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Abstract: In the present study, a steady-state simulation model was built and validated by Aspen
Plus to assess the performance of an absorption refrigeration chiller according to the open literature.
Given the complex heat transfer happening in the absorbers and the generator, several assumptions
were proposed to simplify the model, for which a new parameter ¢j;; was introduced to describe the
ratio of possible heat that could be recovered from the absorption and heat-transferring process in the
solution cooling absorber. The energetic and the exergetic investigations of a basic cycle and hybrid
cycles were conducted, in which the following parameters were analyzed: coefficient of performance
(COP), exergetic efficiency, exergy destruction, and irreversibility. According to the results, the basic
cycle exhibited major irreversibility in the absorbers and the generator. Subsequently, two proposed
novel configurations were adopted to enhance its performance; the first (configuration 1) involved
a compressor between a solution heat exchanger and a solution cooling absorber, and the second
(configuration 2) involved a compressor between a rectifier and a condenser. The peak COP and
the overall exergetic efficiency (1) of configuration 1 were found to be better, increasing by 15% and
5.5%, respectively, and those of configuration 2 were also upregulated by 5% and 4%, respectively.
The rise in intermediate compressor ratio not only reduced the driving generator temperature of
both configurations but also expanded the operating range of the system under configuration 1,
thus proving their feasibility in waste heat sources and the superiority of configuration 1. Detailed
information about the optimal state for hybrid cycles is also presented.
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1. Introduction

Energy is becoming increasingly vital for the survival and the development of human beings.
In recent years, natural resources and environmental preservation were two critical issues facing
humans in development processes. One of the crucial ways to solve the energy crisis and to reduce
pollutant emissions is to fully exploit renewable sources (e.g., solar energy and geothermal energy) [1].
Absorption refrigeration technology is known as an energy-saving technology capable of tackling the
enormous energy consumption of conventional compression refrigeration for its ability to utilize waste
heat resources as well as its continuity and its stability [2].

The absorption—compression hybrid cycle is based on the conventional absorption type with a
compressor, through which the absorption system’s performance can be enhanced [3]. Also, through
this cycle, the temperature of the driving heat source can be theoretically lowered by little additional
mechanical power, which can be applied in industrial buildings and for commercial space cooling [4]
and which has aroused recent attention.

Chen et al. [5] investigated the effect of the additional compressor on the double-effect absorption
cycle, and the thermal performances of four cases were also compared. The simulated results suggested
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that it was acceptable and effective to place the compressors between heat exchangers, as the coefficients
of performance (COP) and the driving temperature of the hybrid systems improved compared with
the original system. Seyfouri et al. [6] proposed a compressor-assisted hybrid generator absorber heat
exchange (GAX) refrigeration system powered by a built-in Rankine cycle to produce cooling below
freezing temperatures (as low as —50 °C), for which the heat source temperature was 133.5 °C. Through
a parametric study, the optimal operating conditions of the system were obtained. The performance was
also enhanced, e.g., COP increased with the rise in the compressor discharge pressure. Also, the upper
and the lower bounds for the condensation and the generator temperatures were determined in the
case of a constant degassing range and discharge pressure.

Meng et al. [7] and Lounissi et al. [8] primarily discussed the use of an absorption—compression
hybrid cycle to recover low-grade solar energy to produce commercial refrigeration, in which organic
solvents were used as absorbents. Two new parameters were employed for the analysis of the
energy-saving mechanism. An optimal compressor pressure was found in the cycle. Also, to better
exploit the low-temperature renewable/waste energy of such a hybrid cycle, Wu [9] investigated and
compared several ironic-absorbent-based low-global-warming-potential (GWP) refrigerants. Results
indicated that R32 exhibited the optimal performance with a COP of 0.67, while R1234yf achieved the
lowest COP of about 0.43. The performance of the absorption—-compression hybrid cycle was not only
shown to be better than that of the basic cycle, but it also reduced the generator temperature from
60-70 °C to below 45 °C.

Furthermore, hybrid cycles consisting of a compressor were applied to heat
pumps. Rostamzadehetal. [10] proposed a hybrid heat pump cycle employed in a
humidification—-dehumidification (HDH) system for seawater desalination. It was observed that this
system had the lowest cost of freshwater by adjusting key parameters (e.g., compression ratio). Based
on this type of heat pump, Changchun et al. [11] developed another novel absorption-compression
system to generate industrial steam over 150 °C with waste heat in a cascade manner. The simulation
was conducted using Aspen Plus, the result of which revealed that COP was upregulated by 5.49%
compared with the basic heat pump, while the compressor outlet temperature was reduced below
150 °C, and its working conditions were optimized.

Moreover, the impact of compressor location on the absorption-compression hybrid system
was explored. Schweigler et al. [12] analyzed a triple-level absorption—compression hybrid unit.
They explored the mechanism of hybrid cycles of different positions and also investigated three major
operational models. Their results revealed that the intermediate pressure ratio significantly influenced
the overall system efficiency. On that basis, a detailed physical model of a turbo compressor was
designed for precise prediction. Xiangyang et al. [13] also investigated the effects of compressor
position. They reported that their two proposed cycles could achieve higher COP and lower f,
whereby a compressor mounted on the back of an evaporator exhibited the best performance.

To gain more insight into the system for optimization, exergetic investigations abiding by the
second law of thermodynamics were also extensively applied, since a feasible exergy analysis is
capable of identifying the magnitude of, the locations of, and the reasons behind the thermodynamic
irreversibility of the systems [14].

