@ Springer

KSME

Journal of Mechanical Science and Technology 29 (7) (2015) 3017~3029

www.springerlink.com/content/1738-494x(Print)/1976-3824(Online)
DOI 10.1007/s12206-015-0632-x

Thermodynamic performance analysis of a coupled transcritical and subcritical
organic Rankine cycle system for waste heat recovery '

Xi-Wu Gong', Xiao-Qiong Wang”, You-Rong Li*" and Chun-Mei Wu?

'School of Naval Architecture and Ocean Engineering, Zhejiang Ocean University, Zhejian 316022, China
2Key Laboratory of Low-grade Energy Utilization Technologies and Systems of Ministry of Education, College of Power Engineering,
Chongqing University, Chongqing 400044, China

(Manuscript Received November 24, 2014; Revised March 8, 2015; Accepted March 22, 2015)

Abstract

We present a novel coupled organic Rankine cycle (CORC) system driven by the low-grade waste heat, which couples a transcritical
organic Rankine cycle with a subcritical organic Rankine cycle. Based on classical thermodynamic theory, a detailed performance analy-
sis on the novel CORC system was performed. The results show that the pressure ratio of the expander is decreased in the CORC and the
selection of the working fluids becomes more flexible and abundant. With the increase of the pinch point temperature difference of the
internal heat exchanger, the net power output and thermal efficiency of the CORC all decrease. With the increase of the critical tempera-
ture of the working fluid, the system performance of the CORC is improved. The net power output and thermal efficiency of the CORC
with isentropic working fluids are higher than those with dry working fluids.
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1. Introduction

The organic Rankine cycle (ORC) is an effective way to
convert waste heat into power. It has many advantages, such
as simple construction, flexibility, safety, low operation cost
and high recovery efficiency [1, 2]. In the ORC, an organic
fluid with the low boiling point temperature is used as the
working fluid, which is different from the steam Rankine cy-
cle. Up to now, many investigations on the ORC have been
made to improve the system performance, including parame-
ter optimization, working fluid selection and economic
evaluation etc. [3-6].

In a subcritical organic Rankine cycle (SORC) the irre-
versible loss in the evaporator is an important factor that influ-
ences the system efficiency [7, 8]. To decrease the irreversibil-
ity in the evaporator, a transcritical organic Rankine cycle
(TORC) has been proposed [9-11]. The TORC can improve
the system performance by adjusting the temperature match
between the heat source and the working fluid. Algieri et al.
[12] did a comparative energetic analysis on the SORC and
TORC systems and found that the thermal efficiency of the
TORC is higher than that of the SORC under the same heat
source and heat sink conditions. Zhang et al. [13] examined
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the thermodynamic and economic performance of both the
SORC and TORC systems for the low-temperature geother-
mal power plant. The results showed that the TORC with
R125 as the working fluid is a cost effective approach for the
low-temperature geothermal ORC system. It yields a high
recovery efficiency and relatively low cost. Mikielewicz et al.
[14] introduced a thermodynamic criterion to select the suit-
able working fluid for the SORC and TORC systems, and the
theoretical performance of the ORC with twenty working
fluids was assessed. The TORC system exhibited higher effi-
ciency than the SORC system, and the improvement was
about 5% in the overall efficiency referred to the SORC sys-
tem.

Although the TORC has potential to improve the thermal
efficiency owing to a good thermal match in the evaporator,
the highest pressure and pressure ratio in the expander are
generally larger than those in the SORC [14, 15]. In a small
ORC, the single screw expander is widely used due to the
simple construction, high efficiency, and tolerable two-phase
[16, 17]. However, the permissive pressure ratio in the single
screw expander is low [18-20]. For example, it is limited to 8
in the works of Wang et al. [21, 22]. The limitation of the
pressure ratio results in a small pressure variation in the ex-
pander and an increase of the condensing temperature of the
working fluid in the condenser [12, 15]. Therefore, there is a
decrease possibility of the thermal efficiency in the TORC
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Table 1. Thermo-physical properties and the critical parameters of the
working fluids.

. Expander No.2
g ) ?A_ 1 Working | M Ten Pai Pai | Fluid type
Generator ™. fluids kg/kmol °C MPa kg/m
Evaporator RC318 200.04 115.23 2.778 569.15 Dry
R124 136.48 122.28 3.624 539.07 | Isentropic
i“\t:;:llgi‘-“ R236fa 152.04 124.92 3.20 551.04 Dry
. — Isobutane 58.12 134.66 3.629 224.59 | Isentropic
() Pump No.1 10| 12 R236ea | 15204 | 13929 | 3502 | 83370 | Dry
. > R114 17092 | 14568 | 3257 | 72036 | Dy
T —— Condenser > R600 58.12 151.98 3.796 227.35 | Isentropic
3 - = P > > R245fa 134.05 154.01 3.651 489.31 | Isentropic
Preheater ¥ “,J Pump No.2
\T" _7- 1—1- Neopentane 72.15 160.59 3.196 214.96 Dry
Cis-butene 56.11 162.6 4.226 191.10 | Isentropic
Fig. 1. Schematic diagram of the configuration. R245ca 134.05 174.42 3.925 516.14 Dry
R123 152.93 183.68 3.662 524.99 | Isentropic
system. As a consequence, a two-stage cycle was introduced Isopentane | 72.15 187.2 | 3378 | 21565 Dry
by some researchers. Wang et al. [23] proposed a novel two- N-pentane | 72.15 196.55 337 207.74 Dry
stage cycle which combined a dual loop ORC with a gasoline R141b 11695 | 20435 | 4212 | 492.97 | Isentropic
engine. The results proved that the net power output and ther- R113 187.38 | 214.06 3392 530.16 Dry
mal efficiency are all increased. Meinel et al. [24] presented Isohexane 86.18 22455 3.04 203.38 Dry
another two-stage ORC concept and carried on the perform- N-hexane 86.18 234.67 3.034 183.50 Dry

