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Abstract

Force Field based Monte Carlo (MC) simulations are conducted to predict the performance of an absorption
heat pump cycle involving NHs/ionic liquid (IL) (refrigerant/absorbent) as working pair. To investigate the
thermodynamic performance of the cycle, various properties such as the enthalpy of absorption, heat capacity,
and solubility of refrigerant in the absorbent are required. As an alternative to experiments, MC simulations are
used to predict the required properties. The simulations are performed at temperatures ranging from 303 K to
373 K and pressures ranging from 4 to 16 bar. The thermodynamic performance parameters such as the
coefficient of performance, COP, and the circulation ratio, f; of NH; paired with [emim][Tf,N] are investigated
using MC simulations and compared to results obtained from correlated experimental data, showing a
reasonable agreement. MC simulations could be used as an inexpensive alternative for preliminary design
considerations involving potential working pairs for absorption heat pump cycles in the absence of available
experimental data.
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Nomenclature

CcopP Coefficient of performance - mix Mixing

C Specific heat kkg'k! P Constant pressure
f Circulation ratio - r Refrigerant

h Enthalpy klkg™ s Weak solution

m Mass flow kgs™ sol Solution

P Pressure Pa

0 Heat flow w Superscripts

T Temperature K IL lonic liquid

X Molar concentration molmol™ n Molar basis

w Mass concentration kgikgsor ™ res Residual

W, Pumping power W

Abbreviations

Subscripts EOS Equation of state

0 Reference state EXP Expansion valve

A Absorber, weak HX Heat exchanger

abs Absorption IL lonic liquid

C Condenser MC Monte Carlo

E Evaporator NPT Isobaric-isothermal ensemble
G Generator, strong NRTL Nonrandom two liquid
IL lonic liquid QM Quantum mechanical
lat latent RK Redlich-Kwong

VLE Vapor-liquid equilibrium

1. Introduction

According to the International Energy Agency (2014) [1], the total energy demand for applications such
as space heating and cooling, drying, food storage, etc., is of the order of exajoule (1 EJ = 108 J). To deal with
the rapid growth of energy demand and utilization, much attention has been focused on absorption cycles. The
advantage of absorption cycles is their effective utilization of low-grade waste heat and the resulting decrease
of primary energy consumption [2]. Additionally, heat from renewable sources, such as solar, can be applied as
the driving heat. The thermodynamic performance of an absorption cycle depends on its working pair. The
commonly used working pairs such as H,O/LiBr and H,O/NH; are characterized by some drawbacks. These
drawbacks are crystallization and low (sub-atmospheric) operating pressure for H,O/LiBr and a difficult
separation (rectification process) for H,O/NHj; [3]. ILs have been proposed as alternative absorbents [3-4]. ILs
are molten salts which are often liquid at room temperature. They consist of an organic cation and an organic or
inorganic anion. ILs are promising absorbents due to their favourable properties such as negligible vapour
pressure, high thermal and chemical stability, non-flammability, low corrosive character, and excellent
solvation properties [4-5]. Furthermore, billions of ILs with diverse properties can be designed and synthesized
by combining different anions and cations. To investigate the thermodynamic performance of an absorption
heat pump cycle, various properties such as the enthalpy of absorption, heat capacity, and solubility of
refrigerant in the absorbent are required at different state points in the cycle. However, for ILs there are only
limited experimental data available. MC simulations and quantum mechanical (QM) calculations can be used to
compute the required properties [6]. The accuracy of results from these simulations for predicting the
thermodynamic performance for IL/NH; heat pump cycles is still unknown. The objective is to apply MC
simulation techniques along with QM calculations to determine the thermodynamic properties of working pairs
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Fig. 1. Schematic representation of a single-effect absorption heat pump cycle.

to investigate their thermodynamic performance in a single-effect absorption heat pump cycle. In this work,
NH; (refrigerant) is paired with [emim][Tf,N] (absorbents). [emim][Tf,N] is selected because it is one of the
most widely investigated ILs [3, 7-9].

