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Abstract

direction they need to do.

In this study, a modified ecological function is presented for four-temperature-level absorption refrigerators, and an
absorption refrigerator has been optimized using this function. An equivalent system was initially identified,
followed by the application of the first and second laws of thermodynamics. Next, the optimization results were
interpreted. The results of the optimization process, optimum point of xi, Xz, ay, and ag, were defined as 0.87, 0.58,
241,025, respectively. In addition to that, the effects of xiy, Xg, ay, dg, Ta Te, Te, and Ty were shown according to
exergy destruction, ecological function, coefficient of performance, and cooling load. As a result, it was understood
that especially the xi;, parameter, and the generator temperatures are the variables of the system that require
special attention because, at some points, they cause that generator and absorber transfer heat in the opposite
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Background

Absorption refrigerators may provide a cooling effect
using various energy resources in the system such as
waste heat and renewable energy. However, the factor
that makes them attractive is not only the diversity of
energy resources used, but also their economic aspects
and minimal pollution effect on the environment. In
addition to these, it was demonstrated that absorption
refrigerators are more economic when they are inte-
grated with the combined heat and power stations.
Finite-time thermodynamics have been used for the
optimization of thermal systems since the 1970s. The
ecological criterion [1] suggested by Angulo-Brown is
another optimization method. This criterion is shown as
E=W —T,6 for the finite-time Carnot machines. Here,
Ty is the cold reservoir temperature, and o is the entropy
production of the system. However, Yan demonstrated that
showing the ecological criterion as E = W —Ty o would be
more reasonable [2]. Here, Ty is the ambient temperature.
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There are many studies in the literature for the
optimization of irreversible absorption refrigerators.
Bhardwaj et al. optimized absorption refrigerators using
finite-time thermodynamics [3,4]. Huang et al. examined
the surface area, coefficient of performance (COP), and
ecological criteria for the irreversible four-temperature-level
absorption refrigerator and used an ecological function
based on energy analysis [5]. The ecological function they

used is E* = Q.—¢c Ty 0. Here, ¢ is the Carnot COP of

the system, 77, is the cold reservoir temperature, Q;, is the
cooling load, and ¢ is the entropy production. Chen offered
models for the optimization of absorption refrigerators,
heat pumps, and cooling machines [6,7]. Sun et al. exam-
ined the optimization of the relation between heating load
and entropy production of the internal heating heat ex-
changer [8]. Chen et al. offered a model for the analysis of
four-temperature-level absorption refrigerator cycles [9].
Chen and Yan made an optimization on the irreversible ab-
sorption heat exchangers for ecological criterion [10].
Yan and Chen [11] and Yan and Lin [12] optimized the
three-temperature-level absorption cycles for the ecological
criterion on the basis of energy and exergy output of the
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irreversible Carnot cycles. Fathi et al. offered a
model for irreversible and solar absorption cooling
[13]. In addition to these, except for the ones stated
here, there are many performance optimization stud-
ies for absorption refrigerators [14-17]. In addition,
new optimization methods called ‘advanced exergy-
based analysis methods’ [18,19] or ‘exergy-entropy
relationship’ [20] of the system can be investigated
for the future studies. Contrary to other studies in
which cooling load is the only evaluation criteria,
this study aimed to provide maximum cooling load,
minimum operation input, and minimum entropy
production in the system. Due to this reason, a
modified ecological function was presented. Consid-
ering the energy requirements of the world, the pur-
pose of this study is to contribute to the more
effective operation of absorption refrigerators by pre-
senting a modified ecological function.

