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ABSTRACT

In conventional absorption refrigeration systems (4RS), the heat from the condenser is usually rejected by the
environment in place to be used in the system, so recuperating this is a good alternative to enhance the system’s
performance. For instance, in this paper, an alternative 4 RS in which LiBr/Water is used as a refrigerant mixture,
where part of condensing heat is recovered via the solution heat recovery generator absorption cycle (HR-ARS)
was energy and exergy evaluated. The influence of generator, condenser and evaporator temperatures, as well as
the efficiency of the solution heat exchanger on the coefficient of performance, exergy performance and exergy
destroyed of the HR-ARS system, were analyzed and compared with the traditional ARS system at the same
working conditions. The results showed an increase between 5.8%—6.3% on the COP and 3.7%—9.5% in the exergy
efficiency when condenser/absorber temperature was reduced from 40°C to 30°C. However, when the evaporation
temperature rose from 5°C to 15°C, the COP (coefficient of performance) increased by around 8%, although
this could be increased by 2.3%—6.3% if the generator temperature decreases from 100°C to 80°C. Moreover, the
COP and exergetic performance for the HR-ARS is more significant at the lowest generator, condenser and
evaporator temperatures, as well as at high efficiency in the solution heat exchanger, in comparison to ARS system.
Furthermore, the COP and exergy performance for the HR-ARS system was improved by 2.57% to 3.11% and
0.22% to 0.7%, respectively, while the recovering condensation heat for generation is around 1.51%-3.76% lower
than with the ARS. It also was found that for all ranges of evaporator and condenser temperatures, the COP for the
HR-ARS system is around 3% higher than that obtained with the 4 RS at the three different generator temperatures
here analyzed, while when the solution heat exchanger effectiveness was increased from 0.7-1.0, the total exergy
destruction for the HR-ARS resulted be 3.24%—5.01% smaller than the A RS system. Finally, it can be concluded
that the components with the most exergy destroyed in the systems (80% to 94%) are the generator and absorber.
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Nomenclature

cor Coefficient of performance (-)
e Specific exergy (kJ kg™)
1 Exergy destruction (kW)
h Enthalpy (kJ kg™")

m Flow mass rate (kg s™')
P Pressure (bar)

0 Heat transfer rate (kW)
s Specific entropy (kJ kg™ K™)
T Temperature (°C)

w Power (kW)

X Mass concentration (%)
Greek Symbols

n Efficiency (%)
Subscripts

0 Reference state

1,2,--- Thermodynamic states

e Exit

i Inlet

AB Absorber

C Condenser

E Evaporator

F Fuel

GE Generator

P Product

r Refrigerated object

SP Solution pump

SEV Solution expansion valve
SHX Solution heat exchanger
Total Total

1 Introduction

The worldwide energy demand in the industrial sector and households has been growing rapidly
during the last few years[1,2]. In majority of these society sectors use refrigeration and air conditioning
systems based on vapor compression technology to keep their comfort conditions, however, they
consume around 30% of the electricity produced [3]. To save electricity, absorption refrigeration
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systems are becoming a viable alternative because they can use waste heat from thermal systems or
solar energy [4] and they can use refrigerants with low or null global warming potential, which could
be considered an ecological refrigeration technology [5,6].

The most common absorption refrigeration technology uses LiBr-Water and NH,-Water as
working fluids, where LiBr-Water mixture is employed for air conditions applications [7], while
NH;-Water mixture is commonly used for refrigeration applications [8]. Nevertheless, LiBr/H,O
mixture exhibits higher energy performance than NH;/H,O [9,10]. Furthermore, the challenge with
the absorption systems is to improve their energy performance so that they can be competitive in
comparison with the traditional vapor compression chillers. For this reason, various authors have
published works where energy analysis has been applied to absorption refrigeration systems.

Ayou et al. [1 1] made an energy study in a LiBr-Water reversible absorption refrigeration system
for cooling, ventilation and household hot water modes. The proposed configuration is to improve
the operation time and the primary energy in a LiBr-Water single effect ARS driven by an evacuated
solar tube collector. Their results revealed that the generator temperature is a critical factor in the
system performance, then, a generator temperature of 110°C is required to obtain the highest COP
of 0.74 without solution crystallization risk. Ahmad et al. [12] made a detailed energy analysis for a
single effect LiBr-Water 4ARS under different climate conditions and the results were compared with
the LiCl-Water mixture. The optimum COP for the LiBr-Water system ranged between 0.74 to 0.90
and for the LiCl-Water cycle was 0.809 to 0.926 at the minimum generator temperature of 54.56°C
and 26.25°C, respectively.

