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Abstract

An irreversible universal steady flow heat pump cycle model with variable-temperature heat reservoirs
and the losses of heat-resistance and internal irreversibility is established by using the theory of finite
time thermodynamics. The universal heat pump cycle model consists of two heat-absorbing branches,
two heat-releasing branches and two adiabatic branches. Expressions of heating load, coefficient of
performance (COP) and profit rate of the universal heat pump cycle model are derived, respectively. By
means of numerical calculations, heat conductance distributions between hot- and cold-side heat
exchangers are optimized by taking the maximum profit rate as objective. There exist an optimal heat
conductance distribution and an optimal thermal capacity rate matching between the working fluid and
heat reservoirs which lead to a double maximum profit rate. The effects of internal irreversibility, total
heat exchanger inventory, thermal capacity rate of the working fluid and heat capacity ratio of the heat
reservoirs on the optimal finite time exergoeconomic performance of the cycle are discussed in detail.
The results obtained herein include the optimal finite time exergoeconomic performances of
endoreversible and irreversible, constant- and variable-temperature heat reservoir Brayton, Otto, Diesel,
Atkinson, Dual, Miller and Carnot heat pump cycles.
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1. Introduction

Finite time thermodynamics (FTT) [1-15] has been a powerful tool for the performance analyses and
optimizations of various thermodynamic processes and cycles. The performance index in the analyses
and optimizations are often pure thermodynamic parameters, which include power output, efficiency,
entropy production rate, cooling load, heating load, coefficient of performance (COP), exergy loss, etc.
Exergoeconomic (or thermoeconomic) analysis [16, 17] is a relatively new method that combines exergy
with conventional concepts from long-run engineering economic optimization to evaluate and optimize
the design and performance of energy systems. Salamon and Nitzan’s work [18] combined the
endoreversible model in finite time thermodynamics with exergoeconomic analysis. It was termed as
finite time exergoeconomic analysis [19-36] to distinguish it from the endoreversible analysis with pure
thermodynamic objectives and the exergoeconomic analysis with long-run economic optimization. This
ideal has been extended to endoreversible [19-24] and generalized irreversible [25-27] Carnot heat
engines, refrigerators and heat pumps, universal steady flow two-heat-reservoir heat engine, refrigerator
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and heat pump cycles [28-31], three-heat-reservoir refrigerator and heat pump cycles [32, 33],
endoreversible and irreversible four-heat-reservoir absorption refrigerator [34], as well as endoreversible
closed-cycle simple and regenerative gas turbine heat and power cogeneration plants [35, 36]. In
succession, a new thermoeconomic optimization criterion, thermodynamic output rates (power, cooling
load or heating load for heat engine, refrigerator or heat pump) per unit total cost, was put forward by
Sahin and Kodal [37-41]. It was used to analyze and optimize the performances of endoreversible [37,
38] and irreversible [39, 40] Carnot heat engines [37, 39], refrigerators and heat pumps [38, 40], and
three-heat-reservoir absorption refrigerator and heat pump [41].

Generalization and unified description of thermodynamic cycle model is an important task of FTT
research. Finite time exergoeconomic optimization for endoreversible [30] and irreversible [31] universal
steady flow heat pump cycles with constant-temperature heat reservoirs have been studied, but practical
heat pump cycles are always irreversible ones and with variable-temperature heat reservoirs. There are
lacks of unified descriptions of exergoeconomic performances for various heat pump cycles with
variable-temperature heat reservoirs. On the basis of variable-temperature heat reservoir Carnot and
Brayton heat pump cycle models [42-45], this paper will build an irreversible universal steady flow heat
pump cycle model consisting of two heat-absorbing branches, two heat-releasing branches and two
adiabatic branches with variable-temperature heat reservoirs and the losses of heat-resistance and internal
irreversibility. The major work of this paper is to provide a unified description of the finite time
exergoeconomic performance for various irreversible heat pump cycles with variable-temperature heat
reservoirs. The results obtained herein include the optimal finite time exergoeconomic performance
characteristics of end reversible and irreversible variable- and constant-temperature heat reservoir
Brayton, Otto, Diesel, Atkinson, Dual, Miller and Carnot heat pump cycles.

2. Cycle model

An irreversible universal variable-temperature heat reservoir heat pump cycle model with heat-resistance
and internal irreversibility is shown in Figure 1. The following assumptions are made for this model:

(1) The working fluid is an ideal gas and flows through the system in a quasi-steady fashion. The cycle
consists of two heat-absorbing branches (1-2 and 2-3) with constant working fluid thermal capacity rates
(mass flow rate of the working fluid and specific heat product) C,, and C,,, two heat-releasing

branches (4-5 and 5-6) with constant working fluid thermal capacity rates C,, and C,, and two

adiabatic branches (3-4 and 6-1). All six processes are irreversible.

