operating range of this technology, restricting
its use as air-cooled systems or heat pumps for space heating. Further-
more, air-cooled systems offer several benefits including reduced
maintenance, lower operating costs and a compact size by eliminating
the cooling tower requirement. To increase this operating range, addi-
tives can be added to HyO-LiBr to improve solubility and decrease
crystallization risks. However, several tested additives have significant
drawbacks, such as considerable reduction in heat and mass transfer and
the requirement of a rectifier. To overcome these drawbacks, this work
experimentally studies the effect of the ionic liquid [DMIM][CI] as ad-
ditive in HoO-LiBr on the performance of a single-stage bi-adiabatic
absorption chiller. The working fluid operated smoothly throughout the
entire experimental domain. Furthermore, the chemical and thermal
stability of the IL allows it to function across a wide range of operating
conditions.

The results show that the absorber heat load for both solutions
perform similar with exception to some points at Tq = 100"C and low
evaporator temperatures. Regarding the desorber, its heat load is higher
(up to 11 %) for HoO—(LiBr + IL) at ngf =100"C, whereas both solutions
exhibit similar performance at ngf =90’ C. Regarding the phase-change
exchangers (i.e., the condenser and the evaporator), the condenser heat
load is higher for HyO—(LiBr + IL) at T} = 100°C and H,0-LiBr at THf =
90°C, respectively. The cooling capacity of both the solutions H,O—
(LiBr + IL) and H2O-LiBr is also found very close to each other at both
driving temperatures (100 °C and 90 °C). Finally, the thermal COP is
similar for both working fluids, except at higher inlet evaporator tem-
perature with a driving temperature of 100 °C. A slightly lower recir-
culation ratio at the desorber side for IL containing solution was the
reason behind this discrepancy.

In the current experimental campaign, the improvement in solubility
that was previously measured through the visual-polythermal method
was experimentally validated. Indeed, crystallization (complete
blockage of the solution) was identified at the SHX with HyO-LiBr at

TZ{ =100°C (the highest driving temperature) and the lowest evapo-

rator temperature (Tfe"i’c = 9°(), for an absorbent concentration of 0.624
at a solution temperature of 29 °C. For HyO—(LiBr + [DMIM][CI]),
however, no crystallization was observed at similar operating conditions
(solution temperature of 29.4 °C with an absorbent concentration of
0.626). Results show the potential of using [DMIM][Cl] as anti-
crystallization additive in HoO-LiBr. Even though crystallization risk
still exists (causing system failure) at very high absorbent concentrations
and low temperatures, depending upon the operating conditions. The
addition of the proposed additive is beneficial for absorption chillers
that require an extended temperature range, typically for air-cooled
systems and heat pumps used for heating purposes. The anti-
crystallization effect is achieved with a negligible impact on the cool-
ing capacity and thermal COP, and without common problems associ-
ated with additives for the same purpose, such as the requirement of a
rectifier and adverse effect on heat and mass transfer. Future work on
H0-(LiBr + IL) will focus on further implementing this additive in a
real residential or commercial application. Additionally, the molecular
level investigation and heat flow associated with phase transitions of the
solutions can be studied in future to provide more information about the
expected improvement of new solution with additive compared to
conventional HyoO-LiBr. Further investigation is needed to study the ef-
fects of undercooling and solid phase composition on the solid-liquid
equilibrium of the new solution to provide valuable insights of
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crystallization processes. Additional studies are also necessary at higher
absorber and condenser cooling water temperatures to evaluate the
impact of crystallization under those operating conditions. The effects of
corrosion and economic considerations of new solution are important
factors for practical applications which need to be addressed in future
research.
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