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Abstract

Absorption cooling cycles are environmental and can use solar or waste heat for cooling with very small electric power. This work
presents exergy analysis of a double effect parallel flow and single effect absorption cooling systems for comparison. A computer
program is developed for the thermodynamic properties of lithium bromide-water solutions by the author in FORTRAN codes for
the exergy analysis. The double effect parallel flow absorption systems have better advantages than the single effect absorption system.
The coeflicient performance (COP) and the exergetic coeflicient performance (ECOP) of the double effect parallel flow absorption
systems are higher than the single cycles. For the double effect cycle COP and ECOP are found as 1.195 and 0.28, and for the single
effect cycle COP and ECOP are found as 0.68 and 0.23, respectively. For each component the exergy loss and exergy destruction is
calculated. Most of the irreversibilities are found in the evaporator and in the absorber which about 74 % for the double effect, and 72
% for the single effect of the total irreversibility. It is concluded that the performance of the evaporator and the absorber is crucial for
the two cycles. Improving and better design of these two components will directly improve and affect positively the working conditions
and the performance of the cycles.
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Oz

Absorpsiyonlu sogutma ¢evrimleri, cevreci ve atik 1s1 yada giines enerjisi kullanabilen, ¢ok az elektrik giicti gerektiren ¢evrimlerdir. Bu
caligmada, karsilagtirma icin tek etkili ve cift etkili paralel akigh sogutma gevrimlerinin ekserji analizi sunulmugtur. Lityum bromid
su ¢ozeltisinin termodinamik ozelliklerini hesaplamak ve ekserji analizinde kullanmak i¢in yazar tarafindan FORTRAN dilinde bir
bilgisayar programi gelistirilmigtir. Cift etkili paralel akigh sogutma cevrimleri performans y6niinden tek etkili ¢evrimlerden daha
avantajlidir. Cift etkili paralel akigh sogutma ¢evrimlerinin performans katsayis1 (COP) ve ekserjetik performans katsayis: (ECOP), tek
etkili sogutma ¢evrimlerinden daha yiiksektir. Cift etkili sogutma ¢evrimi icin COP ve ECOP sirastyla 1.195 ve 0.28, tek etkili sogutma
cevrimi i¢in ise COP ve ECOP sirastyla 0.68 ve 0.23 bulunmugtur. Cevrimlerin her bir eleman: i¢in ekserji kayiplari ve tersinmezlikleri
hesaplanmugtir. Tersinmezliklerin, ¢ift etkili cevrimde % 74 ve tek etkili ¢evrimde % 72’sinin yani ¢ogunun evaporator ve absorberde
meydana geldigi gorilmustir. Evaporator ve absorber performansinin bu iki ¢evrim i¢in hayati énemde oldugu anlagilmistir. Bu iki
elemanin gelistirilmesi ve daha iyi dizayn edilmesi ¢evrimlerin ¢aligma sartlarin iyilestirecek ve performansini olumlu yonde etkili bir
sekilde artiracaktir.

Anahtar Kelimeler: Absorpsiyon, Sogutma, ECOP, Tek ve cift etkili
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1. Introduction

'There is a growing need for building cooling and refrigeration
in industry all over the world, in a foreseeable future. The
increasing requirements for comfort, higher living standards
and the increasing thermal load of buildings, are the main
causes of this growing. For the refrigeration cycles using
low temperature waste heat, geothermal or solar energy
can reduce power consumption for cooling. For cooling
and refrigeration at over 0 °C temperature of evaporator,
absorption chillers using LiBr-H,O solution offer very good
efficiency than the other solutions. But there is a risk of salt
crystal formation called solution crystallization that happens
when there is low ambient temperature or high absorber
temperature, and air leak into machine. For producing cold
at temperatures below than 0 °C, ammonia-lithium nitrate,
the ammonia-water solution, or other appropriate solutions
can be used better. The COP of an absorption cycle depends
on three external temperatures; ambient, generation
(driving) and evaporation temperatures. The triple effect
cycle has the best COP among the half effect, the single
effect, and the double effect cycles. The half effect cycles
has the lowest COP, the single effect cycle presents better
COP than the half one. However, the double effect cycle has
better COP than the single one. The details of these cycles,
their differences and their configuration can be found in
literature. The double and the single effect absorption cycles
have more commercial use than the half one and triple one
(Avanessiana and Ameri 2014, Inzunza et al. 2014). The air
cooled double effect systems are better than the single one
because they are more efficient, flexible, without cooling
tower and independence upon water.