ance comparison of the standard ORC and the two-stage cycle.
However, the same working fluid is used in the two subsys-
tems for these two-stage cycles. Xu et al. [25] studied the ef-
fect of the critical temperature of the working fluids on the
thermal performance of the TORC system in three operating
models and found that the working fluid with the high critical
temperature yields a small integrated-average temperature
difference and the high system exergy efficiency. Therefore,
the working fluid adapted to different temperature region
should be different in the two-stage cycle.

To solve the above problems, we introduced a novel cou-
pled organic Rankine cycle (CORC) system driven by the
waste heat of the flue gas that is released from industrial boil-
ers, which couples a transcritical organic Rankine cycle with a
subcritical organic Rankine cycle. In this work, thermody-
namic analysis of the CORC system performance was per-
formed by Refprop 8.0 [26]. A performance comparison be-
tween the TORC and the CORC was also presented.

2. System configuration descriptions

The novel coupled organic Rankine cycle system consists of
a TORC and a SORC, as shown in Fig. 1. The internal heat
exchanger plays two different roles in the CORC system: a
condenser for the TORC subsystem and a vapor generator for
the SORC subsystem. The exhaust vapor from the TORC
subsystem is cooled and condensed by the working fluid of
the SORC subsystem in the internal heat exchanger. At the
same time, the working fluid of the SORC subsystem absorbs
heat and turns into saturated vapor.

In the CORG, the single screw expander is used. Because of

two-stage expansion, the pressure ratio in every expander is
reduced. Therefore, the expander can operate at the optimal
pressure ratio range to keep higher isentropic expansion effi-
ciency. Furthermore, a preheater is equipped to improve the
recovery efficiency of the waste heat of the flue gas and in-
crease the net power output of the CORC. Meanwhile, the
different working fluids are selected for the TORC and the
SORC subsystems. Compared with the traditional TORC, the
novel CORC avoids the limitation of the pressure ratio and
increases the power output of the single screw expander. In
the TORC and SORC subsystems, all the temperature varia-
tion ranges of the heat sources are reduced. Therefore, the
selection of the working fluids becomes more flexible and
abundant, which provides a possibility to improve the thermal
efficiency of the CORC.

As we know, the working fluid has an important influence
on the ORC system performance. In the CORC system, two
different working fluids are, respectively, applied in the
TORC and the SORC subsystems. The selections of the work-
ing fluids are restricted by the critical parameter of the fluids,
as well as the heat source and sink conditions. At the same
time, thermodynamic performance, safety, viscosity, flamma-
bility, stability and environmental impact of the working flu-
ids also need to be considered [27]. In this work, eighteen
kinds of the working fluids with different critical temperatures
are selected for the CORC system to obtain the optimal com-
bination of the working fluids after comprehensive considera-
tion. Thermo-physical properties of the selected working flu-
ids and the critical parameters are presented in Table 1.
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Table 2. Main parameters and boundary conditions of the CORC.

Parameters Values Refs.
Ambient temperature, 7; (°C) 20 [25,33]
Mass flow rate of flue gas, m, (kg/s) 10 [4]
Inlet temperature of flue gas, 7 (°C) 240-400
Outlet temperature of flue gas, 75 (°C) 80-120
Inlet temperature of cooling water, 7}, (°C) 20 [25,33]
Outlet temperature of cooling water, 7}, (°C) 25 [25]
Condensation temperature, 75 (°C) 30 [25,32]
Expander isentropic efficiency, 7e 0.8 [30,32, 34]
Working pump isentropic efficiency, 73, 0.7 [30,32, 34]
Pressure ratio of the expander, &, 2-8 [21-22]

Fig. 2. The T-s diagram of the CORC system.

3. Mathematical model

The T-s diagram of the CORC is shown in Fig. 2. To sim-
plify the calculation, the following assumptions are considered
[28-30]:

(1) All components are operated under the steady state;

(2) The heat loss and pressure loss in the heat exchangers
and pipelines are small enough to be neglected,;

(3) The working fluids at the outlet of the internal heat ex-
changer and the condenser are saturated states (saturated lig-
uid or vapor);

(4) The highest temperature of the working fluid in the
TORC subsystem is assigned to be 20°C below the flue gas
inlet temperature [31, 32].