Jeonget al. [13] investigated a hybrid cooling/heating absorption heat pump using LiBr/Water as a
refrigerant mixture. The COP for the hybrid heat pump was found superior to the conventional single
effect ARS. Wang et al. [14] evaluated thermodynamically a novel combined cooling and power 4ARS,
where an ejector was incorporated at the lower turbine back pressure. This configuration showed an
increase of 13% in the electricity produced and 45% in the thermal performance, in comparison with a
similar system without an ejector. Razmi et al. [15] analyzed a hybrid absorption/recompression cycle,
where the generator and compressor were compacted, avoiding the use of the condenser and improving
the COP considerably. Furthermore, Babaei et al. [16] presented a thermodynamic simulation to
predict the COP and exergy efficiency in an innovative absorption-recompression chiller where Fe,
AlLO; and SiO, nanoparticles were dissolved in LiBr-Water mixture. They concluded that Fe-LiBr-
Water mixture can improve 14.6% and 18% of the energy performance and electricity consumption
in the compressor when compared with the other two. Peng et al. [17] evaluated a hybrid absorption
chiller, employing low grade-heat to reduce the work in the compressor. The proposed novel system
resulted in a reduction of 9.3% and 10.45% in the compressor energy consumption in comparison
with the two-stage compression chiller and the cascade absorption-compression chiller. To reduce the
thermal load in the condenser, Wang et al. [18] incorporated two compressors between the generator
and the condenser and this configuration was named absorption-compression refrigeration hybrid
cycle (RCHG-ARS). They compared the energetic efficiency of the alternative cycle with those of the
basic ARS under different working conditions. Their results evidenced that the thermal load in the
generator can be reduced between 70%-80% and the COP enhanced by 97.1%, in comparison with
the ARS.

Other studies evaluate the exergetic efficiency and quantify the irreversibilities in absorption refrig-
eration cycles from the second thermodynamics point of view. In this sense, Pacheco-Cedefio et al. [19]
applied an exergetic study to the configuration proposed by Wang et al. [18]. According to their
analysis, the RCHG-ARS presented 0.20% higher exergetic performance than ARS at the lowest
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generator pressure (Pgz = 5.94 bar), although the lowest relative exergy destroyed was found at
high generation and condensing temperatures (100°C and 40°C) and an evaporating temperature
of —5°C. Ochoa et al. [20] presented an exergy study in a LiBr-Water single effect ARS by varying
the ambient temperature from 10°C to 50°C. Derived from their study, the authors found that the
solution heat exchanger presented the highest exergy destroyed and the maximum exergetic efficiency
was found in the generator. Blanco-Marigorta et al. [21] studied the key aspects of the exergy analysis
for each of the components in different LiBr-Water absorption refrigeration cycles under different
ambient temperatures. Their results revealed that the exergy destruction in the system can present
some differences according to the methodology applied. Banu et al. [22] developed a detailed exergy
analysis approach in a LiBr-Water absorption chiller to evaluate the irreversibilities of each cycle.
Likewise, Mohtaram et al. [23] conducted an exergy analysis in an ARS using LiBr-Water as working
fluid. According to their simulation results, the absorber showed 35.87% of the total exergy destruction
in the system, due to the low efficiency of this component, then it is recommended to pay attention to
the outlet exergy of this component.

According to the literature, analyzing absorption refrigeration cycles from the first and second
laws of thermodynamics is necessary to determine the best energy and exergy performance, as well as
the irreversibilities presented in the system. So, this work aims to analyze an alternative ARS, where
part of the thermal load in the condenser is recovered via the solution heat exchanger and supplied into
the generator (HR-ARS), in which LiBr/Water is used as a refrigerant mixture. The results obtained
are contrasted with those of traditional 4RS under the same operating conditions. Furthermore,
some parameters such as generator, condenser/absorber and evaporator temperatures as well as the
efficiency of the solution heat exchanger on the coefficient of performance and exergetic efficiency are
examined and compared with the conventional ARS.

Finally, those parameters also were investigated on the entropy generation in the system, because
these are very important to identify and minimize the thermodynamic losses, which can enhance the
performance of the system.

2 Thermodynamic Analysis of the Systems
2.1 Operating Principle

Fig. 1a,b shows the representation of traditional and alternative absorption refrigeration systems.
The systems consist of the eight basic components: generator (GE), condenser (CO), evaporator (E),
absorber (AB), solution pump (SP), solution throttling valve (SEV), solution heat exchanger (SHX)
and refrigerant throttling valve (REV). It is important to point out that the operating principle of the
conventional ARS cycle is very similar to the alternative HR-ARS cycle. First, in the evaporator the
refrigerant exits as saturated vapor (10) and then enters the AB mixing with the poor concentration
coming from the GE (6), producing a high concentration (1), which is sent back to the GE via the SP,
raising its pressure (2). After, the strong solution is preheated through SHX (3), using the heat of the
weak solution stream coming from the GE (4) got a lower temperature in the poor concentration (5)
and sent back to the AB through the SEV.

In the GE, the strong solution is heated until it boils applying external heat and refrigerant vapor is
produced (7). Subsequently, it flows into the CO until saturated liquid (8). Furthermore, the refrigerant
liquid goes directly to the REYV, reducing its pressure and temperature, becoming a two-phase mixture
(9). Then, the refrigerant enters the E where it is boiled by the heat absorbed from the refrigerated
space until it becomes saturated vapor (10) and then, the cycle is repeated. The difference between the
HR-ARS cycle concerning the conventional ARS system is that both, the refrigerant produced in the
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generator (7) as well as the weak solution (4) give up heat to the strong solution (3) in the SHX causes
that the generator thermal load decrease and the performance of the HR-ARS can be improved.
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(a) Conventional ARS (b) Alternative HR-ARS

Figure 1: Schematic of conventional 4ARS and alternative HR-ARS

2.2 First Law Analysis and Assumptions

For the simulation of the HR-ARS and the conventional 4 RS cycle, mass and energy conservation
analysis are applied in each component of the system. The simulation was made under steady-state
conditions and the effects of potential and kinetic energies are negligible. The main equations of each
component of both cycles are described as follows:

Mass balance
=3 0
Mass concentration balance

Z mx; = z m.Xx, ()

Energy balance

2.0= 2 W= ih.= 3 ik, 3)
For the simulation of the systems, is necessary to adopt the following assumptions:
1. Steady-state conditions.

