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A B S T R A C T

To use high-temperature waste heat generated by diesel engines for onboard refrigeration of fishing vessels, an
ammonia-based double-effect vapor absorption refrigeration cycle is proposed. Non-volatile ionic liquids are
applied as absorbents in the double-effect absorption system. In comparison to systems using ammonia/water
fluid, the complexity of the system can be reduced by preventing the use of rectification sections. In this study, a
multi-scale method is implemented to study the proposed system, including molecular simulations (the Monte
Carlo method) for computing vapor-liquid equilibrium properties at high temperatures and pressures, thermo-
dynamic modeling of the double-effect absorption cycles, and system evaluations by considering practical in-
tegration. The Monte Carlo simulations provide reasonable vapor-liquid equilibrium predictions. 1-butyl-3-
methylimidazolium tetrafluoroborate is found to be the best performing candidate among the investigated
commercialized ionic liquids. In the proposed cycle, the best working fluid achieves a coefficient of performance
of 1.1 at a cooling temperature of −5 °C, which is slightly higher than that obtained with generator-absorber
cycles. Integrated with the exhaust gas from diesel engines, the cooling capacity of the system is sufficient to
operate two refrigeration seawater plants for most of the engine operating modes in high-latitude areas. Thereby,
the carbon emission of onboard refrigeration of the considered fishing vessel could be reduced by 1633.5 tons
per year compared to the current practice. Diagrams of vapor pressures and enthalpies of the studied working
fluids are provided as appendices.

1. Introduction

Global warming is one of the critical issues of the society in this age.
According to the International Maritime Organization [1], maritime
transport emits around 1000 million tons of carbon dioxide (CO2) an-
nually and is responsible for about 2.5% of global greenhouse gas
emissions along with 15% and 13% of global NOx and SOx emissions.
Fishery is one of the major parts of the maritime transport sector.
Vessels for pelagic seas usually demand refrigeration plants, which
consume fuel or electricity onboard [2]. The refrigeration plant is one
of the largest electricity consumers onboard of fishing vessels, typically
using 50% of the total power [3]. Diesel engines are normally used for
propulsion and on-board electricity generation in trawlers. The engines
also produce a significant amount of waste heat [4]. A study [5] shows
that a large 2-stroke marine diesel engine may waste 50% of total fuel
energy and 25.5% of the total energy is wasted through the exhaust gas
(250–500 °C) [2].

Heat activated vapor absorption refrigeration (VAR) systems pro-
vide opportunities to recover waste heat and to use it to cool down fish

and onboard space. Fernández-Seara et al. [6] designed, modeled, and
analysed a gas-to-thermal fluid waste heat recovery system based on an
ammonia/water (NH3/H2O) cycle for onboard cooling applications.
Cao et al. [7] carried out a study on a water/lithium bromide (H2O/
LiBr) VAR system powered by waste heat for space cooling in a cargo
ship. In their study, the cooling COP is 0.6 and an electricity-based
coefficient of performance (COP) could be up to 9.4. Thereby, fuel
consumption and CO2 emission for the cooling system are reduced by
62%. Recently, Salmi et al. [4] modeled both an H2O/LiBr single-effect
(SE) VAR cycle and an NH3/H2O refined cycle for cooling on a bulk
carrier ship with waste heat recovered from exhaust gases, jacket water
and scavenge air cooler. The VAR system has a theoretical potential to
save 70% of electricity in comparison to a compression air-conditioning
system. They also pointed out that the H2O/LiBr cycle is more efficient
(COP of 0.75–0.85) and NH3/H2O is more suitable for below-freezing-
point cooling (COP of 0.5).

Exhaust gases seem to be the best source of waste heat onboard to
drive absorption chillers, even though they cannot be cooled down below
167 °C because of a risk of sulfur corrosion [4]. At temperatures above
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150 °C, double-effect vapor absorption refrigeration (DE-VAR) cycles, in
which the refrigerant is generated twice, are able to achieve higher
thermal efficiencies by taking advantage of the higher temperature of the
heat sources [8]. However, these cycles usually utilize the working fluid
H2O/LiBr, which cannot meet the demand of below-freezing-point
cooling. With NH3/H2O, the DE-VAR is not feasible because of the need
of rectifiers which introduce a higher complexity.

To use higher temperature exhaust gases for below-freezing-point
cooling onboard, NH3 with ionic liquids (ILs) working fluids is proposed
to be used in DE-VAR systems. ILs, a family of room-temperature molten
salts, have been intensively studied due to their potential in replacing the
absorbents in conventional absorption refrigeration and heat pump
technology [9]. ILs show strengths such as high boiling points, strong
affinities with refrigerants and high chemical and thermal stabilities [9].
Moreover, NH3 based absorption systems have strengths such as below-
freezing-point cooling, free of air infiltration and low impact on the en-
vironment (zero for both ozone depletion and global warming potentials).

NH3/ILs working fluids in absorption cycles have received sig-
nificant attentions in the past decade. Yokozeki and Shiflett [10]

reported the first vapor-liquid equilibrium (VLE) data of four NH3/ILs
working pairs. By including measurements and correlations of the other
four NH3/ILs pairs, the performance of the eight NH3/ILs fluids in an SE
absorption cycle was compared in Ref. [11]. Most of their studied
imidazolium ILs are currently well commercialized. Functional ILs with
NH3 in SE absorption cycles were also investigated. For instance, Chen
et al. [12] investigated the VLE property of NH3 with a metal ion-
containing imidazolium IL. A thermodynamic performance of a VAR
cycle using the studied fluids was conducted in a sequential work by the
same authors [13]. Ruiz et al. [14] studied some ammonium ILs. Cera-
Manjarres [15] explored six other ILs including imidazolium and am-
monium ILs with a hydroxyl group (-OH). By applying more reliable
mixing enthalpies and experimental heat capacities, Wang and Infante
Ferreira [16] explored the performance of nine NH3/ILs fluids in SE
absorption cycles for heat pump systems. The authors identified pro-
mising absorbents which work with NH3 in absorption cycles under 130
°C heating.

Nevertheless, the above studies were all applied at temperature and
pressure ranges available for SE-VAR cycles. The DE-VAR cycle requires

Nomenclature

COP coefficient of performance [–]
cp specific heat capacity [kJ/(kg K)]
DR distribution ratio [–]
f circulation ratio [–]
h/ hΔ specific enthalpy (difference) [kJ/kg]
k scaling parameter [–]
M a notation of densities or heat capacities in Eq. (2) [–]
Mw molecular weight [kg/kmol]
ṁ mass flow rate [kg/s]
P pressure [bar]
Q ̇ heat load [kW]
q quality [–]
R ideal gas constant [8.314472 J/(mol K)]
T temperature [°C or K]
Ẇ power [kW]
w mass fraction [–]
x mole fraction [–]
Z compressibility [–]

Greek symbols

α parameter in the NRTL model [–]
∊ Lennard-Jones energy parameter [–]
η efficiency [–]
ρ density [kg/m3]
τ parameter in NRTL model [–]

Subscript and superscript

1, 2… state point
abs absorption
c critical point
con condensation/low pressure condensation
eva evaporation
ex exhaust gas
gen generation
hpg high pressure generation
i inlet
ig ideal gas properties
IL ionic liquid component
lc low pressure condenser
lg low pressure generator

mix mixing properties
NH3 NH3 component
o outlet
onset onset
p pump
sat properties of a saturated system
sol solution
sub properties of a supercooled system
whr recovered waste heat
V vapor