The same driving heat source produces refrigerant vapor
twice in double effect cycle that in these process two vapor
generators are needed. Between in lots of configuration of
double effect cycles are obtained, the most common ones
are in-parallel and in series cycle layouts. In series means
that without dividing into two streams the entire flow goes
through both generators. In parallel cycle the solution flow
going to the high pressure generator does not go to the
lower pressure generator. The solution stream split among
both. The in-parallel layouts have higher COP; however in-
series layouts are better in the cooling capacity than the in-
parallel layouts (Inzunza et al. 2014).

Li et al. (2014) have done a performance analysis of solar air
cooled double effect LiBr/H,O absorption cooling system
in subtropical city. They found that increasing the collector
temperature was decreasing the performance. Gomri and
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Hakimi (2008) have done the second law analysis of double
effect vapor absorption cooler system and they obtained that
increasing low pressure generator temperature increases the
performance of the system and the highest exergy losses
occurs in high pressure generator and absorber. Ventas et
al. (2016) studied on two-stage double-effect ammonia/
lithium nitrate absorption cycle and they concluded that
maximum COP is about 1.25. Colorado and Rivera (2015)
have obtained the performance comparison between a con-
ventional vapor compression and compression-absorption
single-stage and double-stage systems used for refrigeration.
They concluded that the compression power of the cascade
cycles was 45 % lower than in compression cycles.

Avanessian and Ameri (2014) have done the energy,
exergy, and economic analysis of single and double effect
LiBr-H,O absorption chillers. They showed that the
double effect absorption chillers are more economical than
the single effect. Talukdar and Gogoi (2016) have done
the exergy analysis of a combined vapor power cycle and
boiler flue gas driven double effect water—LiBr absorption
refrigeration system. They concluded that for integration
with power cycle, the double effect absorption system is
more appropriate and better than the single effect. Farshi
et al. (2013) studied on exergo-economic analysis of double
effect absorption refrigeration systems, and they found
that lower total investment costs were obtained when
the condenser temperatures were low and the evaporator
temperatures were high. Bouaziz and Lounissi (2015) in
their study named the energy and exergy investigation of a
novel double effect hybrid absorption refrigeration system
for solar cooling, they found that the COP of the proposed
system is better than the conventional one. Kaynakli et al.
(2015) have done the energy and exergy analysis of a double
effect absorption refrigeration system based on different
heat sources; they have reported that higher temperatures of
the heat sources increases the exergy destruction of the high
pressure generator.

Cimsit et al. (2015) have studied on the thermo-economic
optimization of LiBr/H,O-R134a compression absorption
cascade refrigeration cycle. They found that the cascade cycle
has the potential to reduce electric energy consumption
about 50 %. Inzunza et al. (2014) have done the comparison
of the performance of single-effect, half-effect, double-
effect in series and inverse absorption cooling systems
operating with the mixture H,O/LiBr. They found that for
the generation temperature between 100 °C and 110 °C, the
COP of the single effect was up to 0.89, for the generation
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temperature of over 55 °C the COP of the half effect was
up to 0.44. They also found that the most efficient one is
the double effect systems, which the COP is up to 1.48.
They observed that for low temperatures the half effect
systems work better than any other. Inzunza et al. (2014)
also studied the comparison of the performance of single-
effect, half-effect, double-effect in series and inverse and
triple-effect absorption cooling systems operating with the
NH,-LiNO, mixture. They obtained that the COP values of
H,O/LiBr are higher than the COP values of NH_-LiNO;
however the evaporator temperature can be as low as -50 °C
with NH,-LiNO, refrigeration solution.

The goal of this study is to investigate and compare the
irreversibility and the exergetic coeflicient of performance
(ECOP) of the double effect parallel flow absorption system,
and the single effect absorption system. The two cycles
and their working conditions is taken from the reference

(ASHRAE 2001).

