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Abstract

The optimal performance of an absorption heat pump operating between four temperature levels with the losses of heat resistance and internal
irreversibility is analyzed first by taking the total heat-transfer area of heat exchangers as an objective function. The minimum total heat-transfer
area is described in terms of the rate of the entropy changes of four heat reservoirs, and the generally optimal relation among the heating load,
the coefficient of performance and total heat-transfer area is achieved. Then, an ecological optimization criterion is proposed for the best mode
of operation of the absorption heat pump. We investigate the ecological optimization performance and derive the optimal heating load, coefficient
of performance and entropy production rate at the maximum ecological criterion for the absorption heat pump. Effects of thermal reservoir
temperature and the internal irreversibility on the ecological function have been discussed.

© 2007 Elsevier Masson SAS. All rights reserved.
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1. Introduction

Absorption heat pumps can employ the available waste heat
from power plants and industrial processes as driving energy to
make waste heat recovery economically attractive, thus improv-
ing the total energy utilization and reducing environment pol-
lution [1,2]. In recent years, finite-time thermodynamics [3—12]
was applied to the performance study of absorption heat pumps
[1,13-22], and a lot of results obtained are different from those
according to the theory of classical thermodynamics. A four-
temperature-level absorption heat-pump cycle model is closer
to a real absorption heat pump when the absorption heat pump
is required to supply heat simultaneously to two spaces at dif-
ferent temperatures. Chen [17] established a four-temperature-
level absorption heat-pump cycle model, considering the ef-
fects of heat resistance and internal irreversibility, and studied
its performance with a linear (Newtonian) heat-transfer law.
Chen [21] further analyzed a four-temperature-level absorption
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heat-pump cycle model including heat leak between the heated
space and the environmental reservoir. Qin et al. [22] analyzed
the performance of an endoreversible four-temperature-level
absorption heat pump with a generalized heat-transfer law.
Some efforts have been made to investigate the influence
of multi-irreversibilities on the performance of a class of heat
pumps driven by heat energy. But these results arose mostly by
focusing one’s attention on the working substance. The optimal
temperatures of the working substance under maximum coeffi-
cient of performance at constant total heat-transfer surface area
and heating load condition were derived [17]. We should pay
attention both to the heat reservoirs and to working substance
in isolated system affected by the irreversibility of finite-rate
heat-transfer and the internal irreversibilities of the working
substance. When total heat-transfer area of the four heat ex-
changers is assumed to be constant, the optimal relation only
between the coefficient of performance and the heating load
is not generally optimal relation in these studies. So that it is
necessary to develop the new theory of four-temperature-level
absorption heat pumps further. Angulo-Brown [23] firstly es-
tablished the ecological criterion of a Carnot heat-engine and
Yan [24] modified it. Yan and Lin [25] established an eco-
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Nomenclature
A total heat-transfer surface area .............. m? U; (i =g,a,c,e) heat-transfer coefficient of the ith heat
A; (i=g,a,c,e) heat-transfer surface area of the ith heat exchanger ............... ... .. ... kWm—2K™!
exchanger ........... ... ...l m? Greek symbols
COP  coefficient of performance 5 Lagrangian multiplier
E ecological criterion function ............... kW M dissipation coefficient of the heating load
1 internal irreversibility factor o entropy-production rate during the whole
L Lagrangian function cycle ... KWK™!
n distribution of the total rate of heat-reject between o; (i=g,a,c,e) rate of entropy changes of the ith heat
the absorber and the condenser TESEIVOIL « ottt KWK™!
q heatingload ................ ... ... ... kW Subscripts
qi(g, 4. ¢, e) rate of heat-transfer of ith heat E at maximum ecological function point
TESETVOIT ottt et kW 0,1 at zero ecological function points
T; (i =g,a,c,e) temperature of ith heat reservoir . .... K max  maximum
T; (i =1,2,3,4) working substance temperature in ith min minimum
heat exchanger ............... ... .. ..., K r reversible cycle
logical criterion and analyzed the ecological optimal perfor- Te T
mance of a three-temperature-level refrigerator by assuming qe l Jg
that the overall heat-transfer coefficients of the heat exchang-
ers are the same. Huang [19] has analyzed the optimal eco- <
logical performance of an irreversible four-temperature-level Condenser Generator