Abbreviation

ABS absorber
CON condenser
CWP chilled water plant
DE double-effect
EVA evaporator
EXP experimental (data)
FP freezing plant
GAX generator-absorber heat exchange
GEN generator
HC high pressure condenser
HG high pressure generator
HX heat exchanger
iHX intermediate heat exchanger
IL ionic liquid
LG low pressure generator
MC Monte Carlo
NRTL non-random two-liquid activity coefficient model
REC rectifier
RSW refrigeration seawater (plant)
SE single-effect
SHX solution heat exchanger
SIM simulated (data)
VAR vapor absorption refrigeration
VLE vapor-liquid equilibrium/vapor-liquid equilibria
WHR waste heat recovery
[bmim][BF4] 1-butyl-3-methylimidazolium tetrafluoroborate
[emim][Tf2N] 1-ethyl-3-methylimidazolium bis(tri-

fluoromethylsulfonyl) imide
[emim][SCN] 1-ethyl-3-methylimidazolium thiocyanate
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VLE data at higher temperatures and higher pressures, which have not
been measured experimentally. Previously, Wang and Infante Ferreira
[17] investigated nine NH3/ILs working fluids in DE absorption cycles
for application in refrigeration and heat pump systems. The used VLE
properties were obtained by simply extrapolating the ones at tem-
peratures and pressures available for SE-VAR cycles. Schouten [18]
used the same extrapolated properties for a DE-VAR in a series design.
In this context, Becker et al. [19] showed that molecular simulation is
able to predict relevant thermophysical properties for temperatures and
pressures applied in SE-VAR cycles. These authors also pointed out that
improved force fields are needed for an accurate prediction of the cycle
performance.

In this work, a DE-VAR in parallel configuration using NH3/ILs
fluids is proposed for refrigeration applications in fishing vessels, driven
by heat recovered from diesel engines. A multi-scale method is applied
to study its performance, from a molecular level to a system integration
level, as shown in Fig. 1. First, an adjusted force field is used in Monte
Carlo (MC) simulations to predict VLE properties in high temperature
and high pressure conditions of the three selected NH3/IL pairs. To-
gether with the experimental VLE and heat capacities, the VLE data are
correlated and mixture enthalpies are predicted. These thermophysical
properties are then used for the evaluation of the DE-VAR cycles. After
considering practical concerns, a case study based on a real vessel op-
erating in high-latitude conditions is carried out to check the techno-
economic feasibility of the integrated system in practice.

2. Properties of working fluids

In this study, the ILs under consideration are 1-ethyl-3-methylimi-
dazolium thiocyanate ([emim][SCN], CAS registry No. 331717-63-6),
1-butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF4], CAS
registry No.174501-65-6) and 1-ethyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl) imide ([emim][Tf2N], CAS registry No.174899-
82-2). The corresponding NH3/IL working fluids were identified
showing higher COPs than NH3/H2O in SE absorption cycles [16].
Additionally, as commercialized ILs, their thermophysical properties
and force fields required in this study are accessible. Hence, they are
selected as the investigated ILs.

2.1. Vapor-liquid equilibrium properties for the binary solutions

For three studied NH3/IL working fluids, experimental VLE data
measured by Yokozeki and Shiflett [10,11] only cover the conditions

suitable for SE-VAR cycles. To extend the VLE data of these fluids for
DE-VAR cycle at higher temperature and pressure conditions, Monte
Carlo simulations are conducted. The data from experimental sources
together with the simulated ones are correlated with the NRTL model
for usage in the studied cycle.

2.1.1. Monte Carlo method
Molecular simulation is a powerful tool to predict the behavior of

materials [20]. In this type of simulation, thermodynamic properties
are computed based on force fields which describe interactions between
molecules [21]. Comparable to the previously discussed models, these
force fields are often developed by correlating experimental data.
However, the potential to predict properties outside the correlated data
is often better than with traditional models and hence molecular si-
mulations can be used to extend existing experimental data [22]. Here,
MC simulations were performed to obtain solubility data of NH3 in 3
different ILs at higher temperatures than measured experimentally.

As shown in a previous publication by the authors [19], the osmotic
ensemble [23] can be applied to compute the uptake of gases in ILs.
Thereby, the temperature, the pressure, the number of solvent mole-
cules, and the fugacity of the solute are fixed, while the volume of the
system, and the number of solute molecules can fluctuate. Here, the
Continuous Fractional Component Monte Carlo method is applied to
insert and delete solute molecules [24]. After the equilibration phase,
the total amount of solute molecules in the system determines the gas
uptake at the chosen conditions. The details of the conducted simula-
tions can be found in the previous work by the authors [19].

All force fields considered in this work were taken from literature.
The force fields for the ILs were taken from the work of Tenney et al.
[25] (for cation [emim+] and anion [SCN−]), Liu et al. [26] (for cation
[bmim+] and anion [Tf2N−]), and Canongia Lopes and Pádua [27] (for
anion [ −BF4 ]). For NH3, the TraPPE force field was used [28]. In the
simulations, parts of the cations and NH3 molecules are considered to
be rigid while the alkyl part and the anions are flexible. A summary of
the force field parameters is provided in the Supplementary Informa-
tion. The Ewald summation technique with a relative precision of −10 5

[20] is used to calculate electrostatic interactions. Lennard-Jones in-
teractions are truncated and shifted at 12 Å without applying tail cor-
rections. Polarization is not explicitly considered in the simulations.
The simulations are conducted with the RASPA software package [29].

Unfortunately, commonly used force fields do not predict the solu-
bility of NH3 in ILs accurately [19]. To overcome this limitation, the
binary mixing rule of the Lennard-Jones energy parameters, ∊, between

Fig. 1. Outline of this study showing different levels of details considered.
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NH3 and ILs in MC simulations, has been scaled to fit the experimental
solubility for available conditions. The applied mixing rule is:

∊ = ∊ ∊k· ·NH IL3 (1)

By adjusting ∊, the interaction strength between NH3 and the ILs is
changed. Different interaction strengths between the molecules were
tested to find the one that predicts the best behavior in regard to the
experimental data. The applied scaling parameter, k, is respectively
0.78, 0.15, and 0.78 for [emim][SCN], [bmim][BF4] and [emim]
[Tf2N]. To validate the quality of the adjusted force field, a comparison
between the computed solubilities (dashed curves) with the adjusted
force fields and the experimental data [10,11] (solid curves) is provided
in Fig. 2.

In the case of [bmim][BF4] (Fig. 2(b)), the computed solubility
without adjusting force field is also shown (dotted curves). It can be
observed that the qualitative trend of the gas uptake of these

simulations is similar, while the absolute values are significantly
overestimated. After the scaling of the mixing rule, the simulation re-
sults agree well with the experimental data for all investigated ILs and
for varying temperatures. The average 95% confidence interval for the
computed solubilities for [emim][SCN], [bmim][BF4], and [emim]
[Tf2N] used in the cycle calculations is 2.8%, 1.7%, and 2.9%, respec-
tively.

