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ABSTRACT

Integrated-average temperature difference (AT,ve) Was proposed to connect with exergy destruction (leya)
in heat exchangers. Theoretical expressions were developed for AT.e and leya. Based on transcritical
pressure ORCs, evaporators were theoretically studied regarding AT,y.. An exact linear relationship be-
tween ATue and ey, Was identified. The increased specific heats versus temperatures for organic fluid
protruded its T—Q curve to decrease AT,,.. Meanwhile, the decreased specific heats concaved its T-Q
curve to raise AT,ye. Organic fluid in the evaporator undergoes a protruded T—Q curve and a concaved T
—Q curve, interfaced at the pseudo-critical temperature point. Elongating the specific heat increment
section and shortening the specific heat decrease section improved the cycle performance. Thus, the
system thermal and exergy efficiencies were increased by increasing critical temperatures for 25 organic
fluids. Wet fluids had larger thermal and exergy efficiencies than dry fluids, due to the fact that wet fluids
shortened the superheated vapor flow section in condensers.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The waste heat resource is vast. The Organic Rankine Cycle
(ORC) is one of the good solutions to recover the low grade waste
heat [1]. Tchanche et al. [2] listed the operating ORC power plants in
the world. The work capacity ranged from 125 kW to 6 MW. Many
authors investigated ORCs. The investigations focused on the se-
lection of organic fluids [3—5] and the parameter optimizations
[6—12].

The geothermal water or flue gas drives ORCs to generate power
or electricity [5]. It is discharged to the environment after it releases
heat to ORC system. For such power systems, the objective
parameter is the maximum work or the largest utilization degree of
the heat source. The temperature of heat carrier fluid is decreased
after heat is transferred to ORC. For subcritical pressure ORCs,
organic fluid undergoes an isothermal evaporating process to yield
large exergy loss, deteriorating ORC performance. Alternatively,
supercritical pressure ORCs increase organic fluid temperatures
continuously during the heating process, resulting in better ther-
mal performance compared with subcritical pressure ORCs [12].
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Carbon dioxide (CO;) is a non-flammability, non-toxic and non-
corrosive fluid, having a low critical temperature of 31.3 °C. It can be
used in a transcritical power cycle, which has been investigated
recently [8,9]. Chen et al. [8] compared CO, transcritical power
cycle with subcritical pressure R123 ORC. The flue gas had an inlet
temperature of 150 °C with a mass flow rate of 0.4 kg/s. It was
shown that subcritical pressure ORC had higher thermal efficiency
than CO, power cycle. But CO, power cycle increased the work
output due to the raised heat received from the heat source. Cayer
et al. [9] investigated transcritical power cycle using CO,, ethane
and R125 as working fluids at a heat source temperature of 100 °C.
The work output reached maximum values by optimizing various
parameters.

Transcritical ~ pressure  ORCs  were investigated in
Refs. [12,15—21]. Schuster et al. [12] explored the maximum work
output. These authors compared system thermal efficiencies and
exergy efficiencies at similar operating conditions between
subcritical and transcritical pressure cycles. It was found that
transcritical pressure ORCs increased the system thermal effi-
ciencies by 8% compared with subcritical pressure cycles. Zhang
etal.[15] performed parameter optimizations for geothermal water
driven subcritical and transcritical pressure Rankine cycles. The
transcritical pressure cycle with R125 as working fluid could utilize
the geothermal water energy to a maximum degree, having better
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economic and environmental performances. The hot water tem-
peratures ranged from 80 °C to 100 °C. Vetter et al. [16] compared
subcritical and transcritical pressure Rankine cycles driven by the
150 °C geothermal water. The objective parameters included spe-
cific net work output, thermal efficiency and heat received from the
hot water. Transcritical pressure Rankine cycle with propane as
working fluid increased the net work output by 30% compared with
subcritical pressure Rankine cycle with isopentane as working
fluid. The maximum work output could be reached when the crit-
ical temperature of organic fluid was 0.8 times of the geothermal
water temperature. Shu et al. [17] proposed a dual-loop ORC to
recover the heat of engine flue gas. The net work output and exergy
efficiencies were compared between transcritical pressure Rankine
cycles with R125, R134a, R218 as working fluids and subcritical
pressure Rankine cycles with R124, R134a, R245fa, R600, R600a,
R1234yf as working fluids. The transcritical pressure Rankine cycle
with R143a as working fluid showed the best cycle performance.
Baik et al. [18] compared the work output between transcritical
pressure cycle of R125 and subcritical pressure cycle of R134a,
R245fa and R152a. The geothermal water temperature was 100 °C.
The work output was larger by using the transcritical pressure cy-
cles. Chen et al. [19] identified that transcritical pressure cycles
could increase the system thermal efficiencies by 10—30%
compared with subcritical pressure cycles. The hottest tempera-
tures of the cycle ranged from 393 K to 473 K. Khennich et al. [20]
investigated effects of cycle highest pressures and temperature
difference between heat carrier fluid and cycle highest temperature
on subcritical and transcritical pressure cycles. The heat source was
flue gas, which was regarded as the ideal dry air, having the tem-
peratures of 100 °C, 160 °C and 230 °C, respectively. Subcritical
pressure cycle with R141b as working fluid and transcritical pres-
sure cycle with R134a as working fluid were investigated for the
160 °C heat source. Alternatively, both the subcritical and tran-
scritical pressure cycles were studied with R141b as working fluid
for the 230 °C heat source. It was found that R141b had the better
performance for all the cycles studied. Guo et al. [21] explored the
difference between subcritical and transcritical pressure Rankine
cycles. When the outlet temperature of heat carrier fluid was
relatively low, the transcritical pressure cycles were better than the
subcritical pressure cycles regarding thermal efficiencies, exergy
efficiencies and work output.