absorption heat-transformer. Qin et al. [20] investigated the op-
timal ecological performance of endoreversible absorption heat
pumps. This paper introduces an ecological criterion for the
best mode of operation of the four-temperature-level absorp-
tion heat-pump cycle, and analyzes the ecological optimal per-
formance of an irreversible absorption heat pump assuming a
linear (Newtonian) heat-transfer law.

2. An irreversible cycle model

Fig. 1 shows a schematic diagram of a four-temperature-
level absorption heat pump that consists of a generator, an ab-
sorber, a condenser and an evaporator without the solution heat
exchanger [17]. The flow of the working substance in the cy-
cle is stable and the working substance exchanges heat with the
heat reservoirs at temperatures T, Ty, 1. and T, in the gen-
erator, absorber, condenser and evaporator, respectively. T, is
the environment temperature of the cycle. There exists thermal
resistance between the working substance and the external heat
reservoirs. The corresponding temperatures of the working sub-
stance in the generator, absorber, condenser and evaporator are
T1, T», T3 and Ty, respectively. The heat-transfer between the
working substance and the external heat-reservoir in the heat
exchanger is carried out under a finite temperature-difference.
Thus, the heat-transfer equations in the generator, absorber,
condenser and evaporator may be written as

g = UgAg(Ty — T) = —0, T (1)
Ga =UaAa(Tr — Ty) = 04T, 2
ge =UcA(T3 —Tc) = o, T¢ 3)
Ge =UcAe(T, — Ty) = —0.T, “)

X X

Evaporator »|  Absorber

T, Qe T, (a

Fig. 1. A schematic diagram of a four-temperature-level absorption heat pump.

where oy, 0,4, 0. and o, are corresponding the rate of entropy
changes of four heat reservoirs, U,, Uy, U; and U, are the
overall heat-transfer coefficients, and Ag, A,, A; and A, are
the heat-transfer surface areas of the generator, absorber, con-
denser and evaporator, respectively. The total heat-transfer area
between the cycle system and the external heat reservoirs is

A=Ag+As+ A+ A, ®)
From the first law of thermodynamics,
dg +Qe_qg_QC:Ung+UeTe+UaTa+UcTc:0 (6)

According to the second law of thermodynamics, an irre-
versibility factor [17] is introduced to describe the irreversibil-
ity due to the internal dissipation of the working substance.

I'=(qa/T2+qc/T3)/(qg/T1 + g/ Ta) 2 1 )
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Eq. (7) shows clearly that when the cycle of the working sub-
stance is endoreversible, / = 1; when the cycle of the working
substance is internally irreversible, [ > 1.

Using Eqgs. (1)—(7), the coefficient of performance COP and
the heating load ¢ of an absorption heat pump are given by

Ga+9gc I +n) (T — T

COP = =
g NLUTT2(1 +n) = Ta(nT3 4 T2)]

®)

and
1 n COP -1
COPUy(Ty —T1) COPU(T, —Ty)

q:CIa+CIc:A|:

1 n -1
T U - T A+ mUa(Tr = Ta)} ©)

where n = q,/q. denotes the distribution ratio of the total heat-
reject quantity between the absorber and the condenser. The
cycle model mentioned above is more realistic and useful than
those adopted in classical thermodynamics and a generalization
of the endoreversible cycle models.