2. The Absorption Heat Pump Cycle
2.1 Cycle description and thermodynamic model

Fig. 1 shows a schematic representation of the single-effect absorption heat pump cycle using a NH/IL
mixture as working pair. For a detailed description of the single-effect heat pump cycle we refer to Wang &
Infante Ferreira [10]. To simulate the thermodynamic performance of the single-effect absorption heat pump
cycle, the following assumptions are made to simplify the calculations:

1. The flow through the components is under steady state.

2. The pressure drop due to friction in the connecting pipelines is neglected. Therefore, the operating
pressures in the condenser and the generator are equal (Pc=Pg). Similarly, the operating pressures in the
evaporator and the absorber are equal (Pe=Pa).

3. The refrigerant leaves the evaporator (state point 1) as saturated vapour at the dew point with 7=Tg=T;
and the condenser (state point 9) as saturated liquid at the bubble point with T=T¢=T.

4. The solution leaves the generator in equilibrium as saturated liquid at its end generation temperature, i.e.,
I7=Tg,

5. The refrigerant enters the condenser (state point 8) as superheated vapour at the temperature which is equal
to the end generation temperature, i.e., Tg=Tg.

6. The condition at state 2 (solution outlet of the absorber) is a subcooled weak IL solution with a degree of
subcooling set to 5 K.

7. The minimal heat transfer temperature difference of the solution HX is set to 5 K.

8. The heat loss through connecting pipes and solution heat exchanger is negligible.

2.2 Cycle performance

Two important parameters for evaluating the thermodynamic performance of a single-effect absorption
heat pump cycle are the circulation ratio, fand the coefficient of performance, COP. The circulation ratio, f, is
defined as

f=ta= e (L)

s
mr wGg—wa
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where wg and wp are the mass fractions of the absorbent in the strong and weak IL solutions flowing out of the
generator (G) and absorber (A), respectively. rg is the mass flow rate of the weak IL solution flowing out of
the absorber and i1, is the mass flow rate of the refrigerant (NH3). In Eq. (1), ws and wa are obtained from
solubility data. The coefficient of performance, COP, of a single-effect heat pump cycle is defined as

cop=3r% __C 44 )
Qct+tWp  Qgt+Wp

where Qc¢, Qa, Qg, and W5 are the heats exchanged with the surrounding and the pumping work. For an NHs/IL
mixture, the enthalpy of the solution, /g, is expressed as

hsor = Wy Ann, + WiLhi + Rabs 3)

in which hyy, and hy;, are the enthalpy of pure NH; and IL at the investigated state, wyy, and wyy, are the mass

fractions of NH3; and IL, respectively, and h,, is the enthalpy of absorption. The enthalpy of pure IL can be
obtained as follows

T
hy =hy+ [CrdT @)
TO
in which A, is the reference enthalpy at 7, and Py and CL is the heat capacity of the pure IL. The conditions Ty
=250.15 K and P, = 1 MPa are adopted as an arbitrary reference state for Eq. (4).

3. Property predictions

The above cycle description illustrates that three properties are essential for the performance assessment
of absorption heat pump cycles. These properties are the solubility of the absorbent in the refrigerant, the heat
capacity of the pure components, and the enthalpy of absorption of the refrigerant/absorbent mixture. MC
simulations in the osmotic ensemble are performed to compute the solubility of NH; in IL [11-14]. The heat
capacity can be divided in an ideal and a residual part. The ideal gas part of the heat capacity of pure IL is
computed using QM calculations. The residual part of the heat capacity is computed using MC simulations in
the isobaric — isothermal (NPT) ensemble. The enthalpy of absorption for the mixture is calculated using MC
simulations in the osmotic ensemble and in the NPT ensemble. For details on the conducted simulations and the
applied force fields we refer to Becker et al. [15].