2.1.2. Correlations of vapor-liquid equilibrium properties
The non-random two-liquid (NRTL) model has been shown as a

suitable model to correlate and predict VLE of ILs-based working fluids
[30]. The experimental vapor pressures of NH3/IL binary systems have
been regressed to the NRTL model as explained by Wang and Infante
Ferreira [16]. Subsequently, the operating concentrations of solutions
can be determined. The form of the NRTL model can be found in Ref.
[16]. Note that for the data points at temperatures above the critical
point of NH3, an extrapolation of the vapor pressure equation is used for
an easy processing of the data [13]. In particular, an extrapolation of
the Antoine equation is applied. This processing will somehow influ-
ence the solid physical basis of the NRTL model.

2.2. Densities and heat capacities

Densities of pure [emim][SCN], [bmim][BF4] and [emim][Tf2N]
have been reported by Matkowska and Hofman [31]; Ficke et al. [32],
Tariq et al. [33] respectively. Specific heat capacities of [emim][SCN]
are from the work of Navarro et al. [34]. The data reported by Pau-
lechka et al. [35] and Nieto de Castro et al. [36] are used together for
the specific heat capacities of [bmim][BF4]. For [emim][Tf2N], the data
of specific heat capacities were reported by Paulechka et al. [37] and
Ferreira et al. [38] for different temperature ranges. These data are
plotted in Fig. 3, as functions of temperature. Correlations of the data
are listed in Table 1.

Currently, densities and heat capacities of the studied NH3/IL
mixtures have not been reported. Eq. (2) provides a general form of
ideal solution properties, which is based on a weighted average of
properties from both components. This form is used to estimate the
densities and heat capacities for the investigated mixtures:

= +M w M w MIL ILsol NH NH3 3 (2)

This simplification is verified with the density data of six NH3/IL
mixtures reported by Cera-Manjarres [15]. The maximum relative de-
viation is 6.5%. Moreover, the simplification for the heat capacities has
been verified with data of H2O/[mmim][DMP] from Dong et al. [39].
The relative deviation is smaller than 4% [16]. This treatment has also
been checked by the authors for the H2O/[emim][DMP] solution, for
predicting the solution enthalpy and cycle performance. No obvious
difference has been observed in comparison to using the heat capacity
of the real solutions [30].

2.3. Enthalpies

The enthalpy of pure NH3 is directly obtained from NIST’s Refprop
[40].

For a saturated solution at T P, and with an NH3 mass fraction of
wNH3, the total enthalpy of the solution, hsat

sol, is provided by,

= + +h T P w w h T w h T h T P w( , , ) ( ) ( ) Δ ( , , )sat
sol

NH NH NH IL IL mix NH3 3 3 3

(3)

where the enthalpies of NH3 are chosen at their saturated liquid states
for the cases below the critical temperature. For the cases at tempera-
ture above the critical point of NH3, an additional effect of ideal gas
enthalpy is added to the enthalpy at the critical point, following the
work of Chen et al. [13]:

Fig. 2. Comparison between the simulated (SIM) and experimental (EXP) VLE
data [10,11] with error bars for the working pairs: (a) NH3/[emim][SCN], (b)
NH3/[bmim][BF4] and (c) NH3/[emim][Tf2N]. The shown error bars of the
simulated data represent the 95% confidence interval.
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∫= +>h T h T c dT( )| ( )T T T

T
NH NH c p,ig

NH
3 c 3

c

3
(4)

For the ILs, enthalpies are calculated based on their pure heat capacities
cp

IL,

∫= +h T h T c dT( ) ( )
T

T
IL 0 0 p

IL
0 (5)

The experimental mixing enthalpy hΔ mix used in Eq. (3) has not been
reported for the studied NH3/IL working fluids. For an alternative NH3/
IL working fluid, the authors have quantified this term using various
thermodynamic models [30]. The calculation has shown that the exo-
thermic effect of mixing NH3/IL is less than that of mixing H2O/IL.
Furthermore, it has been shown that neglecting hΔ mix does not sig-
nificantly change the total enthalpy and the COP in an SE-VAR cycle
with NH3/IL pairs [30]. Therefore, in the following calculations, the
effect of the mixing enthalpy is neglected.

For solutions at a subcooled condition T P, and wNH3, enthalpies can
be obtained by subtracting the subcooled part from corresponding sa-
turated solution,

∫= −h T P w h T P w c dT( , , ) ( , , )
T

T
sub
sol

NH sat NH p
sol

3 3
sat

(6)

3. Configurations of cycles and modeling methods

The configuration and modeling method of the studied DE-VAR
cycle are presented. Besides, an alternative choice, the generator-ab-
sorber heat exchange (GAX) cycle with NH3/H2O, is introduced for a
sake of comparison, since it is promising with high temperature heat
sources [8].

3.1. Double-effect absorption refrigeration cycle

Fig. 4 depicts a schematic representation of a double-effect ab-
sorption system in parallel configuration. The main feature of the par-
allel DE-VAR cycle is that the strong solution (strong in refrigerant
NH3), pumped from the absorber (ABS), is divided into two parallel
streams after being heated in the solution heat exchanger (SHX1).

Two sub-streams are heated in two generators (GENs) to generate

refrigerant vapor: One of the sub-streams is heated in the high pressure
generator (HG) by the external heat source at a high temperature.
Superheated refrigerant vapor is generated there and then continues to
the high pressure condenser (HC). The other sub-stream is heated in the
low pressure generator (LG) to generate the other refrigerant vapor. The
heat is from the condensation of the superheated refrigerant vapor in
the HC. The HC and LG are coupled in an intermediate heat exchanger
(iHX).

Key state points of the solutions are illustrated qualitatively in both
ln P-(-1/T) and h-w diagrams in Fig. 5. The cycle 5-8-9-11a-11-13-5
shows the sub-stream passing the HG and cycle 5-7c-11b-11-13-5 re-
presents the other sub-stream passing the LG.

The mass flows of the two sub-streams of the solution can be
quantified with the distribution ratio (DR), which is defined as the mass
flow ratio between the sub-stream of the solution passing the HG and
the total mass flow:

=DR m
m

̇
̇
8

5 (7)

3.2. Modeling method of the cycle

To create an integrated model for the thermodynamic analysis of the
DE-VAR system, several assumptions are made to simplify the calcu-
lations:

• The system operates in a steady state.

• The operating pressures of the absorber and the evaporator are
identical, and similarly, the pressure of each generator is equal to its
directly linked condenser.

• In the outlets of the two condensers and evaporator, the refrigerant
stream is in a saturated liquid or saturated vapor state, respectively.
The solution is in equilibrium state while leaving two generators and
the ABS.

• The pinch temperature of the SHXs is assumed as 10 K. The pinch
temperature of the iHX is set to 5 K. The effectiveness of the HX1 is
assumed to be 75%.

• Heat losses and pressure losses are neglected.

• Throttling is an isenthalpic process.

Fig. 3. Experimental data and the correlations of (a) densities [31–33], and (b) heat capacities [34–38] of the three studied ILs.

Table 1
Molecular weights (Mw) and correlations of relevant thermophysical properties for the 3 investigated ILs at 1 bar ∗.