Methods

In this study, a four-temperature-level absorption
refrigerator was optimized using a modified ecological
function, and the results were presented. A vapor
absorption refrigeration system consists of four com-
ponents as generator, absorber, evaporator, and con-
denser. Working fluid in the system is made of a
refrigerant and a solution that absorbs refrigerant. Re-
frigerant vapor comes from the evaporator and goes to
the absorber, and it is absorbed in a liquid. The liquid
is sent to the generator and is boiled out of the solu-
tion, taking the generator’s heat reservoir. It is sent to
the condenser and becomes a rejected heat to the en-
vironment. Finally, working fluid comes back to the
evaporator, and the cycle is completed. The system is
the general absorption refrigerator (seen in Figure 1).
Temperatures of heat reservoirs are T, Tc, Tg, and Tg
in absorber, condenser, evaporator, and generator,
respectively. T, T, Te, and T, are working fluid tem-
peratures in absorber, condenser, evaporator, and
generator, respectively. In Figure 2, an equivalent
system is defined. In the equivalent system, the
absorber-generator assembly can be considered as heat
engine part, and similarly, condenser-evaporator part
can be considered as refrigerator part.

Thermodynamic analysis of system

Thermodynamic analysis and optimization were
established for the equivalent system, and previous for-
mulas offered by Chen et al. were used in the calcula-
tions [21]. The ambient temperature was assumed as
300 K.
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Thermodynamic analysis of the absorber-generator
assembly (heat engine part)
According to the first law of thermodynamics,

QGE_QAB_ WZO- (1)

Here, QGE (heat input from the generator heat source)

and Q,; (heat output to the absorber heat sink) may be
defined as

QGE = (XAGE(TG — Tg) and QAB
= BAxs(Ts — Ta). (2)

According to the second law of thermodynamics,

QGE QAE QAB QGE
— =A< —a8D — —_— 3
, 1, O 1, "7, )

Here, I;; is the internal irreversible parameter for
absorber-generator assembly. Iy; > 0 for the irreversible
cycles, and I;; = O for the reversible cycles. Working
fluid temperature ratio (xy), heat transfer surface area
ratio (ay), and total heat transfer surface area (Ary) for
the absorber-generator assembly can be defined as fol-
lowing:

Heat Source Heat Sink
Tg Te

é 2
. e

Generator Tg — Condenser  Tc
t
Absorber T, Evaporator T,
Qe st
| Ta T
Heat Sink Space to be cooled

Figure 1 Generalized four-temperature-absorption heat pump
system [3].
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Figure 2 An equivalent system for generalized
four-temperature-absorption heat pump system [3].

T, Aap
=— =—,and A
XH Tg y AH Ace , an T,H
= AGg + Axg are defined. (4)

T,, T,, and QGE can be defined using Equations (1) to
3):

. IyaTegxy + dH/)JTA

& xH(aH/)’ + IHC()
o :IHaTGxH + Ban Ty (6)
“ (ﬁ(l]-[ —+ IHO.’)

QGE -

_ (XAT‘H /)’aH(TGxH — TA)
1 +aH

xH(ﬁaH + IHC{)

Thermodynamic analysis of the condenser-evaporator
assembly (refrigerator part)
According to the first law of thermodynamics,

Qco — Qpy — W =0. (8)

Here, Q.o (heat rejection from the condenser) and
Qgy (heat input to the evaporator) are

Qco = uAco(T, — Tc) and QEV
= 0Apy(Te — To). 9)

According to the second law of thermodynamics,

Qo Qv g, Qo_ ;G

(10)
. T, T. T,
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Here, Iz is the internal irreversible parameter for
condenser-evaporator assembly. Iz > O for the irreversible
cycles, and Iz = 0 for the reversible cycles. Working
fluid temperature ratio (xz), heat transfer surface area
ratio (ar), and total heat transfer surface area (Arg)
for the condenser-evaporator assembly can be defined
as following:

T,
XR =

T,

Aco (l 1)
apR = ——

Ay

Ar g =Aco + Agv.