2. Materials and Method

'The schematic diagram of a single effect absorption system is
given in Figure 1. A single effect absorption system consists
of an absorber, a condenser, a generator, an evaporator, a heat
exchanger, a pump and two expansion valves. The cycle has
a refrigerant cycle (7-10) and H,O-LiBr solution cycle (1-
6). The generator is supplied with a heat source and H,O-
LiBr solution is located in high pressure in the generator.
The evaporated H,O is conducted to the condenser. The
condenser gives heat to the atmosphere to change the phase
of H,O from vapor to liquid. In order to reach the evaporation
pressure the refrigerant H,O is expanded in a expansion
valve. The cooling process is obtained in the evaporator
when the refrigerant absorbs heat from the environment.
The refrigerant evaporates again and then is conducted to
the absorber. The vapor is mixes with H,O-LiBr solution
coming from the generator and the absorber releases heat.
After that the weak H,O-LiBr solution is pumped to the
generator by passing through the heat exchanger which
increases solution temperature. The cycle starts once again in
the generator. Some of the refrigerant evaporates and goes
to the condenser; the rest of the solution is led to the heat
exchanger to decrease its temperature. Then passes a throttle
valve to reduce the pressure until evaporation pressure and
finally it comes to the absorber.

The schematic diagram of a double effect parallel flow
absorption system is given in Figure 2. The solution that is
pumped from the pumpl is heated in the heat exchanger2
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and firstly enters the low pressure generator which is heated
by the condanserl, after that the liquid solution is pumped
with pump2 to the heat exchangerl and then enters the
high pressure generator. The vapor taken from the high
pressure generator, condensates in the condanserl and
some of the heat energy is transferred into the low pressure
generator. The liquid enters condenser2 and mixes with the
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Figure 1. Schematic diagrams of a single effect absorption system.
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Figure 2. Schematic diagrams of a double effect (parallel flow)
absorption system.
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vapor coming from the low pressure generator. After that
the liquid transferred from the expansion valve4 evaporates
in the evaporator to obtain cooling.

In this study the thermodynamic analysis of the cycles which
is given in figure 1 and 2 are done and the thermodynamic
and the mathematical modeling are explained as follows. The
chemical exergy of the streams are not taken into calculation
because, there is no mass inlet or outlet of the cycle. The
physical exergy of the streams is taken as the total exergy.
The equations of the calculation of the cycle are given in
Table 1 for of each component and for overall cycle.

In this study, these assumptions are utilized in the analysis
of the cycle: The cycle is at steady state and steady flow cycle,
the pump process is adiabatic, the pressure reducing valve is
an adiabatic process, pressure drops in the pipeline and in the
components are neglected, refrigerant leaving the condenser
is saturated liquid at condenser pressure, solution leaving
the generators and the absorber are assumed to be saturated
in equilibrium conditions at its respective temperature and
pressure, refrigerant leaving the evaporator is saturated

vapor at evaporator pressure, refrigerant is pure water, direct
heat transfer from the components to the surroundings is

negligible.

3. Results and Discussion

A computer program written by the author in FORTRAN
codes is used to calculate the enthalpy and entropy values
of the streams. To calculate the enthalpy and the entropy
values of the streams the equations used in the program are
taken from the reference (Chua et al. 2000, Kaita 2001).
However, the reference state values are taken at 100 kPa
pressure, 25 °C temperature, and for 50 % concentration
H,O-LiBr, as h =49.2 kJ/kg and s,=0.1867 k]J/kgK for the
mixture of H,O/LiBr.

InTable 2 for each stream of the single effect cycle, the fluids,
the pressures, the temperatures, the concentrations, the flow
rates values, the enthalpies, the entropies, the exergy, and
the energy, the heat exergy, the destructed exergy of each
component, COP, ECOP, the exergy and the energy balance
are given. In Table 3 for each component of the double

Table 1. For of each component and for overall cycle mass, energy, and exergy equations (Annamalai and Puri 2002., Dincer and Rosen

2007).
Component Mass Equation Energy Equation Exergy Equation
p Iy (h b ) FE, :m1(h1 ho— TO(SI_SO))
ump WL1 ’/YLz Wm = mi\n2 1 EQ — m2 (h2 _ ho ( So))
.. E;=m; (hs —ho—T) (83 So))
Heat exchanger @2 B ms Mahs + My = mshs + mshs Ei=mi(hi—ho—To(s:—s0))
= Ms Es=ms (ha —ho— T (Sa 80))
Expansion Valvel Ms = M mshs = mehe Es=1ms(hs—ho— To(ss—$0))
Generator Mms = M4+ m; mshs+ Qa = msh,s+ m:h; E:=m; (h7 —ho— T (37 So))
Condenser mr = Ms mzh: = mshs + Q. Eys = 1ivs(hs— ho— To(ss—s0))
Expansion Valve2 Ms = My mshs = Mohy Ey=m, (hg —ho— T (89 - 30))
Evaporator Mo = Mo Mohy+ Qr = Miohio Ewo=m10(hio—ho—To(s10— 80)
Absorber M+ Mo = M Q4= Mihw+ mehe— Mk,
g + g outletenergy .
(QA QC) : . Epe= E7 Es E01
= (QG + WP + QE‘) inletenergy . .
o . ED_HE:E2+E4_E3_E5
Overall cycle COP = Q:/ (W, + Qo) £ o —Btb—F
. DE — 9 E 10
W’:mm(hm_hout) = Ap/p . . L
T, Eppw =FE,+ FE.u
b=q(1-7) o ECOP = Ep | (W ru+ Eo)
ED.G_E3+EG E7_E4
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effect cycle, the exergy, and the energy, the heat exergy, the
destructed exergy of each component, COP, ECOP, the