For the effective operation of the evaporator in the TORC
subsystem, the minimum pinch point temperature difference
(PPTD) in the evaporator is not less than 5°C. To avoid low
temperature corrosion, the lowest outlet temperature of the
flue gas should be above 80°C. The composition of the se-
lected flue gas is carbon dioxide, vapor and nitrogen gas, and
the corresponding mass fractions are 13%, 11% and 76%,
respectively. In the performance analysis of the CORC, a set
of main parameters and boundary conditions of the flue gas
and cooling water, and some cycle parameters are set, as
shown in Table 2.

On the basis of the first and second law of thermodynamics,
the mathematical model of the CORC can be described as
follows.

For the TORC subsystem, the heat and mass flow rate of the
working fluid in the evaporator can be expressed as:

Qe = I’I’lg (Cp,ngi _cp‘gZ'TZ') (1)
My = Qe / (hS - h4) = mg(cp,glyi _cp,g2'T2') / (hS - h4) (2’)

where, T) and 7, are the inlet and outlet temperatures of the
flue gas in the evaporator, c,, and ¢, - are the corresponding
specific heat capacities of the flue gas, 44 and A5 are the en-
thalpies of the working fluid at the inlet and outlet of the
evaporator, respectively.

The output power of the expander No.1 and the power con-
sumption of the pump No.1 can be calculated by the following
equations:

I/V&:xpl = Myt (hS - h()) = mwf]nexp(hS - hf),a) ? (3)
Wpl =My (hy —hy) = mwfl(h4,a —hy)/ My (€]

where, h; is the enthalpy of the working fluid at the inlet of the
pump No.1, A4, and Ay, are the enthalpies of the working fluid
at the outlet of the expander No.l and the pump No.l under
the isentropic expansion and compression conditions, respec-
tively. 7., and #, are the isentropic efficiencies of the ex-
pander No.1 and the pump No.1, which are defined as, respec-
tively

Uexp = (hS - hs) / (hS - h6,a) H (5)
1, = (hyy =)/ (hy =) . (6)

For the SORC subsystem, the heat and mass flow rate of the
working fluid in the internal heat exchanger are, respectively,

O = Mgy (g —Iy) = myp, (hg — hg ) (7
My = Ope / (hy = hg) =mp (hg — 1y) [ (hy — hg) 3

where, &g and Ay are the enthalpies of the working fluid at the
inlet and outlet of the internal heat exchanger, respectively.

The output power of the expander No.2 and the power con-
sumption of the pump No.2 can be calculated as following
equations, respectively:

chpz =My (B — hyy) = mwfzﬂcxp(he - th,a) s )
sz =My, (g —hy) = mwfz(hx,a —h)/ m, (10)

where, /7 and kg are the enthalpies of the working fluid at the
inlet and outlet of the pump No.2, respectively. 4, is the en-
thalpy of the working fluid at the outlet of the expander No.2,
hyo, and hg, are the enthalpies of the working fluid at the out-
let of the expander No.2 and the pump No.2 under the isen-
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tropic expansion and compression conditions, respectively.
Nexp and 77, are the isentropic efficiencies of the expander No.2
and the pump No.2,

nexp = (h9 _hIO)/(h9 _hl(),a) ’ (11)
My =, =)/ (hg—hy) . (12)

The heat and mass flow rate of water in the condenser can
be expressed as:

0. =mwcp,w(T|2 =T) =myp, (g —hy) (13)

Qc — mwfz(hlo _h7) (14)

m, =
oul =T ¢ (L =Th)

where, 7}, and T}, are the inlet and outlet temperatures of the
cooling water in the condenser, c,,, is the corresponding spe-
cific heat capacity of the cooling water.

The heat flow rate in the preheater can be calculated as:

Qpre = mg (Cp,gZ'TZ' - Cp,g2TZ) = mwf2(h8' - h8) H (15)

where, T, is the outlet temperature of the flue gas in the pre-
heater, ¢, is the corresponding specific heat capacity of the
flue gas.

The net power output and thermal efficiency of the CORC
can be respectively expressed as

Woet = W =Wo)) + oo =W2) s (16)
”th = Wnet /(Qe + Qpre) . (17)

4. Results and discussion

To understand the effects of the main parameters on the
thermodynamic performance of the CORC, R123 and R245fa
are respectively selected as the working fluids of the TORC
and SORC subsystems in this section. This combination of the
working fluids is denoted as “R123/R245fa”.

The pressure ratio &, of the expander is defined as the inlet
pressure divided by the outlet pressure [21, 35]. In this work,
the single screw expander is used and the maximum pressure
ratio is limited to ¢, = 8. In general, the isentropic expansion
efficiency of the single screw expander is dependent on the
pressure ratio [36-38]. For simplification, it is fixed at 80% in
the CORC due to a small pressure ratio.

The pressure ratio has an important influence on the CORC
performance. Fig. 3 shows the variations of the net power
output W, and the thermal efficiency 7, with the pressure
ratio &, of the expander No.1 in the TORC subsystem at T} =
270°C, T, = 90°C, T» = 120°C, Ps = 1.03P; [12, 39] and
ATy = 5°C [30, 32]. Here, ATy, is the pinch point temperature
difference of the internal heat exchanger. There is an optimal
pressure ratio corresponding to the maximum net power out-

Table 3. Thermodynamic properties of working fluids at each state
point of the CORC at T} = 270°C, T> = 90°C, T» = 120°C, Ps =
1.03Pgi1, &1 = 5.04 and g, = 6.05.