(2) The hot- and cold-side heat exchangers are considered to be counter-flow heat exchangers, the
working fluid temperatures are different from the heat reservoir temperatures owing to the heat transfer.
The heat transfer rate (Q, ) released to the heat sink, i.e. the heating load of the cycle, and the heat

transfer rate (Q, ) supplied by the heat source are:
QH :QH1+QH2 (1)
Q =Qu+Qy, 2

where Q,; +Q,, is due to the driving force of temperature differences between the high-temperature
(hot-side) heat sink and working fluid, Q, +Q,, is due to the driving force of temperature differences

between the low-temperature (cold-side) heat source and working fluid. The high-temperature heat sink
is considered with thermal capacity rate C,, and the inlet and outlet temperatures of the heat-releasing

fluid are T, T and T, respectively. The low-temperature heat source is considered with thermal
capacity rate C,_ and the inlet and outlet temperatures of the heat-absorbing fluid are T, T, and
Tz » FESPECtively.

(3) A constant coefficient ¢ is introduced to characterize the additional internal miscellaneous
irreversibility effects: ¢=(Q,,, +Qu,)/ (Q4, +Qy,) =1, where Q,, +Q,, is the rate of heat-flow from the
warm working-fluid to the heat-sink for the irreversible cycle model, while Q,,+Q,,, is that for the
endoreversible cycle model with the only loss of heat-resistance.
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To summarize, the irreversible universal heat pump cycle model with variable-temperature heat
reservoirs is characterized by the following three aspects:

(1) The different values of C,, and C . If C, > and C, — o, the cycle model is reduced to the
irreversible universal heat pump cycle model with constant-temperature heat reservoirs [31].

(2) The different values of C,, C,,, C,; and C,,.If C,,, C,,, C,5 and C,, have different values,
the cycle model can be reduced to various special heat pump cycles.

(3) The different values of ¢. If ¢=1, the cycle model is reduced to the endoreversible universal heat
pump cycle model with variable-temperature heat reservoirs. If ¢=1, C,, >« and C_ — o further, the

cycle model is reduced to the endoreversible universal heat pump cycle model with constant-temperature
heat reservoirs [30].

Figure 1. Cycle model

According to the properties of heat transfer, heat reservoir, working fluid, and the theory of heat
exchangers, the heat transfer rates (Q,, and Q,,) released to the heat sink and the heat transfer rates (Q,,

and Q,,) supplied by heat source are, respectively, given by

QHl = UHl[(TS _THoull) - (Te _THin )]/ In[(Ts _THoull) / (Te _THin )] = CH (THoutl _THin)

3)
= wasa-s _Te) = CH1min EHla-S _THin)
QHZ =U HZ[(TA _THoutZ) - (Ts _THoutl)]/ In[(T4 _THoutZ) / (Ts _THoutl)] = CH (THoutZ _THoutl) (4)
= wa4 (T4 _Ts) = CH 2min En2 (T4 _THoutl)
QLl =U Ll[(TLoutl _Tz) - (TLoutz _T1)]/ In[(TLoutl _Tz) / (TLoutZ _Tl)] = CL (TLoutl _TLoutZ) (5)
= wal(TZ _Tl) = C|_1min Eu (TLoutl _Tl)
QLZ =U L2 [(TLin _Ts) - (TLoutl _Tz )]/ In[(TLin _Ts) / (TLoutl _Tz )] = CL (TLin _TLoutl) (6)

= waz(Ta _Tz) = CLZmin ELZ (TLin _Tz)

where E,,, E,,, E, and E_, are the effectivenesses of the hot- and cold-side heat exchangers, and are
defined as:

Eny ={L—exp[-Ny; 1= Cpirin / Crima) I L= (Crizmin / Crizma ) EXPI=N ;= Ciy i / Crina )1} (7)
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EHZ :{1_exp[_NH2(1_CH 2min /CH 2max )]}/{1_ (CH 2min /CH 2max)exp[_NH2(1_CH2min /CH 2max )]} (8)
ELl ={1_6Xp[_NL1 (1_Clein /Cleax )]}/{l_(Clein /Cleax)eXp[_NLl (1_Clein /Cleax )]} (9)
B, ={1-exp[-N_,(1—C_min / CLoma)IH L= (CLomin / Cloma ) EXPI-N , A= C 50 / Clona)1} (10)

where C,,... and C,,.. are the minimum and maximum of C, and C,,, respectively; C,,.. and
Ciiomax are the minimum and maximum of C,, and C,,,, respectively; C and C,,., are the minimum
and maximum of C_ and C,,,, respectively; C_,... and C,,.. are the minimum and maximum of C_
and C,,, respectively; and N,,, N,,, N, and N, are the numbers of heat transfer units of the hot- and
cold-side heat exchangers, respectively:

Limin

Chimin =MIin{C,,C;s}, Cii1mex = Max{C,,C,} (1)
Criomn =MIN{C,,,C,s .}, Ciiomax = Max{C,,C, .} (12)
Climin =MIiN{C_,C,;}, Clipx = Max{C,,C, .} (13)
Clomin =MIin{C_,C,;,}, Cloma = Max{C,,C,;,} (14)
Ny =Y /Chmin s Nz =U i /Crionin s Nl =U 1 /C i v N =U L TC i (15)

where U,,, U,,, U, and U, are the heat conductances, that is, the product of heat transfer coefficient
a and heat transfer surface area F .