2. The potential and kinetic energy effects are insignificant.

3. The pressure drop through the components is considered to be negligible, except in the
expansion valves.

4. The heat losses in the system components are negligible.

5. The poor concentration and the refrigerant at the outlet of the generator and evaporator are
as saturated vapor, while strong concentration and the refrigerant leaving the absorber and
condenser are as saturated liquid.
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6. The refrigerant vapor entering the condenser is considered as superheated vapor.

7. Refrigerant and strong solution have the same temperature at the outlet and inlet of the
solution heat exchanger.

8. The temperature and pressure of the dead state are considered as 25°C and 1.013 bar,
respectively.

The energy balance in each of the components of the ARS and HR-ARS systems is given by the
equations presented in Table 1.

Table 1: Energy equations for the conventional HR-ARS and ARS systems

Component Energy balance
Evaporator QE = 1y, (Mg — ho)
Absorber QAB = rinohyy + mghs — i hy
Condenser (4RS) QCO =1, (h; — hy)
Condenser (HR-ARS) QCO = 1y, (hy, — hg)
Generator Ogr = mityhy + rivghy, — 1insh
Solution throttling valve hs = hg
Solution pump W = 1y (hy — hy)
Refrigerant throttling valve hs = hy
Solution heat exchanger (4RS) Osiux = 11y (hy — hs)

:QSHX = ”hz (hs - hz)
Solution heat exchanger (HR-ARS) Osuy = 11y (hy — hy)

mzhz + ”h7h7 + }?"14h4 = ”;”13/73 + mshs + ”hhhh

A parameter used to measure the energy efficiency in an absorption chiller is called the coefficient
of performance (COP), which is defined as the ratio of cooling production (Q;) concerning the total
energy supplied (Qgz + Wsp). In the HR-ARS and ARS systems, the coefficient of performance can
be calculated using the following equation [24,25]:

QGE + WSP

To improve the COP of HR-ARS and ARS systems, a solution heat exchanger is used between
the generator and absorber. Then, the efficiency of the solution heat exchanger is evaluated by the
following expression [20,27]:

T,— T,

4)

)

Nsux =

3 Second Law Analysis

The second law of thermodynamics consists of evaluating the exergy performance in a sys-
tem, whose reduction is associated with losses in the components system. According to Asensio-
Delgado et al. [2€], exergy can be defined as the maximum useful power that can be produced by
a system or flow. Besides, Jiménez-Garcia et al. [29] used Eq. (0) to calculate the irreversibility in an
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absorption chiller:
-E T [2(e(-5) - Z(e(- D) ]z

. T . .
where, [ is the internal irreversibility of the system, O (1 — 70) and W are the exergy loss associated

with heat transfer rate and the mechanical power transferred to or from the control volume, respec-
tively, while E is the exergy loss of each stream, which is calculated by the following equation:

E = m[(h—he) = Ty (s = )] (7)
Applying Eq. (6) in the HR-ARS and ARS systems, the irreversibility for each component is

shown in Table 2. Furthermore, the total irreversibility in the system is calculated by the following
expression:

ITora/ = IE + IAB + ICO + IGE + ISP + IREV + ISEV + ISHX (8)

Table 2: Irreversibility in each component for the HR-ARS and ARS systems

Component Exergy balance
. T
Evaporator I; =iy (€9 — e19) + Opy (1 — TO)
. T,
Absorber Lz = myey, + niges — nye;, — Qup (1 — —0)
T TAB
Condenser Ico = m; (e; — eg) — QCO (1 - —0)
Condenser (HR-ARS) Ico = g, (€5, — €5) — QCO (1 - T_O)
Cco
. T
Generator I = ne; — nye, — nye; + Qg (1 - T_O)
GE
Solution pump Isp =11y (e; — e;) + Wp
Refrigerant throttling valve Tepr = 1ig (e — €,)
Solution throttling valve Ly = s (es — eg)
Solution heat exchanger (4RS) Iy = iy (e, — e5) + nn, (e, — e3)
Solution heat exchanger (HR-ARS) Ly = 1y (e, — es) + 1, (e, — €3) + 11, (e; — e3,)

The exergy efficiency is the reason the exergy produced respect the exergy input, which can be
obtained by the following expression [30]:
0:(1-2)
e = A ©)
Qe (1= 22) + Wy
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The exergetic performance also can be defined as the ratio of the exergy rate produced and the
exergy of the fuel [31,32], which can be calculated according to the following equation:

-5 =l-%

I Total

Mex (10)

4 Model Verification

To verify the current model, energy and exergy results for the 4 RS cycle have been compared with
those results obtained by Arora et al. [33] under the same operating conditions (7' gz = 87.8°C, T'¢p =
T, =37.8°C, Ty =7.2°C, nyy = 70% and refrigerant mass flow rate = 1 kg/s). Table 3 shows that
the maximum relative deviation between both models was 1.40%, then, according to the comparison,
the accuracy of the model was verified.