4. Results and discussions
4. 1 Solubility of NH;in [emim][Tf,N]

The solubility of NHzin [emim][Tf,N] is computed at 308.15 and 373.15 K and for pressures between 4
bar and 16 bar. The results are shown in Fig. 2. The experimental data are taken from literature [7-8]. The
experimental data are fitted (correlated) with the NRTL model. Details on the NRTL model and the correlated
parameters can be found in literature [16]. The results from MC simulations are in reasonable quantitative
agreement with the correlated experimental data. The results indicate high solubilities of NHz in [emim][Tf,N].
Simulations yield a solubility trend that is qualitatively similar to that observed in the correlated data. The
solubility increases with increasing pressure at constant temperature, and decreases with increasing temperature
at constant pressure. The MC simulations overestimate the solubility of NHs in [emim][Tf,N]. Quantitative
deviations in the solubilities may be attributed to the applied force fields. For higher accuracy, improvements in
the force fields are desired.
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Fig.2. Computed (coloured) and NRTL correlated (black) solubilities of NH3 (x;) in [emim][Tf,N].

4.2 Heat Capacity of ILs

Fig. 3 shows the comparison between the computed and the experimental heat capacities as a function of
temperature. The computed results are in good agreement with the experimental data. It is worth noting that the
statistical uncertainties of the computed heat capacities are large. However, the uncertainties associated with

the experiments are comparable. Consequently, the different experimental data sets for [emim][Tf,N] show a
high degree of scatter.

The computed heat capacities are fitted to a quadratic polynomial in temperature. The fitted parameters
are listed in Table 1.

Table 1. Fitted parameters of the computed heat capacity Ci* = a + bT + ¢T? for [emim][Tf2N].

ILs al [J mol™ K] bl [J mol™ K?] ol [Imol* K]
[emim][TF2N] 7168.07 28714 25150 x 103
700 . -
A Geetal.
6sol| ¢  Paulechkaetal.
W Ferreiraet al.
@  Simulations results
600
3
©
£ 550 n
8
‘e
< ITTLAAN
® 500 %
450 +
400 . . : . . .
280 300 320 340 360 380 400 420

T/[K]

Fig. 3. Comparison of the computed heat capacities (blue symbols) with the experimental heat capacities (black symbols) for
[emim][Tf,N]. Experimental data are taken from Refs. [17-19].
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The enthalpies of the pure IL at different conditions are then calculated using Eq. (4). Subsequently, the
enthalpies can be used to calculate the COP of the absorption heat pump cycle (Eq. (2)). For COP calculations
from experimental data, experimental heat capacities are fitted to a polynomial. The fitted parameters are taken
from literature [16]. The enthalpies of pure NH; are obtained from NIST's Refprop [20].

4.3 Enthalpy of absorption

Besides MC simulations, the mixing enthalpy, k., is frequently derived from the residual enthalpies
using a cubic equation of state (EOS). For example, the generic Redlich-Kwong (RK) EOS can be used in
combination with a mixing rule based on the experimental vapour-liquid equilibrium (VLE) data.

hmix = —2Xnu, AN, — XIS + GG (5)
The detailed procedure and the used parameters are given by Yokozeki & Shiflett [7-8]. The enthalpy of
absorption, 4h,;, can be determined from the mixing enthalpy by subtracting the latent heat Ahy,; (here taken
from NIST Refprop [20]).

Ahgps = Ahpyix — Wi, | ARy (6)

For comparison, the enthalpies of absorption computed from RK-EOS and from MC simulations are reported in
Table 2.

Table 2. Enthalpies of absorption for NHs/[emim][Tf,N] computed from MC simulations and RK-EOS.