The available studies identified better thermal performance
by using transcritical pressure cycles instead of subcritical
pressure cycles, due to the better thermal match between heat
carrier fluid such as flue gas or geothermal water and organic
fluid in evaporators. However, the detailed mechanism needs
further studies. One may ask what is the direction to further
improve the performance of transcritical pressure cycles? What
is the criterion to select suitable working fluids for transcritical
pressure cycles? In fact, transcritical pressure cycles are strongly
dependent on the heat transfer performance in evaporators. Baik
et al. [18] proposed an “averagegemperature difference”, which
was defined as 1/AT, = l/Qaag 1/ATdQ, where Qg is the total
heat transferred by the heat” exchanger. When the average
temperature difference approaches the pinch temperature dif-
ference, the temperature difference along flow path was more
uniform. Guo et al. [21] proposed a match coefficient, which
was the ratio of exergy destruction assuming that the temper-
ature difference everywhere in the evaporator equals to the
pinch temperature difference to real exergy loss in the
evaporator.

In this paper, the integrated-average temperature difference
was proposed for heat transfer process. It was shown that such
temperature difference was directly linked with the exergy
destruction to the evaporator. The direction of the ORC cycle

performance was to decrease the temperature difference. The pa-
per was organized as follows. Section 2 described the new
parameter and the cycle computation, consisting of three sub-
sections. Section 2.1 shortly described the transcritical power cycle.
Section 2.2 described the temperature difference and Section 2.3
described the computation process. Section 3 described the re-
sults and discussion, in which Section 3.1 explained why the ORC
cycle was mainly influenced by the fluid critical temperatures using
the integrated-average temperature difference, Section 3.2 gave the
results and data for the computations with 25 organic fluids. The
paper gave a guide for the fluid selection to ORCs with respect to
efficiencies.

2. The integrated-average temperature difference and the
cycle computation

2.1. The ORC cycle

Fig. 1a shows an ORC coupled with a heat source. The flue gas
was considered as the heat source, which was characterized by the
mass flow rate, mgys, inlet temperature, Tgasin, and outlet temper-
ature, Tgas our- The analysis of this study was also suitable for other
heat carrier fluids such as geothermal water. The flue gas trans-
ferred heat to the ORC via an evaporator. Fig. 1b shows the T—s
diagram for transcritical pressure ORC. Process 1-2s is an ideal
isentropic expansion while 1-2 is a real non-isentropic expansion.
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Fig. 1. The transcritical pressure ORCs driven by flue gas.
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The organic fluid in the condenser undergoes a superheated vapor
state at point 2, a saturated vapor state at point 3 and a saturated
liquid state at point 4. It is noted that there is no evaporation heat
transfer takes place in the waste heat recovery device at super-
critical pressures. However, the flue gas heats the supercritical fluid
from a temperature significantly lower than the pseudo-critical
temperature to a temperature higher than the pseudo-critical
temperature, having the physical properties similar to those of
vapor at subcritical pressure. Thus, the term of “evaporator” is still
used in this study.

Neglecting pressure drops in the evaporator and condenser,
there are two pressures in the ORC with a supercritical pressure
of Ps = P; > P, and a subcritical pressure of Py = P3 = P4 < P..
Usually, the organic fluid was cooled by air or water at the
ambient  temperature. Thus, the analysis assumed
T3 = T4 = 303.15 K (30 °C). The condensation pressure was
Py = P3 = Py = Psae(T3).

2.2. The integrated-average temperature difference and the exergy
loss

The integrated-average temperature difference was proposed
to reflect the integration effect of the heat transfer process in
evaporators. Then we explore the internal relationship between
the integrated-average temperature difference and the exergy
destruction. Such relationship yields the direction to improve the
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Fig. 2. The T-Q curve of the flue gas and organic fluid (a) and 7.-Q curve in evapo-
rators (b).

ORC performance. Fig. 2a shows the T—Q curve, in which AB is
the heat carrier fluid curve, CD is the organic fluid curve. To
simplify the analysis, the specific heat of the flue gas (AB curve)
was assumed to be constant. However, the slopes of the T-Q
curve for the organic fluid were changed due to the varied spe-
cific heats versus temperatures. Referring to Fig. 1, the four points
in Fig. 2a had the following coordinates: A(Qqg, Tgas,in), B(0, Tgas -
out), (0, Ts) and D(Qq, T1), where Qg is the total heat released by
the flue gas, Tgasin and Tgasour are the flue gas temperatures
entering and leaving the evaporator, respectively, T; and T5 are
the organic fluid temperatures leaving and entering the evapo-
rator, respectively. The integrated-average temperature differ-
ence is defined as

Q
(Tgas - TORC)dQ
Qa

where Tg,s and Togc are the flue gas temperature and organic fluid
temperature, respectively. The integration in the right side of Eq. (1)
represents the enclosed area formed by the AB and CD curves.
Regarding the flue gas, we have