3. Finite time exergoeconomic performance analysis
Combining equations (3)-(6), one can obtain:

T5 = (wa 3Te _CHlmin EHlTHin )/(waa _CHlmin EHl) (16)
T, = [ChuminCrizminCura Evis Ena (=Ts + Trin)  Ct + Chianin Evia Tin (“Ct 4 + Criamin Eviz) + 17)
wa3(wa4T6 _CH 2min EH ZTHin)]/[(CWfS _CHlminEHl)(CWM _CH 2min EHZ)]
T1 = [CleinCLZminCWfZELlELZ(TLin _T3)/CL +CL1min ELlTLin (CLZmin ELZ _waz) + (18)
wal(cwf 2T3 _CLZminELZTLin)] / [(wal - CleinELl)(waZ _CLZminELZ)]
Tz = (wa 2T3 _CLZmin ELZTLin )/(waz - CL2min ELZ) (19)
The second law of thermodynamics requires that:
, . T, T T T
¢ =(Qus +QH2)/(QH1 +Qu,) = (Cyz I Ti+CWf4 |nT4)/(CWf1 |I’1T—2+wa2 InTi) (20)
6 5 1 2
Thus:
T,=T06 (21)
where:
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Cwl3 waz
G= X¢va1 y_Cwm
Cut s (22)
[CHlminCH 2minCWfSEH1EH 2 (_Ts +THin) / CH + CHlmin EHlTHin (_wa4 + CH 2min EH 2) + | #Cuns
wa 3 (wa 4T6 - CH 2min EH ZTHin )]/[(wa 3T6 - CH 1min EH lTHin )(wa 2 CH 2min EH 2)]
where Xx=T;/Ts and y=T,/T, .
Combining equations (3)-(6) with equations (18)-(22) gives:
T — CleiI‘I ELlTLin [CLZminCWfZELZ +CL (_waz +CL2min ELZ )] (23)
' GyCleinCLZminwa ZELIELZ - CL [wal(G _1) + Clein ELl](CWf 2 CLZmin ELZ)
T _ GClein ELlTLin [CLZminCWfZELZ +CL (_waz +CL2min ELZ)] (24)
’ GYC1minClomnCui2a BB —CLIC 1 (G =) +C i EL1(Coi, = Clomin ELo)
T _ GyCL:lmin ELlTLin [CLZminCWfZELZ +CL(_CWfZ +CL2min ELZ)] (25)
: GYC 1minClominCur 2 ELi B2 = CLIC,1 (G -1 +C i E I(Co 2 = Comin E12)
THoutZ = [CIiTHin (wa 3 CHlmin EHl)(wa 4 CH 2min EH z) + CHlminCH Zminwa 3wa 4EH1EH 2 (_Te +THin) +
CH wa 3 (Te _THin )(CH 2minCWf 4 EH 2t CHlmin EHlef 4 CHlminCH 2min EHlEH 2) ] / (26)
[Crzq (wa 3 CH1min EHl)(wa 4 CH 2min EH 2)]
TLoutZ = {CleinCLZminwalef 2 ELlELZTLin [(G _1)wa1 + (1_ Gy)Clein ELl] +
CETLin (wal - C|_1min ELl)(walG + Clein ELl - wa1)(wa 2 CLZmin ELZ) +
CCo o Tin[A=G)CpinCott vy + Cliin E(CoiGY +Cpin Evy —Copr) + @7
(1_ G)wachlminwalELl + (G - 2)CLZmin ELZCleinwalELl]}/
{(er1C|_ - CleinCL ELl)[_GyCleinCLZminCWf 2 ELlELZ +
CL (walG + C|_1min ELl - wa 1)(wa 2 C|_2min ELZ)]}
Substituting equations (3), (4), (16) and (17) into equation (1) yields the heating load of the cycle:
QH = QHl + QHZ
= [_CHlminCH 2minvaf 3wa 4EH1EH 2 (Ts _THin) / CH + CH 2minvaf 3wa 4EH 2 (Te _THin) + (28)

CHlminEH1CWf3(T6 _THin)(wa4 _CHZminEHZ)]/[(waS _CHlminEHl)(CwM _CHZminEHZ)]

Substituting equations (5), (6), (18) and (19) into equation (2) yields the heat transfer rate supplied by the

heat source:

Q=Qu+Q.,
=Tuin{Clomin £ (1= Cuapin v / CO-G(Y =C10io Cuio £ia / Cp = (G =1)(Copy = Cpain )]+
CLamin E2[CuiminCut 2E01 Cuts + Crimin EsG = Camin EiGY —C,piG) 1 C +
(G —1)(Cy:Cur 2 — Cur:Cuimin Evi — Cur 2C0umin B )+ (G =1)CininCo:Cor 2 Ev Y

[(walG +Clein ELl _wal)(waz -C ELZ) _GyCleinCLZminwazELlELZ /CL]

L1min

L1min

L2min

Combining equations (28) with (29) gives the COP of the cycle:

(29)
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p-%__0
Qi -Q

[=CrisminCrizminCut sCuta Evir Eri2 (Ts = Thin) 1 Coy + CriominCur sC e Eri2 (Ts = Tiin) +

CHlminEchvvf3(T6 _THin)(CWfA _CH 2minEH2)]/[(vaf3 _CHlmin EHl)(CWf4 _CH 2minEH2)]

[=CriiminCriaminCut sCut a Er1 Eni2 (Ts = Trin) / Cy + CriinCuar 8Cut s B2 (Ts = Tin) +

CHlminEHlef3(r6 _THin)(vaf4 _CHZminEHZ)]/[(wa3 _CHlminEHl)(vaf4 _CH 2minEH2)]_ (30)
TundClomin £ L= Coimin i1 / COI=G(Y =1)CyinCus s Eva  C = (G =D(Copy = Crimin Ei)1 +
Cromin ELo[CLiminCut 2 E11 (Cotr + Climin E11G — Crimin EL,GY - C,,G) /C +
(G =D(Co:Cut 2 = CoriClimin Ets = Cut 2Climin EL)]+ (G =DC 11 Co i Cos  E Y
[(wa1G + CleinELl _vafl)(CWfZ _CLZmin ELZ) _GyCleinCLZminCWfZELlELZ /CL]

L2min

L1min

where Tiou2 and T ouo are calculated by equations (26) and (27).

Assuming that the environmental temperature is T,, the exergy output rate of the cycle is:

THoutZ TLoutZ
A= LH C, (1-T,/T)dT —LL‘ C, (T,/T -1dT
= QH - QL _TO[CH In(THoutZ /THin) + CL In (TLoutZ/TLin )] = QH h— QL’72

(31)

where 1 =1=To I T(Tuiow = Tin) / IN(Thoue  Trin)1 5 and 17, =1=To I T(Tin = Tiowz) 1 IN(Tii 7 Tiowa)]-
Assuming that the prices of exergy output rate and power input are w, and v, , the profit rate of the cycle
is:

M=y, A-y,P=(wn -v,)Q + (v, —wi1,)Q (32)
Substituting equations (28) and (29) into equation (32) yields the profit rate of the cycle:

I = (w277, = ¥2)[=CrisminCrizminCuraCur a Evir B2 (Ts = Trin) 1 Coi + CriinCu sCot a B2 (Ts = T ) +
CHlmin Echwfs(re _THin)(CWM - CH 2min EHZ)] / [(was _CHlmin EHl)(CwM - CH 2min EHZ)] +
T W2 =¥ {C lomin £ (1= Cligin Ev | COI=G(Y =1)CuinCur 2 £y / CL = (G =1)(C,yy —
CrLimin EL*Clomin EL[C 1minCui 2 EL (—CtiG +Cos + Climin ELsG —Clinin ELLGY) /C +
(G —1(Cy:Cutz = CottsCrimin Ets = Cut 2Crimin EL)] + (G =DCypinCo i Cu . ELL Y
[(C,G+C E,—C)Ci,—ClominErs) —GYC,1inCrominCuts ELLEL, 1 C.]

(33)

L1min

L1min

In order to make the cycle operate normally, state point 2 must be between state points 1 and 3, and state
point 5 must be between state points 4 and 6. Therefore, the ranges of x and y are:

1<X<[C1minCriaminCuraEnn Ena (CTe + Tuin) 1 Cp + Copmin Bt Thin (CCo s + Criamin Eriz) +

(34)
wa 3(wa 4Te - CH 2min EH ZTHin )]/I.Ts (wa3 - CHlmin EHl)(wa 4 CH 2min EHZ)]
c Cuia
1<y< X¢C“:432 {[CHlminCH aminCur s Eri1Ena (“Te + Tiin) / oy + Chygin EuaTrin (“Cu s + Cpizmin Eni2) +}¢CM2 (35)
wa 3 (wa 4Te - CH 2min EH ZTHin )]/[(wa 3Ts - CH 1min EH lTHin)(wa 2 CH 2min EH z)]

