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bDepartment of Chemical Engineering, ETSEQ, Universitat Rovira i Virgili, Avda Päısos Catalans 26, 43007 Tarragona, Spain
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Abstract

Absorption Refrigeration Cycles (ARC) represent a sustainable technology capable to effectively produce cold with a
modest energy consumption from the use of waste heat or renewable sources. However, the right choice of the working
fluid pair absorbent-refrigerant is essential for a proper working of the system. This contribution is devoted to analyse
the performance of an ARC with a heat exchanger using a wide variety of refrigerants in combination with selected deep
eutectic solvents (DES) as absorbents. Three choline chloride-based and one ionic liquid (IL)-based DESs as absorbers
are combined with sixteen different refrigerants, including hydrocarbons, hydrofluorocarbons and hydrofluoroolefins.The
PC-SAFT equation of state is employed to assess the thermophysical properties of these compounds under the operating
conditions of the cycle. Accurate modelling of the absorption cycle has revealed that the phase behaviour of the working
mixture, especially at high DES concentrations, significantly constrains the temperature and pressure range within
which the cycle can operate. Moreover, idealised models of absorption cycles are insufficient for accurately representing
the capabilities and limitations of these systems, mainly when dealing with complex working mixtures. From the
sixty-four working pair mixtures, only eighteen are suitable for ARCs based on technical and thermodynamics criteria.
Nevertheless, most mixtures exhibit modest coefficient of performance (COP) efficiencies. The use of additional Key
Performance Indicators related to environmental and safety constraints is added to COP to perform a holistic analysis,
establishing a ranking of the best options. Preliminary results indicate that the IL-based DES, in combination with
R227ea and R236ea provide the best performance among all studied systems.

Keywords: Absorption refrigeration cycle; Deep eutectic solvents (DES); PC-SAFT; Climate change.

1. Introduction

The current worldwide environmental concerns are mostly
focused on the adverse repercussions triggered by the accu-
mulation of Greenhouse Gases (GHGs) in the atmosphere.
Human activities have significantly altered the natural and
necessary greenhouse effect exhibited by the planet, lead-
ing to an excessive global warming and one of its most un-
desirable outcomes: the accelerated progression of climate
change [1]. The Paris Agreement of 2015 stands as one of
the most significant international accords aimed at creat-
ing effective tools to reduce greenhouse gas emissions. It
established a target of limiting the increase in global tem-
perature to 2°C above pre-industrial levels, with a strong
commitment not to surpass 1.5°C. Unfortunately, the 1.5
°C goal is likely to be reached between 2030 and 2052 if the
temperature keeps increasing at the current rate. Accord-
ing to the ”Sustainable Development Goals Report” from
2021 and its ”Goal 13” related to climate action, it is ne-
cessary to decrease the anthropogenic CO2 emissions by
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at least 45 % before 2030 compared with 2010 levels and
100 % before 2050 to reach the 1.5 °C goal [2]. Practical
actions to achieve these goals consists of abolishing coal as
an energy source, increasing the investment in renewable
energy, and reducing and recycling global warming gases
[3–7].

Apart from carbon dioxide, other GHGs play an important
role in the context of global warming. In particular, the ef-
fect of the so-called fluorinated gases (F-gases) is remark-
able. F-gases constitute several families of compounds,
including chlorofluorocarbons (CFCs) [8], hydrofluorocar-
bons (HFCs) [9, 10] and hydroflyorolefins (HFOs), which
have been or are currently used in refrigeration, low-temperature
power generation [6, 11], medicine [12], electronics [13], or
as a solvent in the chemical industry [14]. While chloro-
fluorocarbons were banned from production due to their
elevated ozone depletion potential (ODP), HFCs took the
leading role in replacing the CFCs in all their applications
[15]. For that reason, HFC production has constantly in-
creased in the last decades in contrast with other GHGs,
such as CO2, whose emissions have been reduced because
of new regulations and technological improvements [16].
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However, the high Global Warming Potential (GWP) of
most HFCs pushes towards its progressive reduction and
substitution. Notably, hydrofluorooleofins (HFO), also called
fourth-generation refrigerants, are one of the more prom-
ising replacement alternatives in the working fluid refriger-
ation or energy production areas [17–20]. They have lower
GWP than HFCs and shorter life in the atmosphere. In
this manner, HFOs are gaining prominence in vapour com-
pression refrigeration (VCR) and organic Rankine cycle
(ORC) systems [21–23].

An alternative to vapour compression technology is ab-
sorption refrigeration, which considers absorption equip-
ment replacing the compressor [24]. The absorption tech-
nology is a promising alternative because it can use low-
temperature sources to produce cold [25, 26]. However,
these systems have limitations such as crystallisation [26],
low performance [27–29], and the use of additional equip-
ment to ensure the separation [30]. The basic configura-
tion comprises an absorber, a pump, a generator, and an
expansion valve. To a lesser extent than VCRs, this equip-
ment utilises electrical energy to create a pressure differ-
ence and relies on a thermal energy source to separate the
refrigerant from the absorbent.