State Fluid M};’a °7(; ijlkg kJ/ksg K k:/s
1 Fluegas | 0.101 270 76791 | 6.892 10
2 Flue gas | 0.101 120 602.69 | 6.537 10
2 Flue gas | 0.101 90 57034 | 6.451 10

3 R123 0.748 97.84 | 438.64 | 1.685 7.18
R123 0.748 97.84 | 303.30 | 1.321 7.18
4 R123 3.772 | 100.84 | 306.73 1.323 7.18

R123 3.772 250
6 R123 0.748 191.08
T R245fa 0.178 30
7 R245fa 0.178 30

548.06 | 1.862 7.18
518.86 | 1.878 7.18
426.43 1.753 8.17
239.10 | 1.135 8.17

8 R245fa 1.075 30.54 | 240.07 | 1.136 8.17
8’ R245fa 1.075 60.66 | 281.28 | 1.266 8.17
9 R245fa 1.075 92.84 | 328.63 1.401 8.17
9 R245fa 1.075 92.84 | 46997 | 1.787 8.17
10 R245fa 0.178 47.62 | 443.50 | 1.808 8.17
11 Water 0.101 20 84.01 0.296 79.85
12 Water 0.101 25 10492 | 0.367 79.85

396 1194
393} 1192
o)
390+ 1190 =
z S
S R
E387} 1188 oF
§ -~
3841 1186
381} 1184

Fig. 3. Variations of net power output W, and thermal efficiency #u
with the pressure ratio &, at 7 = 270°C, 7> = 90°C, T»- = 120°C, Ps =
1.03Pi; and AT = 5°C.

put. However, the PPTD (AT,) of the evaporator exceeds the
limitation condition of 5°C at the maximum net power output,
that is AT, < 5°C. Therefore, the maximum net power output
satisfying with the limitation condition of the PPTD is ob-
tained at an appropriate value &, = 5.04, where AT, = 5°C.
Hereafter, this appropriate value of the pressure ratio is called
as the optimal pressure ratio. The optimal pressure ratio &, of
the expander No.2 in the SORC subsystem depends on the
pressure ratio &, that is, &, = 6.05. As the thermal efficiency
is determined by the net power output at the same heat source
and heat sink conditions, the thermal efficiency has the same
variation with the net power output. In addition, the thermo-
dynamic properties of working fluids at each state point of the
CORC are listed in Table 3 at the optimal pressure ratios. In
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800 | |[—e——o— R123/R2451a) :
—a———R123
| |—a——A—R245fa

14 | —&——0—R123/R245fa
—a——0—RI123
—a——A— R245fa

T 240 260 280 300 320 340 360 380 400
T,(C)
(b)
Fig. 4. Variations of net power output W, (a) and thermal efficiency
1 (b) with inlet temperature of the flue gas 7' at 7> = 90°C, T» =

120°C and ATipe = 5°C. Solid symbols: Ps = 1.03P;;; hollow symbols:
P5 = 1.6Pm|.

this case, the amount of heat exchanged in the internal heat
exchanger is 1547.7 kW. In the following results, the pressure
ratio is always fixed at the optimal pressure ratios.

4.1 Effect of the flue gas temperature

The temperature of the flue gas is a key parameter that in-
fluences the CORC performance. Fig. 4 gives the variations of
the net power output W, and thermal efficiency 7y, of the
CORC with the inlet temperature T of the flue gas under two
pressure conditions at 7> = 90°C, T,- = 120°C and ATy, = 5°C.
The results of the traditional TORC with R123 and R245fa as
the working fluids are also shown in Fig. 4. Obviously, at a
high inlet temperature of the flue gas, the heat transfer in the
evaporator is enhanced. The mass flow rate and the tempera-
ture of the working fluid at the inlet of the expander No.1 are
increased. Therefore, the net power output is increased with
the increase of the inlet temperature of the flue gas.

At Ps=1.03P,;, the traditional R245fa-based TORC shows
the lowest net power output. Furthermore, there is a threshold
inlet temperature between the CORC and the traditional R123-
based TORC. At T7>265.2°C, the net power output of the
CORC is higher than that of the traditional R123-based TORC.
However, the result is otherwise at 7; <265.2°C. At Ps =
1.6P;;, the traditional R245fa-based TORC also yields the
lowest value. While the net power output of the CORC is al-

450 T T T T T
420 b
390 F a
S 360f .
-4
T 3301 -
= 300 b k .
—e——0—RI123/R245fa
270 H—e— —o—R123 -
—A— —A— R245fa
240 1 1 1 I 1
80 90 l[)q 110 120
2
(@
: . - - :
—e——0—RI23/R245fa
22F _a —n-RIZ3 T
—h——4— R245fa
20 E
&
=
&
= st -
SN NN A NN
16F & A A A A A A A A 1
: ;

s s s
80 90 100 110 120

(b)

Fig. 5. Variations of net power output W, (a) and thermal efficiency
7 ; (b) with outlet temperature 75 of the flue gas at T} = 270°C, T3> =
120°C and AT = 5°C. Solid symbols: Ps = 1.03P; hollow symbols:
P5 = 1.6Pcm.

ways higher than that of the traditional R123-based TORC.
Note that there is no limit to the pressure ratio of the expander
in the traditional TORCs.