Table 3: Comparison of the proposed model with theoretical results of Arora et al. [33]

Component Unit Arora et al. [33] Present work Deviation (%)
Generator kW 3095.698 3093.106 0.083
Condenser kW 2505.910 2505.910 0.000
Evaporator kW 2355.450 2355.450 0.000
Absorber kW 2945.269 2942.678 0.087
SHX kW 518.717 522.588 0.746
Solution pump kW 0.03143 0.03099 1.400
COP ) 0.7609 0.7615 0.078
Exergetic efficiency % 11.75 11.76 0.085
Total irreversibilities kW 475.36 474.90 0.096

5 Model Validation

The validation of the present simulation was compared with experimental data presented by
Florides et al. [34], considering the following operating conditions: Ts; = 90°C, T'¢p = 44.3°C, T, =
34.9°C, T; = 6°C, solution heat exchanger effectiveness (nsyy = 0.522) and cooling capacity of 10 kW
and the results are showed in Table 4. It can be seen that the deviations are less than 1.4% ratifying the
exactitude of our model.

Table 4: Validation of the present simulation with experimental data from Florides et al. [34]

Component Unit Florides et al. [34] Present work Deviation (%)
Generator kW 14.20 14.23 0.21
Condenser kW 10.78 10.63 1.39
Evaporator kW 10.00 10.00 0.00
Absorber kW 13.51 13.60 0.66

COop ) 0.704 0.702 0.078
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Simulation and Operating Conditions

The simulation has been developed using the computational software EES [35] to carry out the
energy and exergy analysis of HR-ARS and ARS cycles. The choice of this software is justified because
it contains the thermodynamic and transport properties of LiBr-H,O. To investigate the energetic and
exergetic efficiencies of the alternative HR-ARS cycle and compare it with the basic ARS system, the
input operating conditions shown in Table 5 were used.

Table 5: Working parameters used in the HR-ARS and ARS systems

Parameter Values Unit
Generator temperature, 7 g, 60 to100 °C
Evaporator temperature, 7' 5tol5s °C
Condenser temperature, 7'¢, 25 to 40 °C
Absorber temperature, 7, 25 to 40 °C
Refrigerated object temperature, 7, Ty+5 °C
Refrigerant mass flow rate, sz, 1 kg/s

6 Results and Discussion

The influence of the main working conditions on the energy and exergy performance in the
alternative HR-ARS and conventional ARS is studied. Moreover, the comparison between the exergy
destruction in the alternative HR-ARS and the conventional ARS is also examined.

6.1 Variation of T and T on COP

Fig. 2 displays the variations of COP with Tz and T, = T, (30°C, 35°C and 40°C). For the
analysis, Tz and ngyy are kept fixed as 5°C and 0.7, respectively. From the results, it is observed an
increase of the COP in the ARS and HR-ARS as the in the generator temperature increases. Initially it
increases until an optimal value and then it decreases slowly, these behaviors are in concordance with
the results obtained by Ahmad et al. [12]. It is due to that, to increase T,z causes that the concentration
circulation ratio decreases and subsequently, the energy supplied in the generator also decreases. The
reason for this effect is showed in Fig. 2. It also can be found that the HR-A RS system presents a higher
COP than the conventional 4 RS system over the entire range of generator temperatures. Furthermore,
to reduce T, from 40°C to 30°C, reduces T';; to approximately 22°C, while the COP for the ARS
and HR-ARS can be improved by around 5.77% and 6.33%, respectively. Comparatively, the COP
for the HR-ARS system is 2.57% higher than the ARS system at T, = 40°C. However, when the
condenser temperature is reduced at 7', = 35°C and 30°C, the COPs for the HR-ARS system results
be 2.86% and 3.11% higher than the ones obtained by the 4RS system. Also, it is obtained that the
maximum COP = 0.8173 in the HR-ARS is found at T'«o = 30°C, but at T, = 35°C and 40°C these
values are of 0.785 and 0.756, respectively. In contrast, in the ARS system, the maximum COPs at the
considered condenser temperatures are 0.801, 0.766 and 0.737, respectively. The former is because, if
T o decreases, P, also decreases, so that the heat supplied in the generator is reduced and then, the
COP of the systems will be improved.
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temperatures
4100 T T T T T 2600
4000 - ®— HR-ARS
3900 - a5 "
- i e
] g L2550
3800 L4 e
] L] -
o M >
g \ T 2500
3600 - * e i
S 3500 \ __|_.__-.——- =
] e
= 3400 4 | ope——m——— % L2450 =
sy W (=
5 1 i a3
Q1 3300 - \ Y]
200 2400
3100 4 A 4—1
'Y
1 e =y, e
3000 ----.._}t___._ == I
1 -— =S e 2350
2900 .
2800 -
2700 r r r v r T 2300
60 70 80 90 100
Tinl?C)