ATaye = 20 (1)

Q= mgastA gas (Tgas, in — Tgas, out) (2)
Q = mgasCp, gas (Tgas — Tgas, out) (3)
dQ = MgasCp, gasdTgas (4)

Regarding the organic fluid, we have

Qq = more(hy — hs) (5)

Q = mogrc(hore — hs) (6)

The specific heat can be a function of temperatures:

Cp, orc = dg + a1T + a,T? (7)

For simplification purpose, a, was neglected. A positive a; or
negative a; correspond to the increased or decreased specific heats
versus temperatures, respectively. The enthalpy was expressed as
h= fOT Cp, orcdT. Finally, the integrated-average temperature dif-
ference was expressed as

1
ATave = 3 (Tgas in + Tgas, OUt)

Lag(Ty +Ts) +1ay (T]Z LTy Ts + Tg)

— 8
ap +% (T + Ts) ®)

For a practical case such as Tgysin = 423.15 K, Tgas0ut = 358.15 K,
T =413.15K, Ts = 307.54 K, ag = 2.28 kJ/kg K and a; = 0.02 k]/kg K>.
The calculated AT,y was 28.46 K. The following partial derivatives
are obtained based on Eq. (8):

_ 2
aAaZ;ave _ ay(Ty —Ts) S=aa 9)
0 12[a0+“2—1(T1 +T5)]
OATave ao(Ty — Ts)?
o = 7= —C10Qp (10)

12[ag +% (T +Ts)]
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On the other hand, the exergy loss within the evaporator is

@
( Tgas) 0/( TORC>dQ

Qq

0/<T0Rc Tgas)dQ (1)

where Ty is a reference temperature, which is set as the environ-
mental temperature. The final expression of oy, is

Ieva

m%hm+mm Ts)

ao(Ty —Ts) +% (17 — 12)

Tgasﬁ in

leva = — TomgasCp, gas In

Tgas, out
(12)

Similarly, the partial derivatives of Iy, with respect to ap and a;
are
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Fig. 3. The T-Q and 7.-Q curves for heat carrier fluid and organic fluid at fixed ao (for
organic fluid, black curve had C,5 = 2.137 kj/kg K, Cp1 = 4.273 KJ/kg K, ap = 2.137 kJ/
kg K, a; = 0.02 kJ/kg K?; red curves had G5 = 2137KJ/kg K, Cp1 = 2137 KJ/kg K,
ap = 2137 kJ/kg K, a; = 0; blue curves had C,5 = 2.137 kJ/kg K, C,; = 1.068 k]/kg K,
ap = 2.137 KJ/kg K, a; = —0.01 kJ/kg K?). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

300(Ti = Ts) (Z(Tl —Ts5) = (T1 + Ts)ln%)
2
T+ (7))
(14)

Because ¢ and c; are positive, Egs. (9) and (13) show that both
0ATayve /809 anddleva/0ag had the sign of ay, Eqs. (10) and (14) show
that both 0ATaye/0a; anddleva/da; had the sign of —ag. We note that
ag is usually positive, a; is the gradient of specific heat variation
with respect to temperature. The negative sign of 0ATaye/da;
anddleva/0a; indicate that both AT,y and ley, are decreased with
increases in a;. The above deduction had the following
expectations:

Oleva _
0aq

= —C0Qp
{ao(ﬂ

1. Effect of ay: For a; = 0, the CD curve in Fig. 2a is linear, which
can be taken as a reference case. The positive a; indicates the
increased specific heats from point C to D. The CD curve should
be protruding to approach the line AB, reducing the enclosed
area ABCD, under which the integrated-average temperature
difference is decreased and the exergy destruction is less. The
negative a; indicates the decreased specific heats from point C
to D. The CD curve should be concaved to recede from the line
AB, under which the integrated-average temperature difference
is increased and the exergy destruction is large.

2. Effect of ag: For a; < 0, increase of ag reduces AT,ye and leya.
Alternatively, for a; > 0, increase of ag increases AT,ye and leya.

3. Always, leya and AT,ye share the same change trend.

Fig. 2b shows the exergy temperature (9. = 1 — To/T) versus
the heat power Q. Figs. 3—4 verified the above findings by
plotting the curves at various combinations of ap and aj, in
which Fig. 3 verified the conclusion 1 and Fig. 4 verified the
conclusion 2. Both Figs. 3 and 4 verified the conclusion 3.
Figs. 3—4 are the numerical tests. The practical applications can
be found in heat transfer with supercritical pressure organic
fluids. It was found that the integrated-average temperature
difference could reflect the change of the exergy destruction in
heat exchangers. The ORC performance improvement is to
reduce the integrated-average temperature difference to
decrease the exergy destruction in evaporators. This is because
the evaporator contributed much percentage of the total exergy
destruction in ORCs [13,14,22].

It is noted that the linear variation of specific heats versus
temperatures may be suitable for most subcritical pressure fluids.
For fluids at supercritical pressure the specific heats are sharply
changed versus temperatures near the pseudo-critical temperature
region. Thus, a more general expression of the integrated-average
temperature difference is

Tgas,in T
Mgas / Cp,gasTgasdTgas —MoERC / Cp,ORCTORCdTORC
Tgas out Ts

ATzve =
ave Q4

(15)

where mg,s and mogc are determined based on Eqgs. (2) and (5),
respectively. Equation (15) is correct even for varied specific heats
versus temperatures for flue gas.