T., T, Qo and Qg can be defined using Equations
(8) to (11):

- TcﬂxRﬂR + GTEIR

.= 12
xR(HIR =+ //tﬂR) ( )
Te01 T
T, — £OIr + pxgarTc (13)
Har + QIR
ﬂAT.RaR HIR(TE — TCxR)>

0= 14
QCO 1 + apr ( xR(HIR —+ //tﬂR) ( )
_ OArr (par(Te —xTc) (15)

EV 1+ apr Har + GIR

Optimum ecological function of the system

The modified ecological function, including the values of
maximum cooling load in the absorption cooling system,
maximum power output for the heat engine, and max-
imum energy destruction of the system is defined below:

E=(Qev) + (Qcr) — (Qup)

o (Qa Qe Qoo Qv
[ .
T, Te  Tc I:
(16)
Substituting (3) to (15) in (16) and setting Equation
(16)'s derivation to zero with respect to ay (33715 = 0),

the value for which the optimum heat exchanger area
was detected for the assembly of the absorber-generator
and which corresponds to such area is as below:

Ina
opt = % (17)
Similarly, the optimum heat rate of the operation
fluids is detected by decreasing the derivative of the eco-

e

logical function to xH( OF _ 0) for the assembly of the
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absorber-generator, and the value corresponding to this
rate is as below:

x o TATa(TG + To)
oM TeluTy(Ta+ T,)

(18)

By applying the same calculations for the assembly of

the condenser-evaporator ag (%f = 0),
XR (%f = 0) values are detected, and these values are
as below,
10
Ao R — — (19)
" u
TelpT,T,
XoR = _ “ER7eto (20)
TC TC(TE + Tu)

Substituting (17) to (20) in (16), the optimized eco-
logical function is calculated as

MQATJ(IRTCTETO —+ TcTe(TE =+ To)
— 2/ RTeT.T,TcT (T + T,))
2
(\/ Ol + \//Tt) TeTc
aAT,Hﬁ [HTaTg(TA + To) + TATg(TG + To)
= 2\/InT T T, Ta(TG + To)(Ta + T0)>

(\/B+ \/OTH)ZTATG

o

+

(21)

Optimum COP of the system
The COP of the absorption system can be defined as

Qe
Qae

The COP of the system is described by substituting
Equations (7) and (15) into (22)

¢ = (22)

. O0A7 rar (par(Te—xrTc)
- QEV - 1+ap nag+0Ig

QGE T aArn (ﬁaH(TGxH*TA)> ’

¢ (23)

1+ap \ xu(Bay+Iya)

The optimized COP value is calculated as below, by
putting the values in their places in Equation (23):

Arzpb(/B+ \/E\/IZ)Z TyT, (TG + T,)
(TVIRTETeTy = T/ TeTc(Te + T,))
A B (i + VOR) /T Tc(Te + T,)
(Ta/InTcTy(Ta + T,) — Tg/TaTa(Tc + To))
(24)

Prc =
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Table 1 Fixed values for cycle
Data Unit Value
a kw m=2 K 230
B kW m= K™ 04
e kW m™2 K™ 3.265
6 kw m=2 K 0.195
Ag m? 60
Aco m? 20
Agy m? 150
Ace m? 45
Iy kw K™ 1.05
Iy kw K 1.05
T, K 290
Te K 360
Te K 250
T, K 354
Ta K 315
Tc K 300
Te K 285
Te K 365

®Data from [22].

Optimum cooling load of the system

The optimum cooling load of the system is calculated
by putting the optimized values in their places in Equation
(15):

A7 pp(Ten/TcTe(Te + T,) — TN/ IRTE T T,)
(VE+ VOIR) \/TcTTe + T,)

Qevec =

(25)

Results and discussion

This section presents an implementation for the absorption.
The performance characteristics used for the numerical
calculations are given in Table 1. The calculated optimum
parameters for the system are listed in Table 2.

The ecological function and exergy destruction of the
absorption cooling system and its change according to
COP ay; are given in Figure 3. Here, it can be seen that as
the COP value ay; increases, it decreases logarithmically,

Table 2 Calculated optimum parameters for the system

Data Unit Value
Oho Dimensionless 241
Ro Dimensionless 0.25
Xio Dimensionless 0.87
XRo Dimensionless 0.58
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Figure 3 Effect of ay (are = 0.25, Xy e = 0.87, xge = 0.58) on the system. £, ecological function; ExD, exergy destruction; ®, COP.
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and it decreases to the value of 2.6 for the optimum ay
value. However, this value is quite high for the currently
used absorption cooling systems. In addition, it can be seen
that the ayy value is not very effective for the exergy destruc-
tion. While the ay value changes between 0.1 and 03, the
increase seen for the exergy destruction is 3 kW.