Note that for the process to be potential profitable, the following relationship must exist: 0 <y, /y, <1,

because one unit of work input must give rise to at least one unit of exergy output.
When the price of exergy output rate becomes very large compared with the price of the power input,
i.e.y,/y, -0, equation (32) becomes:
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M=y,A (36)

where A is the exergy output rate of the irreversible universal heat pump cycle. That is, the profit rate
maximization approaches the exergy output rate maximization.
When the price of exergy output rate approaches the price of the power input, i.e. v, /y, -1, equation

(32) becomes
IT=-yT[C, In(THoutZ/THin) +C.In (rLoutZ/TLin N=-wTo (37)

where o =C,, In(Tyu0o/Tin) + CL IN(Toowz/Tuin) 1S the entropy production rate of the irreversible universal

heat pump cycle. That is, the profit rate maximization approaches the entropy production rate
minimization, i.e., the minimum exergy loss.

4. Discussion
Equations (30) and (33) are generalized. If C,,, C, and ¢ have different values, equations (30) and (33)

can be simplified into the corresponding analytical formulae for various endoreversible and irreversible,
constant- and variable-temperature heat reservoir heat pump cycles.

Figure 2 shows the finite time exergoeconomic performance characteristics of the irreversible universal
heat pump cycle with variable-temperature heat reservoirs. Heat conductances of the hot- and cold-side
heat exchangers are set as U,, =0, U,=0 and U,,=U,=3kw /K for Brayton, Otto, Diesel and

Atkinson heat pump cycles; U,, =U,,=U ,=2kw /K and U, =0 for Dual heat pump cycle; U, =0
and U,,,=U,=U_,=2kw /K for Miller heat pump cycle, respectively. Internal irreversibility and price
ratio are set as ¢=1.1 and y, /y, =5, respectively. One can continue to discuss the special cases of the
universal heat pump cycle for different thermal capacity rates of the working fluid (C,,,, C,,, C,, and
C,:. ) in detail, whose dimensionless profit rate versus COP curves are also shown in Figure 2.

0.09

0.07

0.05

Figure 2. TI vs. B characteristics of irreversible universal heat pump cycle with variable-temperature
heat reservoirs

(1) When C,,, =C,;, =mC, (mass flow rate m of the working fluid and constant pressure specific heat
C, product) and C,,=C,,=mC,, U,, =0, U, =0 and x=y=1, equations (30) and (33) become the

COP and finite time exergoeconomic performance characteristics of an irreversible variable-temperature
heat reservoir steady flow Brayton heat pump cycle with the losses of heat-resistance and internal
irreversibility.
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(2) When C,,, =C,;, =mC, (mass flow rate m of the working fluid and constant volume specific heat C,
product) and C,,=C,,=mC,, U,, =0, U, =0 and x=y=1, equations (30) and (33) become the COP
and finite time exergoeconomic performance of an irreversible variable-temperature heat reservoir steady
flow Otto heat pump cycle with the losses of heat-resistance and internal irreversibility.

(3) When C,;, =C,;,=mC, and C,,=C,,=mC_, U, =0, U,=0 and x=y=1, equations (30) and
(33) become the COP and finite time exergoeconomic performance characteristics of an irreversible
variable-temperature heat reservoir steady flow Diesel heat pump cycle with the losses of heat-resistance
and internal irreversibility.

(4) When C,;, =C,;,=mC, and C,,=C,,=mC,, U,,; =0, U,=0 and x=y=1, equations (30) and
(33) become the COP and finite time exergoeconomic performance characteristics of an irreversible
variable-temperature heat reservoir steady flow Atkinson heat pump cycle with the losses of heat-
resistance and internal irreversibility.

(5) When C,,, =C,;, =mC,, C,.,=mC, and C,,=mC_, U, #0, U,,#0, U, =0 and y=1, equations
(30) and (33) become the COP and finite time exergoeconomic performance characteristics of an
irreversible variable-temperature heat reservoir steady flow Dual heat pump cycle with the losses of heat-
resistance and internal irreversibility. If U,, >0, U, =0 and x=y=1 further, the Dual heat pump

cycle is close to the Diesel heat pump cycle. If U,,, >0, U, =0 and y =1 further, the Dual heat pump

cycle is close to the Otto heat pump cycle.
In this case, the range of x becomes:

1<x< [CHlminCH 2minwa3EHlEH2(_T6 +THin) / CH +CH1min EHlTHin (_wa4 +CH2minEH2) +

(38)
waB(wa 4T6 _CH 2min EH 2THin )]/rrs (wa3 N CHlmin EH1)(wa4 - CH 2min EHZ)]
and the value of x is given by:
X :Ts /Te = [CHlminCHZminwa3EHlEH2(_T6 +THin)/CH +CH1min EHlTHin (_wa4 +CH 2minEH2) + (39)

wa 3 (wa 4T6 - CH 2min EH ZTHin )]/[(wa 3T6 - CH 1min EH 1THin )(wa 27 CH 2min EH 2 )]