Absorption refrigeration cycle systems (ARCs) are used in
applications such as pre-cooling [31], as a complement of
cogeneration [32], trigeneration [33], as well as integrated
with VCR systems [34]. This latter application combines
refrigerant and absorbent as working fluid pairs, being wa-
ter/LiBr, for cooling above 0 °C, and NH3/water for cool-
ing below 0 °C the most common ones. However, these
systems are not free of serious drawbacks related to cor-
rosion, crystallisation, and low performance as a result of
high viscosity and poor heat transfer. In this regard, new
absorbents have been proposed, including aqueous solu-
tions [35] and ionic liquids (ILs) [28]. In particular, ILs,
commonly utilised as solvents, stand out for their low va-
pour pressure, tune-ability, chemical and thermal stabil-
ity, and environmental compatibility [36, 37]. In fact, the
use ILs in ARC systems has been studied in combination
with ammonia [28, 38, 39], water [29], R1234ze(E) [40],
and HFCs [41]. Furthermore, laboratory scale absorption
cycles have been tested for R134a [42], and R134 [43],
achieving maximum values for the cooling-to-total-energy
(CE) of approximately 0.5 and 0.6, respectively.

Another family of interesting compounds concerns the use
Deep Eutectic Solvents (DESs). DESs are mixtures of two
or more substances, commonly solid at room temperature,
that take on the roles of acceptor (HBA) and donor (HBD)
in forming a hydrogen bond. The complex network of in-
teractions results in a significant depression of the melting
point of the mixture, far below from that of an ideal sys-
tem. Firstly, described by Abbott et al. [44], their study
has boomed in the last decade. In fact, research on DESs
has delved into their physicochemical properties [45–47] as
and practical applications [48–53], being proposed as suc-
cessors of the ILs [54], based on their lower cost and good

environmental characteristics. [55–57].

Focusing on the use of DES as absorbents in ARCs, Abedin
et al. [58, 59] analysed DES-based absorption refrigera-
tion cycles in two different studies. In the first one [37],
the authors proposed mixtures between R134a as the re-
frigerant and three DESs as absorbents. All DESs had
choline chloride (ChCl) as HBA and urea, glycerol, and
ethylene glycol as HBDs. The authors applied the thermo-
dynamic COSMO-RS model to determine the density and
heat capacity in the proposed systems. The tested mix-
tures yielded a very wide range of efficiency between 1.4
and 99.1 %, based on the ”waste-heat efficiency” criterium,
which neglects the heat input of the generator equipment.
Additional molecular dynamics simulations carried out by
the authors revealed that the interactions between HBD
of the DESs and R134a are weak and do not affect the
solvation of the refrigerant. In the second study [59],
R245fa, R1234zeE, and R1336mzzE were used as refri-
gerants, while ChCl-based DESs with ethylene glycol and
levulinic acid as HBDs were chosen as absorbents. Using
the same methodology above described, lower efficiencies
were obtained. It is also worth to mention the work of
Haghbakhsh et al. [36], presenting a complete energy and
exergy analysis for an absorption system using ammonia
as the refrigerant and three ChCl-based DES as absorb-
ents, with urea, glycerol, and ethylene glycol as HBDs.
The modelling is performed using the SRK-NRTL model,
obtaining a coefficient of performance (COP) around 0.6.
In this study, the absorber and the generator are critical
equipment for the layout. Subsequently, Haghbakhsh et al.
[60] proposed water as the refrigerant using the same set
of DES chosen in the previous study [36]. In this case, the
CPA EOS was applied to determine the thermophysical
properties of the mixture and to simulate the cycle. The
obtained COP of the aforementioned system lies between
0.7 and 0.8, concluding that the working pair water/DES
have the potential to be used in ARCs.

This work aims to propose a theoretical methodology to
analyse and systematise the applicability of DESs as po-
tential absorbents in ARCs using the PC-SAFT equation
of state (EOS), given its proven predictive capacity in
complex mixtures. For this purpose, four different DESs,
including three chlorine chloride based and one IL-based
DES, are combined with a variety of refrigerants, involving
hydrocarbons (HCs), HFCs and HFOs, to perform a com-
plete study of sixty-four possible pairs. Based on a pre-
screening from basic technical requirements, thirty-six mix-
tures have been simulated and optimised in an absorption
cycle in detail, under additional Key Performance Indic-
ators.

The rest of the paper is organised as follows: next sec-
tion is devoted to briefly discuss the theoretical details
related to the PC-SAFT model and the ARC calculations.
Section 3 includes a summary of the results of the differ-
ent absorbent-refrigerant combinations, highlighting the
most interesting insights. Finally, Section 4 summarises
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our main findings.

2. Theoretical background

2.1. Absorption refrigeration cycle modelling

The absorption refrigeration cycle is a traditional config-
uration that lacks the compression stage. Analogously to
a vapour-compression refrigeration system, the absorption
process has a condenser and an evaporator stage. The
compression state is replaced with the absorption of the re-
frigerant on a liquid and then pressurised in a pump. Sub-
sequently, the mixture is separated into a refrigerant and
an absorbent at a generator. Although the performance of
this kind of equipment is typically lower than the vapour-
compression systems, this configuration has the advantage
of a low energy consumption. In addition, the required
energy allows the use of solar power or hybrid systems
for refrigeration, turning these cycles into a sustainable
alternative.