3. The minimum total heat-transfer area

It turns out that focusing on the working substance leaves
much of the picture hidden. There are several additional in-
equalities governing the absorption heat pump operating finite
thermal conductance subject to both thermal resistance losses
and the internal irreversibility of the working substance. These
inequalities emerge from a more reservoir-oriented viewpoint
on the problem. We explore the set of possible absorption heat
pump operations in as complete a fashion as possible; in partic-
ular, we will show exactly which processes are indeed feasible.

Using Eqgs. (1)-(4), Eq. (7) may be rewritten as

6(Ag, Ag, Ap, Ay = L UsAs0s | TUeAcoe | UcAcoe
UsAg+0; UA.+0, UcAc+o
UdAou__ o

UsAg + 04

To minimize the total heat-transfer area for a given constraint
condition, i.e. Eq. (10), the Lagrangian is introduced

L=Ag+As+Ac+ A+ (Ag, Ag, Ac, Ar) an

For given values of oy, 04, 0. and o, which satisfy the first
law of thermodynamics, i.e. Eq. (6), from the Euler—Lagrange
equations

SL/SA; =0 (i=g,a,c,e) (12)

and Eq. (10), we can prove, when the heat-transfer area of the
generator, absorber, condenser and evaporator are given by

Ag=—0g(0 +/1Uy ) 0Up) ™! (13)
Aa = 04(~0+/Uq ) OUL) ™! (14)
Ac=0c(=0+ U )(OU)™! (15)
Ae=—0,(0+1U,)(6U)"! (16)

respectively, where 0 = [I(0g + 0¢) + 04 + 0c][0a/+/Uq.. +
0c/NUe =N 1(0g/\/Ug + /T

The total heat-transfer area attains its minimum, i.e.

-1 04(—=0 +Uy) oc(—=0+/U.)
Aminz(9 U + U
a

o0+ VTU,) o6 +1/1Ug)}
U, Ug

a7

The inequality A > Amin holds for the absorption heat pump
described, where all heat-reservoir temperatures are constant.
For comparison with the second law of thermodynamics, it is
more useful to express Eq. (17) in the slightly different form

Og + 04 +0c+0p
2 (1 —=1)(og+0e)

1/ o4 o «/TUg Vio,
*X(w—ﬁm‘ N ﬁ)

|:0a(_9+\/U_a) Uc(_6+\/7c)
X +
U, U,
0@+ JTU,) 046+ /TUy)
Bl U, B U, } (18)

This inequality (18) can be expressed as an inequality relat-
ing the total heat-transfer area A, the net entropy changes oy,
04, 0. and o, of the reservoirs and an irreversibility factor 7.
It sets a positive definite lower bound on the total entropy pro-
duction rate of the universe resulting from the whole cycle. The
equality holds if Egs. (13)—(16) are satisfied.

When the overall heat-transfer coefficients of the heat ex-
changers are the same, i.e. Uy = U, = U, = U,, the inequal-
ity (18) may be simply expressed as

0g + 04 +0c+0, 2 (1—1)(og +0,)

_ (+ V1) (0g +00) (0 +00)
AU,

19)

When A approaches infinite, and the cycle is internally re-
versible, i.e., I = 1, the inequality (19) may be expressed as

og+o4+o0.+0.20 (20)

Inequality (19) reduces to the familiar form of the second law
as the process approaches the limit of infinite total heat-transfer
area and internal reversibleness. The inequality (19) defines the
set of physically feasible outcomes of a four-temperature-level
absorption heat-pump cycle of the type described.

