<]
TUDelft

Delft University of Technology

Performance analysis of double-effect absorption heat pump cycle using NH3/ILs pairs

Wang, Meng; Infante Ferreira, Carlos

Publication date
2017

Document Version
Final published version

Published in
Proceedings 12th IEA Heat Pump Conference

Citation (APA)
Wang, M., & Infante Ferreira, C. (2017). Performance analysis of double-effect absorption heat pump cycle
using NH3/ILs pairs. In Proceedings 12th IEA Heat Pump Conference Stichting HPC 2017.

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.



]2Ih

IEA 12" IEA Heat Pump Conference 2017 . ot
ner echnolo
HEAT PUMP _Network

CONFERENCE

Performance analysis of double-effect absorption heat pump
cycle using NH2/ILs pairs

Meng Wang?, Carlos A. Infante Ferreira®

Delft University of Technology, Process and Energy Department
Leeghwaterstraat 39, 2628 CB Delft, The Netherlands
M. Wang-2@tudelft.nl

Abstract

lonic liquids (ILs), as novel absorbents, draw considerable attention for their potential roles in replacing H,O or
LiBr aqueous solutions in conventional NHs/H,O or H,O/LiBr absorption chiller or heat pump cycles. In this
paper, NH,/IL working pairs are proposed for implementation in parallel double effect heat pump systems. To
investigate their performance, a property-prediction method, based on experimental heat capacities and the non-
random two-liquid (NRTL) activity coefficient model for the vapor pressure, was used to estimate the
thermodynamic properties for the proposed NHa/IL mixtures. Then, parallel configuration double-effect
absorption heat pump cycles driven by a high-temperature heat source were analyzed by means of evaluation of
the thermodynamic operating limits and performance simulations with the aforementioned properties. The ILs
investigated include [Mmim][DMP], [Emim][BF,], [Hmim][BF,], [Omim][BF,], [Bmim][BF,], [Bmim][PFg],
[Emim][Tf,;N], [Emim][EtSO,4] and [Emim][SCN]. The performance, such as the coefficient of performance,
COP, and circulation ratio £, along with the environmental temperature used as heat source were compared for
these ILs based pairs and the conventional ones. This work on double-effect heat pumps with NHj/ILs pairs
shows that there is an optimum distribution ratio between the parallel flows and that some of the investigated
mixtures have the potential to show a better performance than that of the traditional NHz/H,O pair in cooling
and heating applications.

© 2017 Stichting HPC 2017.
Selection and/or peer-review under responsibility of the organizers of the 12th IEA Heat Pump Conference 2017.

Keyworks: double-effect; absorption cycle; heat pump; ILs; NH3




Wang & Infante Ferreira/ 12th IEA Heat Pump Conference00 (2017) 0.4.2.1

Nomenclature

cor Coefficient of performance - NH; ammonia component

C, Specific heat Jkg'K?t mix Mixing

DR Distribution ratio - r Refrigerant
f Circulation ratio - s Solution

G Parameters in NRTL model - sat Saturated

h Enthalpy Jkgt sol Solution

W Mass flow kgs™ t Total

P Pressure Pa

Q Heat flow W Abbreviations

T Temperature K ABS Absorber

w Mass fraction kgkg™ AHP Absorption heat pump

X Molar fraction molmol™* CON Condenser

DE Double effect

Greek symbols EOS Equation of state

a, T Parameters in NRTL model - EVA Evaporator

Ah Enthalpy change Jkg* HC High pressure condenser
Ve Activity coefficient - HC Hydrocarbon

HFC hydrofluorocarbons

Sub- and superscripts HG High pressure generator
0 Reference state HX Heat exchanger

1..18 State points iHX Intermediate heat exchanger
a Absorber IL lonic liquid

c Condenser LG Low pressure generator
cooling Cooling NRTL Non-random two liquid
e Evaporator SE Single effect

hg High pressure generator SHX Solution heat exchanger
hp Heat pump VLE Vapor liquid equilibrium
IL lonic liquid component

1. Introduction

Absorption refrigeration and heat pump cycles, are drawing considerable attention because they can make
use of the low-grade heat from the surroundings for the purpose of cooling and/or heating [1] [2]. Binary
mixtures such as H,O/LiBr, NHs/H,O have been widely used in absorption systems for decades, but many
challenges do exist, such as crystallization possibilities of the H,O/LiBr pair and the difficulty in separation of
NH,/H,0 pair [3]. Research to identify alternative absorbents which don’t have these problems is most relevant
[4].