Figure 1 shows a schematic representation of an absorption
refrigeration cycle. The scheme of the process can be de-
scribed in ten stages. A quasi-pure refrigerant saturated
vapour (1) is mixed in the absorber with an absorbent-
rich flow (7). Then, the result of this mixing process (2) is
pumped towards the generator (3). A heat exchanger as-
sists the generator in most absorption cycles and increases
its performance, resulting in heated flow (4). The gen-
erator separates the mixture, where the refrigerant-rich
phase is sent to the condenser (8), and the absorbent-rich
flow is returned to the absorber (6) through an expan-
sion valve (7). It is common to add a rectifier before the
condenser to address any issues related with poor separ-
ation in the generator. Finally, the quasi-pure refrigerant
is cooled, or eventually condensed (9), and expanded in a
valve (10) to be fed again into the evaporator.

In an ideal case, the generator perfectly separates the re-
frigerant from the absorbent, resulting in the flows (8) and
(5). Therefore, the blue lines in Fig. 1 represent the pure
refrigerant, the crimson lines are pure absorbent, and the
violet lines indicate mixture flows. However, at real con-
ditions, the separation is incomplete. Consequently, the
choice of the working fluid pairs is critical to approach
this assumption.

Currently, several models for absorption cycles are avail-
able in the literature [24, 60–63]. Among them, it is worth
to mention the notorious contributions of Yokozeki [24]
and Raeissi [60]. In both cases, the flows linking the ab-
sorption and refrigeration parts are considered pure fluids,
and the thermophysical properties are obtained through
EOS.

One critical parameter for the analysis and modelling of
this process is the flow ratio between the refrigeration sec-
tion (flows (8), (9), (10), and (1)) and the absorption part
of the cycle, f , which is given by

Figure. 1: Schematic representation of a basic absorption refriger-
ation cycle. The crimson-shaded area represents the high-pressure
zone, while the blue area is the low-pressure zone. Additionally, the
blue lines represent the refrigerant-rich flow, the crimson lines are
the concentrated absorbent, and the violet lines concern the mixture
between the refrigerant and the absorber.

f =
ṁ2

ṁ1
= 1 +

ṁ7

ṁ1
(1)

where ṁ2 is the mixture with the absorbed refrigerant, ṁ1

is the refrigerant-rich flow from the evaporator, and ṁ7 is
the quasi-pure absorbent flow. A mass balance yields a
simpler expression for the flow ratio. Also, applying the
pure thermodynamic equilibrium criteria, Eq. (1) can be
re-written as

f =
xr,1 − xr,7

xr,2 − xr,7
(2)

where the subscript r concerns the refrigerant-rich flows.

The flow ratio is always a positive value commanded by
the capability of the absorber to capture the refrigerant.
In contrast, slight variations in the thermodynamic equi-
librium at the absorber and generator pressure can yield
feasibility problems in an accurately modelled cycle. In the
latter case, an optimisation is required, particularly in the
pressure of the generator and condenser. Despite this fact,
the generator temperature can be manipulated, yielding a
change in the conditions of the condenser. It is important
to note that in the case of an ideal absorption cycle mod-
elling, the flow ratio is reduced to f ≈ 1/xr,2. Therefore,
an ideal absorption refrigerator cycle cannot present mass
balance issues which, however, may emerge in many refri-
gerant/absorbent mixtures when a non-ideal behaviour of
the cycle is considered.
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The energy balances of the system are straightforward. In
this framework, each enthalpy is defined by three paramet-
ers; temperature, volume, and mole fractions, i.e. H̃i =
H̃i (Ti, ṽi, xi). The general energy balance is reads

Qg +Qe +Wp = Qc +Qa (3)

where the subscripts g, e, p, c, and a refer to the generator,
evaporator, pump, condenser, and absorber, respectively.

On the one hand, the mechanical work of the pump is given
by an isochoric compression with a mechanical efficiency
of ηp = 1.00, which yields

Wp

ṁ1
=

f

ηp
ṽ2 (P3 − P2) =

f

ηp
(H̃3 − H̃2) (4)

On the other hand, the heat required by the generator can
be calculated as

Qg

ṁ1
= H̃8 − H̃6 + f

(
H̃6 − H̃3

)
(5)

Consequently, the absorbed heat at the evaporator is simply
given by

Qe

ṁ1
= H̃1 − H̃10 (6)

Finally, the coefficient of performance (COP) of the cycle
is given by

COP =
H̃1 − H̃10

H̃8 − H̃6 + f
(
H̃6 − H̃3 +

H̃3−H̃2

ηp

) (7)

The base configuration for analysing the cycle is taken
from Yokozeki [24], where different temperatures for each
piece of equipment are fixed. The generator operates at
373.15 K, while the condenser has a temperature of 313.15
K. The absorber is considered to be at thermodynamic
equilibrium at 303.15 K, while the evaporator lies at 283.15
K. The aforementioned values are typical operational para-
meters for an absorption refrigeration cycle. Consequently,
it can be assumed that the pressures will depend on the
liquid-vapour equilibrium of the chosen refrigerant.

Additionally, ASHRAE explicitly states that the design
pressure should not be less than the pressure arising un-
der maximum operating, standby, or shipping conditions;
in this case, the atmospheric pressure [64]. This condition
can be considered a technical requirement to pre-screen
the feasibility of the original list of refrigerants: they must
exhibit a vapour pressure higher than the atmospheric one
at the evaporator temperature (283.15 K). This restriction
immediately excludes seven refrigerants from the analysis.
The details of the technical criteria for each refrigerant, as
well as the vapour pressures of the refrigerants at the evap-
orator and condenser temperatures, are shown in Table 1.