The ecological function, exergy destruction, and cooling
load of the absorption cooling system and its change
according to COP ag are given in Figure 4. Here, it can be

seen that the ecological function, exergy destruction, and
cooling load increase logarithmically until optimum point
with the increase of the ay parameter.

In Figure 5, the change of absorption cooling system
according to xy is evaluated for the ecological function,
exergy destruction, and COP. For the values of xy; lower
than 0.82, it can be seen that the generator radiates heat
to the environment instead of removing heat from the
environment, and the absorber removes heat from the
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Figure 4 Effect of ag (ane = 2.41, xiye = 0.87, Xxg e = 0.58) on the system. £, ecological function; ExD, exergy destruction; @, COP; Q¢, cooling load.
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Figure 5 Effect of xy (ay e = 2.41, age = 0.25, xge = 0.58) on the system. £, ecological function; ExD, exergy destruction; ®, COP.

environment instead of radiating heat to the environ-
ment. In other words, the heat machine part consumes
power instead of producing power, and the system
becomes unusable with these values. The COP of the
system decreases with the increase of xy, and it requires
an approximate value of 2.6 for the optimum xy;. Exergy
destruction also increases with the increase of xy, and

an increase of 300 kW is seen with an exergy destruction
in xy with a value of 0.2.

In Figure 6, the change of the absorption cooling system
according to xp is evaluated for the ecological function,
exergy destruction, cooling load, and COP. The COP
of the system decreases with the increase of xp, and
it approximately takes a value of 2.4 for the optimum
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X
R
Figure 6 Effect of xg (ape = 2.41, age = 0.25, X = 0.87) on the system. £, ecological function; ExD, exergy destruction; @, COP; Q,
cooling load.
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xg. Exergy destruction and ecological function change
drastically together with xi. The cooling load de-
creases with the increase of the value of xr. While
the cooling capacity is 4917.49 kW when the xy value is
0.05, it decreases to 339.317 kW when the xy value is 0.65.
The effects of the absorber temperature on the sys-
tem are given in Figure 7. As the absorber temperature

increases, it can be seen that while the ecological function
and exergy destruction values decrease, the COP value
increases.

The effect of the generator temperature on the absorption
cooling system is given in Figure 8. For temperatures lower
than 335 K, the generator radiates heat to the environment
instead of removing heat from the environment, so it
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Figure 8 Effect of Tg (ay e = 2.41, age = 0.25, Xy = 0.87, Xz = 0.58) on the system. £, ecological function; ExD, exergy destruction; ®, COP.
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cannot be used in lower temperatures. In addition to
this, while the increase of the generator temperature
increases ecological function and exergy destruction, it
decreases the COP.

The effect of a condenser on the system is given in
Figure 9. As seen here, as the condenser temperature
increases, the ecological function, exergy destruction,
cooling load, and COP values decrease.

In Figure 10, COP, ecological function, exergy de-
struction, and cooling load increase linearly with the
increase of evaporator temperature.

Conclusions

The optimization of four-temperature-level irreversible
absorption refrigerator was researched for modified
ecological function in this study. By this method, it was
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Figure 10 Effect of Te (aye = 2.41, age = 0.25, Xy g = 0.87, xg = 0.58) on the system. £, ecological function; ExD exergy destruction; @, COP.
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attempted to establish a balance between the cooling
load, the load supplied to the system, and entropy pro-
duction. The effects of ay, agr, ¥y, and xg parameters
and operation fluid temperatures on the system were
studied, and the results were shown in Figures 3, 4, 5,
6,7,8,9, and 10. Considering these results, the criteria
that should be observed in designing an absorption
cooling cycle were determined, and the parameters that
should be observed were shown. This study will hopefully
be a model for absorption refrigerator designs.
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