There are several temperature differences defined in thermo-
dynamics or heat transfer textbooks. The logarithmic-mean-
temperature-difference is defined as

ATy — S 2 min L (16)

min
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Fig. 4. The T-Q and 7-Q curves for heat carrier fluid and organic fluid at fixed a; (for organic fluid in (a) and (b): black curve had C,5 = 4.273 kJ/kg K, C,; = 3.209 k]/kg K,
ap = 4273 kJ/kg K, a; = —0.01 kJ/kg K?; red curves had Cp5s = 1.603 kJ/kg K, C,; = 0.539 KJ/kg K, ap = 1.603 K]/kg K, a; = —0.01 kJ/kg K?; blue curves had Cp5s = 1.068 kJ/kg K,
Cp1=0.0042 kJ/kg K, ap = 1.068 k]/kg K, a; = —0.01 k]/kg K?; for organic fluid in (c) and (d): black curve had Cp5 =8.547 KJ[kg K, C1 =10.675 KJ/kg K, ap = 8.547 k]/kg K, a; = 0.02 k]/
kg K?; red curves had Cp5 = 1.603 kJ/kgK, Cp1 = 3.731 KJ/kgK, ap = 1.603 k]/kgK, a; = 0.02 k/kg K2; blue curves had Cps = 0.534 KJ/kg K, Gy1 =3.196 kJ/kg K, ap = 0.534 kJ/kg K,
a;, = 0.02 kJ/kg K?). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Referring to Fig. 2a,

ATmax = maX[(TgaS, in — T1)7 (Tgas, out — TS” s ATin
= min[(TgaS, in — T1)7 (Tgas out — TS)}

Equation (16) is only useful for the heat transfer area estimation
and it has no any connection with the exergy destruction in heat
exchangers. Many references used the temperature difference at
the pinch location, which is recorded as AT, = min(Tgas — Torc).
Because the pinch occurs at a specific location, it definitely cannot
reflect the integration effect of the heat transfer process over the
whole flow length.

(17)

2.3. The cycle computation

This paper fully coupled the transcritical pressure ORC with the
flue gas heat source. The flue gas inlet temperature (Tgasin) Was
fixed as 423.15 K (150 °C). The outlet temperature after it released
the heat to ORC (Tgas out) Was 358.15 K (85 °C), ensuring the vapor
condensation in flue gas not occurring so that the tube material
corrosion did not happen. That is to say, the 85 °C temperature is
usually above the dew point temperature of the flue gas. The mass
flow rate of the flue gas is adapted to have the total heat received by
the ORC system was 1000 kW (1 MW). The cycle computation
needs to determine a set of pressures, temperatures, enthalpies
along the ORC loop. The following steps were followed:

1. Determination of the CD curve (see Fig. 2a): The organic fluid
temperature leaving the evaporator, Tj, was T1 = Tga5in-10 K. A
pressure of P; was assumed. The enthalpy is hy = f{P1,T1). The
mass flow rate of the organic fluid was decided by Eq. (5), in
which hs is the enthalpy at the evaporator inlet of the organic
fluid. Then the curve CD was determined, having AT,ye and leya
values.

2. Parameters across the condenser: Regarding Fig. 1b, the line
3—4 had the temperature of T3 = T4 = 303.15 K to have

Py = P3 = P4 = Psy(T3). The curve 2-2s-3 had the superheated
vapor state and the line 3—4 had the saturated vapor conden-
sation in the condenser. The isentropic expansion process 1-2s
determined the point 2s. The isentropic efficiency of the
expander (7exp) located the point 2.

3. Parameters across the pump: The isentropic efficiency of the
pump (7,) determined the point 5. Up to now, the whole cycle
parameters were determined.

4. Steps 1-3 were repeated for a set of pressures. For each organic
fluid, there is an optimized pressure at which the system ther-
mal efficiency was maximum and the exergy destruction was
minimum.

5. Steps 1—4 were repeated for a set of organic fluids with their
critical temperatures from low to high.

The cycle computations need several assumptions, which
were reasonable and they are described as follows: (1) The
pressure difference over the ORC system equals to the pressure
drop across the expander inlet and outlet. Pressure drops in
other components were neglected. (2) The pinch temperature
difference in the evaporator was 10 K, i.e., AT,; = 10 K. The too
small pinch temperature difference was difficult to be fulfilled for
practical engineering applications. (3) The turbine (or called
expander) and pump isentropic efficiencies were 0.75. Cha-
cartegui et al. [23] investigated carbon dioxide based cycles for
central receiver solar power plants using a turbine efficiency of
0.87. Cayer et al. [9] analyzed a carbon dioxide transcritical po-
wer cycle with a turbine efficiency of 0.8 using a low tempera-
ture source. The recent study by Lemort et al. [24]| shows that a
practical expander may have the isentropic efficiency in the
range of 0.6—0.7, significantly lower than those assumed in the
literature. Thus, the present paper assumes the isentropic effi-
ciency of 0.75 for the expander.