2.2. Working fluids modelling

SAFT and its different versions represent a family of molecular-
based equations of state [66–68] rooted on statistical mech-
anics principles [69–71]. These models are capable of ren-
dering the phase behaviour and thermophysical properties
of a wide variety of compounds, including associating and
highly polar species [72–74]. One of the most popular em-
bodiments of these models is the PC-SAFT EOS [75, 76],
a highly reputed version given its proven versatility and
accuracy in representing real substance behaviour. The
working fluids used in this work had already been success-
fully modelled with this approach [6, 11, 77, 78].

SAFT-type EOSs are expressed as a sum of contributions
to the residual Helmholtz energy function of a specific com-
pound, Ãr. In the particular structure of PC-SAFT, the
contributions to the Helmholtz energy function concern
the addition of different physical characteristics of the mo-
lecule, such as the hard chain, dispersive forces, and phys-
ical association. For the case of a non-polar compound,
the equation reads

Ãr = Ãhc + Ãdisp + Ãa (8)

The superscripts in Eq. (8) concern hard-chain, dispersive,
and association contributions, respectively. Further details
of the EOS model can be found in the original work [75].

The total Helmholtz energy is completed by adding the
ideal contribution, i.e. Ã = Ãr + Ãi, where Ãi is given by

Ãi

RT
= − ln ṽ − 1

RT

x C i
P −R

T
dT 2 + ln

RTΘ

PΘ
+ ÃiΘ (9)

In Eq. (9), TΘ, PΘ and ÃiΘ are the temperature, pressure
and perfect gas Helmholtz energy of a reference state, Θ,
respectively. Additionally, C i

P is the isobaric heat capacity
of the perfect gas, which can be expressed in a polynomial
form as

C i
P

R
= α0 + α1T + α2T

2 + α3T
−2 + α4T

3 (10)

where, R is the universal gas constant, and αi are the para-
meters obtained from the polynomial correlation. While
the thermal part of the ideal term is usually omitted in
vapor-liquid equilibrium calculations, it has an impact on
the evaluation of the enthalpy and entropy values, and is
preserved in the presented formulation. Ideal gas isobaric
heat capacities are readily accessible in the literature. For
common refrigerants, these values have been sourced from
the DIPPR database [79], while for compounds without
available data, the information has been derived through
parametrization using equilibrium data [6]. In the case
of DES, the heat capacities have been determined based
on molecular structure, employing the group contribution
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Table 1: Comparison between the reference and the PC-SAFT predicted pressure for the evaporator and condenser along with the technical
criteria: (1) Satisfies the technical criteria and (2) Do not satisfy the technical criteria.

Name R-number Evaporator AAD Condenser AAD Tech.
pressure (bar) pressure (bar) crit.

NIST* PC-SAFT NIST* PC-SAFT
Hydrocarbons

Isobutane R600a 2.2061 2.2143 0.3717 5.3121 5.3146 0.0471 (1)
Neopentane - 1.0315 1.0348 0.3199 2.6987 2.6957 0.1112 (1)
Isopentane R601a 0.5231 0.5247 0.3116 1.5151 1.5188 0.2442 (2)
Isohexane - 0.1460 0.1453 0.4454 0.5071 0.5066 0.0927 (2)
Isoheptane - - 0.0460 - - 0.1718 - (2)
Cyclohexane - 0.0634 0.0639 0.7775 0.2464 0.2462 0.0893 (2)

Hydrofluorocarbons
1,1,1,2,3,3,3-heptafluoropropane R227ea 2.7957 2.8132 0.6256 7.0245 7.0939 0.9888 (1)
1,1,1,3,3,3-hexafluoropropane R236fa 1.5972 1.6374 2.5150 4.3672 4.4299 1.4349 (1)
1,1,1,2,3,3-hexafluoropropane R236ea 1.1812 1.1848 0.3089 3.3743 3.3730 0.0385 (1)
1,1,1,3,3-pentafluoropropane R245fa 0.8242 0.8400 1.9165 2.5065 2.5230 0.6601 (2)
1,1,2,2,3-pentafluoropropane R245ca 0.5404 0.5642 4.4129 1.7330 1.7598 1.5465 (2)
1,1,1,2-tetrafluoroethane R134a 4.1461 4.1417 0.1061 10.166 10.164 0.0157 (1)

Hydrofluoroolefins
2,3,3,3-tetrafluoropropene R1234yf - 4.4451 - - 10.333 - (1)
3,3,3-trifluoropropene R1243zf - 3.7514 - - 8.8412 - (1)
1,3,3,3-tetrafluoropropene R1234ze(E) - 3.0839 - - 7.6834 - (1)
1-chloro-3,3,3-trifluoropropene R1233zd - 0.7186 - - 2.1144 - (2)
*The column ‘NIST’ correspond to the models available is NIST’s web page of Thermophysical Properties of Fluid Systems

The specific references for the technical EOS are not cited in this work. However, most of then are compiled in the work of Span [65]

Table 2: Parameters of Eq. (10) for the isobaric heat capacity of hydrocarbons, hydrofluorocarbons, hydrofluoroolefins and DESs tested in
absorption refrigeration cycles.