On the other hand, the thermal efficiency is determined by
the net power output and the total heat flow rate. With the
increase of the inlet temperature of the flue gas, both the net
power output and the total heat flow rate increase. However,
their variation rates are different, which results in the variation
of the thermal efficiency, as shown in Fig. 4(b). As a result,
when Ps = 1.03P.;, the thermal efficiency of the CORC in-
creases, and that of the traditional R123-based TORC has a
slight variation, while that of the traditional R245fa-based
TORC decreases. When Ps = 1.6P;;, the thermal efficiencies
of the CORC and the traditional R123-based TORC all in-
crease, while that of the traditional R245fa-based TORC de-
creases.

The effects of the outlet temperature 7, of the flue gas on
the net power output and thermal efficiency are shown in Fig.
Sat T, =270°C, T, = 120°C and AT}, = 5°C. As expected, the
net power output decreases linearly with the increase of the
outlet temperature of the flue gas. However, the decrease rate
of the net power output of the CORC is always lower than
those of the traditional TORCs, and the lowest net power out-
put appears in the traditional R245fa-based TORC, as shown
in Fig. 5(a). The increase of the outlet temperature of the flue
gas results in the decrease of the total heat flow rate and the
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420+ g
390t .
=
24 360 | g
B 330] -
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Fig. 6. Variations of net power output W, (a) and thermal efficiency
15 (b) with outlet temperature 7> of the flue gas in the evaporator at
T, = 270°C, T> = 90°C and ATie = 5°C. Solid symbols: Ps = 1.03Pgii;
hollow symbols: Ps = 1.6P;;.

net power output. Because the decrease rate of the net power
output is lower than that of the total heat flow rate, the thermal
efficiency of the CORC increases with the increase of the
outlet temperature of the flue gas. However, the thermal effi-
ciency of the traditional TORC is almost independent of the
outlet temperature of the flue gas, as shown in Fig. 5(b). At Ps
= 1.03P;, the threshold outlet temperature of the flue gas is
T, = 88.5°C, where the CORC and the traditional R123-based

TORC have the same net power output and thermal efficiency.

When T, > 88.5°C, the net power output and the thermal effi-
ciency of the CORC are higher than those of the traditional
R123-based TORC. At Ps = 1.6P,;, the threshold outlet tem-
perature of the flue gas is 7, = 84.0°C.

Fig. 6 shows the variations of the net power output and
thermal efficiency with the outlet temperature 7 of the flue

gas in the evaporator at 7} = 270°C, T, = 90°C and ATy, = 5°C.

In the traditional TORCs, the net power output and thermal
efficiency remain constant. However, in the CORC, the net
power output of the TORC subsystem with higher thermal
efficiency decreases, while that of the SORC subsystem with
lower thermal efficiency increases. As a result, the total net
power output of the CORC is reduced with the increase of the
outlet temperature 7). of the flue gas in the evaporator, as
shown in Fig. 6(a). Obviously, the lowest net power output is
still produced by the traditional R245fa-based TORC. Corre-
spondingly, the thermal efficiency of the CORC is also re-

A e ey
420
= 400+
-
S
& 360t
3401 —A-T,~120C |
—0—T,=130C l
320 1 1 1 1 L 1 L L 1 =
10 LI 12 13 14 15 16 1.7 1.8 19
n
(@
21} 1
20+ e 'A_»:-_".hi;:_:.r_-:f—t-:‘_f—t—‘t", .
2 S AT R123
S| e
= i ]
< 7 Bl o
i —o—T,=110C -
—£—T,=120°C
16 —0—T,=130C -
10 L1 12 13 14 15 16 17 1.8 19
n
(®

Fig. 7. Variations of net power output W, (a) and thermal efficiency
nm; (b) with the inlet pressure Ps of the expander No.1 at 7} = 270°C,
T, =90°C and ATy, = 5°C. Hollow symbols: R123/R245fa.

duced, as shown in Fig. 6(b). When 7, <121.9°C, the net
power output and the thermal efficiency of the CORC are
higher than those of the traditional R123-based TORC at Ps =
1.03P,;;. However, at Ps = 1.6P,;,, this transition outlet tem-
perature of the flue gas in the evaporator is 7, = 127.0°C.

4.2 Effect of the inlet pressure of the expander No.1

To ensure the inlet pressure of the expander No.l greater
than the critical pressure of working fluid in the TORC sub-
system and simplify the expression, a coefficient 7 is intro-
duced. The inlet pressure of the expander No.1 is expressed as
Ps = n*P;, and thereby, P is the critical pressure of the
working fluid of the TORC subsystem and # is a coefficient. It
is obvious that #n>1. Therefore, the inlet pressure Ps of the
expander No.! is determined by the coefficient n.

Fig. 7 illustrates the variations of the net power output and
thermal efficiency with the inlet pressure Ps of the expander
No.l1 at T}, = 270°C, T, = 90°C and ATy, = 5°C. It is found
that the inlet pressure of the expander No.1 has a positive ef-
fect on the net power output and thermal efficiency of the
CORC. In the CORC, the maximum pressure ratio of the ex-
pander and the minimum PPTD of the evaporator are limited
to 8 and 5°C, respectively. Therefore, the maximum inlet pres-
sure of the expander No.l is P; = 1.85P;,. In this case, the
maximum net power output of the CORC is 420.1 kW at 7, =
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Fig. 8. Variations of net power output W, (a) and thermal efficiency
15 (b) with the PPTD of the internal heat exchanger at 7, = 270°C, T,
=90°C and Ps = 1.03P;. Hollow symbols: R123/R245fa.