Experimental exergetic investigations of an absorption refrigeration system were conducted by
Yildiz et al. [15], in which the exergy losses for each component of such a machine were presented and
interpreted. The highest exergy loss was detected in the solution heat exchanger. Kairouani et al. [16]
presented an exergetic study of a novel hybrid heat pump for solar applications, in which R124/DMAC
(dimethylacetamide) was adopted as the working pair. They highlighted that the rise in intermediate
pressure not only accounted for lower exergetic irreversibility and smaller driving temperature
but also allowed for higher efficiency. Wu et al. [17] drew comparisons between the performance
of ammonia and its matching ionic absorbents in a compression-assisted absorption heat pump.
The comparison results revealed that the exergetic coefficient of performance (ECOP) of [dmea][Ac]
(N,N-dimethylethanolamine/acetate) was best, with the optimal value of efficiency upon varying



Processes 2019, 7, 609 30f 22

other operating parameters. Razmi et al. [18] developed a novel modified environmentally friendly
hybrid refrigeration system without the need for a bulky condenser. They pointed out that this system
exhibited four-fold better efficiency than the single-effect system, and the maximum exergy destruction
occurred in the condenser and the generator.

Dixit et al. [19] theoretically assessed the performance of GAX and hybrid GAX (HGAX) absorption
refrigeration systems from the perspective of exergy and energy. They found that the maximum
exergetic efficiency ranged from 21% to 35% for GAX and from 22% to 43% for HGAX. Moreover,
a higher value of HGAX could be attained at a slightly higher driving temperature. The energetic and
the exergetic analyses of such GAX hybrid absorption systems were also conducted and compared by
Yari et al. [20]. A more obvious effect of generator temperature was found on the second law of efficiency
than on the COP, and the maximum exergetic efficiency of the hybrid GAX cycle occurred at a slightly
higher generator temperature as compared with that of the basic cycle. Kholghi et al. [21] also compared
the GAX absorption cycle with a branched GAX system with detailed exergetic analysis, in which the
exergy destructions of each component and the two whole systems were revealed. For a condensation
temperature of 30 °C, the exegetic efficiency and the overall exergy destruction of the branched GAX
were 14.6% higher and 10.6% lower than those of the GAX, respectively. Exergo-economic analyses of
the novel hybrid Rankine and the GAX cycles were conducted by Seyfouri et al. [22], where several
hybrid configurations were compared and optimized. The “parallel-series” configuration was found
to have the highest exergetic efficiency (42.8%). The boiler exhibited the lowest efficiency with the
highest relative cost, which required improvement.

These careful investigations suggested the implication of exergetic analysis in exploring the
irreversibility of absorption cycles, whereas exergetic studies of proposed hybrid cycles were rarely
conducted. Furthermore, we found that the Aspen simulation model of the investigated basic
system—applicable to thermodynamic analysis—was not used in the literature to study the complicated
heat and mass transfer happening in a rectifier and solution cooling absorber.

Thus, a steady-state simulation model of an air-cooled absorption refrigeration chiller was
originally built in this study through an Aspen Plus simulation based on experimental data. Simulation
results were found to be consistent with the reference data. Subsequently, the energetic and the
exergetic analyses of the basic and the hybrid cycles were presented according to the given simulation
model. For hybrid cycles, configuration 1 involved setting an additional compressor between the
solution heat exchanger and the solution cooling absorber, while configuration 2 involved setting one
between the rectifier and the condenser. Furthermore, the effects of the configurations, the intermediate
pressure, and the generator temperature were investigated to determine the optimal state of the novel
cycles. In fact, we expect that our work can be used as a basis for designing or building models for
other complicated cycles, especially hybrid cycles, and for selecting optimal working pairs under
different operating conditions.

2. Unit Description and Working Principles

A schematic representation and a pressure-temperature (P-T) diagram of the investigated basic
absorption cycle are shown in Figure 1. This unit is air-cooled and gas-fired, for which the working
pair of ammonia/water was adopted. In the generator (GEN), the refrigerant vapor was obtained by
heating the mixture of ammonia and water (Stream 4) with an liquefied petroleum gas (LPG) burner.
Then, the “almost pure” ammonia vapor (Stream 5) got further purification from the water vapor by
transferring its heat to a strong solution (Stream 3) from the air-cooled absorber (ABS), causing the
partial condensation in the rectifier (RECT). Subsequently, the refrigerant vapor (Stream 6) continued to
flow to the air-cooled condenser (COND) where it got liquefied, and then it underwent one subcooled
process and one throttling process in the solution heat exchanger (SHX) and the throttle valve (DET1)
respectively. In the evaporator (EVAP), the liquid refrigerant (Stream 9) was restored to the vapor
state (Stream 10) again by absorbing the heat from chilled water, producing the cooling capacity. Next,
the vapor (Stream 11) was dissolved with a weak solution (Stream 13) from the generator (GEN) and
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transformed into a strong solution (Stream 12). The absorption process was completely achieved
through two absorbers set (ABS, SCA), one cooled by the air and the other by internal heat transfer.
Afterward, the strong solution (Stream 1) was pumped to a high-pressure generator (GEN). Commonly,
in a basic cycle, in addition to the inside heat recovery of the generator (GEN), the heat generated
within the rectifier (RECT) and the solution cooling absorber (SCA) is carried by the strong solution
from the absorber (ABS), causing its COP to be higher than that of the single-stage absorption cycle.
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Figure 1. (a) Schematic representation of the basic cycle. (b) Pressure and temperature levels of the
basic cycle.

3. Establishment of Simulation Model

3.1. Setting Parameters

The steady-state simulation model in this study was built by a chemical engineering software,
Aspen Plus. It is an advanced flowsheet simulator with a large databank of physical-chemical
properties [23] through which operational characteristics of experimental devices can be better reflected
than the numerical simulation. It also abides by energy and mass balance automatically, as long as the
accuracy of simulation modules is ensured.

The PR-BM (Peng-Robinson equation of state with the mixing rule of Boston-Mathias alpha
temperature function) property model was first adopted to predict thermodynamic properties of the
ammonia/water [24]. This equation is known to be reliable and feasible in predicting non-polar or
weak-polar mixtures, which also can be utilized for all temperature and pressure ranges, especially
some gas processing applications [25]. Subsequently, binary interaction parameters of the equation
were fitted to the reference T-x-y vapor-liquid equilibrium data from the open literature [26] by the
Aspen Plus Data Regression System facility. Regressed binary interaction parameters Kﬁlm /H207
KEIH?, /0 and Kgm /ino Were —1.00169, 0.0011, and 119.821, respectively [21]. The simulation design
only makes sense when properties of the working fluid are accurately calculated.