R-number α0 α1 α2 α3 α4 T. range Source
or shortcut ·102 ·105 ·108 K
R600a 2.7742 3.5937 –1.1060 –43767.70 0.0000 200.00-1500.00 [79]
Neopentane 3.5379 4.4652 –1.2188 –93539.26 0.0000 200.00-1500.00 [79]
R227ea 11.4525 2.9941 –1.4029 –250545.45 0.0000 200.00-1500.00 [79]
R236fa 28.5248 –4.4111 4.7924 –423569.64 0.0000 223.15-367.85 [6]
R236ea 9.0321 3.1804 –1.4660 –199252.44 0.0000 223.15-367.85 [6]
R134a 0.1156 4.4116 –3.8776 0.00 1.2857 273.00-1000.00 -
R1234yf –2.9847 7.1498 –8.1282 15699.73 0.0000 223.15-367.85 [6]
R1243zf –3.0828 7.3849 –8.3955 16215.99 0.0000 250.00-370.00 [6]
R1234ze-E –3.1271 7.4909 –8.5159 16448.70 0.0000 183.15-382.55 [6]
[ChCl][EG]1 2.8046 3.8526 –1.1562 0.00 –0.1936 273.00-1000.00 -
[ChCl][LA]2 3.3418 5.4163 –1.9211 0.00 –0.1309 273.00-1000.00 -
[ChCl][Ph]3 –2.9157 7.4383 –5.2560 0.00 1.5034 273.00-1000.00 -
[C2mim][H]4 –8.6409 14.1013 –15.9271 0.00 7.2810 273.00-1000.00 -

1: [ChCl]+Ethylene Glycol (1:2), 2: [ChCl]+Levulinic Acid (1:2), 3: [ChCl]+Phenol (1:2). 4: [C2mim][Cl]+HC4F9CO2

(1:1).
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Table 3: PC-SAFT molecular parameters of hydrocarbons, hydrofluorocarbons, hydrofluoroolefins and DESs.

Compound m σ ε/kB σΩΨ εΩΨ/kB AARD Ref.
Å K Å K ṽL

R600a 2.2012 3.7933 219.71 0.00000 0.00 0.38 [6]
Neopentane 2.3543 3.9550 225.69 0.00000 0.00 1.59 [75]
R227ea 3.6601 3.2621 161.06 0.00000 0.00 0.78 [75]
R236fa 3.6592 3.2500 171.13 0.00000 0.00 1.70 [20]
R236ea 3.6356 3.1844 178.70 0.00000 0.00 1.70 [20]
R134a 3.2483 3.0157 170.60 0.00000 0.00 0.07 [81]
R1234yf 2.8978 3.3648 174.91 0.00000 0.00 1.70 [20]
R1243zf 2.7112 3.3960 186.08 0.00000 0.00 0.75 [82]
R1234ze(E) 3.2268 3.1909 173.87 0.00000 0.00 0.60 [82]
[ChCl][EG] 3.5808 3.2782 465.07 0.00211 4971.99 0.15 [72]
[ChCl][LA] 3.4672 3.6847 477.72 0.00300 4601.31 0.15 [72]
[ChCl][Ph] 2.6552 3.8998 490.63 0.00136 5208.99 0.15 [72]
[C2mim][H] 4.4160 3.6400 336.20 0.00225 3450.00 0.01 -

method proposed by Joback et al. [80] and applied by
Haghbakhsh et al. [60]. All constants are summarised in
Table 2.

In this work, all refrigerants have been modelled as non-
associating compounds, while the absorbents are treated
as pseudo-fluids with a 2B association scheme. This scheme
has been tested with good results in predicting the proper-
ties of DESs with different SAFT models [72, 83–85]. The
molecular parameters of the refrigerants, which passed the
primary test for the systems, and the 4 DESs, are listed
in Table 3 [6, 75, 82].

The evaluation of the refrigerant-absorbent mixtures can
be typically done through the use of binary interaction
parameters to better adjust their solubility behaviour. How-
ever, it was decided to set all parameters to zero, due to
the absence of experimental data. Although this may po-
tentially affect the accuracy of the predictions, the flow
concentrations typically fall within a range where an addi-
tional fit has minimal influence, provided that the system
contains almost pure refrigerant or a low refrigerant con-
centration in the DES. Consequently, a well-parameterised
pure compound has a strong capability to predict these
systems, even when the interaction parameter is set to
zero. As an additional test, the density of the [C2mimCl]
[HC4F9CO2] plus R134a mixture is satisfactorily rendered
with a zero interaction parameter in the dispersive energy
[86].

3. Evaluation and feasibility

On the one hand, three groups of refrigerants have been
chosen based on their popularity. The first group are hy-
drocarbons (HCs), which have negligible GWP, but present
other handicaps, such as their elevated flammability. The
second group are third-generation hydrofluorocarbons (HFCs),
currently prevalent in many uses, particularly in refriger-
ation. The last group is composed of fourth-generation

hydrofluoroolefins (HFOs), characterised by its low GWP
and almost isentropic behaviour [6], but with moderate
flammability. On the other hand, four DES have been se-
lected for analysis: [ChCl][Cl] + ethylene glycol, [ChCl]
[Cl] + lactic acid, and [ChCl][Cl] + phenol are different
standard low-cost and environmentally friendly DESs with
varying types of hydrogen bond donors. The last DES is
an ionic liquid-based DES with proven performance in re-
frigerant absorption, as a result of its fluorinated anion
[86]. As mentioned before, seven refrigerants have been
immediately discarded by the technical criteria presented
in Table 1, i.e. the range of pressure and temperature are
unsuitable in the present case.