IL Mw [kg/kmol] ρ [kg/m3] cp [kJ/(kg K)]

[emim][SCN] 169.25 = − ×ρ T1296 0.602 = + ×c T0.6882 0.0032p

[bmim][BF4] 226.02 = − ×ρ T1416 0.719 = + × × − × ×− −c T T1.119 1.83 10 4.879 10p 3 7 2

[emim][Tf2N] 391.31 = − ×ρ T1812 0.9837 = + × × − × ×− −c T T0.5644 3.56 10 3.674 10p 3 6 2

∗ T in K.
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For each component shown in Fig. 4, the mass, species and energy
balances are implemented. For instance, for the ABS shown in Fig. 4,
the balances are:

⎧

⎨
⎩

+ =
+ =

+ = +

m m m
m w m w m
m h m h m h Q

̇ ̇ ̇
̇ ̇ ̇
̇ ̇ ̇ ̇

4 13 5

4 13 13 5 5

4 4 13 13 5 5 abs (8)

The power consumption of the solution pump, Ẇp, can be calculated by,

=
−

W m
ρ

P P
η

̇ ̇
p

5

sol

hpg eva

p (9)

The calculation procedure for the cycle is illustrated in Fig. 6. The
temperature of state point 7, which is between two SHXs, is obtained
iteratively to reach the energy balances of both the SHXs. The other
iteration is required to determine the temperature of state point 15,
which is based on the energy balance of the iHX.

With the heat duties and the pump power consumption, the coef-
ficient of performance, COP, of a cycle for cooling is defined as,

=
+

COP Q
Q W

̇
̇ ̇

eva

hpg p (10)

The circulation ratio, f, defined as the required mass flow of pump
stream for generating a unit mass flow of refrigerant, is also taken into
account in this study. f can be obtained via mass and species balances
around the ABS as,

= = −
−

f m
m

w
w w

̇
̇

15

4

13

5 13 (11)

This model was previously validated by Vasilescu and Infante Ferreira

[41] for an air-conditioning application with an LiBr/H2O working pair.

3.3. Generator-absorber heat exchange cycle

NH3/H2O GAX cycles have been claimed to be suitable for appli-
cations with higher temperature driving heat [8]. As shown in Fig. 7,
the promising thermal performance of this cycle is achieved by coupling
the heat between partial sections of the GEN and the ABS.

A perfect operation of the GAX cycle relies on the accurate identi-
fying of temperature profiles of sections in ABS and GEN where the heat
can be coupled. This kind of heat coupling is difficult to achieve in
practice. However, the GAX cycle represents “a compelling theoretical
possibility” [8]. Therefore it is used as a benchmark to compare the DE-
VAR cycle with.

The modeling of the GAX cycle is based on the method introduced
by Herold et al. [8]. During the heat coupling, both the available heat in
the ABS and the required heat in the GEN can be obtained through mass
and energy balances, by assuming that solution and vapor streams in
the ABS or GEN are in counter-current flow, and the solutions streams
of the ABS and GEN are also in counter-current flow. The GAX heat
really transferred is the minimum between the available and required
heat of vapor generation. The rectifier is analyzed as an ideal device

Fig. 5. The state points (referring to the points shown in Fig. 4) of the solution
stream plotted in a − −P Tln ( 1/ ) diagram (a) and an −h w diagram (b). Points 11,
11a and 13 sharing the same pressure and fraction with points 11’, 11a’, and
13’, respectively, are at subcooled conditions. Points 7c and 8 have a possibility
of refrigerant boil off, the portions of saturated solutions are denoted as 7c’ and
8.’, respectively.

Fig. 4. Schematic diagram of the studied DE-VAR system in parallel config-
uration. Non-volatile absorbents absorb refrigerant in the absorber (ABS). The
solutions are then pumped parallelly to the high and low pressure generators
(HG and LG) for refrigerants generation. A blue circle identifies the parallel sub-
streams leaving and returning the ABS. The refrigerant vapors generated in the
HG are used for heating the LG. The two refrigerant streams are mixed in the
condenser (CON) and then go through the valve and the evaporator (EVA) to
generate cooling effects.

M. Wang et al. Energy Conversion and Management 174 (2018) 824–843

829



that produces vapor with 99.5% NH3.

4. The integrated fishing vessel

A trawler vessel is taken into consideration for the following case
studies.

The required cooling capacity in this vessel is provided by the re-
frigeration seawater (RSW) plant, chilled water plant (CWP), and
freezing plant (FP). Currently, the plants are all configured with vapor
compression refrigeration systems. The RSW and CWP apply NH3 as a

refrigerant, while FP is an NH3/CO2 cascade system (NH3 is used in the
high temperature circuits). The technical characteristics are listed in
Table 2. It is investigated if the proposed IL-based DE-VAR system has
the potential to replace the current plants entirely or partially.

Scavenge air, jacket water, and exhaust gas are among the main
waste heat sources from the diesel engines as illustrated in Fig. 8. The
heat released via the exhaust gas takes up approximately 50% of total
wasted heat [5]. In this study, the exhaust gas after the turbine is used.

The studied ship is equipped with a Wärtsilä diesel engine of type
12V38 for propulsion [42]. The properties of the exhaust gas after the
turbine from this engine are shown in Fig. 9, which are taken from the
official project guide [42]. Note that the data for 40% load are based on
extrapolations.

Operations of the engine can be classified into the five typical
modes, which are listed in Table 3. Corresponding exhaust gas prop-
erties are identified from Fig. 9.

5. Results and discussion

Following the proposed multi-scale method, the result of the prop-
erty level, cycle level, and integrated system level are discussed in this
section.

5.1. Simulation of vapor-liquid equilibrium properties and their correlations

The experimental VLE data and the ones from Monte Carlo

Fig. 6. Flow-chart for the thermodynamic modeling of the DE-VAR in parallel configuration. Mass, species and energy balances are applied in each component.
Iterations of T15 and T7 are implemented to reach the balances of the iHX and two SHXs.

Fig. 7. Schematic diagram of a standard NH3/H2O GAX system [8]. The main
feature of the GAX cycle is that the final stages of its ABS have higher tem-
peratures than the flow in the first stages of the GEN. The heat from the ABS can
be recycled to heat up those stages in the GEN. The weak NH3/H2O solutions
absorb NH3 vapors from the EVA and experience an internal heat recycling in
the ABS before they are pumped into the GEN. Vapors leaving the GEN are
mixtures of NH3/H2O, which are purified in the rectifier (REC). The NH3 vapors
then experience the similar process as the DE-VAR cycle for generating cooling
effects.

Table 2
Cooling capacities, temperatures and power consumptions of the refrigeration
plants (RSW, CWP and the NH3 circuits of FP) used in the studied trawler vessel,
in two typical climate cases.

Qėva [kW] Teva [°C] Ẇ [kW]

RSW plant 2×1416 −5 2×414 32 °C heat sink
CWP 2×880 −5 2×222

FP (NH3 circuits) 2×900 −5 2×253

RSW plant 2×1556 −5 2×271 16 °C heat sink
CWP 2×954 −5 2×152

FP (NH3 circuits) – – –
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simulations are plotted together in Fig. 10 for the three studied NH3/IL
working fluids.

The fitted parameters of the NRTL model based on the shown data
are listed in Table 4. These parameters follow the same notations in-
troduced in Ref. [16].