Next, the simulation model of the absorption cycle was built based on the predecessors’
experimental data [27], as depicted by Aspen in Figure 2 [among which the virtual separator (SEP)
could be removed and was only adopted in analysis]. The authors performed experiments at three
ambient air temperatures (26 °C, 35 °C, and 38 °C) with 14 temperature measurement points in the
basic system, in which the energy input of the generator in each case was kept at about 17 kW. Nominal
design conditions employed for the model construction are listed in Table 1, in which the ambient
temperature was at 35 °C. Operating states in other conditions were for verification. The simulation
results of May [28] were also used for the comparison.
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Figure 2. Aspen Plus simulation model for basic cycle.
Table 1. Design conditions used in simulation design.
Parameters Values Units
Inlet temperature of chilled water 20 °C
Chilled water flow rate 35 kmol/h
Inlet air temperature 35 °C
Inlet air flow rate 70-150 kmol/h
Condensation pressure 22.4 bar
Evaporation pressure 494 bar
Strong solution flow rate 5.165 kmol/h
Ammonia mole fraction in strong solution 0.458
Distillate mole flow rate of vapor mixture 2.091 kmol/h

In Aspen Plus, the accurate selection of equivalent modules for the components is especially vital,
since modeling the absorption cycle is based on these modules [23,24,29]. Accordingly, the names and
the setting values of selected modules corresponding to their components in Figure 2 are given in
Table 2. Among the setting parameters, the isentropic efficiency of the pump was assumed as 100% for
its small power consumption and its slight effect on the overall performance of the unit [12,17,18,30].

Table 2. Components and their corresponding modules with input data.

Components Aspen Modules Input Data
Evaporator Pinch temperature difference:
(EVAP) Two-stream countercurrent heat exchanger HeatX Hot inlet-cold outlet difference: 10.5 °C
Solution heat exchanger Pinch temperature difference:
(SHX) Two-stream countercurrent heat exchanger HeatX Hot inlet-cold outlet difference: 22.5 °C
Condenser Pinch temperature difference:
(COND) Two-stream countercurrent heat exchanger HeatX Hot outlet-cold inlet difference: 13.5 °C
Absorber Pinch temperature difference:
(ABS) Two-stream countercurrent heat exchanger HeatX Hot outlet-cold inlet difference: 10 °C
Expansion valve 1/2 .
(DET1/2) Valve Outlet pressure: 4.936 bar
Solution cooling absorber Pressure drop: 0 bar
& Two heater modules and mixer Exit temperature based on calculator block of ¢y;,
(SCA1/2 and MIX) q
Pressure drop: 0 bar
Number of stages: 5; feed stage: 3;
Generator Rigorous distillation tower module RadFrac distillate total mole flow rate: 2.091 kmol/h
(GEN) Reflux mass ratio: 0.09
Heater Pressure drop: 0 bar
Exit temperature equal to stage 2 in RadFrac
Rectifier Heater Pressure drop: 0 bar
(RECT) Duty comes from condensation load of RadFrac
Pump Pump Discharge pressure: 22.4 bar

Virtual component separator
(SEP)-only used in analysis

Component separator SEP

Isentropic efficiency: 100%

Split fraction of ammonia: 0.999




Processes 2019, 7, 609 6 of 22

3.2. Assumptions and Simplification

Note that, in Figure 2, a virtual separator (SEP) was set before the condenser (COND), which
was employed to block water from entering subsequent heat exchangers. Partial water vapor existing
in a system can cause unprofitable effects of the whole unit and state disorder during simulations,
making conduction of normal analysis difficult [29]. This hypothesis did not affect the performance
of the system except parts of state points, and it enabled normal analysis even when the system was
running poorly. However, to get closer to the results under experimental conditions for verification,
the separator module (SEP) was only employed when performing thermodynamic analysis in the
following hybrid cycles.

It was equally noteworthy that the absorbers (SCA, ABS) and the generator (GEN) were critical
components of the absorption cycle because primary states in these components were in non-equilibrium
(as represented by changing colors in Figure 1). Thus, several assumptions were required to simplify
the model [28]:

e Because of the lack of relevant experimental information, the processes of the vapor leaving
the RECT towards the COND and the condensate returning to the GEN were supposed to be
in equilibrium. Given this, to simply the device, the rectifier was integrated into the generator
module with the top stage of the distillation column as a rectifier for which the heat transferred to
the strong solution could be considered in its regenerating process. This was a rough but effective
simplification [29].

e Asthe wide concentration change existed between strong and weak solutions (suggesting their
huge temperature differences in the solution loop), there was a process of internal heat recovery
happening in the GEN, where inlet solutions (Stream 4, 15) were heated by the sensible heat of the
high-temperature outlet solution (Stream 14). For simplification, the exit temperature of Stream 14
was almost equal to that of stage 2 in the GEN, i.e., it was equivalent to the temperature of the
condensate leaving the rectifier (RECT) [31].

e  The treatment of complex structures of the solution cooling absorber (SCA) was also effectively
simplified by introducing a new parameter ¢;; to define its unique heat exchanger effectiveness:

o TI3-Tpp
€lig = T)53-Ts (1)

According to its definition, T13 and T3 represent the highest temperature of the incoming weak
solution (Stream 13) and the lowest temperature of the incoming strong solution (Stream 3) in
the SCA respectively. Also, T1, denotes the outlet strong solution’s temperature (Stream 12).
Therefore, the denominator and the numerator represent the theoretical maximum heat transfer
rate and the actual heat recovery of the exothermic reaction that could be achieved for liquid,
respectively. To be specific, ¢};; describes the ratio of possible heat for liquid that could be recovered
from the coupled heat/mass transfer processes in the SCA.