After all the state parameters in an ORC were determined, the
pumping power, turbine (expander) power and thermal efficiency
were calculated as
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Wp = mogc(hs — ha) (18)
Wt = mogc(hy — hy) (19)
m= (20)

Because the computations were performed for constant Qg, the
thermal efficiency was directly proportional to the net power
output (see Eq. (20)). The computations of used exergy and exergy
efficiency for each component were based on Mago et al. [25] and
Tchanche et al. [26]. The detailed expressions are listed in Table 1.
The exergy efficiency is defined as the used exergy divided by the
available exergy. The system used exergy and available exergy are
the sum of the values for each component. The physical properties
of the working fluids were computed using the NIST software. The
pressure of Py = 0.1 MPa and Ty = 293.15 K were set as the reference
state. The inlet and outlet temperatures of cooling water were
293.15 K and 298.15 K, respectively.

3. Results and discussion

3.1. Effect of critical temperatures of organic fluids on ORCs
explained by ATyye

We explained why the ORC performance is influenced by critical
temperatures of organic fluids. We compared ORCs using two
different fluids with one having a low T. and the other having a
relatively higher T.. Fig. 5 presented results with R32 as working
fluid, having T, = 351.26 K, which is lower by 72 K than Tgssin. The
pressure was P; = 6.5 MPa. Fig. 5a shows specific heats versus
temperatures, in which Tgasin, the operating points C and D were
marked (T5 = 307.54 K at point C and T; =413.15 K at point D). Point
M was identified as the pseudo-critical temperature, Ty, being
356.90 K at Py = 6.5 MPa. The specific heat at T reached maximum.
Interfaced at T = Ty, Cp displayed two regions of CM and MD,
behaving increased and decreased specific heats versus tempera-
tures, respectively. Fig. 5b shows that ABCD area consisted of a black
shaded area BCMM' and a red shaded area AM’MD. For curve CD, the
slopes are 0T/0Q = 1/morcCp, orc, Which are decreased in CM re-
gion and increased in MD region. Thus, the specific heat increment
region caused protruding curve CD to approach the heat source line
AB. On the other hand, the specific heat decrease region yielded
concaved curve MD to recede from the heat source line AB. The
transition point M had 82T/8Q2 = 0. The computations for R32 are
well consistent with the theoretical analysis and numerical tests
shown in Section 2.2. Fig. 5¢ shows the T—S cycle curve. The cycle
12,345 behaved the trapezoid shape, which was not a perfect one.

Because the ABCD area is proportional to the integrated-average
temperature difference at constant Qg (Sapcp = ATave- Qq), the ORC
cycle improvement should decrease the ABCD area. Based on Fig. 5,
the decrease of ABCD area should elongate the specific heat incre-
ment region CM in which the BCMM' area is slim due to the pro-
truded CM curve, but shorten the specific heat decrease region MD
in which the AM'MD area is fat due to the concaved MD curve.
Usually, Tpc at point M follows the T change if P does not deviate
from the fluid critical pressure (P;) too much. In summary, the cycle
improvement should shift the fluid critical state point to right so
that the specific heat increment section is elongated. It is perfect
that the fluid critical temperature approaches the flue gas inlet
temperature (Tgas,in)-

The above analysis was thoroughly verified by Fig. 6 for R152a,
in which T is 386.41 K, which is only 37 K lower than Tgasin. The
specific heat increment region CM contributed longer than the
specific heat decrease region MD (see Fig. 6a). Indeed, the ABCD
area in Fig. 6b is slim compared with that in Fig. 5b. By raising the
fluid T, ATaye was decreased by 29% to 23.0 K in Fig. 6b, compared
with 32.4 K in Fig. 5b. Meanwhile, I,y was decreased by 29%—
49.5 kW in Fig. 6, compared with 69.6 kW in Fig. 5. That is to say,
AT,ve and ley; were changed at the same ratio. Fig. 6¢ shows a
perfect triangle cycle to indicate a much improved cycle perfor-
mance, due to better thermal match between flue gas and organic
fluid in the evaporator. Besides, because the fluid envelop curve
(red curve) (in web version) was shifted to right due to the raised Tg,
point 3 was slightly beyond the Tgasin point, the superheated vapor
flow section was shortened to improve the condenser performance
by comparing Fig. 6¢ with Fig. 5c.

Fig. 7 shows exergy destructions contributed by each compo-
nent of the ORC system. Fig. 7a shows that for R32 having a lower T,
the total exergy destruction was 137.71 kW. The evaporator
contributed about half of the total exergy destructions. The
expander and condenser were the second and third largest con-
tributors. Using higher T. fluid shown in Fig. 7b significantly
changed the exergy destruction distributions. The total exergy
destruction was decreased to 120.10 kW. The evaporator, expander
and condenser contributed 41.56%, 35.51% and 16.92%, respectively.
The difference between evaporator and expander was weakened
due to significantly decreased exergy destruction of the evaporator.