Using Egs. (1)—(4), (6)—(8) and (13)-(16), we can prove that
when the temperature of the working substance in the generator,
absorber, condenser and evaporator are given by

Ty = Ty /TU, /(61 + /1U,) (21)
Ty = —T,\/Ua/ (61 — VU,) (22)
T3 = ~Tey/Ue/ (601 = VU ) (23)
Ty =T,\/1U./(61 +1U,) (24)

respectively, where
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Fig. 2. The optimal heating load ¢ versus the total heat-transfer area
A and the coefficient of performance COP (Tg = 413K, T, = 283 K,
Ta =313K, T =333 K, n=1.3, and I =1 by assuming Ug = Uy = U, =
U, = 0.5 kW/(m?K)).

o[ 1 n 1 1(COP — 1) 1
Tlasn\n T COPT, COPT,

1 n 1
X |:(1+n) X (Tm/u_a+ TCJUT)
VI(COP —1) N VI ]—1
COPT,JU, = COPT,/U,

The total heat-transfer area attains minimum. Substituting
Egs. (21)-(24) into (9), we can obtain a generally fundamen-
tal optimum relation of the absorption heat pump

n(/Us —01) (VU:—61)
q = A6 +
(1+n)T,U, (1+n)T.U.
(COP—l)(«/IUg—i—Gl)+(,/1Ug+6'1) -1 03)
COPT,U, COPT,U,
3q/0T) A T+ 4T
Since (DA/0T}) g 1,27, = Oa/pToar#ti ;v 23, 4),

T @9/ 1y, 13,14
The condition (BA/BT,')C,,T/.#Ti = 0 corresponds to (dq/
8Ti)A,Tj¢T,. = 0 under the circumstances (dq/0A)1,, 1,735,174
# 0. Therefore, Eq. (25) is a concise statement of the three
analytical formulations that not only determines the minimum
total heat-transfer area for given values of ¢ and COP, but also
ascertains the maximum heating load for given values of A
and COP, and makes sure optimum coefficient of performance
for given values of A and ¢g. Eq. (25) can be used to discuss
the irreversible absorption heat pump main performance char-
acteristics. From Eq. (25), the g—A—COP characteristics curved
surface can be generated as shown in Fig. 2.

It is seen from Fig. 2 that the heating load is a monotonically
increasing function of the total heat-transfer area for a given
value of the coefficient of performance, and that the heating
load is a monotonically decreasing function of the coefficient of
performance for a given value of total heat-transfer area. Both
g and COP are contradictory to each other and consideration
must be given to both simultaneously. Thus the ecological opti-
mization criterion is introduced to investigate the best mode of
operation of the irreversible absorption heat pump further.

4. Ecological optimization criterion

The entropy-production rate o during the whole cycle men-
tioned above is

0=q4/Ta+qc/T; _Qg/Tg —qe/ T,
=q(1/T, — 1/ Ty)(COP~ — CcOP,") (26)

where COP, = Tg{TanTT:((llr:))iTTi;f;)Te ] is the coefficient of per-

formance for a reversible absorption heat pump. According to
the definition of the general ecological criterion function [20,
23-27], the ecological criterion function E of an absorption
heat pump may be written as

TC T.o

E=q—pul,o=q— =

=q(2-copr~'copr 27
T._T, CI( r) (27)

where T, = A+n)(1/T. + n/Ta)’] is the entropic mean tem-
perature of the total heat rejection [28], and w is the dissipation
coefficient of the heating load, whose the physical meaning is
that, in theory, if the rate of availability 7,0 were not lost, it
would produce a heating rate ;7,0 through a reversible Carnot
heat pump operating between 7, and 7,. This shows that 1 is
equal to the coefficient of performance of the reversible Carnot
heat pump, i.e. u = T./(T. — T,). Thus, uT,o may be called
the loss of heating load, and using the ecological optimization
criterion, one can attain the best compromise between the heat-
ing load and the loss of heating load. Moreover, we want to
mention that we do not discuss part-load but different design
possibilities [1].