The above assumptions could be implemented through corresponding Calculator and Transfer
blocks [25], in which self-written Fortran programs are supported.

3.3. Validation of the Model

To obtain the value of a new parameter ¢j;; in Calculator, according to its definition, the reported
experimental data by Klein [27] at an ambient cooling air temperature of 35 °C was used to minimize
errors of the objective function below:

14 Teati—Texp,i 2 'ca en_.ex en g
o = Z( L p,) +(Q 1.Gen~Qexp G ) o)

T
i=1 expi Qexp,Gen
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The subscript i refers to each corresponding calculated or experimental state point measured by
Klein [27]. By the calculation, the minimum errors could be obtained when the value of ¢, was equal
to 0.69, and the states of the calculated points were well in agreement with those tested, as shown in
Figure 3.
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Figure 3. Experimental data at different locations at the ambient temperature of 35 °C.

In Figure 3, different simulation results from this study and May [28] are compared together
with the experimental data at the cooling air temperature of 35 °C. Detailed calculated state points
of the simulation model are also listed in Table 3. Moreover, heat duties of main components and
COP reported in the Klein’s work [27] and present work are given in Table 4. As regards the thermal
loads, the maximum deviation happened in the generator, which was about 1.25 kW and below 7%.
Also, the COP’s deviation was about 5.3%.

Table 3. Calculated state points corresponding to specific streams.

States  Temperature (°C)  Pressure (bar) xnm3 ¢, (kmol/h) h (kJ/mol) s (kJ/mol-K) Ex (kW)

1 45 4.936 0.458 5.165 —-187.88 -0.1715 0.536
2 45.8 224 0.458 5.165 -187.77 -0.1712 0.604
3 69.9 224 0.458 3.074 -186.24 -0.1667 0.829
4 98 224 0.458 5.165 —-184.37 -0.1615 1.271
6 103.6 224 0.976 2.091 —486.85 -0.1157 4.395
7 48.5 22.4 0.976 2.091 -705.19 -0.1809 3.006
8 255 224 0.976 2.091 ~724.74 -0.1872 2.962
9 4.8 4.936 0.976 2.091 -724.74 —-0.1868 2.893
10 9.5 4.936 0.976 2.091 -554.65 -0.1258 2.21
11 17.6 4.936 0.976 2.091 -535.1 -0.1190 2.161
12 86.4 4.936 0.458 5.165 -176.92 —-0.1390 2.373
13 122.7 4.936 0.106 3.074 -257.73 -0.1465 0.911
14 1241 22.4 0.106 3.074 -257.73 —-0.1466 0.938
12A 93.8 4.936 0.458 5.165 -175.06 -0.1339 2.855
16 187.7 22.4 0.106 3.074 -252.22 -0.1338 2.372

Table 4. Comparison of heat duties and coefficient of performance (COP) between experimental and
simulation results at the ambient temperature of 35 °C.

Parameters Experimental Data Simulated Data
Qrvap (kW) 9.64 9.84
Qcen (kW) 17 18.25
Qups (kW) - 15.46
Qconp (kW) - 127
Wpump(kW) - 0.07

cor 0.567 0.537




Processes 2019, 7, 609 8 of 22

Next, to prove the accuracy of the built model in performing analysis, results of the ambient
temperature at about 26 °C were also used for verification by converting all HeatX modules from
temperatures set to UA values set, which were calculated in thermal results of the countercurrent
heat exchangers at 35 °C. Then, the temperature of each point in the analytic case could be obtained
based on these operations. The compared results are shown in Figure 4 with good consistency as well.
According to all results, the validity of the above assumptions was proven.
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Figure 4. Data at different locations at the ambient temperature of 26 °C.
4. Exergy Balance

Exergy refers to the maximum available energy for any form of energy that can be converted into
the useful work. Exergy balance is an effective and feasible criterion for the quality of conversion and
the irreversibility of energy. Regardless of potential and kinetic parts, the specific exergy of any stream
can be formed as the sum of thermophysical and chemical exergies [32]:

Ex = Expp, + Exgp 3)

Since no chemical reactions happened between streams and the diffusion effect of ammonia in
water for solutions was negligible, only the thermophysical exergy was considered [18,28,33]. On that
basis, the specific exergy of the relevant stream at average temperature T is defined as [8,21,34]:

Ex = (h—ho) — To(s —so) @)

For any controlled thermal process in a system, the exergy balance equation then could be
expressed by [15,21,34]:

Z (q”Ex)in,k B Z (q”Ex)out,k + Z‘ ExQ,k * Wk = ExD'k (5)

where Ex ., denotes the thermal exergy from the heat source, the definition of which is shown
below [16,28]:
—C To
Exgy = Q1= 1)) ©
also, Exp i refers to the exergy destruction of the corresponding component k.

In the above equations, Wy and Qj are the respective work and heat exchanged with the
ambient environment. Subscripts 0 and k denote the environmental state and the specific component,
respectively. Terms  and s are the enthalpy and the entropy of the relevant stream, respectively.