3.2. The ORC performances dependent on critical temperatures of
organic fluids

Fig. 8 shows system thermal efficiencies (7;), exergy efficiencies
(Mesys), integrated-average temperature difference (ATae) and
exergy destruction in the evaporator (leya) versus critical temper-
atures of various fluids. Each data point represented a fluid. Our

Table 1
Exergy analysis for each ORC component.
Component Evaporator Turbine Condenser Pump
Schematic
1 2
. r
Gas,in 1 )‘ \la_»te sout
—> Wi
- 2
Gas,out
f— ——
Water,in
5 4 ’
Used exergy Ei — Es W, Ewater,out — Ewater,in Es — E4
Available exergy Egasin — Egas,out E1 —E; E; — E4 W,
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Fig. 5. The C,, T-Q and T—S curves for R32 at the pressure P; = 6.5 MPa.

previous studies [28] showed that for fluid critical temperatures
significantly lower than the flue gas inlet temperature, Tgasin, the
pinch was located at the evaporator outlet. This is because the T—Q
curve of organic fluid behaved concaved shape to recede from the
T—Q curve of heat source. When critical temperatures gradually
approached to Tgas in, the pinch temperature shifted to somewhere
between evaporator inlet and outlet, due to the protruding T—Q
curve of organic fluid. The exact pinch location was dependent on
the operating pressure P; in the evaporator. Fig. 8 shows results at
the pinch temperature difference (AT,,) of 10 K. The cycle
computation given in Section 2.3 shows varied thermal efficiencies
versus P; for a specific organic fluid, i.e. n = f{P1), noting that the

50
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Fig. 6. The C,, T-Q and T-S curves for R152a at the pressure P; = 4.6 MPa.

thermal efficiency is proportional to net power output, Whpe. Our
computations were performed at specific Q,. Each data point in
Fig. 8 was optimized with respect to a set of pressures for a specific
organic fluid. The largest thermal and exergy efficiencies happened
for R161, having T; of 375.3 K, which was 0.88 times of Tgas in (Tcr161/
Tgas,in = 0.88). ATe and leya Were smallest among the 25 organic
fluids. Ref. [16] concluded that the largest efficiency happened for
fluid having T, of 0.8—0.9 times of the heat source temperature.
Ref. [27] classified organic fluids as dry fluids (£ > 1 J/kgK?), wet
fluid (¢ < —1 J/kgK?), and isentropic fluid (—1 J/kgK?*<¢ < 1 J/kgK?),
here £ was the slope of the T—s curve (§ = 8s/0T). The present study
identified that wet fluids had larger thermal efficiencies than dry
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Fig. 7. Exergy destruction by each component of the ORC, (a) for R32 and (b) for R152a.

fluids when they had similar critical temperatures. Among the
quasi-isentropic fluids, the thermal efficiencies for fluids having
dryness £ < 0.55 ]/kg K? had larger thermal efficiencies. Thus, the
fluids with £ < 0.55 J/kg K? were classified to be quasi-wet fluids.
The fluids with ¢ > 0.55 J/kg K? had relatively lower thermal effi-
ciencies, which could be treated as quasi-dry fluids. The data points
for quasi-wet fluids were connected with each other in Fig. 8. R161
had the maximum system thermal and exergy efficiencies, corre-
sponding to the lowest ATyye and leys. Before the maximum effi-
ciency point, thermal and exergy efficiencies were increased with
fluid critical temperatures, majorly due to elongated specific heat
increment region in which T—Q curves were protruded to approach
T—Q curve of the heat source, with increases in T.. The detailed
analysis was given in Section 3.1. Beyond the maximum efficiency
point for R161, thermal and exergy efficiencies were only slightly
decreased. The high T, fluids were also acceptable from the effi-
ciency point of view.

Fig. 8 had solid symbols for quasi-dry fluids of R218, R115,
R227ea, perfluorobutane and RC318. These fluids had lower effi-
ciencies compared with quasi-wet fluids when critical tempera-
tures were similar. At similar critical temperatures, dry fluids and
wet fluids had similar integrated-average temperature difference
and exergy destruction in the evaporator. The difference in effi-
ciencies lied in the condenser performance. Fig. 9 explored the
reason. ATye and Iy, for R236fa were close to those for RC318,
respectively. However, due to different dryness of the two fluids,
the superheated vapor flow section in condenser was different. The
dry fluid RC318 elongated the superheated vapor flow length in
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Fig. 8. The 1y, Mesys: leva and ATye versus Te (Tgasin = 423.15 K, Tgasour = 358.15 K,
Qu = 1 MW, ATp, = 10 K; fluids with £ < 0.55 J/kgK?: R125, R143a, R32, propylene,
R1234yf, R22, propane, R134a, R161, R1234ze, R12, R152a, R124, trifluoroiodomethane,
R236fa, cyclopropane, dimethylether, propyne, isobutane, R142b; solid symbols for
fluids with £ > 0.55 J/kg K?: R218, R115, R227ea, perfluorobutane, RC318).
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Fig. 9. The cycle difference between quasi-isentropic fluid (R236fa, T. = 398.07 K) and
dry fluid (RC318, T, = 388.38 K).

condenser (process 2—3 in Fig. 9b). This increased the exergy
destruction in condenser to form a trapezoid cycle (see Fig. 9b).
Meanwhile, the cycle shown in Fig. 9a approached a triangle cycle
for R236fa.

More attention was paid to system thermal efficiencies, or net
power output because Q, was fixed. Fig. 10 shows 7; versus AT,ye
and leya. The general trend was the decreased 7, versus AT,y and
leva, reflecting the major exergy destruction contributed by
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Fig. 10. Thermal efficiency 7, versus ATyye and leya.
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evaporator. Decrease AT,y and ley, in evaporator led to improved
system performance. On the other hand, the slightly decreased
thermal efficiencies with quasi-dry fluids (solid symbols) reflected
the effect of fluid dryness on the condenser to influence system
performance.