120°C. For the traditional TORCs, there is no limitation of the
pressure ratio. The inlet pressure of the expander has an opti-
mal value of Ps = 1.75P; corresponding to the maximum net
power output for the traditional R123-based TORC, and the
maximum net power output is 412.5 kW. Note that the effect
of the inlet pressure Ps of the expander No.l on the CORC
performance increases with the decrease of the outlet tempera-
ture of the flue gas in the evaporator. The variation of the
thermal efficiency is the same with that of the net power out-
put, as shown in Fig. 7(b).

4.3 Effect of the PPTD of the internal heat exchanger

The internal heat exchanger couples the TORC and SORC
subsystems in the CORC. Therefore, the pinch point tempera-
ture difference (ATy) of the internal heat exchanger has an
important influence on the CORC performance. Theoretically,
the CORC exhibits the best thermodynamic performance at
ATy = 0°C. With the increase of the PPTD of the internal heat
exchanger, the net power output and thermal efficiency of the
CORC are decreased. Fig. 8 shows the variations of the net
power output and thermal efficiency with the PPTD (AT},.) of
the internal heat exchanger at 7, = 270°C, 7, =90°C and Ps =
1.03P;. It is predicted that the increase of the outlet tempera-
ture of the flue gas in the evaporator weakens the effect of the

PPTD of the internal heat exchanger on the CORC perform-
ance.

The net power output and thermal efficiency of the tradi-
tional TORCs are also drawn in Fig. 8 with the dotted lines,
which are independent of the PPTD of the internal heat ex-
changer. As usual, the traditional R245fa-based TORC exhib-
its the lowest thermodynamic performance. Furthermore, the
net power output and thermal efficiency of the CORC are
always higher than those of the traditional R123-based TORC
when the PPTD of the internal heat exchanger is less than
certain threshold value. At the threshold value of the PPTD of
the internal heat exchanger, the net power output and thermal
efficiency of the CORC have the same values with the tradi-
tional R123-based TORC. As shown in Fig. 8, the threshold
values of the PPTD of the internal heat exchanger are, respec-
tively, 7.9°C and 1.5°C when the outlet temperatures of the
flue gas in the evaporator are 110°C and 130°C. In general,
the threshold value of the PPTD of the internal heat exchanger
is the function of the inlet temperature 7; of the flue gas, outlet
temperature 7, of the flue gas, outlet temperature 75- of the
flue gas in the evaporator and the inlet pressure Ps of the ex-
pander No.l1, as shown in Fig. 9. In general, the CORC can
obtain better performance than the traditional TORCs when
the PPTD of the internal heat exchanger is less than a certain
threshold value.

4.4 Optimal pressure ratio

The above results on thermodynamic performance analysis
of the CORC are based on the optimal pressure ratio of the
expander. In fact, the optimal pressure ratio depends on the
operation conditions of the CORC, as shown in Fig. 10. Note
that the maximum pressure ratio of the expander in the CORC
is limited to 8.

At T, =90°C, T, =120°C, Ps = 1.03P; and AT}, = 5°C,
with the increase of the inlet temperature of the flue gas, the
optimal pressure ratio &, of the expander No.1 decreases first
due to the limitation of the PPTD of the evaporator, and then
increases, as shown in Fig. 10(a). However, the optimal pres-
sure ratio &, of the expander No.2 increases first and then
decreases, which varies with the optimal pressure ratio &,. At
T, = 259.5°C, the optimal pressure ratios of the expanders
No.1 and 2 have the same values of &, = &, = 5.52.

When the inlet and outlet temperatures of the flue gas in the
evaporator are fixed, the optimal pressure ratios of the ex-
panders remain constant and are independent of the outlet
temperature of the flue gas in the preheater. However, the
outlet temperature 75- of the flue gas in the evaporator has an
important influence on the optimal pressure ratio, as shown in
Fig. 10(b). At T, =270°C, T, =90°C, Ps=1.03P; and AT},
= 5°C, with the increase of the outlet temperature of the flue
gas in the evaporator, the optimal pressure ratio &, of the ex-
pander No.l decreases rapidly. At 7, > 130°C, it is almost
unchanged because of the limitation of the optimal pressure
ratio &, of the expander No.2. The variation of the optimal
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Fig. 11. Variations of net power output W, (a) and thermal efficiency

nu; (b) with critical temperature of organic fluids of the SORC at 7} =
270°C, T, = 90°C, T» = 120°C, Ps = 1.03P¢; and ATy = 5°C when
R123 is selected as the working fluid of the TORC system. Solid and
hollow symbols stand for the isentropic and dry organic working fluid,
respectively.

pressure ratio &, is opposite. At 7. = 117.2°C, the optimal
pressure ratios of the expanders No.l and 2 have the same
values of &, = g, = 5.54.