One additional requirement to consider concerns the feas-
ibility of the absorber unit, which is restricted by the ther-
modynamic phase behaviour at the two considered pres-
sures of the system. As an example, Fig. 2 shows the
details of two isobars of a test system. The quasi-pure
refrigerant at point (1) is combined with the mixture com-
ing from the generator, whose concentration is fixed by
the equilibrium at the generator pressure, highlighted in
points (5), (6), and (7). Therefore, the mass balance in the
absorber can not be fulfilled, as seen in point (2), making
the equilibrium at the absorber unattainable. Although
the problem caused by the phase equilibrium at the selec-
ted pressures can be avoided by modifying the pressure,
particularly in the generator, this modification can result
in a severe efficiency loss, making the working fluid tech-
nically inefficient. Alternatively, the cycle layout can be
modified to enrich flow (7), for example, rectifying flow
(5). The negative mass flow at the imposed conditions is
considered a third criterion to establish the suitability of
the refrigerant/absorbent combination. It is important to
remind that this may only occur when considering a rigor-
ous mass balance (if a pure-refrigerant flow is considered
in the evaporator, the flow ratio is always positive). In
summary, all working pairs exhibiting a negative flow ra-
tio from the solubility calculation at specified pressures
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Figure. 2: Example of the phase behaviour at two pressures for a
test system displaying an impossible combination of mass flow at the
absorber.

are unsuitable for absorption cycles and must be removed
from the analysis.

The combination of [ChCl]:Phenol (1:2) and R1234yf is
selected as an example to facilitate an understanding of
the absorption cycle, as this mixture is one of the suitable
combinations accomplishing all previous criteria. Figures
3(a)-3(f) show the cycle represented in the concentration
vs. temperature, density vs. temperature, and enthalpy
vs. temperature. Open circles represent the mass flows
listed in Fig. 1, dashed lines correspond to three-phase
equilibrium, and dotted lines indicate the limit of the pure
DES in Figs. 3(c)-3(f). All the projections are plotted
at constant pressure, where isobars in blue represent the
low pressure of the cycle (4.44 bar in this example), and
isobars in crimson refer to the high operating pressure
(10.33 bar). All calculations have been performed under
several assumptions: 1-pressure drop in all equipment is
neglected; 2-mass transfer effects are not considered; and
3- The pump and expansion valve are considered perfectly
isentropic and isenthalpic, respectively.

The most intuitive projection is the concentration vs. tem-
perature shown in Fig. 3(a)-(b), showing the phase, tem-
perature, and composition of each flow. It is noted that the
quasi-pure refrigerant flows are at approximately x1 = 0.
In contrast, the flow of the absorber part of the cycle lies
over the equilibrium with a significant concentration of
DES. The pressure lies in a narrow range of temperature.
For this reason, a detail of the operating pressure range
is shown in Fig. 4. In this mixture, points (1), (10), and
(9) are slightly above the three-phase line. However, the
amount of DES presented in these flows is insignificant.
Moreover, flow (8) is at a higher temperature caused by the
generator process. Flows (3) and (6) are subcooled homo-
geneous fluids. The first is caused by the isentropic com-

pression of a saturated liquid mixture, while the second is
produced by an isobaric quenching at the heat exchanger.
Points (2), (4), and (5) are DES-rich saturated liquids.
Additionally, point (7) comes from an isenthalpic flow ex-
pansion (6); hence, it is a liquid-vapour equilibrium state
with a small vaporised fraction.

Figures 3(c)-(d) show the density of each mass flow. The
phase difference in the quasi-pure refrigerant can be clearly
distinguished in this projection. For instance, points (8)-
(9) and (10)-(1) have a dramatic change in their density.
From (10) to (1), the absorption heat in the evaporator
yields the disappearance of the liquid phase. At the same
time, the isenthalpic expansion causes a slight reduction in
the density, almost imperceptible on the graph. Flow (8)
lies at a higher temperature for the same reason previously
raised. An additional interesting feature is an isopycnic
point between the two liquid phases at low temperatures.
This isopycnic point is also barotropic and can be glimpsed
in all the DES-refrigerant studied mixtures [87, 88]. How-
ever, this behaviour does not interfere with the system at
the studied conditions.

Finally, the temperature vs. enthalpy representation meas-
ures the change in energy, mainly in the evaporator and
condenser. It is important to note that there is a tem-
perature drop from points (8) to (9), caused by the trans-
ition between the generator and the condenser. As a con-
sequence, condensation of the refrigerant-rich liquid phase
is observed. The refrigerant flow is expanded to point (10)
in the valve.

On the one hand, the performance of the cycle is directly
related to the position of the two liquid phases formed
in the mixture because it limits the evaporator heat. On
the other hand, the generator-required heat is sensitive
to pressure and to the heat source, being driven by the
liquid-vapour equilibrium of the system. For this reason,
the COP of this kind of system is restricted to low values.

Among the 64 original mixtures, 28 have not passed the
basic criteria to be applied in an absorption refrigeration
cycle, i.e. to be over the atmospheric pressure at the evap-
orator temperature. From the remaining 36, half of the
candidates have been discarded by the thermodynamic cri-
teria, yielding a negative flow ratio in the analysed con-
ditions. Finally, 18 mixtures are suitable to be used in
the system. However, the calculation of the COP reveals
important differences in these systems.