Based on the NRTL model, predicted vapor pressures of the three
studied fluids are shown in Fig. 11. To show the influence of the ad-
ditional data provided by the Monte Carlo simulations, the results are
compared with and without the inclusion of the computed data. Vapor
pressures shown in Fig. 11(a), (c) and (e) are obtained by only fitting
experimental VLE data at low temperatures and low pressures (inter-
action parameters can be found in Ref. [16]). The vertical and hor-
izontal dashed lines represent temperature and pressure boundaries,
respectively, of EXP data. The other three diagrams are based on both
the experimental VLE data and the computed ones. In each diagram of
Fig. 11, NH3 fractions represented by the various curves cover the
conditions applied in the DE-VAR cycle.

Vapor pressures fitted only with the VLE data at low temperatures
and low pressures (Fig. 11(a), (c) and (e)) show linear behavior inside
the experimental temperature and pressure ranges. However, out of the

range of the experimental data, the vapor pressures increase rapidly
with an increase of temperature. This behavior fails to follow the
physical basis indicated by the Clausius-Clapeyron equation (Eq. (12)):
for which the vapor pressures are approximately linear, because the
term − h R ZΔ /( Δ ) depends only slightly on temperature [43].

= −d P
d T

h
R Z

ln
(1/ )

Δ
Δ (12)

The nonlinear shape of vapor pressures curves is pronounced at rela-
tively low NH3 mass fractions, which are crucial for the studied cycle.
The influence of using exclusively the experimental based VLE prop-
erties on estimating the cycle performance will be discussed in detail in
Section 5.3.2.

By including the computed data (right-hand side), the trends of
vapor pressures, especially for the cases with low NH3 fractions at high
temperatures, become more reasonable. This indicates that the simu-
lation helps to improve the description of the behavior. The reasonable
extension of the VLE data for NH3/IL mixtures, confirms the added
value and need for MC simulations to extend the range of VLE prop-
erties of NH3/IL mixtures.

5.2. Diagrams of thermophysical properties

Based on the thermal property methods discussed in Section 2, the
diagrams of the studied working fluids are generated for using them in
thermal applications including VAR cycles. The corresponding dia-
grams are provided in the Appendix.

5.3. Cycle performance

With the thermo-physical properties, the performance of the DE-
VAR cycle can be predicted. The influences of operation conditions and
different sources of properties are investigated. The comparison of its
performance with the GAX cycle is also presented.

5.3.1. The influence of varying operation conditions
Parametric studies are carried out to explore the performance of the

DE-VAR for different operating conditions. The investigated parameters
are the DR, the heat source temperature, the cooling temperature and
the environmental temperature.

As shown in Fig. 12, optimum performances for different conditions
(heat source temperature, Thpg, of 160 and 220 °C, respectively) of the
three working fluids are always obtained when the DRs are close to 0.5.
This indicates that two sub-streams which are comparable in flow are
preferable, which would allow for simplifications in constructing pi-
pelines and controlling valves in a real system. In the following calcu-
lations, the value of DR will be kept constant at 0.5.

Fig. 12 also indicates that a higher temperature of the heat source,
Thpg, contributes to a better performance for the studied conditions.
Similar trends can be observed for the other cases in Fig. 13(a) and (b)
for which the cooling temperature,Teva, is at a relatively low level or the
heat sink temperature, Tcon and Tabs, is at a relatively high level. How-
ever, when Teva is higher and Tcon or Tabs is lower, an increase of Thpg can
lead to constant trends of the COP. This is, for instance, the case in
Fig. 13(a), whenTeva = °10 C, for the working pair NH3/[bmim][BF4]. A
decreasing trend can also be observed in Fig. 13(b), when Teva = °0 C,
for the same working pair.

Fig. 13(a) and (b) indicate that a lower temperature of the cooling
demand leads to an inferior performance for all working pairs. More-
over, for the same operating condition, the NH3/[bmim][BF4] pair
performs better than the other two pairs.

The influence of the temperature of the seawater on the perfor-
mance can be understood by comparing Fig. 13(a) and (b). Fig. 13(a)
applies for cases in which the seawater temperature is °32 C, corre-
sponding to an application in tropical areas. The temperature of the
working fluid side is 5 K higher than the cooling medium, the seawater

Fig. 8. Main waste heat sources of a two-stroke diesel engine: Scavenge air is
used to cool down the compressed air before going to the engine. Jacket water
is applied to maintain the temperature of the engine where the combustion of
fuels takes place. Exhaust gas, a mix of air and fuel at high temperature, is
released with 50% of the total waste heat.

Fig. 9. Exhaust gas flow and temperature (after the turbine) of the studied
diesel engine 12V38 for different engine loads [42]. The solid curve denotes the
flow rate of the exhaust gas and the dashed curve denotes its temperature after
the turbine.

M. Wang et al. Energy Conversion and Management 174 (2018) 824–843

831



(Tabs = Tcon = °37 C). Fig. 13(b) corresponds to an application in high-
latitude areas, for instance, the North Sea adjoining the Netherlands,
where the seawater temperature is on average °16 C (Tcon = Tabs =

°21 C).
The comparison of Fig. 13(a) and (b) shows that both working fluids

have higher performances at lower Tabs and Tcon. Unfortunately, for the
application in tropical areas, the DE-VAR cycle with working pairs
NH3/[emim][SCN] and NH3/[emim][Tf2N] cannot operate at a cooling
temperature of − °5 C. The NH3/[bmim][BF4] working fluid does not
show very promising performance, either. Hence, the following analysis
will only focus on high-latitude areas.

The DE-VAR cycle with NH3/IL pairs shows similar performances, in
respect to the operating conditions, as the cycle with the traditional
H2O/LiBr working pair [44] or other investigated working pairs, such
as NH3/LiNO3 [45].

5.3.2. The influence of different vapor-liquid equilibrium properties on the
cycle performance

To investigate the influence of excluding the simulated VLE data,
the DE-VAR cycle with NH3/[bmim][BF4] in the condition of
T T T T/ / /hpg abs con eva = 240/37/37/-5 °C is studied. Relevant parameters
which can help to indicate the influences of different VLE sources on the
cycle performance are listed in Table 5.

The NH3 mass fractions of state point 5 (solution outlet of the ABS),
11b (solution outlet of the LG) and 9 (solution outlet of the HG) are
determined by the temperatures and pressures at saturated conditions.
The NH3 fractions estimated based on solely extrapolating EXP VLE
data are lower than those based on VLE data including SIM data (only
for point 5, they are almost identical). From point 5 to 11b and to 9,
temperatures and pressures increase. The deviation of saturated NH3

fractions from the one obtained including SIM data also show an in-
creasing trend.

Two streams with an NH3 mass fractions of w9 and w11b are mixed
before state point 13. Consequently, state point 13 also shows a lower
value of NH3 fraction when obtained without using the simulation VLE
data. Due to the underestimation of the change in NH3 fraction between
points 5 and 13, the circulation ratio, f, which is based on w13 and w5
(Eq. (11)), is lower than the one obtained using the SIM VLE. This in-
dicates that the required pump flow is lower.

In terms of cycle performance, the specific heat duties and pump
power are listed in Table 5, as well. They are the corresponding heat
and power loads for 1 kg/s refrigerant flow. The estimated demands of
heat and pump power by using exclusively EXP VLE data is under-
estimated compared with the ones using SIM VLE data. This is con-
sistent with the underestimation of the circulation ratio. As a result, the
COP is remarkably overestimated.