exergy and the energy balance are given.

As can be seen that for the overall single effect cycle the
total destructed and lost exergy is about 974.3 kW, and the
370.5 kW of it is destructed at the evaporator that means
38 % of the total destructed exergy. For the overall double
effect cycle the total destructed and lost exergy is about 572
kW, and the 253 kW of it is destructed at the evaporator
that means 44 % of the total destructed exergy. The total
destructed and lost exergy in the absorber of the double

effect cycle is found as 174 kW, and that is 30 % of the total
destructed exergy. For the single effect cycle that is found
as 193.3 kW, and that is about 34 % of the total destructed
and lost exergy. For the single effect cycle in the evaporator
and in the absorber 72 % of the total exergy is destructed
and lost while for the same components of the double effect
cycle this rate is about 74 %. That means the efficiency of
the absorber and the evaporator is crucial for the cycle.
Improving and better design of these two components will
directly affect and improve the working conditions and the
performance of the overall cycle.

Table 2. Thermodynamic properties of the streams of the single effect absorption cycle.

Pressure Temperature Concentration Flowrate Enthalpy

Entropy

u. kPa °C kgNH, /kgmix  Kg/s kJ/kg  KkJ/kgK

0 LiBr/H,O 100 25 50 - 49.2 0.1867 -
1 Weak LiBr/H,O 0.697 40.7 59.6 11.99 115.02 | 0.2359 613.3
2 Weak LiBr/H,O 10.2 40.7 59.6 11.99 115.02 | 0.2359 613.3
3 Weak LiBr/H,O 10.2 76.1 59.6 11.99 183.03 | 0.4401 698.8
4 Strong LiBr/H,O 10.2 103.5 64.6 11.06 257.75 | 0.5425 1133.3
5 Strong LiBr/H,O 10.2 62.4 64.6 11.06 184.02 | 0.3354 1000.8
6 Strong LiBr/H,O 0.697 49.9 64.6 11.06 184.02 | 0.3360 1222
7 H,0 10.2 103.5 0 0.93 2690.1 | 8.466 160.4
8 H,010.2 46.2 0 0.93 193.34 | 0.654 4.5
9 H,O 0.697 1.8 0 0.93 193.34 | 0.68 -2.7
10 | HO 0.697 1.8 0 0.93 | 2503 9.11 -192.2

Absorber heat energy- exergy destruction Q,=2984 kW, E,=62.6 kW, ED, A= 130.7 kW,

Pump work energy W,=0.006 kW

Condenser heat energy-exergy--exergy destruction Q.=2322 kW, EC,Lost+ ED’C =156 kW

Expansion valvel,2 exergy destruction Eppni=2 k€W, Ep 14,=7 2 kW

Heat Exchanger--exergy destruction, Exergy efficiency Ep p=47 kW

Evaporator heat energy- exergy Q= 2148 kW, E = 181 kW, E, = 370.5 kW

Generator heat energy- exergy Qg= 3158 kW, E = 793.2 kW, E, .= 198.3 kW

COP 0.68

ECOP 0.23

Inlet Energy=Outlet Energy — (W, + Q+ Q,.=Q,+ Q.) — (0.006+3158+2148=2984+2322) — 5306=5306

Overall Cycle(inlet exergy (E .= E + W, +E,=793.2+0.006+181=974.2)

Overall Cycle(inlet exergy=outlet exergy=Lost + Destructed)

E| woc =Erpan + Epoc =62.6+154=216.6 kW

(ED,OC= ED,C+ ED’A+ Epup + ED,G+ E,p+ ED,EXL2 =2+130.7+47+198.3+370.5+9.2=757.7)

inlet exergy=outlet exergy 974.2=757.7+216.6 — 974.2 =974.3)
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The condenser2 of the double effect cycle has high
destructed and lost exergy that is about 71 kW and that is
12 % of the total lost and destructed exergy. The condenser
of the single effect cycle also has high destructed and lost
exergy that is about 156 kW and that is 16 % of the total lost
and destructed exergy. For the two cycles the irreversibility
in the heat exchangers, in the expansion valves and in the
pumps is small, but they are taken into calculation.