The variation of the pressure ratios with the inlet pressure of
the expander No.1 is shown in Fig. 10(c). At 7, =270°C, T, =
90°C, T, = 120°C, and ATj,, = 5°C, with the increase of the
inlet pressure of the expander No.1, the optimal pressure ratio
&, of the expander No.1 increases, while the optimal pressure
ratio &, increases after a slight decrease and shows a mini-
mum value. The thermodynamic performance of the TORC
subsystem is independent of the PPTD of the internal heat
exchanger. Therefore, the optimal pressure ratio &, of the
expander No.l remains constant. But the optimal pressure
ratio &, of the expander No.2 in the SORC subsystem de-
creases rapidly with the increase of the PPTD of the internal
heat exchanger, as shown in Fig. 10(d).

In addition, for the traditional TORCs, the optimal pressure
ratio of the expander is much higher than that in the CORC.
For example, at Ps = 1.03P,;; and the same heat source and
heat sink conditions, the optimal pressure ratios of the ex-
pander in the traditional TORC system with R123 and R245fa
as the working fluids are 34.42 and 21.15, respectively. It
proves that the CORC system is very efficient in decreasing
the optimal pressure ratio of the expander.

5. Effect of the working fluid combinations

The thermodynamic performance of the CORC is related to
the physical properties of the organic working fluids. There-
fore, it is necessary to select the optimal combination of the
working fluids for the CORC. When the heat source and sink
conditions are given, the critical temperature 7,; of the organic
working fluid becomes the key property at the working fluid
selection [25]. In this section, eighteen kinds of the organic
working fluids are selected and their physical properties are
shown in Table 1.

First, R123 is selected as the working fluid of the TORC
subsystem and different organic fluids are chosen as the work-
ing fluids of the SORC subsystem. Fig. 11 shows the varia-
tions of the net power output and thermal efficiency with the
critical temperature 7., of the organic working fluids of the
SORC subsystem at 7; = 270°C, T, = 90°C, T,-=120°C, Ps=
1.03P;; and ATy, = 5°C. Solid and hollow symbols stand for
the isentropic and dry organic working fluids, respectively.
The lines show the variation tendency of the net power output
and thermal efficiency with the critical temperature 7,;,. It can
be found that the net power output of the CORC increases
with the increase of the critical temperature 7, of the organic
working fluids of the SORC subsystem. For the isentropic
organic fluid, this variation tendency of the net power output
is very strict. However, for the dry organic fluid, there are
several individual organic fluids that do not satisfy the in-
crease rule, such as neopentane, isopentane and isohexane etc.
Furthermore, the net power output with the isentropic organic
fluid as the working fluid of the SORC subsystem is always
higher than that with the dry organic working fluid. Clearly,
the CORC with the working fluid combinations of
R123/RC318 and R123/R141b produces the lowest net power
output of 367.3 kW and the highest net power output of 407.4
kW, respectively. That the variation of the thermal efficiency
of the CORC with the critical temperature T, of the organic
working fluids of the SORC subsystem is the same with that
of the net power output. The lowest and the highest thermal
efficiencies are, respectively, 17.80% and 19.74% for the
CORC with the working fluid combinations of R123/RC318
and R123/R141b at T}, = 270°C, T, = 90°C, T, = 120°C, Ps =
1.03P,; and ATy, = 5°C.

Second, R245fa is selected as the working fluid of the
SORC subsystem, and different organic fluids are chosen as
the working fluids of the TORC subsystem. As a result of the
limitations of the pressure ratio of the expander and the PPTD
of the evaporator, some working fluids with high critical tem-
perature are not suitable for the TORC subsystem, such as
R141b, R113, isohexane and n-hexane etc. Fig. 12 shows the
variations of the net power output and thermal efficiency with
the critical temperature T, of the organic working fluids of
the TORC subsystem at 77 = 270°C, T, = 90°C, T, = 120°C,
Ps =1.03P; and ATy, = 5°C. It is found that the net power
output of the CORC increases strictly with the increase of the
critical temperature 7,; whether the working fluids of the
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Fig. 12. Variations of net power output W, (a) and thermal efficiency
nu; (b) with critical temperature of the working fluid of the TORC
subsystem at 7 = 270°C, T, = 90°C, T»- = 120°C, Ps = 1.03Pg;, and
ATie = 5°C when R245fa is selected as the working fluid of the SORC
system. Solid and hollow symbols stand for the isentropic and dry
organic working fluid, respectively.

TORC subsystem are the dry organic fluid or the isentropic
organic fluid. At Ty < Ty poas, the maximum net power
output is restricted by the limitation of the pressure ratio of the
expander. Therefore, the net power output of the CORC with
the isentropic organic working fluid is almost the same as that
with the dry organic working fluid. At Ti;; > T¢yi rossp, the net
power output of the CORC with the isentropic organic work-
ing fluid is higher than that with the dry organic working fluid,
as shown in Fig. 12(a). In this case, the CORCs with the work-
ing fluid combinations of RC318/R245fa and R123/R245fa
produce the lowest net power output of 251.5 kW and the
highest net power output of 393.5 kW, respectively. Accord-
ingly, the variation of the thermal efficiency with the critical
temperature T is also the same as that of the net power out-
put. The lowest and the highest thermal efficiencies are, re-
spectively, 12.19% and 19.07% for the CORC with the work-
ing fluid combinations of RC318/R245fa and R123/R245fa
at T, = 270°C, T, = 90°C, T, = 120°C, Ps = 1.03P; and
ATy = 5°C.