Respectively, substituting Eq. (25) into Egs. (27) and (26)
yields the optimal relation among the ecological criterion, the
coefficient of performance and total heat-transfer area

E = A6;(2 — COP™'COP, )0, (28)

and yields the optimal relation among the entropy-production
rate of the cycle, the coefficient of performance and total heat-
transfer area

o =A0/(1/T, — 1/ Ty (COP~ — COP; )0, (29)
where
o { 1 [n(JUa —0) | Ue- el)}
(1+n) T,U, T.U,
(COP — 1)(JTU, +61) L WU +60) !
COPT,U, COPT,U,

There are two zero points in Eq. (28). One point is at
COPy=COP, /2 (30)

and another point is at
IT,T-(14+n)(Ty — T,)
TAT,UT (1 +n)—T,] — nT,T.}
It is worthy of note that COPy must be less than COPy, oth-
erwise E cannot be positive and the best compromise between

the heating rate and its loss cannot be attained. From this, one

COP, (1/T.+n/T,)
can deduce that / must be less than @ FDICOP,—2) T+ 2/ T,

COP; =

€29
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According to Eq. (28) and the extremal condition dE/dCOP =
0, one can obtain the coefficient of performance COPE to sat-
isfy the maximum ecological criterion

COPE
= [2d) + 2COP; + COP,)d>] ™' {COP; COP, d» — 2dy

— /(4do +2COP, dy + COP2 dy)

x\/[do + COP; (d) + COP; )] ) (32)
where

dy=—(1-U.JU;)

dy=(1-/U./Ug)*
(L +n) YT [(1+ VTU U, ) /U Ty
+ (141U U /(I T)]
~ T[(VUe/Ug +/TUe/ Ug ) /(I T2)
+ (VU Ug + 10U,/ U ) /(I T)])

dr =nTo{ (VU] Us = UJ U ) T/ [(1 +m)I T, T.]
—[(1+ V101U ) 1A T

+ (14 TUJU) /I T ]} (L )

Substituting Eq. (32) into Eqs. (28), (25) and (29) yields the
maximum ecological criterion E,x, the corresponding heating
load gg and the entropy production rate og as the maximum
ecological criterion, respectively.

5. Results and discussion

From Egs. (25), (28) and (29), at a given total heat-transfer
area, the g—COP, 0—COP, and E—COP characteristic curves
can be generated, as shown in Fig. 3. The comparison between
the maximum ecological function point and the point where
the coefficient of performance COPy = COP, /2 shows that the
ecological optimization makes the entropy generation rate de-
crease 76.8%, the coefficient of performance increase 33.6%
and the heating load decrease 53.7%. These numerical results
show that the ecological optimization criterion can make the
best compromise between the heating rate and its loss and has
a long-range goal in the sense that it is compatible with ecolog-
ical objectives.

Fig. 3 illustrates that both the heating load ¢ and entropy-
production rate o decrease as the coefficient of performance
COP increase, and both the heating load g and entropy-
production rate o equal zero when the coefficient of perfor-
mance approaches COP;j.

The effect of the internal irreversibility factor on the opti-
mal performance is shown in Fig. 3. It is found that the max-
imum ecological function, the corresponding heating load and
the entropy-production rate of the cycle decrease as the internal
irreversibility factor increases. One also can see from Fig. 3 that
the ecological optimal working region is located in 0 < E <

5000 i
=1 1=1.05

40001 T 7
I $
= 30004\ i
= W \\q \ ’

2000\ N\ i

.\\‘ g \\. Y
1000- \\\\\\ ’\\ ‘1
O\ LE.
el s
0 LA = T 3 2
1 15 2 23 ’
COP

Fig. 3. The heating load ¢, the ecological criterion E and the entropy pro-
duction rate o versus the coefficient of performance COP for a given total
heat-transfer area A at different internal irreversibility factor I (T = 413 K,
T. =283K, T, =313K, T, =333 K, n=1.3, and A =400 m? by assuming
Ug = Uy = Ue = Ue = 0.5 kW/(m? K)).