Figure 3: Effect of T';; on Qg and Q, for the HR-ARS and ARS

6.2 Variation of Tz on Qg and Qo

Fig. 3 shows the influence of Tz on the Qg and Q¢ in the alternative HR-ARS and ARS
systems. It can be seen that the load in the generator is reduced between 26% to 28% in both systems
as T increases and for high T, the thermal load in the generator becomes almost constant,
while the condensation heat increases between 1.2% to 3.3% as the generation temperature also is
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increased. Lamine et al. [36] have found that the generator load is reduced with increasing the generator
temperature, although condenser heat increases slightly. Reductions of 21% in the generator’s heat
load have also been found by Marashli et al. [37] in a basic LiBr/Water absorption chiller varying the
generator temperature from 95°C to 105°C. For all ranges of generator temperatures, the thermal load
in the generator and condenser results be lower in the HR-4 RS system than in the conventional ARS.
It is due to that in the HR-A RS system, part of the heat in the condenser is recovered via the solution
heat exchanger, then the temperature and enthalpy at the inlet in the generator (Point 3) increase and
the temperature at the inlet in the condenser (Point 7a) is reduced, so lower energy in the generator
and condenser is required. Under the operating conditions of T, = 5°C, T'¢, = T 45 = 30°C and ngpy
= 0.7, the heat supplied in the HR-ARS system is around 1.51%-3.76% lower than the one required
in the ARS system. On the other hand, at T;; = 60°C, the condensation heat for the HR-ARS system
is 1.51% less than the conventional ARS, but when the generation temperature is increased at 7',
= 100°C, it can be reduced up to 3.76%. It leads to a reduction in the heat exchanger area and the
manufacturing cost of the condenser and generator are minor than the basic ARS.

Fig. 4 illustrates the variations of the COP for the HR-ARS and ARS cycles with respect to
the condenser temperature (7). For the study, both the condenser and absorber were considered
to be at the same temperature (7T, = T ,;). The COP was analyzed under three different generator
temperatures (7, = 80°C, 90°C and 100°C) and kept as constant 7, = 5°C and solution heat
exchanger effectiveness = 0.7 in order to cover a greater range of operating conditions. It was found
that raising T ¢, reduces the coefficient of performance in both systems and these behaviors have also
been found by Kaynakli et al. [38]. When T';; = 80°C, the reductions are around 23%, but at generator
temperatures of Ty, = 90°C and 100°C, the reductions are around 11% and 9%, respectively. The
reason is because, when the condenser and absorber temperature increase, the generation pressure
also becomes higher and the strong solution concentration at the generator inlet is reduced, then, the
thermal load of the generator rises and the COP of the systems gets worse.

0~90 I % I i I : I . | s I " T . I ) I
T=5°C 0 HR-ARS, T, =80°C |
Neu=0.7 —8— ARS, T..=80°C
0.85 1 1 HR-ARS, T;;;=90°C 4
3 *— ARS, T;;=90°C
& HR-ARS, T =100°C
0.80 A— ARS, T;=100°C 2]
R,
S 0.75 - o
U h
L
0.70 4 &
0.65 -
0.60 R R T L T T T

24 26 28 30 32 34 36 38 40 42
Teo=T45 (°O)

Figure 4: Influence of T, = T ;5 on COP for the HR-ARS and conventional ARS
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The highest energy performance is obtained at low condenser and generator temperatures. For
example, at T, = 25°C and T4z = 80°C, the COP for the HR-ARS and ARS systems is 0.8386 and
0.8179, respectively. When T rises at T'q; = 90°C, the highest COPs for the HR-ARS and ARS are
0.8286 and 0.8048, but at T;; = 100°C, energy performances are 0.8026 and 0.8301, respectively. In
comparison, the COP for HR-ARS is between 2.53%-3.42% higher than that for ARS. The results
also show that at generator temperatures of 100°C and 90°C, both systems can work without problem
in all range of condenser temperatures, although, at 7';; = 80°C, these only can operate in a condenser
and absorber temperature range of 25°C-38.3°C.

Finally, the highest energy performances are found at 7;; = 80°C and T, < 33°C, while for a
Tz = 100°C, is recommended to work both systems at T'¢, > 36.66°C to reach the highest energy
performances.

The influence of T, on COP in the alternative and conventional ARS systems is shown in Fig. 5.
In these calculations, T, = T 5 = 30°C, T';; = 80°C, 90°C and 100°C, ng,y = 0.7 were assumed. As it
is expected, increasing 7' has a positive effect on the COP and this is slightly higher as T';; decreases
[39]. This is clarified by the fact that less refrigerant capacity is produced from the evaporator as 7'z
decreases, then if 7', is increased better COP is obtained and it is higher than one with a lower 7. On
the other hand, at higher generator temperatures, more refrigerant mass rate is produced, improving
the COP in both systems.
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Figure 5: Effect of T, on COP for the HR-ARS and ARS

The best coefficient of performance is obtained at the lowest generator temperature (7 ;; = 80°C)
and the highest evaporator temperatures (7, = 15°C), while the lowest one corresponds at high
generator temperatures (7;; = 100°C). For a T = 80°C and T ranging from 5°C to 15°C, the
COP in the HR-ARS increases by 8.06% and for the ARS, the increase is 7.89%. When the generator
temperature is raised at 7,z = 90°C, the COP increases by 7.20% and 7.03%, respectively. However, at
Tz = 100°C, the COP augmentation is 6.40% and 6.60%, respectively. It was found that the COP for
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the HR-ARS cycle is around 3% superior to that found with the ARS at the three different generator
temperatures here analyzed.