Table 4 summarises all the combinations of refrigerants
and absorbents classified according to the imposed criteria.
In this table, the grey mixtures correspond to the omitted
systems due to their technical condition. The crimson mix-
tures have thermodynamic impediments (negative flow),
while the green mixtures are suitable to be used in ARCs.
Besides, the different shades of green represent the mag-
nitude of the COP of the system, from the lower in the
case of [ChCl][EG] + R236ea (a very subtle shade of green
almost white) to the higher performed mixture composed
by [C2mim][H] + R227ea.
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Figure. 3: Projections of an absorption cycle operating with [ChCl][Phenol] (1:2) plus R1234yf. (a)-(b) temperature vs. concentration,
(c)-(d) temperature vs. density, and (e)-(f) temperature vs. enthalpy at 4.44 bar in blue and 10.33 bar in crimson.
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Figure. 4: Detail of Figs. 3(a) and 3(b) showing the concentration
vs. temperature diagrams for the [ChCl][Phenol] (1:2) plus R1234yf
system.

Table 4: General view of the analysed working mixtures and its
application in ARCs. Grey indicates technically inadequate mix-
tures, crimson stands for thermodynamically unfeasible systems,
while shades of green highlight the suitable mixtures. Green in-
tensity is related to the COP value.

[ChCl][EG] [ChCl][LA] [ChCl][Ph] [C2mim][H]

Isobutane

Neopentane

Isopentane 0 0 0 0

Isohexane 0 0 0 0

Isoheptane 0 0 0 0

Cyclohexane 0 0 0 0

R227ea

R236fa

R236ea 

R245fa 0 0 0 0

R245ca 0 0 0 0

R134a

R1233zd 0 0 0 0

R1234yf 

R1234ze

R1243zf 

Table 5: Values of COP, CR, GWP, and ASHRAE classification for
the 18 suitable working mixtures in a DES-based absorption cycle.

Mixture COP CR GWP Class
R600a + [C2mim][H] 0.32 2.4001 3.3 A3
Np + [C2mim][H] 0.11 2.4050 3.0 -
R134a + [C2mim][H] 0.63 2.4542 1300 A1
R227ea + [ChCl][LA] 0.72 2.5216 3350 A1
R227ea + [ChCl][Ph] 0.27 2.5217 3350 A1
R227ea + [C2mim][H] 0.92 2.5217 3350 A1
R236ea + [ChCl][EG] 0.02 2.8467 1370 A2
R236ea + [ChCl][LA] 0.64 2.8468 1370 A2
R236ea + [ChCl][Ph] 0.69 2.8469 1370 A2
R236ea + [C2mim][H] 0.74 2.8469 1370 A2
R236fa + [ChCl][Ph] 0.51 2.7054 8060 A1
R236fa + [C2mim][H] 0.49 2.7054 8060 A1
R1234yf + [ChCl][Ph] 0.22 2.3245 <1 A2L
R1234yf + [C2mim][H] 0.30 2.3245 <1 A2L
R1234ze + [ChCl][Ph] 0.52 2.4915 <1 A2L
R1234ze + [C2mim][H] 0.59 2.4915 <1 A2L
R1243zf + [ChCl][Ph] 0.31 2.3568 <1 A2
R1243zf + [C2mim][H] 0.41 2.3568 <1 A2

Obviously, the choice of the best working fluid pair can-
not be done by exclusively analysing its technical effi-
ciency (COP). Additional safety and environmental re-
quirements, such as toxicity, GWP, and flammability must
be considered when selecting an adequate working mix-
ture.

Table 5 presents the raw values of the COP, GWP, flam-
mability (FLM), and compression ratio (CR) for a more
global analysis. In order to complete the flammability clas-
sification, the value of R236ea has been assigned to the A2
class. A similar case can be seen for neopentane, which has
been homologated to other hydrocarbons.

From these results, it can be noticed the necessity to rigor-
ously consider the non-ideal separation of the pair absorbent-
refrigerant, unravelling many unfeasible systems. To our
knowledge, this is reported for the first time, as those sys-
tems are commonly modelled assuming ideal behaviour
of the separation in the generator. It is remarkable that
[ChCl][EG] is an unsuitable absorbent for all refrigerants,
including hydrocarbons and fluorinated gases, except for
R236ea, where the COP is negligible. Interestingly, the
IL-based DES presents the most promising properties for
absorption, becoming suitable in all cases, and offering the
best performance in combination with R227ea. Hydro-
carbons can only be used with the IL-based DES, while
R227ea and R236ea are the refrigerants with better prop-
erties for most of the selected DES. Concerning hydrofluo-
roolefins, these fourth-generation refrigerants work with
both [ChCl][Ph] and [C2mim][H], but provide low COP
values.

Finally, the four Key Perfomance Indicators (KPIs), the
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Figure. 5: Radar plots of the capability of the best nine working mixtures in a DES-based absoption cycle. a) R236ea + [C2mim][H], b)
R236ea + [ChCl][Ph], c) R236ea + [ChCl][LA], d) R134a + [C2mim][H], e) R227ea + [C2mim][H], f) R227ea + [ChCl][LA], g) R1234ze +
[C2mim][H], h) R1234ze + [ChCl][Ph], and i) R227ea+[ChCl][Ph].
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COP, GWP, FLM, and CR are compared in radar plots to
build a holistic examination of the mixtures. To a better
understanding, the variables are normalised to reach their
larger values when they become beneficial to the system,
i.e. less flammability and less toxicity mean higher val-
ues in the axis. The COP is presented as the normalised
efficiency as η = COP/COPC, where COPC is the COP
of an equivalent Carnot refrigeration cycle. The GWP is
normalised using a linear regression between 1 to 10000
units, and the flammability by discretising between zero
to one the flammability categories ”1”, ”2”, ”2L”, and
”3”. Finally, the CR, P3/P2, is presented between zero
and one, where zero is the larger value (2.85) and one the
minor value (2.32), denoting the energy consumption of
the pump.