Subsequently, the exergy balances in major components of the basic cycle are expressed as
follows [16]:

. - T
Exp pvap = qn,g(Em —Exy) + QEVAP(1 B TE\/OAP) @

Exp,spx = 4,,7(Ex7 — Exg) +4,,19(Ex10 — Ex11) 8)



Processes 2019, 7, 609 9 of 22

Exp,conp = f,,6(Exe — Ex7) — QCOND(l - %) ©)

Expsca = ,11Ex11 +4,,13Ex13 +4,,3(Ex3 — Exg) — 4, 1,Ex12 (10)
Exp,aps = 12 (Ex12 = Ex1) = Qups(1 - 7% ) (1)

ExprecT = §,,1(Ex2 — Ex3) + QRECT(l - %) (12)

Exp,Gen = Gy 4Exs + q,17Ex17 — 4, 14Ex14 — G, sEX5 + QGEN(l - %) (13)

The relationship between streams could be formulated by the term solution circulation ratio:

[ T (14)

In6 X4—X14
The irreversibility of each component k is written as [19,21]:

ExD,k

k(%) = oz X 100% (15)

where Exp 1 denotes the total exergy destruction in all components.
The exergetic efficiency could reflect the degree to which the energy of any component was
exploited in quality, which is defined as [8,15,16]:

Exoy
e = ((Exmt))kk (16)

For the basic whole cycle, the overall exergetic efficiency is expressed as [16,19]:

. Ty
QEVAP(l_ Tevap )

, = -
QGEN(l_iTGgN )+WPUMP

n= (17)

Likewise, several hypotheses should be considered in exergetic investigations:

e Allinvestigations are in steady-state;

e  Pressure drop and heat losses within the device can be neglected except the throttling process;
e  The temperature of each heat exchanger is its logarithmic mean temperature difference;

e  The exergy destruction of the virtual block SEP is ignored;

e  Reference states of the ambient environment are 1.01325 bar and 25 °C.

By conducting these exergy balance equations, calculated specific exergetic information of each
component k in the above-mentioned simulation model under nominal design conditions was obtained
and is listed in Table 5 below.

Table 5. Calculated exergetic information of each component at nominal design conditions.

Components Exergy Destruction (kW) Irreversibility (%) Exergetic Efficiency
GEN 2.01 53.13 0.82
EVAP 0.079 2.08 0.948
COND 0.114 3.025 0.974
ABS 0.829 21.9 0.645
SCA 0.665 17.59 0.981
RECT 0.069 1.84 0.923
SHX 0.016 0.43 0.99

Expr =3.785 @7 =100% n=9.15%
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5. Hybrid Cycles

Two configurations of hybrid cycles were proposed, as illustrated in Figure 5, between which the
distinction was the setting position of a compressor. For the convenience of comparison, the former
setting a compressor between the SHX and the SCA was termed as configuration 1 and the latter
between the RECT and the COND as configuration 2. Both hybrid types could theoretically enhance
the performance of the basic system. Configuration 1 could raise the pressure of the absorbers (ABS,
SCA), thereby enhancing the solubility of ammonia vapor within solutions, and the cooling capacity
could be improved when at a fixed generator heat load. Configuration 2 could alleviate the pressure
of the generator; thus, the solubility of the ammonia strong solution was decreased, resulting in the
reduced generator heat load when at a fixed cooling capacity.

COMP2

s
L]

—— With COMPI: Configuration 1

------- With COMP2: Configuration 2

Figure 5. Schematic representation of hybrid cycles.

With the above measures, hybrid cycles could operate at three pressure levels, in which the
respective downstream and upstream pressures of the compressor for configurations 1 and 2 were
intermediate. To facilitate the exploration of their effects on the performance, the compressor pressure
ratio is defined as [12,13]:

nzlf—iforlorn:i—’;'forZ (18)

Subsequently, the COP and the exergetic efficiency 7 are respectively deduced as [16,19]:

COP = — Sevar (19)
Qcent+Wpumpr+Wecomp
QEVAP(l—T;/ﬁ)
nm=1= 7, - - (20)
QGEN(l_W)+WPUMP+WCOMP

where the calculation of the real work in a compressor is based on its isentropic process:

. W,
Weomp = 7. (21)

Also, the relationship between the isentropic efficiency and the compressor pressure ratio is given
as [8,16,35]:
nis = 0.874 —0.01357 (22)
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6. Results and Discussion

6.1. Performance of Basic Cycle

Thermodynamic research of hybrid cycles was conducted based on the built model above.
The virtual module SEP was employed to ensure the normal operation of the unit even in the case of
low load. To figure out the influences of external environments on systems more easily, condensation
temperatures were adopted for analysis instead of condensation pressures, while the evaporation and
the absorber temperatures were always kept at 4 °C and 45 °C, respectively.

Figure 6 shows how the generator temperature affected COP of the original cycle at different
condensation temperatures. COP first increased with the rise in the generator temperature; after
the generator temperature reached the optimal value, continuously increasing the temperature did
not improve COP. Additionally, COP at the lower condensation temperature was always larger than
that at the higher temperature. For instance, when the generator temperature was 140 °C, COP was
upregulated from 0.56 at Tconp = 54 °C to 0.69 at Tconp = 39 °C. The optimal generator temperature
slightly decreased with the fall in the condensation temperature, whereas the corresponding maximum
COP was still increasing. As the optimal temperatures of different condensation temperatures were
160 °C, 150 °C, 140 °C, and 130 °C, the corresponding COPs were 0.58, 0.62, 0.66, and 0.7, respectively.
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Figure 6. COP of the basic cycle versus Tggy at different Tconp.

Figure 7 also illustrates variations of the exergetic efficiency 7 for the basic cycle under different
condensation conditions. With the decrease in the condensation temperature, the exergetic efficiency
appeared to increase, and the generator temperature corresponding to the maximum value declined,
consistent with the variations of COP. Its maximum value varied between the generator temperatures
of 110 °C and 140 °C (for nearly 11.5% at Tconp = 54 °C to about 17.2% at Tconp = 39 °C).

/ T Tow™9°C
44 AT, 44°C
T 39°C
24
0 T T T T T T T T
80 100 120 140 160 180 200 220

0

TGEN

Figure 7. Exergetic efficiency of the basic cycle versus Tggy at different Tconp.
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After reaching the optimal points, the exergetic efficiency dropped sharply with the growing
Tgen instead of being stable as with COP. For instance, at the condensation temperature of 39 °C,
it was reduced from 17.2% at 110 °C to about 10% at 190 °C. Also, the differences of COP and 1
between condensation temperatures at the high Tgpn were increasingly reduced. Thus, from overall
considerations of the relations between COP, exergetic efficiency 7, and generator temperature, it was
speculated that the basic system should not operate over 160 °C.