MC Simulation results RK-EOS results
ILs TI[K] Pl [bar] ARy, Wy, Ahgpe Wy, Baps’
/TkImol’]  /[kgkgl]  /[kIkg'] / [kg kg''] / [KI kg™]
. 308.15 6.15 16.713 0.1086 1442 0.0688 -69.97
[[eTTZ”,L‘} 313.15 135 -15.00.8 0.0404 724 0.0290 -28.0
373.15 135 -10.7+0.9 0.0404 515 0.0290 22.60

% Enthalpies of absorption computed from RK-EOS using Egs. (5) and (6).

The enthalpies of absorption computed from MC simulations and from RK-EOS are negative in all cases
and show a consistent behaviour. The magnitude of the enthalpy of absorption from MC simulations increases
as the temperature decreases. This is in agreement with the results reported by Shi & Maginn [9]. In contrast to
the MC simulations, the RK-EOS predicts a smaller temperature dependency of the enthalpy of absorption.
Due to a lack of experimental measurements it is difficult to draw any conclusion about the quality of both
approaches. However, approaches based on EOS are known to have difficulties in handling the phase
behaviour of polar compounds like ILs [21]. Furthermore, the EOS based approach is sensitive to the
parameters obtained by fitting to experimental data. Accurate predictions of the enthalpy of absorption seem to
be challenging and further investigations are required.

4.4 Circulation ratio, f

The solubility from MC simulations are used to calculate f. Subsequently, f'is compared with the value
calculated from the correlated experimental data. Table 3 shows the comparison for an end generation
temperature of 100 °C. Large deviations between f calculated from these two approaches can be observed.
These deviations result from the differences in the predicted solubilities of NH;. The MC simulations
overestimate the solubility of NH; which results in low mass fractions of IL. Therefore, the value of fis lower.
A high circulation ratio increases the pumping power and the generator heat input requirements. Hence, a lower
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COP value will be achieved.

Table 3. Comparison of the circulation ratio, /', and coefficient of performance, COP, computed from correlated experimental data and
simulations. Cycle conditions: 7= 35 °C, T, = 30 °C, 7z = 10 °C, T =100°C, Pz = 6.15 bar and P. = 13.5 bar.

Working pair Method Te/[°C]  we/[kgkg™] wal [kgkg™] f f COP COP*
[emim][Tf2N] correlated data 100 0.971 0.931 243 168 -
simulations 100 0.959 0.891 14.1 10.8-19.2 1.66 1.63-1.69

f*and COP?* are circulation ratio and the coefficient of performance ranges due to uncertainty in the simulation results.
4.5 Coefficient of performance, COP

Table 3 also shows the COP calculated from correlated experimental data and MC simulations for an end
generation temperature of 100 °C. The approaches agree reasonably well. A smaller value of fis obtained from
MC simulations. This is compensated by a larger enthalpy difference between solutions entering (state point 4)
and leaving (state point 7) the generator predicted from MC simulations. This enthalpy difference is mainly due
to the deviations in the enthalpies of absorption as the deviations in the heat capacities are not significant. The
larger enthalpy difference results in a larger generator heat input value. Since the evaporation heat is constant
(for a fixed T%)., the larger generator heat input decreases the COP according to Eq. (2).

5. Conclusions

MC simulations and QM calculations have been used to predict all essential properties to assess the
performance of the absorption heat pump cycle for the NHs/IL working pair. To estimate the accuracy of
simulations in predicting the thermodynamic performance, the COP and the value of /' of NHz/[emim][Tf,N]
are calculated. The results are compared with those obtained using correlated experimental data (NRTL & RK-
EOS). MC simulations have been shown to be capable of making qualitative as well as reasonable quantitative
predictions of the thermodynamic properties such as heat capacity, solubility and enthalpy of absorption.
Therefore, MC simulations have potential to be used to extend the range of the experimental data. Improved
force fields that describe the interactions better will yield in better estimates. Hence, this approach can be used
as an inexpensive alternative for preliminary design considerations involving potential working fluids for
absorption heat pump cycles. Especially, in the absence of experimental data this seems to be the best available
approach.
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