lonic liquids (ILs), as novel absorbents, have been attracting researchers for their potential roles in replacing
water or aqueous solutions of LiBr in conventional absorption refrigeration and heat pump technology, because
they hold strengths such as high boiling point, good affinity with refrigerants and high chemical and thermal
stabilities [3]. In order to preselect promising ILs to be used in absorption systems, many researchers did
performance prediction investigations, covering both experiment and simulation work. However due to the
relatively high cost of ILs, experimental work [5]-[7] is up to now restricted to small scales and mainly based
on H,O/ILs pairs. The majority of the investigations were focused on performance predictions, in which the
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frequently studied refrigerants include H,O [8], [9], hydrocarbons (HCs) [10], hydrofluorocarbons (HFC) [11],
[12], CO, [13] and NH5[14], [15]. However, all these researches were based on single-effect (SE) absorption
systems. There are no publications that we are aware of concerning the topic of ILs in double-effect (DE)
absorption systems.

Double-effect absorption heat pumps (DE-AHPs) can utilize high temperature heat input from concentrated
solar power or process waste streams. It is possible to apply the working mixtures of IL with refrigerant in DE-
AHP systems for maximum utilization of high temperature heat sources, for the IL mixtures will remain in
liquid state under such operating conditions, while the current technology with LiBr-water mixtures may not
[16]. Additionally, it is expected that higher energetic efficiencies will be obtained when optimized ionic liquid
refrigerants mixtures will be used [17].

Since NH; based absorption systems hold strengths such as sub-zero degree applications and free of air
infiltration [18], research using this natural refrigerant is most relevant. While reported works on this fluid on
DE-AHPs are rare. In this work, we therefore intend to develop DE-AHPs in a parallel configuration using
NHa/ILs mixtures. Working fluids investigated here cover all the 9 NH,/IL pairs for which their vapor-liquid
equilibrium (VLE) data and ILs’ heat capacity data have been reported. The operation ranges which are
restricted by the VVLE of each mixture will be first studied. Then a performance analysis will be carried out for
the feasible working fluids. The optimum distribution ratio (DR) for each working fluid is also investigated.

2. Methodology
2.1 Cycle configuration

Fig 1 depicts a schematic of a DE-AHP system in parallel configuration. The main feature of the parallel
DE-AHP 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 for generating refrigerant vapor. One of the sub-streams of the strong solution 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 goes to the high pressure condenser (HC). In the HC, it releases
the condensation heat which is utilized to heat the low pressure generator (LG). The other sub-stream of strong
solution flows to the LG and is heated by this condensation heat to boil off the other stream of refrigerant vapor.
The HC and LG are coupled in an intermediate heat exchanger (iHX). After the generation of refrigerant vapor,
the two sub-streams of weak solution mix before they flow back to the ABS. The two streams of refrigerant
vapor flow to the low pressure condenser (CON), rejecting the condensation heat to the surroundings (here
cooling water). The sum of liquid refrigerant after CON passes through a throttle valve and the evaporator
(EVA) to expand to a vapor state again before it is absorbed by the weak solution in ABS. The vaporization
heat is extracted from the environmental heat source and absorption heat in released to the cooling water. An
additional economizer (HX) is utilized to pre-heat the vapor refrigerant for the purpose of efficiency
improvement.

Key state points of the solution are also illustrated qualitatively in both In P -1/T and 4-w diagrams in Fig. 2.
The cycle 5-8-9-11a-11-13-5 shows the sub-stream passing the HG and cycle 5-7¢-11b-11-13-5 represents the
other one passing the LG. The mass flows of the two sub-streams of the solution can be quantified with the
help of the distribution ratio DR, which is defined as the mass flow ratio of the sub-stream of the solution
passing the HG to the total one.

ts mS
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Fig. 1. Schematic diagram of a double-effect system Fig. 2. The solution state points in InP- -1/T

absorption a parallel configuration in and h-w diagrams

2.2 Modelling methodology

In order to create an integrated model for the thermodynamic analysis of the DE-AHP system, several

assumptions are made to simplify the calculations:

e The system operates in steady state.

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

e The refrigerant stream is saturated liquid or saturated vapor in the outlets of the two condensers and
evaporator, respectively. The solution is in equilibrium state while leaving both generators. The solution
leaving the absorber is subcooled with a subcooling of 3 K.

e For the heat exchangers, the pinch temperature of SHXs is assumed as 10 K. The pinch temperature of
iHX is set to 5 K. The effectiveness of HX is assumed as 75 %.

e The heat losses, pressure losses and pumping work are neglected. Throttling is an isenthalpic process.