Fig. 10. VLE data of working pairs (a) NH3/[emim][SCN], (b) NH3/[bmim][BF4] and (c) NH3/[emim][Tf2N]. Solid curves denote the experimental data from
Yokozeki and Shiflett [10,11] (denoting as EXP), and dashed curves denote the simulated results by the authors (denoting as SIM).

Table 3
Typical operating modes of the fishing vessel, main engine loads and the corresponding flow and temperature of the exhaust flue gas flow.

Operation mode Duration per year [hour] Main engine load [–] Exhaust gas flow [kg/s] T of exhaust gas [°C]

Mode 1 Fishing with production 5400 90% 15 340
Mode 2 Fishing without production 400 90% 15 340
Mode 3 Sailing to fishing zone and pre-cooling 320 70% 12 326.5
Mode 4 Placing or retrieving nets, pumping fish on board 1200 40% 8.75 307.4
Mode 5 Unloading or out of service 1440 0% – –
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5.3.3. Comparison with the generator-absorber heat exchange cycle
Fig. 14 shows how the COP of a GAX cycle changes with the tem-

perature of the heat source, Tgen, at the condition of T T T/ /abs con eva =
− °21/21/ 5 C. Due to the limitation of the thermophysical properties

database [40] of the NH3/H2O mixture, the calculated performance of
the GAX cycle can only be obtained for Tgen below °170 C.

It can be seen in Fig. 14 that when Tgen is below °116 C, there is no

possibility for heat coupling. Thus, the GAX performs as a single-stage
cycle, showing a decreasing trend with rising Tgen. Above °116 C, the
solid curve indicates the performance of the ideal GAX cycle, which is
increasing as Tgen rises. The GAX cycle is entitled “ideal” because the
calculation of it is based on the perfect heat coupling between the ABS
and GEN. Hence, the solid curve shows the upper limit of the GAX
cycle. The dotted curve represents the results of the single-stage (or
single-effect) NH3/H2O VAR cycle, which gives the lower limit of the
GAX cycle if the heat is not perfectly coupled. A practical system is
supposed to perform between these two limits. The dashed curve re-
presents the average of these two limits, which is an expected estima-
tion of the actual performance.

Fig. 15 shows a comparison of the performance of the NH3/H2O
GAX cycle and the DE-VAR cycle with the NH3/[bmim][BF4] and NH3/
[emim][SCN] pairs at the condition of =T Tabs con = °21 C, indicating
applications at high-latitude areas. Teva is set to −5 and °0 C. The
temperature of the driving heat is varied to investigate its influence.

Fig. 11. Comparison of the vapor pressure curves generated only using the experimental VLE data (EXP) and the ones together using the experimental and simulated
VLE data (SIM) for the studied NH3/IL working pairs: (a) NH3/[emim][SCN] pair (EXP [11]), (b) NH3/[emim][SCN] pair (EXP [11] + SIM) (c) NH3/[bmim][BF4]
pair (EXP [10]), (d) NH3/[bmim][BF4] pair (EXP [10] + SIM), (e) NH3/[emim][Tf2N] pair (EXP [10]), (f) NH3/[emim][Tf2N] pair (EXP [10] + SIM). Vertical and
horizontal dashed lines represent temperature and pressure boundaries of EXP data.

Table 4
Fitted interaction parameters in the NRTL model (following the same notations
in Ref. [16]) for the studied NH3/IL working pairs.

IL α [–] τ12
(0) [–] τ12

(1) [K] τ21
(0) [–] τ21

(1) [K]

[emim][SCN] −0.0320 −20.18 4342.10 11.07 −2084.20
[bmim][BF4] −0.0001 −481.23 2740.10 456.75 −2297.27
[emim][Tf2N] −0.0024 −107.90 8969.70 82.95 −5276.93
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Note that the performance of the GAX cycle is represented by the
average value between the ideal GAX and normal SE-VAR performance.
The data of Tgen above °170 are based on extrapolation.

As shown in Fig. 15, the GAX cycle is able to reach a high

performance even when the driving temperature is relatively low. With
the Tgen increasing, the performance of this cycle is increasing less ra-
pidly. The DE-VAR with NH3/[emim][SCN] pair shows a poor perfor-
mance around °150 C for a − °5 C cooling application. After a sharp in-
itial increase, COP values of the DE-VAR increase only slightly when

Fig. 12. Influence of the distribution ratio on the coefficient of performance of
the DE-VAR with working pair NH3/[emim][SCN], NH3/[bmim][BF4] and
NH3/[emim][Tf2N]. The performance is calculated at the conditions Thpg are
220 or °160 C, and Tabs/Tcon/Teva are kept constant at 37/37/ °10 C.

Fig. 13. Influence of the cooling temperature, Teva, on the coefficient of per-
formance of the DE-VAR with working pairs NH3/[emim][SCN] (smooth
curves), NH3/[bmim][BF4] (curves with round symbols) and NH3/[emim]
[Tf2N] (curves with triangle symbols) for applications in: (a) tropical areas (Tcon

= = °T 37abs C) and (b) high-latitude areas (Tcon = = °T 21abs C).

Table 5
Comparison of the effect of different VLE properties sources for NH3/[bmim]
[BF4] on the DE-VAR cycle performance at the condition of T T T T/ / /hpg abs con eva =
240/37/37/-5 °C (DR = 0.5).

Relevant parameters EXP [10] VLE
(Fig. 11(c))

EXP [10] + SIM VLE
(Fig. 11(d))

w5 [–] 0.0387 0.0383
w11b [–] 0.0245 0.0290
w9 [–] 0.0064 0.0285
w13 [–] 0.0156 0.0287
f [–] 42.49 101.72

specific Qėva [kJ/kg] 1158.32 1158.32

specific Q ̇hpg [kJ/kg] 1204.01 1638.62

specific Ẇp [kJ/kg] 321.80 772.49

COP [–] 0.759 0.480

Fig. 14. Comparison of performance between the ideal NH3/H2O GAX cycle,
the single-stage NH3/H2O cycle at various Tgen conditions (T T T/ /abs con eva =

− °21/21/ 5 C). Solid curve indicates the “ideal” GAX performance and the dotted
curve indicates the “degraded” GAX, i.e. the single-effect cycle. The dashed
curve denotes the expected performance of a real system.

Fig. 15. Comparison of the performance of the DE-VAR with working pairs
NH3/[bmim][BF4], NH3/[emim][SCN] and the NH3/H2O GAX cycle at condi-
tion =T Tabs con = °21 C. Smooth curves indicate the GAX performance and the
dotted curves are extrapolations of their trend lines. The solid curves denote the
performance of cooling at Teva = °0 C and the dashed curves denote the per-
formance of cooling at Teva = − °5 C.
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Thpg is above °180 C. The COP value of the proposed cycle with NH3/
[bmim][BF4] is approximately 10% higher than that of the averaged
GAX cycle when they are driven by heat at 200 °C. In the higher tem-
perature range, these two cycles show a similar performance. Con-
sidering the proposed DE-VAR applying ILs, there is no special need for
a control strategy of the internal heat coupling, and the utilization of
the ILs prevents the need for rectification of the refrigerant flow.