(6) When C,,, =mC,, C,,=mC, and C,,,=C,,=mC,, U,, =0, U, #0, U, =0 and x=1, equations

(30) and (33) become the COP and finite time exergoeconomic performance characteristics of an
irreversible variable-temperature heat reservoir steady flow Miller heat pump cycle with the losses of
heat-resistance and internal irreversibility. If U,, =0, U, >0 and x=y=1 further, the Miller heat

pump cycle is close to the Atkinson heat pump cycle. If U,, =0, U, >0 and x=1 further, the Miller

heat pump cycle is close to the Otto heat pump cycle.
In this case, the range of vy is:

1
[ChiiminCrizminCut 3 B Eviza (CTe + Toin) 1 Cit + Coamin Evia Trin CCosa + Criomin Eviz) +1 ¢
1£ S{ H1i H2 wf3=H1=H2 6 H H H1i H1'H f 4 H2 H2 (40)

wa 3 (wa 4T6 - CH 2min EH ZTHin )]/[(wa 3T6 - CH 1min EH lTHin )(wa 2 CH 2min EH 2 )]

Combining equations (18), (19) and (22) give the following equation that the working fluid temperature
T, should satisfy:

1
(wal - Clein ELl)(wa 2T3 - CLZmin ELZTLin )[Ts (wa 2 CLZmin EL2) / (wa 2T3 - C|_2min ELZTLin )]k /
[CleinCLZminwa 2 ELlELZ (TLin _Ta)/CL + Clein ELlTLin (CLZmin ELz - wa z) + vafl(wa 2T3 - CLZmin ELZTLin )] = (41)
1
{[CHlminCH Zminwa 3EH1EH 2 (_Te +THin) / CH + CHlmin EHlTHin (_wa st CH 2min EH 2) +}¢k
wa 3 (wa 4Te - CH 2min EH 2THin )]/[(wa 3T6 - CHlmin EHlTHin )(wa 2 CH 2min EH 2)]
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where k is the ratio of the specific heats. Moreover, combining equations (18), (19), (21) with equation
(41) gives G and vy .

(7) When C,,=C,,=C,;=C,, >, equations (30) and (33) become the COP and finite time

exergoeconomic performance characteristics of an irreversible variable-temperature heat reservoir steady
flow Carnot heat pump cycle with the losses of heat-resistance and internal irreversibility. Specially, if
C, >~ and C_—o further, the finite time exergoeconomic performance characteristic of an

irreversible Carnot heat pump cycle with variable-temperature heat reservoirs become the finite time
exergoeconomic performance characteristics of endoreversible (¢=1) [21, 24] and irreversible (¢>1)

[28] Carnot heat pump cycle with constant-temperature heat reservoirs, respectively.

5. Finite time exergoeconomic performance optimization

5.1 Optimal distributions of heat conductance

If heat conductances of hot- and cold-side heat exchangers are changeable, the profit rate of the
irreversible universal heat pump cycle may be optimized by searching the optimal heat conductance
distributions for the fixed total heat exchanger inventory. For the fixed heat exchanger inventory U, , that

is, for the constraint of U, +U,,+U,+U,=U,, defining the distributions of heat conductance
Uy, =Y, /U;, uy,=U,,/U;, u,=U,/U; and u, =U, /U, leads to:

Uy =uyUr Uy, =0,Ur U =0 U Uy = Uy U =u,Usy (42)

The following conditions should be satisfied: 0<u,, <1, 0<u,, <1, 0<u, <1, 0<u,<1, and
U, +U,, +U,, +U, =1, Moreover, heat conductance distributions are set as u,, =0 and u_, =0 for
Brayton, Otto, Diesel and Atkinson heat pump cycles; u , =0 for Dual heat pump cycle; u,, =0 for
Miller heat pump cycle, respectively.

To illustrate the preceding analyses, one can take the irreversible Brayton heat pump cycle with variable-
temperature heat reservoirs (air as the working fluid) as a numerical example. In the calculations, it is set
that T, =290.0K, T, =268.0K,C,=C_=12kW/K, C,=0.7165kJ/(kg-K), C,=1.0031kJ/(kg-K),
k=14, ¢=11, U, =5kW /K, m=1.1165kg /s and y, /v, =5 . If there are no special explanations, the
parameters are set as above. The working fluid temperature T, is a variable and its reasonable value is

greater than T,,;,. The calculations illustrate that the values of x and y are always in their ranges. The
dimensionless profit rate is defined as T =T1/(0.9mT,C,y,) .