The calculation procedure for the whole system is illustrated in Fig. 3.

For each component, the energy, mass and species balances are taken into consideration for modelling.

With the pressure-temperature-concentration information and enthalpy of each state point, which will be
introduced in the next section, the rejected or absorbed heats Q,,g, Qc , Q and Q could be obtained. Key

performance parameters such as coefficient of performance, COP, for cooling and heating, are defined by,

COB‘ooling = % (2)
th

cop, 00 ®
th
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Fig. 3. Calculation procedure for the DE-AHP in a parallel configuration

The circulation ratio, £, which describes the mass flow ratio between the pumped solution stream and the
pure refrlgerant stream, can be obtained from

=" _ 1wy 4)

Ws —Wi3
2.3 Properties

2.3.1 Vapor liquid equilibrium for the NH3/ILs binary solutions

Non-random two-liquid (NRTL) model for the prediction of vapor liquid equilibrium (VLE) of mixtures
have been frequently reported in the literature, see for instance [19]. In this section only the details for the
following steps of this paper will be discussed.

For the NH3 / IL systems, due to the non-volatility of ILs, the equilibrium criterion is simplified as,

P=xy, B I\gn‘:;3 Y NH, )
here, PZSZ,; can be obtained from Antoine equation. The activity coefficient ¥, can be obtained by the NRTL
activity coefficient model,

2
G G,.T
Iny, =x5| 7, 2 + 222 _ (6)
X+ X,Gy (x, +x,G,)
where,
G, =exp(-ar,) G, =exp(-ar,) (7)
(0) (1) (0) (1)
T,=T. T, =T (8)
12 T 21 T
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With the experimental vapor pressure data, the binary parameters ¢, 7.3, 733, 7% and 7} have been

fitted and will allow for the determination of the operating concentrations in the next steps. The fitted results
and accuracies can be found in [15].

2.3.2 Specific enthalpies of the refrigerant and mixtures

The specific enthalpy data of pure NH3 are directly obtained from NIST’s Refprop [20]. For solutions, the
total specific enthalpies can be estimated using the following method, depending on its state,
For saturated solution at an equilibrium condition 7, P and wyps,

BT, P, Wy, ) =W gy, (T) +wy, by, (T)+ A, (T, Powy,, ) )

where, the enthalpies of NH; and ILs are both chosen at their liquid states. And for the ILs, with the help of
their pure heat capacities C,”,

hy (T)=hy(,)+ [ ClaT (10)

The mixing enthalpy (excess enthalpy) 4h,, can be estimated from methods based on the VLE data if
experimental resources are not available. However, some researchers blamed the poor performance of these
methods [21] and the authors’ previous work showed that neglecting of 44,,;. does not significantly change the
COP in a single-effect AHP [22]. For these reasons, in the following calculation, the mixing enthalpy will be
neglected.

For subcooled solution at a condition 7, P and wyys, the corresponding equilibrium temperature T, (at P
and wyy3) should be obtained first. Then the enthalpy can be expressed as,

h(T,Powy,, ) =h(T,,, Powy, )~ [ C'dT (11)

where, the first term in the right side is the enthalpy of the corresponding saturated solution which can be
obtained with Eqg. 9, and the second one accounts for the subcooled effect by using the heat capacity of the
solution C,*”"

The data of heat capacities of the solutions are rare for the NH./IL solutions [15]. In this study, the weighted
average heat capacities of both components has been implemented to express CPS"’.

Gy () = Wi € + (1=, ) >

This treatment has been verified for H,O/[Dmim]DMP with Cp‘"” data in [8] showing that the relative
deviation of the weighted average heat capacity is always smaller than 4%.

3. Results and discussion
3.1 Thermodynamic operation limits

In the generators, NH; concentration in the inlets should be greater than that in the outlet. This is a
requirement that all working fluids must meet for proper operation of parallel DE-AHP systems. This statement
is used as the thermodynamic criterion to evaluate the operating ranges of working fluids in certain applications.