Fig. 11 shows perfect linear relationship between AT,ye and leya.
The integrated-average temperature difference was represented by
enclosed area of heat source and organic fluid. AT,y reflects the
integration effect of the heat transfer process. Any other tempera-
ture difference such as pinch temperature difference or
logarithmic-mean-temperature-difference cannot do this because
they are only determined at specific points in the flow path. It is
noted that the integrated-average temperature difference was also
useful for other heat transfer processes.

Finally, we gave cycle computation data in Table 2, in which
fluids, T, P1, T1, leva, ATave, N, e sys and & were listed one by one. The
pressure P; was optimized to have the maximum efficiency for a
specific fluid. Results were given for 25 fluids, including dry, wet
and isentropic fluids, represented by three colors. Table 2 helps
readers to select suitable working fluids for transcritical pressure
ORCs for the heat source temperature of about 150 °C. It is noted
that this paper only paid attention to the system efficiencies. The
selection of working fluids should also consider a set of factors such
as environmental effect, safety, etc. These factors are beyond the
scope of this paper.

3.3. Comparision with other studies

Here we compared the integrated-average temperature differ-
ence with the pinch temperature difference and the logarithmic
mean temperature difference (LMTD). The pinch point analysis was
first proposed by Linnhoff in 1978 for the heat exchanger network
synthesis (HENS) [29]. Based on the energy conservation principle,
the pinch point analysis determines the cooling load and heating
load to satisfy the energy target. The purpose of pinch point anal-
ysis was to design suitable heat recovery scheme. Furman & Sahi-
nidis [29] reviewed the development of the pinch point analysis.
Morar & Agachi [30] summarized the progress of the heat inte-
gration for heat exchanger network in the period of 1975~2008.
Friedler [31] discussed the process integration for energy saving
and pollution reduction. Even though the pinch point analysis is
mature up to now, new progress has been made recently. Bonhivers
et al. [32,33] proposed the “bridge analysis”, providing more detail
about heat savings modifications. The analysis bridges existing

heaters and coolers. Tan et al. [34] pointed out that most of the
established methods for utility targeting in a heat exchanger
network (HEN) are mainly focusing on fixed stream conditions,
where the flow rate, heat capacity, supply and target temperatures
are fixed. However, in the process industries, the stream conditions
are not fixed. Therefore, the established HEN targeting methods
cannot be directly applied to locate the hot and cold utility targets
for HEN problem with varying flow rates and temperatures. Thus, a
revised floating pinch method which uses binary variables to
quantify the stream locations on the composite curves, was pre-
sented to identify the minimum utilities targets.

The integrated-average temperature difference differs from the
pinch point analysis in the following ways. The pinch point analysis
considers a heat exchanger network, but the integrated-average
temperature difference deals with a specific heat exchanger.
Fundamentally, the pinch point analysis determines the quantity of
heat to be recovered and additional heating load and cooling load
to be needed for given heat exchanger network. The method only
considers the energy balance among various heat exchanger com-
ponents. The integrated-average temperature difference deals with
the loss of the energy grade, having a strong connection with the
exergy destruction for a heat transfer process. Finally, the pinch
point analysis deals with the constant specific heat of fluid, while
the integrated-average temperature difference considers the varied
specific heat of fluids.

Now we compare the logarithmic mean temperature difference
(LMTD) with the integrated-average temperature difference. It is
seen from Fig. 2a that LMTD can be determined when the tem-
peratures at the points of A, B, C and D are given. The LMTD value is
independent of the heat transfer route from point A to B for the heat
carrier fluid, and from point C to D for the organic fluid. Thus, LMTD
is a state parameter and it has nothing to do with the exergy
destruction of the evaporator. However, the integrated-average
temperature difference is not only related to the temperatures at
points of A, B, C and D, but also related to the heat transfer routes
from A to B, and from C to D. Thus, it is a process parameter. The
heat transfer paths strongly influence the enclosed area of ABCD.
This study certified that the enclosed area is proportional to the
exergy destruction of the heat exchanger. A smaller enclosed ABCD
area corresponds to a smaller exergy destruction in the evaporator.
This conclusion cannot be reached by LMTD.

Fig. 12 shows the effect of the heat transfer routes on the
evaporator performance, with Tgsin = 42315 K and
Tgas,out = 358.15 K. Both the red and blue curves were heated from
Ts = 306.9 K to T; =413.15 K. Thus, LMTD was equal to 25.2 K, being
identical for R143a and R161. However, different heat transfer
routes induce significantly different enclosed area between heat
source and organic fluid. The flue gas and R161 fluid formed much
smaller enclosed area than the heat source and R143a fluid. The
integrated-average temperature difference was 19.8 K for R161 and
32.5 K for R143a. Consequently, R161 constructed the exergy
destruction of 42.8 kW but R143a generated the exergy destruction
of 70.5 kW. Finally, the ORC with R161 fluid generated 122.7 kW
power output. But the power output was only 102.3 kW with R143a
fluid. In summary, the integrated-average temperature difference is
proportional to the exergy destruction of the evaporator. Thus it
determines and influences the cycle power output. This conclusion
cannot be reached by LMTD. It is necessary to use the integrated-
average temperature difference for ORC analysis.