Figure 5 shows the radar plots of the nine better working
mixtures among the eighteen suitable combinations (the
rest of them can be found in the Supplementary Material
of the manuscript). Overall, the best performances corres-
pond to the working pairs with highest blue area. The
most attractive working mixtures are always composed
of [C2mim][H] or [ChCl][Ph] as absorbent and R236ea or
R227ea as the refrigerant. It is important to note that
if the compression necessities are considered, the use of
HFOs becomes more attractive. However, the low energy
consumption of the liquid compression, compared to the
energy required in the generator, suggests that this para-
meter is not comparable with others and should have a
minor weight.

4. Concluding remarks

This work has been devoted to modelling an absorption
refrigeration cycle composed of a standard layout, includ-
ing a heat exchanger between the absorber and the gen-
erator. Three Choline Chloride-based and one IL-based
DESs have been used as absorbers, while sixteen fluids
have been selected as refrigerants. The latter includes hy-
drocarbons and a set of third and fourth generation fluor-
inated refrigerants. The PC-SAFT model has been used
to evaluate the thermophysical properties of these com-
pounds at the operating conditions of the cycle.

The accurate modelling of an absorption cycle highlights
that the phase behaviour of the working mixture at high
DES concentration limits the range of temperature and
pressure of operation of the cycle. For that reason, optim-
ising procedures are needed in many cases. In addition,
it has been demonstrated that the ideal modelling of the
absorption cycle is unsuitable for rendering the actual cap-
abilities and restrictions of these systems, especially with
complex working mixtures.

From the original sixty-four possible combinations, only
eighteen were suitable for ARCs, passing the technical and
thermodynamic criteria. However, the efficiency of most
mixtures in terms of COP remains modest. The IL-based

DES is the most promising absorbent for this kind of cycle
using fluorinated gases, while R227ea and R236ea have
good capability to be absorbed in DESs. A whole ana-
lysis adding information on the GWP, flammability, tox-
icity, and compression ratio yield similar results, with the
R227ea + [C2mim][H] exhibiting the best performance.

Acknowledgement

C. Imas acknowledges the support of Magister en Ingen-
ieŕıa Mecánica (MIM) of Universidad de Talca and fund-
ing from FONDECYT, Chile (project no. 11180103), H.Q.-
L. acknowledges funding from FONDECYT, Chile (pro-
ject no. 11180103) and J.M.G. acknowledges funding from
FONDECYT, Chile (project no. 1230236) and FOVI220054.
Additional funding support from the Spanish Ministry of
Science and Innovation MCIN/AEI/10.13039/501100011033
and by the European Union NextGenerationEU/ PRTR
under R+D+I projects STOP-F-Gas (Ref: PID2019-108014RB-
C21) and NEW-F-Tech (Ref: TED2021-130959B-I00) is
gratefully acknowledged.

Supplementary material

The Supplementary material includes the raw and norm-
alised data for all the analysed working mixtures and the
radar plots of the combinations not presented in the main
body of the work.

List of symbols

Ãi: Helmholtz energy function at point i. C i
P : Isobaric

heat capacity of the perfect gas. f : flow ratio defined in
Eq. (1). H̃i: enthalpy at point i. m: segment number
parameter of PC-SAFT. Pi: pressure at point i. Q: Heat
of the isobaric processes. R: Universal gas constant. Ti:
thermodynamic temperature at point i. ṽi: molar volume
at point i. W : Thermodynamic work.

Subscripts and superscripts

g: refers the generator. e: refers the evaporator. p: refers
the pump. c: refers the condenser. a: refers the absorber.
r: refers the residual contribution of the EOS. hc: refers
the hard-chain contribution of the EOS. disp: refers the
dispersive contribution of the EOS. a: refers the associ-
ation contribution of the EOS.

Greek letters

αi: Parameter of the polynomial heat capacity defined in
Eq. (10). ε/kB : energy parameter of PC-SAFT. εΩiΨi/kB :
Association volume. ηp: isentropic efficiency. Θ: refers the
reference state of the Helmholtz energy function. σΩiΨi :
Association volume. σ: segment diameter parameter of
PC-SAFT.
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ARC: Absorption refrigeration cycle. ASHRAE: Amer-
ican Society of Heating, Refrigerating and Air-Conditioning
Engineers. ChCl: Choline Chloride. COP: Coefficient
of performance. COSMO-RS: Conductor like screen-
ing model for real solvents. DES: Deep eutectic solvent.
EOS: Equation of state. F-gas: Fluorinated gas. GHG:
Greenhouse gas. GWP:Global Warming Potential. HBA:
Hydrogen bond acceptor. HBD: Hydrogen bond donor.
HFC:Hydrofluorocarbon. HFO:Hydrofluoroolefin. ODP:
Ozone depletion potential. PC-SAFT: Perturbed-chain
Statistical association fluid theory. ORC: Organic Rank-
ine cycle. VCR: Vapour compression refrigeration.
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