Figure 3 shows the effect of the price ratio (y,/w,) on the dimensionless profit rate (I1) versus COP
(B) for irreversible variable-temperature heat reservoir Brayton heat pump cycle. From Figure 3, one

can see that TT increases with the increase in y,/y, for the fixed 8. Moreover, when y, /y, =1, the

maximum profit rate is not greater than zero, i.e., the heat pump is not profitable regardless of any
working condition.

The dimensionless profit rate (IT) versus COP (4) and the hot-side heat conductance distribution (u,,,)
of an irreversible variable-temperature heat reservoir Brayton heat pump cycle with y,/w, =5 and
#=1.1 is shown in Figure 4. It indicates that the curve of dimensionless profit rate versus hot-side heat
conductance distribution is a parabolic-like one for the fixed COP. There exists an optimal heat
conductance distribution (u,,, ., ; ) Which leads to the optimal dimensionless profit rate (o, ). For Otto,

Diesel and Atkinson heat pump cycles, the three-dimensional diagram characteristics among
dimensionless profit rate versus COP and heat conductance distribution are similar with those shown in
Figure 4.

The three-dimensional diagram among the dimensionless profit rate (I1) and heat conductance
distributions (u,,, and u,,) of an irreversible variable-temperature heat reservoir Dual heat pump cycle

with #=3, v, /v, =5 and ¢=1.1 is shown in Figure 5. It indicates that there exists a pair of uy,, ., , near
zero and u,,,,; near 0.5, which lead to the optimal dimensionless profit rate. In this case, Dual heat
pump cycle becomes Diesel heat pump cycle. The three-dimensional diagram among the dimensionless
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profit rate (I1) and heat conductance distributions (u,, and u,,) of an irreversible variable-temperature
heat reservoir Miller heat pump cycle with =3, v, /w, =5 and ¢=1.1 is shown in Figure 6. It indicates
that there exists a pair of Ugon near 05 and U ;o near zero, which lead to the optimal

dimensionless profit rate. In this case, Miller heat pump cycle becomes Atkinson heat pump cycle.
Figure 7 show the optimal heat conductance distribution (uy, ) versus COP () for Brayton, Otto,

Diesel and Atkinson heat pump cycles. It indicates that U, . is a little greater than 0.5 for Brayton,
Otto, Diesel and Atkinson heat pump cycles, and the COP has little effects on Uy, o iy . Moreover, when

carrying out heat conductance optimizations, U, oy for Dual heat pump cycle and u,,, , for Miller

heat pump cycle are close to the corresponding optimal heat conductance distributions of Diesel and
Atkinson heat pump cycles as shown in Figures 5 and 6, respectively.

_002 1 1 1 1
4.2 4.6 ] 8 5.4 58 6.2

Figure 3. Effect of y, /w, on IT vs. B characteristic for irreversible variable-temperature heat reservoir
Brayton heat pump cycle

Figure 4. IT vs. 4 and u,, for irreversible variable-temperature heat reservoir Brayton heat pump cycle
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Figure 5. IT vs. u,, and u,,, for irreversible variable-temperature heat reservoir Dual heat pump cycle
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Figure 7. Uy, VS. B forirreversible variable-temperature heat reservoir Brayton, Otto, Diesel and
Atkinson heat pump cycles
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5.2 Optimal finite time exergoeconomic performance

Figure 8 shows the optimal dimensionless profit rate (ITow.) versus COP (B) characteristic for
irreversible variable-temperature heat reservoir Brayton, Otto, Diesel, Atkinson, Dual and Miller heat
pump cycles with v, /y, =5 and ¢ =1.1. It indicates that o« decreases with the increase in 4. Dual
and Diesel, Miller and Atkinson heat pump cycles have the same optimal dimensionless profit rate versus
COP characteristics, respectively. For the fixed g, Brayton heat pump cycle has the maximum TTow,
among the six heat pump cycles, and Otto heat pump cycle has the minimum.

0.15

0141

0.13}

Hop{, u

012

0.1

Figure 8. Mo« VS. B characteristics for six heat pump cycles

Figures 9-11 show the effect of internal irreversibility (¢), total heat exchanger inventory (U, ) and
thermal capacity rate of the working fluid (C,,, ) on the optimal dimensionless profit rate (o) Versus
COP ( B) characteristics of an irreversible variable-temperature heat reservoir Brayton heat pump cycle
with w, /v, =5 and C, =C_=1.2kW /K, respectively. From Figure 9, one can see that for the fixed