5.4. System integration of the double-effect vapor absorption cycle with the
exhaust gas

Direct heat exchange is assumed between the exhaust gas and the
strong NH3/IL solution. DE-VAR cycles are designed for high tem-
perature applications and a direct coupling could take full advantage of
the high temperature exhaust gas. Thus, the waste heat recovery (WHR)
exchanger, i.e. the flue gas cooler, also plays the role of a high pressure
generator.

5.4.1. Recoverable heat and corresponding cooling capacities
For the exhaust gas stream associated with the WHR heat exchanger

applied in typical modes, the inlet temperature, Tex
i , and the flow rate,

ṁex, are listed in Table 3. The outlet temperature, Tex
o , cannot be cooled

down below °167 C to prevent the risk of sulfur corrosion [4]. With
these constraints, the driving heat of the DE-VAR system is the re-
covered heat from the exhaust gas, Q ̇whr, which is expressed as,

= −Q c m T Ṫ ̇ ( )whr p
ex

ex ex
i

ex
o (13)

where the specific heat of the exhaust gas, cp
ex, is taken as 1.08 kJ/(kg K)

[46].
In the design phase, a pinch temperature of 10 K is assumed in this

HX.T8 cannot be below °157 C to prevent corrosion problems. The value
of T8 is also influenced by the operation of the cycle. Hence, the
pumping flow, which is easy to adjust by changing the pump settings, is
studied to explore its influence on the cooling capacity and on the heat
recycling performance.

Fig. 16 depicts a case in which the inlet exhaust gas stream is at
°340 C and 15 kg/s (which corresponds to the majority of the operating

cases: Mode 1 and 2 in Table 3), in high-latitude areas
( = = °T T 21abs con C) and for a = − °T 5eva C cooling application.

In the proposed DE-VAR, a higher driving temperature leads to a
higher T8. To maintain a fixed temperature difference of heat transfer, a
higher Tex

o is required. Accordingly, the exhaust gas has a smaller
temperature range over which it can be cooled and a smaller waste heat
can be recovered. While a higher driving temperature also results in a
higher COP. These dependencies influence the cooling capacity Qėva
(round symbols), and lead to an initial increase, and then to a constant
value as a function of the pump flow.

However for the studied case, when the pump flow of the solution,
ṁp, is higher than 54.4 kg/s, the exhaust gas cannot be cooled below

°167 C as shown in Fig. 16. Even though cooling and heat recovery
performances are better in this range, the DE-VAR system cannot be
operated due to the risk of sulfur corrosion. Therefore, the optimum
performance is achieved at a pump flow of 54.4 kg/s. The corre-
sponding cooling capacity is 3220 kW.

Table 6 summarizes the operating parameters and optimum cooling
performance when using the DE-VAR with the studied three working
fluids for different engine loads.

The exhaust gas driven DE-VAR system with NH3/[bmim][BF4]
working pair is always larger than 1518 kW in the high-latitude en-
vironment, which has the largest cooling capacity among the three
studied working pairs. And for an engine load of 90%, the cooling ca-
pacity is able to reach 3220 kW. It has the potential to substitute at least
one of the RSW plants in the studied fishing vessel (Table 2) for most of
the operating condition. The solution pump flow, ṁp, of the NH3/
[bmim][BF4] working pair is also lower than the ones of the other two
pairs.

5.4.2. State information
The state point information for the working fluid, NH3/[bmim]

[BF4] in the DE-VAR system, is listed in Table 7, for the above studied
case in a condition of T T T T/ / /hpg abs con eva = 205/21/21/-5 °C.

Due to the pressure drop in the valve and heating in the SHXs, so-
lutions at state points 7c and 8 may have NH3 vapor generated [16]. A
close investigation reveals that only small amounts of NH3 vapor are
generated before entering the generators. Results of NH3 fractions and
specific enthalpies of these two points in Table 7 are the data for bulk

Fig. 16. The influence of the designed pump flow, ṁp, on operating parameters
of the exhaust gas driven DE-VAR system with NH3/[bmim][BF4]. The case is
based on a 90% diesel engine load, in high-latitude areas for a − °5 C cooling
temperature. Note that for pump flows above 54.4 kg/s, the exhaust gas might
condensate and cause sulfur corrosion.

Table 6
The optimum cooling performance (Qėva), corresponding recovered waste heat (Q ̇whr), DE-VAR cycle performance (f and COP m, ̇ p, and Ẇp), and operating conditions
(T T T, ,ex

i
ex
o

8, and Thpg) for different diesel engine loads with the working pair NH3/[emim][SCN], NH3/[bmim][BF4], and NH3/[emim][Tf2N] in high latitude areas.

NH3/[emim][SCN] NH3/[bmim][BF4] NH3/[emim][Tf2N]

Engine load 90% 70% 40% 90% 70% 40% 90% 70% 40%

Tex
i [°C] 340 326.5 307.4 340 326.5 307.4 340 326.5 307.4

Tex
o [°C] 170.4 170.4 170.4 169.8 169.8 169.8 179.6 179.6 179.6

T8 [°C] 160.4 160.4 160.4 159.8 159.8 159.8 169.6 169.6 169.6

Thpg [°C] 190 190 190 205 205 205 200 200 200

f [–] 28.7 28.7 28.7 20.4 20.4 20.4 22.8 22.8 22.8
COP [–] 0.977 0.977 0.977 1.092 1.092 1.092 0.946 0.946 0.946

ṁp [kg/s] 69.8 51.4 32.9 54.4 40.1 25.6 94.5 69.2 43.9

Ẇp [kW] 257 189 121 191 141 90 257 188 120

Q ̇whr [kW] 2748 2023 1295 2756 2030 1300 2599 1904 1208

Qėva [kW] 2936 2162 1383 3220 2372 1518 2701 1979 1255
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streams (saturated solution with NH3 vapor). Specific enthalpies of the
bulk stream are obtained via,

= − +h T P w q h qh( , , ) (1 )sol
NH sat

sol V
3 (14)

where hsat
sol and hV are the specific enthalpies for the saturated solution

part and the vapor part, respectively. q is the quality, which is identified
as,

= −
−

q w w
w1

sat

sat (15)

The qualities and saturated NH3 fractions of these two points are ad-
ditionally listed in the footnote of Table 7.

5.5. Feasibility consideration

The above studied IL-based working pairs show a promising tech-
nical performance in the DE-VAR at high-temperature applications.
Before implementing the cycle, thermal stabilities of the investigated
ILs and the potential economic benefits must be considered.

5.5.1. Thermal stabilities
It has been reported that imidazolium ILs have high thermal stabi-

lities [47]. The short and long-term thermal stabilities of [emim][SCN]
have been studied by Navarro et al. [34]. Liu et al. [48] investigated
short and long-term thermal stability of [bmim][BF4]. Feng et al. [49]
also carried out thermal analysis of [bmim][BF4]. Heym et al. [50]
measured the thermal decomposition of [emim][Tf2N]. The work of
Villanueva et al. [51] included the long-term stabilities of [emim]
[Tf2N]. The key findings of these studies are summarized in Table 8.

It can be seen that the thermal stability of [bmim][BF4] and [emim]
[Tf2N] is better than that of [emim][SCN] regarding both short and
long-term stability. The two ILs have also been classified into the group
of “most stable” ILs by Cao and Mu [47]. The conducted long-term tests
have shown the applicability of [bmim][BF4] below 250 °C. [emim]
[SCN] has shown obvious mass loss above 160 °C and for this reason it
cannot be applied in DE-VAR systems.