Above changes in COP and 1 could also be explained by Figure 8, which shows the variations of
the solution circulation ratio f versus the Tggn for the basic cycle at different condensation temperatures.
f was reduced not only with the rise in Tggn but also with the decrease in Tconp, the reduction of
which helped lessen the volume of the absorption refrigeration system. The reason for this was that,
when Tggn began to rise, the solubility of the ammonia solution in the generator decreased, leading to
the decrease in f and the rise in COP and 1. Nevertheless, as Tggn continued to grow, the decreasing
rate of the solubility was smaller, resulting in a moderate reduction rate of f and an increasing rate of
Qpvap- This suggested that more heat was needed and more exergy destructions were caused in the
generator, thus COP and n would decline to a certain extent.

40
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Figure 8. f of the basic cycle versus Tggy at different Tconp.

Figure 9 plots the percentages of irreversibility ¢ of main components versus Tggy in the basic
cycle at the condensation temperature of 54 °C, where major irreversible exergy losses were occurring
in the absorber, the solution cooling absorber, and the generator. The reason for this phenomenon
was that the higher the Tggn was, the lower the f was, resulting in the rise in temperature of the
weak solution, which explained a beginning rise in ¢ happening in the SCA and the ABS. Besides,
as the Tgen kept increasing, the heat recovery of the SCA gradually improved as well, leading to a
continuous increase of ¢ in the SCA and a reduction in the ABS at last.
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Figure 9. Irreversibility ¢ of main components versus Tgpn at Tconp = 54°C.
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6.2. Variations of COP for Hybrid Cycles

On the whole, main components (absorbers and generator) of the refrigeration unit should be
optimized. Two configurations in Figure 5 were then taken to build different absorption—compression
hybrid refrigeration systems. Principles of enhancing the performance of the chiller were also different;
configuration 1 focused on increasing the concentration of ammonia solution in the absorbers (SCA,
ABS), while configuration 2 primarily reduced the solubility in the generator (GEN). To clarify the
differences brought by a compressor and to explore the performance in harsher environments, major
analyses of hybrid cycles were conducted at a uniform condensation temperature of 54 °C.

The relationships between COP and Tggy at different intermediate pressures P, (or compressor
pressure ratios ) under two hybrid types are represented by Figures 10 and 11. These two figures
suggest that the COP of both hybrid cycles was higher than that of the basic cycle. Furthermore,
the Tggn corresponding to the maximum COP decreased with the increase in 77, which meant the two
proposed systems required a lower driving temperature than the initial one. For example, in Figure 10,
the optimal COP for the initial system was about 0.58 at Tgen = 160 °C, as shown in Figure 6, while
the optimal COP for configuration 1 at P;,; of 6 bar was about 0.63 for the generator temperature of
150 °C, and it could reach about 0.74 at Tggny =120°C and P;,; = 10 bar. The COP of configuration 1
could increase by up to 15%. Figure 11 shows that, for configuration 2, the optimal COP was about
0.6 at Pj,; of 16 bar and Tggy of 135 °C, and its maximum value was nearly 0.63 at P;,;; of 12 bar for
Tgen = 100 °C. The COP of configuration 2 could be improved by up to 5%.
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Figure 10. COP versus Tggy for configuration 1 at different intermediate pressures.
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Figure 11. COP versus Tggy for configuration 2 at different intermediate pressures.
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This also displayed that there was an optimal P;,;; that occurred in both hybrid cycles. At this
time, increasing the intermediate pressure ratio did not continue to increase COP; nevertheless,
the temperature corresponding to each optimal point continued to decrease.

Results also illustrate that, for configuration 1, the increase in Pj,;; not only reduced the generator
temperature in each optimal state but also increased the operating range of the system. For the basic
system, its range was from 110 °C to 210 °C, while the starting operating temperature was reduced to
65 °C when at P;,;; of 14 bar. However, for configuration 2, the increase of © only reduced the initial
operating temperature, and the operating range was not significantly expanded. Additionally, the COP
of configuration 1 at the highest Tggy increased with the growing P, while configuration 2 showed
the opposite. All of this could be ascribed to the individual working principles; the compressor in
configuration 1 increased the mass concentration of ammonia in the absorbers, causing the good
separation rate of the strong solution (even in higher Tggn), while in configuration 2, the compressor
was used to strengthen the vapor separation in lower Tggn;, leading to the poor effect in higher Tggn;,
where the function of a compressor only acted as a temperature transformer. All the analyses above
verified the feasibility of both hybrid cycles in solar energy and other renewable energies, among
which corrosion of the high-temperature solution happening in the generator could be solved by
configuration 2, and configuration 1 could be applied to a wider operating range of waste heat scenarios.

To compare COP deeply between hybrid cycles, Figure 12 depicts their detailed variations with
the compression ratio r at different Tggn. When © was set as 1, configurations 1 and 2 could be viewed
as the basic cycle. It shows that the results in Figure 12 were consistent with those in Figures 10 and 11,
where, for Tgpn = 120 °C, the optimal 7ts were 2.1 (10.5 bar) and 1.87 (12 bar) in configurations 1 and 2,
respectively, while for Tggn = 100 °C, the optimal ©ts were upregulated to 2.2 (11 bar) and 2.1 (11 bar)
in respective cycles, and when Tggn was reduced to 80 °C, they also increased up to 2.6 (13 bar) and
2.5 (9 bar). This indicated that the lower the generator temperature was, the greater the compressor
work was needed.
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—e— configuration2(120°C)
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| —— configuration1(80°C)
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0.0 T T T T T

compressor pressure ratio IT

Figure 12. COP versus 7 at different Tggy for both hybrid cycles.

Figure 12 also shows that, when at the same Tggy, the higher the 7w was, the greater the differences
of COP between the two configurations were. This indicated that the strengthening effects of different
compressor locations on COP were different and that the former was much greater than the latter.