The temperature of the HC outlet in the DE-AHP system, Tis, plays the role of determining the outlet
concentrations of both generators. In the high pressure solution cycle, the pressure of the HG is the same as the
saturated pressure of 7s. Thus together with Ty, the HG outlet concentration we can be determined. In the mid-
pressure solution cycle, Tiy;, (obtained from 75 by subtracting the pinch temperature of iHX), along with the
condenser pressure, defines the LG outlet concentration wyy,. Fig.4 shows the impact of 715 (the temperature of
the CON outlet) on the outlet concentrations of the generators.
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Making T35 higher, the pressure in HG, P, increases and consequently the outlet concentration wyg in the HG
comes closer to the inlet value, ws Thus T;s must be low enough to ensure wy <ws This can be used to find the

P 4
P4

P/L:'

PC

P /P,
T, T, P B L., T

Fig. 4. Operation limits analysis of DE-AHP system.

maximum limit of Tys. Making Tis lower, taking the constrain imposed by the pinch temperature of the iHX,
the outlet temperature of LG will also drop. This leads to a decrease of the outlet concentration of the LG,
making it closer to LG’s inlet concentration. Thus 735 should also be high enough to ensure wyy, <ws This can
be used to identify the minimum value of Tis.

This analysis shows that 75 should be kept in a certain range to ensure a proper operation of the DE-AHP
system. If all the external operating conditions such as 7,, T, T,, T), are fixed, T35 will only be influenced by
the different values of DR in terms of the energy balance of the iHX. A broad range of 75 implies a more
flexible operating range and more options for the DR.

Thus, before predicting the performance of the DE-AHP systems, an analysis of the operation limits of the
different working pair candidates is required.

Table 1 lists 735 ranges for the 9 NHy/IL and NH3/H,O pairs for a cooling application with 7,,,/T,/T/T, =
175/30/40/10 <C. Except for the pairs with [Emim][EtSO,4] or [Hmim][BF,4] (in red), most of the working pairs
using ILs have relatively large operation ranges. Compared with H,O’s, NH; pairs with [Bmim][BF,],
[Emim][BF,], [Emim][SCN] and [Mmim][DMP] have comparable ranges.

Table 1. T35 ranges for cooling operation (7,/7./T./T. = 175/30/40/10 <C)

Absorbent T15_min (<C) T15_max (<T) Range of T15 (K)
[Bmim][BF,] 70. 121. 50.
[Bmim][PF] 72. 111. 39.
[Emim][BF,] 70. 118. 48.

[Emim][EtSO4] 72. 84. 13.
[Emim][SCN] 73. 120. 47.
[Emim][Tf,N] 73. 112. 40.
[Hmim][BF.] 88. 92, 4,
[Mmim][DMP] 67. 128. 61.
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[Omim][BF.] 76. 102. 26.
H,0 69. 121. 52.

For a heating application, similar results are listed in Table 2. For the condition 7,,/7.,/T./T, =
175/45/45/10 <C most of the working pairs cannot operate since the required range of Tis is unrealistic (in red).
The promising pairs which show operating ranges comparable to NH3/H,O include [Bmim][BF4],
[Emim][SCN] and [Mmim][DMP].

Table 2. Ty ranges for heating operation (7),,/T./T./T. = 175/45/45/10 <C)

Absorbent T15_min (<C) T15_max (<C) Range of 715 [K]
[Bmim][BF] 95. 105. 9.
[Bmim][PFe] 102. 87. -14.
[Emim][BF.] 97. 95. -2.

[Emim][EtSO,] 96. 67. -29.
[Emim][SCN] 98. 107. 9.
[Emim][Tf.N] 101. 91. -9.
[Hmim][BF.] 130. 70. -59.

[Mmim][DMP] 91. 104. 12.
[Omim][BF] 111. 76. -34,

H,O 93. 107. 14.

3.2 Performance prediction for cooling applications

Based on the previous investigation of the operating ranges, the NH,/ILs working pairs are selected for the
theoretical study of the DE-AHP systems in a cooling application. The operating conditions of the system
correspond to the conditions listed in Table 1.

The influence of the distribution ratio on the performance of the absorption refrigeration system has been
investigated for each of the working pairs. As shown in Fig. 5, there is always a distribution ratio that gives the
optimum COP. For most of the NHs/ILs, the optimum DRs are around 0.5.

The performance of different working pairs is also presented in Fig. 5. At the optimum DR, the pairs with
[Bmim][BF,], [Emim][SCN] and [Mmim][DMP] have performance comparable to that of the NH3/H,O pair.
The optimum COPs are around 1.3. In the current calculation for the NH3/H,O pair, the rectifier is not taken

14 T T T T
T T T T 1 100 —=— [Bmim][BF4)/NH3
[Bmim][PFE)/NH3
[Emim][BF4/NH3
[Emim][SCN)/NH3
12+ 80 - [Emim][TI2NJNH3
- [Mmim][DMP)/NH3
_ — [Omim][BF4)INH3
o g —<F— H20/NH3
2 g o0
S
8 S
a S
Q 08 8 40
] —— [Bmim][BF4)/NH3 8
[Bmim][PF6JNH3 S
[Emim][BF4)/NH3 O
0.6 [Emim][SCN}/NH3 20
[Emim][T2NJNH3
[Mmim][DMPYNH3
[Omim][BF4JINH3
0.4 —— H20NH3 I I . . . | J 0 I
"o 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
Distribution Ratio [-] Distribution Ratio [-]