Fig. 6 depicts the effect of ng,y on the COP at different generator temperatures (7, = 80°C,
90°C and 100°C) for the proposed HR-ARS system as well as for the conventional ARS, considering
as constant the evaporation and condensing temperatures of 5°C and 30°C, respectively. It can be
seen that the COP for both cycles increases as ngyy effectiveness increases and these trends are like
for the generator temperatures here studied, which is in concordance with those results obtained by
References [27,38]. The reason for this change is that as the 7y, effectiveness increases, the generator
temperature entering the generator also increases, reducing the thermal load in the generator, which
results be lower for the HR-ARS system than that required for the ARS system.
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Figure 6: Effect of ngyy, on the COP for different T';; values

The results also show that for all 5g,, effectiveness and T';; range, an increase between 8.40%—
19.25% on the COP is found for the ARS cycle. When the HR-ARS cycle is used, these increases
vary between 13.48%-22.62%, which means that the HR-ARS is better in 3.37% to 5.08% than the
conventional ARS system. It also is appreciated that the COP is lower as T rises. It is because, if the
generator temperature gets higher, the concentration difference between the weak and strong solution
also increases, then improves the COP for both systems. For example, at a g,y = 1 and T'i; = 80°C,
the COP for the HR-ARS cycle is 0.874 and at T;; = 100°C is 0.845, while for the ARS system, the
COPs obtained are 0.845 and 0.807, respectively. In comparison, the HR-ARS has between 3.43%—
4.70% higher COP than the conventional 4 RS system at the mentioned generator temperatures.

Fig. 7 illustrates the influence of T';; on the exergetic performance of the HR-ARS and ARS
systems at different condenser temperatures and fixed values of evaporation temperature and solution
heat exchanger effectiveness at 5°C and 0.7, respectively. The results show that the exergy efficiency
is higher as the generator temperature rises, as well as the condenser temperature decreases, then,
it reaches an optimum value and after is reduced. These observations also have been found by
Kaushik et al. [40] in a conventional absorption cycle for T, varying from 55°C-105°C and T,
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values of 30°C, 35°C and 40°C. The before is because a high generator temperature produces more
vapor refrigerant, however, it implies a higher heat input to the system and then, the irreversibilities
in the generator also increase. However, reducing the condenser temperature increases the refrigerant
effect and reduces the irreversibility in the cycle, improving the energy and exergy performance.
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Figure 7: Effect of Ty, on n, for the HR-ARS and conventional ARS at different condenser
temperatures

From the figure, it is found that at 7, = 30°C, the maximum exergy efficiency of 23.53% and
23.22% are obtained with the HR-ARS and ARS systems at the corresponding generator temperature
of 63.02°C. When the condenser temperature rises to 35°C, the optimum exergy efficiency obtained
for both systems are 17.72% and 17.43%, respectively, which are found at a generator temperature of
67.64°C. However, at T, = 40°C, its maximum exergy efficiency is 14.23% and 13.95%, respectively, at
Tz = 76.88°C. The results also show that at T';; = 100°C, the exergetic efficiencies for the considerate
condenser temperatures are very similar.

The influence of T, and T, on exergy performance for HR-ARS and ARS was studied and
compared, taking as constant 7, = T ,; = 30°C and a solution heat exchanger effectiveness = 0.7,
and its behavior is shown in Fig. 8. When T increases, the exergy efficiency is reduced between 17%—
20%, and this increases between 2.3%—6.3% as the generator temperature decreases. As is presented in
the figure, the highest exergetic efficiency for the HR-ARS (1., = 29.49%) and ARS (1., = 28.84%) are
obtained at low evaporator and generator temperatures (7; = 5°C and T,z = 80°C), while that at the
same Tz and Tz = 100°C, the lowest exergetic efficiency for the HR-ARS and ARS are ., = 22.57%
and n,, = 21.89%, respectively. It means that at the mentioned evaporator and generator temperatures,
the exergetic performance for the HR-ARS is around 0.7% superior that the traditional ARS. It also
is found that, when the evaporator temperature is increased until 7, = 15°C, the exergetic efficiency
for the HR-ARS system is very similar for the three generator temperatures under study, showing only
a difference of 0.22% with respect to the values found for the conventional ARS system.
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Figure 9: Influence of T ¢,

42

T .5 on n,, for the HR-ARS and conventional ARS

Fig. 9 shows the influence of T, = T ,; on the exergetic efficiency of both systems. A reduction
in the exergy efficiency is found as 7', = T ,; increases, and this is more significant as the generator
temperature decreases at 80°C. It was found that when T';; = 90°C and 100°C are considered,
the systems can operate in the entire temperature range in the condenser, while at the generator
temperature of 80°C, both systems work adequately at condenser temperatures between 25°C to
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38.33°C. Furthermore, when the systems work with the lowest T and T, the highest exergetic
efficiencies can be obtained, while the lowest ones are found at high generator temperatures.

The results also show that the highest exergetic efficiency of 28.53% is obtained with the HR-ARS
system operates at T, = 25°C and T';; = 80°C, but it is reduced by 4.02% and 6.63% when the T g
decreases from 90°C and 100°C, respectively. At condensation and generator temperatures of 40°C and
100°C, respectively, the exergy efficiency is 19.93% for the HR-ARS system and 19.43% for the ARS.
However, by reducing the generator temperature to 90°C, the exergy efficiency increases by 8.58% with
the HR-ARS and 9.10% with the A RS system. It also found that the HR-ARS presents between 2.55%
to 3.33% higher exergy performance when 7T, varies from 25°C to 40°C, in comparison with those
results found with the ARS system.