COP, TIox. decreases with the increase in ¢ . Moreover, when ¢=1, Top. VErSUS B characteristic of an
irreversible Brayton heat pump cycle with variable-temperature heat reservoirs becomes that of an
endoreversible one. From Figure 10, one can see that Il increases with the increase of U, for the

fixed g, but the increment decreases gradually. From Figure 11, one can see that ITox. increases with
the increase of C,,, when C,, is lower than C, and C_; Mo decreases with the increase of C,,,
when C,,, Is greater than C, and C_. Moreover, the effects of internal irreversibility, total heat

exchanger inventory and thermal capacity rate of the working fluid on the optimal finite time
exergoeconomic performances of Otto, Diesel, Atkinson, Dual and Miller heat pump cycles are similar
with those shown in Figures 9-11.
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Figure 9. Effect of ¢ on Tl VS. B characteristic for irreversible variable-temperature heat reservoir
Brayton heat pump cycle
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Figure 10. Effect of U, on Tl.. VS. 4 characteristic for irreversible variable-temperature heat reservoir
Brayton heat pump cycle
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Figure 11. Effect of C,,, on Il Vs. A8 characteristic for irreversible variable-temperature heat
reservoir Brayton heat pump cycle
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5.3 Optimal thermal capacity rate matching between the working fluid and heat reservoirs

Figure 12 shows a three-dimensional diagram among the dimensionless profit rate (I1 ), thermal capacity
rate matching (c=C,,/C, ) between the working fluid and heat reservoirs and heat conductance

distribution (u,,) of an irreversible variable-temperature heat reservoir Brayton heat pump cycle with
B=3, v,/w,=5 and ¢=1.1. From Figure 12, one can see that the curve of I versus c is a parabolic-
like one for the fixed u,,. There exist an optimal thermal capacity rate matching (c,,) between the
working fluid and heat reservoirs and an optimal heat conductance distribution (uy,, . ) Which lead to the
double maximum dimensionless profit rate.

Figures 13-15 show the effect of internal irreversibility (¢), total heat exchanger inventory (U, ) and
heat capacity ratio of the heat reservoirs (C,, /C,) on the optimal dimensionless profit rate (TTopu) Versus
thermal capacity rate matching (c) between the working fluid and heat reservoirs characteristics of an
irreversible variable-temperature heat reservoir Brayton heat pump cycle with y,/y, =5, respectively.
From Figure 13, for the fixed c, IMow. decreases with the increase in ¢ . Moreover, when ¢=1, Topt.w
versus ¢ characteristic of an irreversible Brayton heat pump cycle with variable-temperature heat
reservoirs becomes that of an endoreversible one. From Figure 14, one can see that Mops iNCreases with
the increase in U, for the fixed c, but the increment decreases gradually. From Figure 15, one can see
that when C, /C, =1, the optimal thermal capacity rate matching between the working fluid and heat
reservoirs is c,, =1, which leads to the double maximum dimensionless profit rate. Meanwhile, c,,
increases with the increase in C,/C, . Moreover, the effects of internal irreversibility, total heat

exchanger inventory and heat capacity ratio of the heat reservoirs on the optimal finite time
exergoeconomic performances of Otto, Diesel, Atkinson, Dual and Miller heat pump cycles are similar
with those shown in Figures 13-15.
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Figure 12. T1 vs. ¢ and u,,, for irreversible variable-temperature heat reservoir Brayton heat pump cycle
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Figure 13. Effect of ¢ on Isx.. VS. ¢ characteristic for irreversible variable-temperature heat reservoir
Brayton heat pump cycle
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Figure 14. Effect of U, on Tlox.u VS. ¢ characteristic for irreversible variable-temperature heat reservoir
Brayton heat pump cycle
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Figure 15. Effect of C,, /C_ on Ila.u VS. ¢ Characteristic for irreversible variable-temperature heat
reservoir Brayton heat pump cycle
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6. Conclusion

Finite time exergoeconomic performance of an irreversible universal steady flow heat pump cycle model
with variable-temperature heat reservoirs, and the losses of heat transfer and internal irreversibility is
analyzed and optimized by using the theory of finite time thermodynamics. Expressions for COP and
profit rate are derived and are used to discuss the optimal finite time exergoeconomic performance of the
universal heat pump cycle. Numerical examples show that the optimal hot-side heat conductance
distributions are a little greater than 0.5 for Brayton, Otto, Diesel and Atkinson heat pump cycles;
optimal performances of Dual and Miller heat pump cycles are close to those of Diesel and Atkinson heat
pump cycles, respectively. There exist an optimal heat conductance distribution and an optimal thermal
capacity rate matching between the working fluid and heat reservoirs which lead to the double maximum
profit rate. Moreover, the effects of internal irreversibility, total heat exchanger inventory, thermal
capacity rate of the working fluid and heat capacity ratio of the heat reservoirs on the optimal finite time
exergoeconomic performance and optimal thermal capacity rate matching between the working fluid and
heat reservoirs are discussed. The results obtained herein include the optimal finite time exergoeconomic
performance of endoreversible and irreversible, constant- and variable- temperature heat reservoir
Brayton, Otto, Diesel, Atkinson, Dual, Miller and Carnot heat pump cycles, and can provide some
theoretical guidelines for parameter designs and performance optimizations of various practical heat
pumps.
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