Wang & Infante Ferreira/ 12th IEA Heat Pump Conference00 (2017) O.4.2.1

Fig. 5. Influence of DR on the COP for the selected NHs/IL Fig. 6. Influence of DR on the ffor the selected NHa/IL
working pairs in a cooling application of DE-AHP working pairs in a cooling application of DE-AHP
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Fig. 7. Influence of T}, on the COP of double effect Fig. 8. Influence of T}, on cooling capacity of double effect
refrigeration systems with NHz/[Emim][SCN] pairs refrigeration systems with NHz/[Emim][SCN] pairs

into account. The Q,,g value of the system using NH,/H,O pair does not take the heat removed by the rectifier
into account. In reality the generator requires additional heat to compensate for the heat removal of the rectifier.
In practice this leads to a significant decrease of the COP [23], [24]. For the optimum DR conditions, the
performance of parallel double-effect absorption systems using NHs/IL pairs is expected to be higher than for
systems which use NH1/H,O as working fluid.

The effect of different DR values and working pairs on the circulation ratio, £, is shown in Fig. 6. The
optimum DR for fis still around 0.5 to 0.6. The previously mentioned 3 promising ILs show also relatively low
fvalues compared with other ILs. However, the lowest f'still applies for the NH3/H,0O pair.

Additionally, the influence of the driving temperature, 7,,, on COP and cooling capacity has also been
studied for the NHs/[Emim][SCN] pair when the DR is taken as 0.5. The cooling capacities have been
calculated based on a constant solution mass flow of 0.54 kg/s leaving the absorber.

In Fig. 7, as T), rises the COP experiences an increase, but the increment becomes smaller at high
temperature levels. The cooling capacity increases at an approximately linear trend with an increase of 7}, as
shown in Fig. 8. The impact of the variation of the cooling temperature, 7,, on performance is also illustrated in
Figs. 7 and 8. A lower cooling temperature leads to a lower COP and a lower cooling capacity.

3.3 Performance prediction for heating applications

Section 3.1 made clear that only a few NHs/IL mixtures can operate under the proposed heating application
conditions. It is also shown that the operating ranges for the feasible ILs are very limited. For this reason a
slightly higher driving temperature, 7,,, is adopted in the further discussion: 200 <C. The application
temperatures (7, and 7, ) and environmental temperature (7,) are maintained at 45 <C and 10 <C, respectively.

The impact of DR on COP and f have been investigated for this heating application condition. Fig. 9 shows
that the optimum DR is 0.6 for the 3 pairs containing IL. Among them, [Bmim][BF4] and [Emim][SCN] pairs
perform the best. However their optimum COPs are below 2.0. The mixtures NH3/H,O perform better then the
NH,/IL mixtures. Similar results apply for fas illustrated in Fig. 10.
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The performance of NH3/[Emim][SCN] pair in a DE-AHP system has also studied as shown in Figs. 11 and 12.
As Ty, increases, the COP and heating capacity both increase. By decreasing the environmental temperature, 7,

the COP and heating capacity both decrease.

26— . . . R

1.6 [ —— BmimyBFaynHs
[Emim][SCN}/NH3
[Mmim][DMPYNH3

—— H20/NH3

0 01 02 03 04 05 06 07 08 09 1
Distribution Ratio [-]

Fig. 9. Influence of DR on the COP for the selected NHa/IL
working pairs in a heating application of DE-AHP
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Fig. 10. Influence of DR on the CR for the selected NH4/IL
working pairs in a heating application of DE-AHP
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This paper discusses NHs/IL working pairs in double effect absorption heat pump systems.
e A thermodynamic model has been proposed to describe the parallel configuration DE-AHP with NHs-

ILs as working fluids.

e An analysis of the thermodynamic limits of operation added with performance prediction revealed that
the best performing ammonia pairs are those with [Bmim][BF,], [Emim][SCN] and [Mmim][DMP].

e  The optimum of system is around 0.5.

e At the optimum distribution ratio, NHs/ILs have the potential to show a better performance than that of
the traditional NHs/H,O pair in cooling applications in DE-AHP systems.

10
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e The effects of driving temperature and surrounding temperature on the performance have been
investigated. NHs-IL systems will perform better at higher heating medium temperatures.
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