The variations of the exergetic efficiency with 7,y and T, in both systems are shown in Fig. 10.
The exergetic efficiency increases as 7gy, increases and decreases as 7', is reduced. The best exergy
efficiency values are obtained in both systems at the maximum solution heat exchanger effectiveness.
Furthermore, when 5y, varies from O to 1, the exergy efficiency for the HR-4ARS system increases
between 14.88% to 20.07%, while for the conventional ARS refrigeration system, the increases are in
the order of 9.79% to 16.05%. The results also show that at the maximum charge of the solution heat
exchanger, the exergy efficiency of the HR-ARS cycle is between 3.43%-4.70% higher than the ARS
system. When both systems work without a solution heat exchanger, the exergy efficiency at T';; =
80°C is 16.04%, while when T is increased to 90°C and 100°C, the exergy efficiencies are 14.10% and
12.56%, respectively. This represents that at the generator temperature of 8§0°C, the exergy efficiency
is 1.94% and 3.48% higher than that at generator temperatures of 90°C and 100°C, respectively.
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Figure 10: Effect of ngyy on n,, for the HR-ARS and conventional ARS

Fig. 11 illustrates the impact of T on the exergy destruction in the different components
of the HR-ARS and ARS cycles. As the generator temperature increases, the absorber, generator
and condenser increase their exergy destruction rate, while the opposite situation occurs with the
evaporator, refrigerant throttling valve and solution heat exchanger. It was found that the evaporator,
generator and absorber are the main components to contribute to the total exergy destroyed. At low
generator temperatures, the evaporator has the highest exergy destruction with around 49%, followed



FHMT, 2024, vol.22, no.6 1735

by the absorber with 17% and the generator with 12%, while at high generator temperatures (7 ; =
100°C), the largest contributors to the irreversibilities of the system are the absorber (38%), generator
(36%) and evaporator (20%). The condenser and refrigeration expansion valve do not contribute
significantly to the total exergy destruction.
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Figure 11: Effect of T';; on exergy destruction for the HR-ARS and conventional ARS

The irreversibilities in the evaporator are due to the difference of temperature between the
surroundings and the fluid, but the irreversibilities in the absorber are caused by the difference
of temperature between the component and the environment, which can be reduced by increasing
its surface area, while the exergy destruction in the generator is outstanding to the difference of
temperatures between the heat source and the working mixture. It can be also seen that, for all range
of generator temperatures, the exergy destroyed in the absorber and generator increase in 21.49% and
24.51%, respectively, while in the evaporator and solution heat exchanger it is reduced 28.87% and
15.95%, respectively. From the figure, it is seen that the irreversibilities for the HR-ARS system are
slightly superior to the ARS system in the most of the components, except for the condenser and
generator, which are reduced in 0.47% and 2.65%, respectively.

Finally, in order to improve the second law efficiency, more emphasis could be made in the
evaporator, absorber and generator in the overall design.

Fig. 12 shows the behavior of the destroyed exergy concerning the condensation temperature. The
results show a reduction in the exergy destroyed in the absorber and generator as 7', increases, while
the opposite situation occurs with the evaporator, solution heat exchanger and refrigerant throttling
valve as the temperature condensation increases, except in the condenser, where no significant
variations are shown. It can be observed that the exergy destroyed in the absorber and generator are
very similar at low condenser temperatures (7, = 25°C) and these components are responsible to
contribute in almost 80% of the overall exergy destroyed, similar percentages have also been found by
Caietal. [41]. It can also be observed that the exergy destroyed in the solution heat exchanger resulted
higher for the other components at 7', > 37°C, while the exergy destruction is slightly reduced in the
evaporator, refrigerant valve and condenser.
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For the entire temperature range in the condenser, the exergy destroyed for the absorber and
generator is reduced by 19.4% and 28.64%, while for the case of the evaporator, solution heat exchanger
and refrigerant valve, the exergy destruction increases by 8.9%, 35.95% and 3.30%, respectively. For
high condenser temperatures (7' ¢, = 40°C), the largest exergy destroyed is obtained in the solution heat
exchanger, followed by the evaporator, absorber and generator. It was found that in both systems, the
largest exergy destroyed corresponds to the solution heat exchanger at T, > 36.66°C.
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Figure 13: Effect of 7, on exergy destruction for the HR-ARS and conventional ARS

Fig. 13 shows the influence of the evaporation temperature on the exergy destroyed for the HR-
ARS and ARS systems. If T is increased, the exergy destroyed in the generator also increases,
although the opposite occurs with the other components in both systems. The results also show that the
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evaporation temperature does not present significant effects on the exergy destroyed in the throttling
valve and condenser.

The results reveal that of the overall exergy destroyed, 88% is mainly outstanding to the absorber,
generator and evaporator in both systems, which is obtained at T, = 5°C. For a T; = 15°C, these
components contribute to 94% of the total exergy destroyed. The absorber presents the largest amount
of exergy destroyed at low evaporation temperatures, followed by the generator and absorber, while
at high evaporation temperatures, the generator is the main component contributor to the exergy
destruction. For evaporator temperatures ranging from 5°C to 15°C, the exergy destroyed in the
generator increases by 12%, while for the absorber, evaporator, solution exchanger, condenser and
refrigeration expansion valve, the exergy destroyed is reduced by approximately 1.19%, 4.39%, 4.04%,
0.54% and 1.38%, respectively. Comparatively, the exergy destroyed is lower for almost all of the
components for the HR-ARS in all ranges of evaporator temperatures than the ones for the ARS
system, except for the evaporator, which increases.