-3
2x10
1AM\,
|=1 1=1.05
15, T D
‘.\ll \“
A\ v
&
A
0.5} \ |
% 15 2 25 3
copP

Fig. 4. The inverse of minimum total heat-transfer area A~1 versus the
coefficient of performance COP for a given heating load ¢ at different
internal irreversibility factor I (Tg = 413K, T, = 283K, T, = 313K,
T = 333K, n =13, and ¢ = 6000 kW by assuming Ug = Uy = Uc =
Ue = 0.5 kW/(m?K)).

Eax and COPg < COP < COPj that is less than that for the
heating load criterion 0 < ¢ < gcop=1 and 1 < COP < COP.
Fig. 4 displays the inverse of minimum total heat-transfer
area A~! as a function of the coefficient of performance COP
for a given heating load. It is noticeable that for a higher irre-
versibility factor, a larger the coefficient of performance will
lead to a larger minimum total heat-transfer area. When the co-
efficient of performance approaches COP;, the minimum total
heat-transfer area has to be infinitely large in order to diminish
the driving temperature differences [1]. Obviously, it is not sig-
nificant to operate an absorption heat pump with a zero specific
heating load (¢/A = 0). This implies the fact that the coefficient
of performance of a four-temperature-level is always smaller
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Fig. 5. The maximum ecological criterion Emax, the corresponding heating load gg and the entropy production rate o versus the temperature of the heat
reservoir (a) Te; (b) Ty; (¢) Tc and (d) Tg. (Tg =413 K, Te =283 K, T, = 313K, Tc =333 K, n = 1.3, and A = 400 m? by assuming Ug = Uy = Uc =

U, = 0.5 kW/(m?K)).

than COP; because there always exist internal irreversibilities
of the working substance.

Fig. 5(a) shows the maximum ecological function, the cor-
responding optimal coefficient of performance and the heating
load as a function of environmental reservoir temperature 7. It
is seen that Fax and gg decrease as environmental reservoir
temperature increases, while COPg increases as environmental
reservoir temperature increases.

Figs. 5(b) and (c) respectively show the maximum ecological
function, the corresponding optimal coefficient of performance
and the heating load plotted against heated-space temperatures
at T, and T,. It is observed E.x and COPg all increase as
heated-space temperature increases, while COPE decreases as
heated-space temperature increases.

Fig. 5(d) illustrates the maximum ecological function, the
corresponding optimal coefficient of performance and the heat-
ing load plotted against heat source temperature 7T, . It is ob-
served COPE increases as heat source temperature increases,
while Epnax and g all remain constant as heat source temper-
ature varies. Enyax and gg are all independent of heat source

temperature T, When the overall heat-transfer coefficients of
the heat exchangers are the same. Under such circumstances,
the coefficient of performance COPE, the maximum ecological
criterion Ep,x and the corresponding g may be simplified as

IT (T, — T,)

coPy = _ _ (33)
YT At - IT.QT - 1)
AU, T.(JT.—I1@2T.-T,))*
Emax = = (34)
(1 + \/7)2 Tc - Te
_ AIT.U, ( T, B 1) 35)
= V) VIT,QT, = T.)

6. Conclusion

The optimal performance of a four-temperature-level ab-
sorption heat pump affected by the irreversibility of finite-rate
heat-transfer and the internal irreversibility of the working sub-
stance is analyzed based on a more reservoir-oriented view-
point. An inequality relating the total heat-transfer area, the net



Y. Huang et al. / International Journal of Thermal Sciences 47 (2008) 479-485 485

entropy changes of the reservoirs and an irreversibility factor
is derived that delimits feasible net effects of cyclic processes.
The generally optimal relation among the heating load, the co-
efficient of performance and total heat-transfer area is achieved.
The optimal performances for ecological function with respect
to reservoir temperature and the internal irreversibility factor
are investigated. The optimization of the ecological function
makes the entropy production rate of cycle decrease greatly and
the coefficient of performance increase with the cost of an ap-
propriate decrease in the heating load. It is expected that these
results may lay a foundation for the deeper investigation of real
four-temperature-level absorption heat pumps.
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