'The most important thing to evaluate a refrigeration system
is the coeflicient performance (COP) and the exergetic
coefficient performance (ECOP) of the cycle. The coeflicient
performance (COP) of the double effect cycle is 1.195 and
the exergetic coeflicient performance (ECOP) of the cycle
is 0.28. For the single effect cycle the COP is 0.68 and the
ECOP is 0.23. The operating temperature of the double
effect cycle is 170.7 °C, and for the single effect cycle is 103.5
C.’The double effect cycle is required generator temperature
higher than 150 °C, while the single effect cycle is required
generator temperature between 80 and 110 °C. These results
showed that the double effect systems have higher COP and
ECOP values than the single effect systems. However the

single effect systems required fewer components to operate
than the double effect one and therefore the single effect
systems are less expensive and simpler than the double effect
one. These results are in good agreement with the literature.
2 % Error is happened in all this calculation of the double
effect cycle which can be ignored.

4. Conclusion

Absorption cooling cycles are environmental and can use
solar or waste heat for cooling with very small electric power.
'This work presents exergy analysis of a double effect parallel
flow and single effect absorption systems for comparison.
A computer program is developed for the thermodynamic
properties of lithium bromide-water solutions by the
author in FORTRAN codes for the exergy analysis. The
double effect parallel flow absorption systems have better
advantages than the single effect absorption system. The
coeflicient performance (COP) and the exergetic coefficient
performance (ECOP) of the double effect parallel flow
absorption systems are higher than the single cycles. For the
double eftect cycle COP and ECOP are found as 1.195 and

Table 3. Energy, exergy and destructed exergy for overall and for each component of the double effect parallel flow absorption cycle.

Absorber heat energy- exergy destruction

Q,=2328kW,E,=E, = 174kW

Pump1 work energy W, = 0.043kW

Pump1 work energy W, =0.346 kW

Condanser] heat energy-exergy--exergy destruction Q,=1023 kW, E =207 kW, (E,  ,+E;, . )=75.9 kW,

Condanser2 heat energy-exergy--exergy destruction Q=905 kW, E = E|, . =71kW

Expansion valvel,2,3,4 exergy destruction ED’EX“:gj KW, B pxyy=0-3 kW, By pys=08 KW,
D,EXV4

Heat Exchangerl--exergy destruction, Exergy efficiency Epp=5-3 kW

Heat Exchanger2--exergy destruction, Exergy efficiency Ep =54 kW

Evaporator heat energy- exergy Q= 1760 kW, E = 126.5 kW, E , .= 253 kW

High pressure generator heat energy

Qo= 1472 kW, E, = 445 kW

HPG

Low pressure generator heat energy Qp=Qe,=1023 kW, E, .= 133.9 kW, (E | ,c+E}, )=75
exergy destruction kW
COP 1.195
ECOP 0.28
Inlet Energy=Outlet Energy — (WRTOT+ Qupet Qp=Q,+ Q,) — (0.3+1472+1760=2328+905)—>3233~3232.3
Overall Cycle(inlet exergy (E,.= E;jpo+ Wy p +E=445+0.4+126.5=572)
Overall Cycle(inlet exergy=outlet exergy=Lost + Destructed)
(ED,OC= (ED,LPG+ED,C1)+ ED, At ED7C2+ E .+ ED’others =75+174+71+253+12=585~572= inlet exergy)
Error=(585-572)/572=0.02
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0.28, and for the single effect cycle COP and ECOP are
found as 0.68 and 0.23, respectively. For each component
the exergy loss is calculated. Most of the irreversibilities are
found in the evaporator and in the absorber which about
74 % for the double effect and 72 % for the single effect
of the total irreversibility. It is concluded that the efficiency
of the evaporator and the absorber is crucial for the double
effect and for the single effect absorption cycles. Improving
and better design of these two components will directly
improve and affect positively the working conditions and
the performance of the cycle.
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