The contribution of the exergy destroyed for different solution heat exchanger effectiveness in
each component for both systems is shown in Fig. 14. As depicted, the main contributor to the
exergy destruction in the HR-ARS and ARS systems is the absorber. The other two components with
significant exergy losses are the generator and condenser. It is also observed that as the ng,, increases,
the exergy destruction in the generator, SHX and condenser is reduced, while in the other components,
there are no significant variations in the exergy destruction. When ng,, = 0.7, the overall exergy
destroyed for the HR-ARS is 3.24% smaller than the one found for the ARS system. Moreover, at
nsux = 0.8,0.9 and 1, the reductions in the total exergy destruction for the HR-ARS are 3.79%, 4.39%
and 5.01%, all of these in comparison with the ARS system. This is due to an increase in the ng,y,
which increases the strong concentration temperature at the inlet of the generator reduces the inlet
temperature in the condenser and the exergy in the Streams 3 and 11 as well as the heat supplied in the
generator and condenser, reducing with this the irreversibilities in these components. Furthermore, the
exergy loss in the solution heat exchanger is reduced because the difference in temperature between
the poor and strong concentrations also is reduced.

100 T v T ¥ T ¥ T ¥ T . T
el col e[ ce[reV ] sHX

- -3 s = =

ﬂ ﬂﬂﬂlﬂ[}l

Exergy destruction (kW)

o] S % S ) =
e S P Fo o Fo &0 s
3 \23_ 2 & » + QS- P L ¥ 7
o + <« &+ = & & s
&% o8 o o o & oF

Figure 14: Contribution of exergy destruction for HR-ARS and ARS at different gy,
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7 Conclusions

In this work, an alternative ARS configuration in which part of the thermal load in the condenser
is recovered via the solution heat exchanger and supplied to the system (HR-ARS) was energy and
exergy investigated. The influence of the main working parameter as well as the efficiency of the
solution heat exchanger on the coefficient of performance, exergy performance and exergy destroyed
for the HR-ARS system were analyzed and compared with the traditional ARS system at the same
working conditions. The main conclusions of the simulation are described as follows:

1. The COP increases as Tz and T increase, but it reduces as T, increases. The highest COP =
0.8173 is found with the HR-ARS at T ;; = 80°C and T ', = 30°C. Comparatively, the COP for
the HR-ARS is 2.57% higher than the ARS system at T;; = 80°C and T, = 40°C. However,
it can be improved by 2.86% when T, = 35°C and 3.11% when T, = 30°C.

2. For all ranges of generator temperatures, the thermal load in the generator and condenser in
the HR-ARS are between 1.51%-3.76% and 1.2%-3.3% lower than the ones required in the
ARS system. It leads to a reduction in the heat exchangers area, so the manufacturing cost of
the alternative HR-ARS can be smaller than the ARS system.

3. The COP and exergy efficiency increase as 5y, increases. The highest energy and exergy
efficiency are obtained at s,y = 1. For 5y, varying from 0 to 1, the exergy performance for the
HR-ARS increases between 14.88% to 20.07%, while for the conventional 4 RS refrigeration
system these increases are in the order of 9.79% to 16.05%. Which means that the HR-ARS
system has 3.43%-4.70% higher exergy efficiency than the 4 RS system. On the other hand, for
all ranges of solution heat exchanger effectiveness, the HR-ARS system showed 3.79%-5.01%
lower exergy destroyed than ARS.

4. The exergy performance increases as the generator temperature rises, as well as when the
condenser and evaporator temperature decrease. The largest values of exergy are obtained at
the lowest generator, condenser and evaporator temperatures. The maximum exergy efficiency
of 23.53% and 23.22% are found when the HR-ARS and ARS systems operate at Ty =
63.02°C and T, = 30°C, but it is slightly lower as T, increases from 30°C to 40°C. It implies
that the exergy performance with HR-ARS system is around 0.3% higher than the ARS.
Furthermore, when T’ increases from 5°C to 15°C, the exergy efficiency is reduced between
17%—-20%, and this increases between 2.3%-6.3% as the generator temperature decreases. For
all ranges of evaporating temperatures, the exergy efficiency for the HR-A RS is between 0.22%
to 0.7% higher than the traditional ARS.

5. The values of exergy destruction in the generator, absorber and evaporator increase as the gen-
erator temperature increases, while that opposite situation occurs with the other components
of the system. On the other hand, when 7', rises, the exergy destroyed in the generator also rises.
The results also showed a reduction in the exergy destroyed in the absorber and generator, while
the exergy destruction in the evaporator, solution heat exchanger and refrigerant throttling
valve rises if T, increases, except in the condenser, where no significant variations are shown.
Furthermore, the exergy destruction for the HR-ARS resulted 3.24% lower than the ARS
system at ng,y = 0.7. However, when ng,y = 0.8, 0.9 and 1 are used, HR-ARS showed 3.79%,
4.39% and 5.01% lower irreversibilities than the ARS.

6. Finally, the results revealed that the HR-ARS system can be a suitable alternative in the field
of absorption refrigeration because lower energy is required, it has higher energy and exergy
performance as well as lower exergy destruction than the A RS system.
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