6.3. Variations of Overall Exergetic Efficiency for Hybrid Cycles

To explore the performance of the novel hybrid cycles more deeply, variations of the overall
exergetic efficiency were studied. Figures 13 and 14 respectively reveal how Tggn affected the overall
exergetic efficiency 7 in both configurations for different intermediate pressures P;,;. The variations of
n corresponded to COP, as shown in the above figures. The largest optimal s of both configurations
were better than those in the basic cycle by differences of about 5.5% and 4%, respectively; the generator
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temperature of the optimal 1 was also downregulated with the rise in 77, as with what happened
for COP.

—=— basic cycle
—— 6bar (T1=1.2)
—— 8bar (I1=1.6)
—— 10bar(IT=2)

—— 12bar(I1=2.4)
—— 14bar(I1=2.8)

60 80 100 120 140 160 180 200 220
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Figure 13. n versus Tggn for configuration 1 at different intermediate pressures.
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—— 10bar(T1=2.24)
—— 8bar (I1=2.8)
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60 8 100 120 140 160 180 200 220
0
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Figure 14. n versus Tggn for configuration 2 at different intermediate pressures.

However, there were still some differences. For configuration 1, the optimal 7 in the investigated
pressure range was the largest at about P;,;; = 8 bar (1 = 1.6) and Tggn = 110 °C, while COP was at
10 bar (1t = 2) and 120 °C. Similar results were obtained in configuration 2, where the optimal 1 was the
highest at about Pj,; = 14 bar (1t = 1.6) and Tggn = 100 °C, while COP was at 12 bar (r = 1.87) and 100 °C.
All these results proved that the energy was reflected faster in quality than quantity. The maximum
optimal 1s were respectively about 17% and 15.5% for both hybrid cycles. A second difference was that,
when the optimal point was reached under the respective P;,;, further increasing Tgrn caused dramatic
decline of 1 (but not as slowly as COP in both configurations), which also verified that the exergetic
analysis was more sensitive. The third was that, for configuration 1, differences of the exergetic
efficiency between intermediate pressures at higher Tggn were increasingly reduced, while COP
displayed significant growth with the growing P;,;, though the trend of configuration 2 was consistent
and declining. This meant that the strengthening effect of configuration 1 at higher Tgpn was increasing
in quantity but remained the same in quality, while the effect of configuration 2 was continuously
reduced regardless of quality or quantity, which was ascribed to their respective principles.

Figure 15 presents the evolution of  beyond the compressor pressure ratio m at different Tgpn
for configurations 1 and 2, the results of which were consistent with the values beyond Tggn.
For Tgen = 120 °C, the optimal s in configurations 1 and 2 were respectively 16.6% of = = 1.5 (7.5 bar)
and 15.3% of m = 1.4 (16 bar), and for Tggn = 100 °C, the optimal s increased up to 16.9% of . =1.72
(8.6 bar) and 15.7% of m = 1.66 (13.5 bar), while for Tgpn = 80 °C, the optimal 1s were then reduced to
15% of m = 2.2 (11 bar) and 15.1% of 7= = 2.25 (10 bar).
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Figure 15. n versus m at different Tggy for both hybrid cycles.

It was noteworthy that, at Tgpny = 120 °C, the higher compressor pressure ratio 7 may have
resulted in 71s of both configurations being lower than those of the basic cycle at about 77 = 2.25 (10 bar)
and 2.6 (8.65 bar), respectively, which verified that running hybrid systems at higher pressure ratios
and temperatures led to a greater loss of the energy in quality than that in quantity. A second noticeable
result was that, with the same Tgpyn, the higher the 7w was, the smaller the differences of 1 between
the two configurations were. A third significant result was that, when operating at Tgen = 80 °C,
the variation of 77 was reversed, where that of configuration 2 was larger than that of configuration 1.
Therefore, it was demonstrated that, in low-temperature and high-pressure applications, the energy
utilized in quality of configuration 2 was better than that of configuration 1.

6.4. Detailed Information of Optimal State for Hybrid Cycles

Thus, given the above variations of COP and 7 in both configurations, the optimal operation could
be obtained when the generator temperature was about 100 °C. Figure 16 shows how the circulation
ratio f varied with 7 at Tggn = 100 °C. As can be seen, f of configuration 1 dropped faster than that
of configuration 2, which meant the flow rate of solutions required for configuration 1 was lower
than that for configuration 2, resulting in a smaller system size at a same amount of refrigeration,
which also meant a wider outgassing range for configuration 1, causing a stronger output cooling
capacity. However, this kind of beneficial effect was also costly, as shown in Figure 17; the total exergy
destruction was much larger with the rise in ™ compared to configuration 2.

25 T T T T

20

Circulation ratio f°
>
1

compressor pressure ratio I

Figure 16. Circulation ratio f versus 7 at Tggn = 100 °C.
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Figure 17. Total exergy destruction versus 7t at Tggn = 100 °C.

As mentioned above, major irreversibility happened in the absorbers (SCA, ABS) and the generator
(GEN), thus the exergetic efficiency of ABS, SCA, GEN, and COMP versus r at Tgpy of 100 °C is
illustrated in Figure 18. It was discovered that variations of 17 in the generator were consistent with
those in both whole hybrid cycles in Figure 15. For configuration 1, the optimal 1) of the generator was
located in = 1.7, which was similar to 1.72 of the whole cycle, while for configuration 2, the value
of the generator was in = = 1.68, which was also similar to 1.66 of the whole cycle. These results
confirmed the major role of the generator.
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Figure 18. n of ABS, SCA, GEN, and COMP versus 7 at Tggy = 100 °C.

A second finding was that, for configuration 1, 1 of the SCA and the GEN increased with the rise
in 77, suggesting that the strengthening effect of configuration 1 was primarily at the solution cooling
absorber and the generator, while for configuration 2, the increase only appeared in the GEN, meaning
the strengthening effect was only in the generator. This finding revealed improvement of major
irreversible components. A third significant result was that 1 of each component for configuration 1
was larger than for configuration 2 except the compressor, since the compressor in configuration 1
acted as not only a temperature transmitter but also as a performance enhancer. The double effect
resulted in worse exergetic efficiency of the compressor compared to that of configuration 2, whereas it
effectively enhanced the efficiency of other components.