5.5.2. Economic and environmental benefits
It can be concluded that the proposed DE-VAR system with NH3/

[bmim][BF4] is promising for the application in high-latitude areas. An
accurate estimation of the initial cost and the system size relies on a
thorough understanding of the heat and mass transfer of the newly-
proposed working fluids and further investigation is required.
Nevertheless, the operational cost can be estimated based on the ana-
lysis in this study. Table 9 shows the two options of replacing RSW
plants with the proposed exhaust gas driven DE-VAR system.

The first option is to replace one RSW plant. The exhaust gas for all 5
engine operating modes (Mode 1–5 shown in Table 3) is able to drive the
proposed DE-VAR system to produce the equivalent cooling capacity of
one RSW. For these operating time (7320 h per year), a saved primary
energy can be obtained via the difference in power consumption of the
proposed system and the existing compression one, which is 4.77 TJ/
year. If the CO2 emission of diesel oil is taken as 778 g/kWhe (diesel)
[52], the CO2 emission during fishing can be reduced by 1031 tons/year.
Option 2 concerns replacing two RSW plants with one DE-VAR system,
while this option is able to provide an equivalent cooling capacity of two
RSW plants only when the engine operates at a 90% load. For this case,
by operating it 5800 h/year, the saved energy is 7.33 TJ/year and the
corresponding reduced CO2 emission is 1633.5 tons/year.

6. Conclusions

A waste heat recovery cooling system is proposed which uses am-
monia/ionic liquid mixtures as working fluids in a double-effect vapor
absorption refrigeration (DE-VAR) system. A multi-scale analysis is car-
ried out to study its performance in a fishing vessel. The analysis includes
Monte Carlo simulation to predict vapor-liquid equilibria at high tem-
peratures and pressures, thermodynamic modeling for cooling cycle
analysis, and system evaluation when integrated with engine exhaust
gas. Based on the work, the following conclusions could be drawn:

Table 7
State points of the DE-VAR at a condition of T T T T/ / /hpg abs con eva = 205/21/21/-
5°C) with the working fluid pair of NH3/[bmim][BF4] (DR = 0.5, ṁp=
54.4 kg/s).

Point ṁ [kg/s] T [°C] P [bar] wNH3 [–] h∗ [kJ/kg]

1 2.67 10.6 8.85 1 146.90
2 2.67 −5.0 3.55 1 146.90
3 2.67 −5.0 3.55 1 1353.86
4 2.67 14.5 3.55 1 1402.69
5 54.40 21.0 3.55 0.0766 79.38
6 54.40 21.0 39.53 0.0766 82.37
7 54.40 57.2 39.53 0.0766 148.41
7a 27.20 57.2 39.53 0.0766 148.41
7b 27.20 57.2 39.53 0.0766 148.41
7c∗∗ 27.20 57.2 8.85 0.0766 148.41
8∗∗ 27.20 159.8 39.53 0.0766 393.02
9 25.57 205.0 39.53 0.0179 411.84
10 25.57 67.2 39.53 0.0179 151.64
11 51.73 70.1 8.85 0.0290 160.09
11a 25.57 67.2 8.85 0.0179 151.64
11b 26.16 72.9 8.85 0.0399 168.34
12 51.73 31.0 8.85 0.0290 90.64
13 51.73 31.0 3.55 0.0290 90.64
14 1.63 205.0 39.53 1 1791.27
15 1.63 77.9 39.53 1 485.50
16 1.63 21.0 8.85 1 485.50
17 1.04 72.9 8.85 1 1517.54
18 2.67 21.0 8.85 1 195.73

∗ Specific enthalpies are calculated based on an arbitrarily chosen reference
state of T = −23 °C and P = 10 bar.

∗∗ At state points 7c and 8, the NH3 may boil off from the solution. Saturated
fractions and qualities of state points 7c and 8 are: wsat

7c = 0.0672, q7c = 0.01.
wsat

8 = 0.0384, q8 = 0.04.

Table 8
A summary of assessment for the thermal stabilities of the studied ILs [34,48–51].

[emim][SCN][34] [bmim][BF4] [emim][Tf2N]

Tonset
∗ 525.5 (5 K/min) 630 K (10 K/min) [48] 692 K (10 K/min) [50]

538.6 (10 K/min)
553.7 (20 K/min)

Long-term stability Obvious mass loss observed at and
above 433.2 K during 48 h.

It does not show an obvious mass loss at 513 K for 5 h [48]. Mass losses rates are below 2%
for 533 K for 5 h [51].

No obvious mass loss observed at and
below 393.2 K during 48 h.

Mass losses rates are 1.30% and 2.60% for 453 K and 573 K respectively, for 10 h.
No obvious change for the Fourier Transform Infrared Spectroscopy analysis [49].

∗ Tonset is an extrapolated and reproducible temperature that denotes a point at which the weight loss begins. A graphic explanation can be found in literature, for
instance, Navarro et al. [34].

M. Wang et al. Energy Conversion and Management 174 (2018) 824–843

836



• Monte Carlo simulations are capable to extend the vapor–liquid
equilibrium data of the working fluids. The inclusion of the com-
puted solubilities improves the quality of the extension of the NRTL
model to high temperature and pressure conditions in comparison to
solely using experimental data obtained at low temperatures and
pressures.

• The ranking of the coefficient of performance (COP) for the three
studied ILs within NH3-based DE-VAR cycle is: [bmim][BF4] >
[emim][SCN] > [emim][Tf2N]. The best IL candidate achieves a
COP above 1.1 for −5 °C cooling in a fishing vessel operating in
high-latitude areas.

• DE-VAR cycles show approximately 10% higher performance than
GAX cycles with NH3/H2O for applications with high temperature
driving heat.

• Because of stability problems at high temperatures, [emim][SCN] is

not suitable for high-temperature applications of a double-effect
vapor absorption refrigeration cycle.

• The proposed system with NH3/[bmim][BF4] can provide the
cooling capacity of one refrigeration seawater (RSW) plant for all
operating modes of the diesel engine, when driven by its exhaust gas
(COP of 1.1, cooling capacity of 1518 kW). Thereby, 4.8 TJ of en-
ergy can be saved and 1030 tons of CO2 emission can be avoided
annually per fishing vessel. Alternatively, the proposed system can
provide the cooling capacity of two RSW plants for most of the
operating modes (cooling capacity of 3200 kW). Annually saved
energy and reduced CO2 emissions are 7.6 TJ and 1635 tons, re-
spectively.
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Appendix A. Thermophysical properties diagrams of the studied working fluids

Based on the thermal properties methods discussed in Section 2, the ln P-(-1/T) and h-w diagrams of the studied working fluids can be provided.
Note that the properties described in these diagrams apply for saturated-liquid conditions.

Table 9
Economic and environmental benefits of replacing refrigeration seawater plants
with the proposed system applied in high-latitude areas.

In substitute of Operating hours
[hrs/year]

Saved energy
[TJ/year]

Reduced CO2

[tons/year]

Option 1 RSW × 1 7320 4.77 1030.8
Option 2 RSW × 2 5800 7.56 1633.5
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Appendix B. Supplementary material

Supplementary data associated with this article can be found, in the online version, at https://doi.org/10.1016/j.enconman.2018.08.060.
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