4. Conclusions
The integrated-average temperature difference (AT,e) was

presented to quantify the thermal match between heat source and
organic fluid in evaporators. It was shown that AT, is directly



Table 2

The computational data for transcritical pressure ORCs.
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Fluids T.(K) pi(MPa) T;(K) Iy(kW) AT,e(®) 7 fege EkgKD)
R125 339.17 8.5 413.15 57.2 26.3 0.0937 0.493 -0.684
R218 345.02 6.5 413.15 59.9 27.2 0.0838 0.444 0.708
R143a 345.86 7.5 413.15 55.5 25.5 0.1023 0.509 -1.713
R32 351.26 9.0 413.15 53.9 25.1 0.1104 0.525 -5.601
R115 353.10 6.2 413.15 56.8 26.0 0.0972 0.487 0.016
propylene 364.21 6.5 413.15 494 22.8 0.1128 0.533 -4.183
R1234yf 367.85 5.5 413.15 52.2 23.7 0.1095 0.514 -0.386
R22 369.30 6.5 413.15 48.1 22.4 0.1167 0.540 -2.396
propane 369.89 6.0 413.15 50.0 22.4 0.1142 0.535 -3.226
R134a 374.21 5.5 413.15 48.7 22.3 0.1172 0.533 -0.961
R227ea 374.90 5.0 413.15 55.0 24.9 0.1063 0.500 0.575
R161 375.30 6.2 413.15 43.7 20.3 0.1225 0.552 -4.163
R1234ze 382.52 4.6 413.15 46.9 21.3 0.1183 0.533 -0.338
R12 385.12 4.3 408.15 48.1 22.3 0.1194 0.538 -0.969
perfluorobutane 386.33 3.5 413.15 56.4 253 0.1000 0.460 1.314
R152a 386.41 4.6 402.65 49.5 23.0 0.1200 0.536 -2.411
RC318 388.38 4.0 413.15 54.3 24 .4 0.1079 0.495 0.907
R124 39543 3.8 401.55 52.0 23.7 0.1177 0.528 -0.138
C3FI 396.44 4.1 399.70 50.4 23.1 0.1156 0.534 -0.727
R236fa 398.07 3.3 403.65 534 24.2 0.1169 0.519 0.511
cyclopropane 398.30 5.7 400.05 48.4 22.2 0.1164 0.540 -1.521
dimethylether 400.38 5.5 402.40 51.0 23.2 0.1151 0.532 -3.148
propyne 402.38 5.7 403.15  48.1 219  0.1166 0.541 -3.17
isobutane 407.81 3.8 410.00 54.7 24.7 0.1134 0.521 -0.419
R142b 410.26 4.2 411.15 55.3 24.9 0.1122 0.519 -0.703

Note: black color represents isentropic working fluids; blue color represents wet fluids; red color

represents dry working fluids; & were calculated by the formula defined in Ref. [27].
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Fig. 12. Influence of the heat transfer routes on the exergy destruction of the
evaporator.

proportional to the exergy destruction of evaporators (ley,). The
variations of specific heats altered the heat transfer routes to in-
fluence AT,y and ley,. Evaporators operating at supercritical pres-
sure consisted of a protruded T—Q curve part and a concaved T—Q
curve part, interfaced at the pseudo-critical temperature point. The
two curve parts corresponded to the specific heat increment sec-
tion and decrease section, respectively. Higher critical temperature
of organic fluid elevated its T—Q curve to approach the heat source
T—Q curve, increasing the power output and thermal efficiencies.
Totally twenty-five organic fluids were examined based on the
integrated-average temperature difference analysis. It was shown
that the ORC performance was gradually improved by using organic
fluids with increased critical temperatures. The thermal efficiencies
of ORCs were larger for wet fluids than for dry fluids. This is because
wet fluids shortened the superheated vapor flow section in con-
densers. This study provides a guide to select organic fluids
regarding efficiencies for transcritical pressure ORCs.
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Nomenclature

ap: coefficient in Eq. (7) (kJ/kg K)
a;: coefficient in Eq. (7) (k]/kg K)
ay: coefficient in Eq. (7) (KJ/kg K3)
Cp: specific heat (kJ/kg K)

g
c;: coefficient in Egs. (9) and (10)
cy: coefficient in Egs. (13) and (14)
E: exergy (kW)
h: specific enthalpy (k]J/kg)
I: exergy destruction (kW)
Irorar: €xergy destruction of all components (kW)
m: mass flow rate (kg/s)
P: pressure (MPa)
Q: heating power (kW)
Qg total heat released by flue gas (kW)
s: specific entropy (kJ/kg K)
T: temperature (K)
W: power (kW)

Greek symbols

AT: temperature difference between flue gas and organic fluid ('C or K)

C. Yu et al. / Applied Thermal Engineering 88 (2015) 2—13

ATp: logarithmic-mean-temperature-difference (°C or K)

n: efficiency
7 exergy temperature
£: fluid dryness, J/kg K?

Subscripts

0: reference state

1 ~ 5: points corresponding to Fig. 1
ave: integrated-average

c: critical state of organic fluid

e: exergy

eva: evaporator

exp: expander

gas: flue gas

in: inlet

max: maximum value

min: minimum value

out: outlet

ORC: Organic Rankine Cycle or organic fluid
p: pinch point or pump

pc: pseudocritical state of organic fluid
r: requirement

s: isentropic

sat: saturation point

sys: ORC system

t: turbine

water: cooling water
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