The exergy destructions of these components are illustrated in Figure 19, where the values are
consistent with the results in Figures 17 and 18. The exergy destruction of nearly every component for
configuration 1 was higher than that for configuration 2, since the stronger effect of configuration 1
caused the wider concentration change of the solution loop, which needed more heat input at a fixed
temperature. Also, despite the first rise in exergetic efficiency of the SCA and the GEN, exergy losses
were always increasing, allowing this parameter to specifically show the real performance of these
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components. Furthermore, with the rise in 7, the exergy destructions of the compressor increased
rapidly, and it gradually played a leading role, which explained the sharp ending decline of .
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. -
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z

T T 0

= = T T T T T
12 14 16 18 20 22 24 26 28 30

compressor pressure ratio I

Figure 19. Exergy destruction of ABS, SCA, GEN, and COMP versus 7 at Tggn = 100 °C.

For further investigations regarding the parameters of temperatures and pressures, taking the
optimal Tggn = 100 °C as an example, Figures 20 and 21 depict the evolution of COP and 1 with 7
for both configurations at different Tconp. The results of configuration 1 were consistent with those
of configuration 2, as their curves exhibited the same trends. With the decrease in the condensation
temperature, the COP and the exergetic efficiency of both configurations were upregulated. The optimal
compressor ratios of both COP and 7 also showed reduction, which meant less compressor work was
needed in both configurations at lower ambient temperature, regardless of the exergetic or the energetic
perspectives. In particular, the differences of the optimal 7= between COP and 7 for each condensation
temperature were almost the same; for configuration 1, the values within the three Tconp were always
about 0.5, while for configuration 2, the value of approximately 0.4 was also kept, which proved the
consistency and the accuracy of the calculated results in our built model under different conditions.
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Figure 20. COP and 1 of configuration 1 versus 7 at different Tconp.
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Figure 21. COP and 1 of configuration 2 versus 7 at different Tconp.

Figures 20 and 21 also display that, at the same optimal Tggn = 100 °C, regardless of each
configuration’s COP or 7, the higher the 7 was, the smaller the differences between different
condensation temperatures were, indicating the smaller benefit caused at the higher . Former
conclusions that the exegetic investigation was faster and more sensitive could be confirmed again
from these figures, as the exergetic efficiency decreased significantly when exceeding the optimal 7.
Therefore, for the operation of the two hybrid systems, attention should be paid to controlling the
pressure ratio range of compressors.

7. Conclusions

A steady-state simulation model was built by Aspen Plus to predict the performance of an
absorption refrigeration chiller verified by the published experimental data. Given the complex heat
transfer processes in heat exchangers, several assumptions were made to simplify the model for which
a new parameter ¢j;; was introduced to describe the ratio of possible heat for liquid that could be
recovered from the coupled heat/mass transfer processes in the SCA.

Energetic and exergetic investigations of the basic cycle and the hybrid cycles were conducted
by adding the virtual block SEP to the built model. For the basic cycle, the values of COP and
overall exergetic efficiency 1 at lower condensation temperatures were higher, and they always first
increased with the growing generator temperature and then declined after reaching the maximum
point. Also, the major irreversible exergy losses occurred in the absorbers and the generators. Two new
hybrid refrigeration systems were then proposed for the optimization of these components by adding
a compressor. The major conclusions are as follows:

e Both configurations could improve the basic cycle because the maximum COP and 71 of
configuration 1 increased by 15% and 5.5%, respectively, and those of configuration 2 were
also upregulated by 5% and 4%. The driving generator temperatures of both configurations also
decreased, which verified their feasibility in waste heat sources.

e  Both configurations had the optimal P;,;; corresponding to COP and 7, and the optimal P;,;; of 1
was reflected faster than COP, which proved the exergetic analysis to be more sensitive. The rise
in P;,; merely expanded the operating range of configuration 1, suggesting its wider range of
waste heat utilization, while a corrosion of the high-temperature solution in the generator could
be avoided by configuration 2.

e  Detailed information at common optimal Tggn = 100 °C was also illustrated. The results confirmed
that the main irreversible components (except the absorber) both had improvements. Moreover,
with the rise in Pj,;;, the compressor gradually played a major role in exergy losses. The results at
the optimal Tggn affected by condensation temperatures were also displayed.
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Due to the investigated harsh environments, the COP and the overall exergetic efficiency of
the systems were not high, whereas the proposed hybrid configurations verified their feasibility in
respective scenarios. It was also found that, for configuration 2, when P;,; increased to a certain value,
the outlet temperature of the compressor was higher than that of Tggn, which also created a novel
method for our subsequent study to further enhance its performance by transferring the heat of the
condenser to the generator.
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Nomenclature

COND Condenser

SHX Solution heat exchanger
DET1 Expansion valve 1

DET2 Expansion valve 2

EVAP Evaporator

SCA Solution cooling absorber
ABS Absorber

GEN Generator

PUMP Pump

RECT Rectifier

SEP Virtual component separator
H-RECO Heat-recovery block

MIX Mixer

Ccop Coefficients of Performance, COP = Qg p/(Qcen -+ Wpump)
COMP Compressor

UA Product of heat transfer coefficient and area
T Temperature [°C]

P Pressure [bar]

X Mole fraction

Q Heat duty [kW]

9, Mole flow [kmol/h]

Mis Isentropic efficiency

hy Mole enthalpy [k]/mol]

s Mole entropy [k]/mol-K]
Ex Specific exergy [kW]
Subscripts

lig Liquid

cal Calculated

exp Experimental

D Destroyed exergy

T Total

0 Reference

is Isentropic

k Specific component

I Intermediate-pressure

L Lowest-pressure

H Highest-pressure
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