The different working fluid combinations result in differ-
ent thermodynamic performance of the CORC. At T| =
270°C, T, = 90°C, T»- = 120°C and Ps = 1.03P,;, the typi-
cal results of the CORC with different working fluid combi-

Table 4. The typical results with different working fluid combinations
at Ty =270°C, T> = 90°C, T»- = 120°C and Ps = 1.03 Pi1.

. . ATine Nih Whe
Cycle Working fluids oC 0/(0 le &1 £
R236ea/R124 0 15.13 | 3123 | 2.71 | 4.58
CORC
R236ea/R124 5 14.68 | 303.0 | 2.42 | 4.60
R236ea - 13.89 | 286.7 | 14.76 | -
TORC
R124 - 13.33 | 275.0 | 838 -
CORC R600/isobutane 0 16.38 | 388.1 | 2.75 | 4.59
R600/isobutane 5 1593 | 328.7 | 248 | 4.61
R600 - 15. 21.1 | 13. -
TORC 6 556 3 3.8
Isobutane - 13.72 | 2832 | 9.24 -
Neopentane/R114 0 1645 | 3394 | 245 | 6.81
CORC
Neopentane/R114 5 16.05 | 331.1 | 245 | 6.18
Neopentane - 14.45 | 298.3 | 16.41 -
TORC
R114 - 1459 | 3012 | 1336 -
RI12 45f: 19. 403. .04 .
CORC 3/R245fa 0 9.56 | 403.6 | 5.04 | 6.78
R123/R245fa 5 19.07 | 393.5 | 5.04 | 6.05
R12 - 19. 22 (3442 -
TORC 3 9.00 | 39 3
R245fa - 1586 | 3274 |21.15| -
R123/R141b 0 |20.33 (41947 | 5.04 | 6.85
CORC
R123/R141b 5 19.74 | 407.44 | 5.04 | 6.10
R123 - 19.00 | 3922 | 3442 | -
TORC
R141b - | 21.07 | 43478 | 46.03 | -
CORC Isopentane/cis-butene | 0 19.06 | 393.3 | 5.05 | 542
Isopentane/cis-butene | 5 18.52 | 3822 | 5.05 | 490
1 tan - 17. 2. 1. -
TORC sopentane 7.09 | 352.8 | 31.87
Cis-butene - 17.89 | 3692 | 17.39 | -
CORC n-pentane/R245ca 0 1936 | 399.6 | 7.16 | 6.21
n-pentane/R245ca 5 18.81 | 388.1 | 7.16 | 5.49
- - 18.01 1.6 | 42. -
TORC n-pentane 8.01 | 371.6 33
R245ca - 17.23 | 355.6 | 3323 | -

nations are listed in Table 4. The thermodynamic perform-
ance of the CORC is better than that of the traditional
TORCs. Especially, the net power output and thermal effi-
ciency of the CORC at ATj,, = 0°C are much higher than
those of the traditional TORCs. As stated earlier, the limita-
tion of the pressure ratio of the expander in the traditional
TORC is neglected. Therefore, the pressure ratio in the tradi-
tional TORC system is higher than that in the CORC, where
the maximum pressure ratio in the CORC is 8. From Table 4,
the CORC with R123/R141b yields the best performance
with the net power output of 407.4 kW and the thermal effi-
ciency of 19.7%.

6. Conclusions

A novel coupled system driven by waste heat is proposed
that combines the transcritical organic Rankine cycle with
the subcritical organic Rankine cycle. A detailed perform-
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ance analysis on the novel CORC system is performed with
the net power output and thermal efficiency as the perform-
ance indicators. The following conclusions can be summa-
rized:

(1) The CORC system can decrease the pressure ratio, and
the section of the working fluids becomes more flexible and
abundant. Within the calculation range, the net power output
and thermal efficiency of the CORC are increased with the
increase of the inlet temperature and the decrease of the outlet
temperature of the flue gas.

(2) With the increase of the PPTD of the internal heat ex-
changer, the net power output and thermal efficiency of the
CORC decrease. When the PPTD of the internal heat ex-
changer is less than certain threshold value, the net power
output and thermal efficiency of the CORC are always higher
than those of the traditional TORC with the same working
fluids. This threshold value depends on the inlet and outlet
temperatures of the flue gas, and the inlet pressure of the ex-
pander.

(3) With the increase of the inlet pressure of the expander,
the net power output and thermal efficiency of the CORC
increase. However, the optimal pressure ratio of the expander
corresponding to the maximum net power output is deter-
mined by the inlet temperature and the outlet temperature of
the flue gas, the inlet pressure of the expander, the PPTD of
the internal heat exchanger, and the limitations of the pressure
ratio and the PPTD of the evaporator.

(4) With the increase of the critical temperature of the
working fluid, the performance of the CORC is improved. The
net power output and thermal efficiency of the CORC with
isentropic working fluids are always higher than those with
dry working fluids. At the given conditions, the CORC with
R123/R141b as the working fluids yields the highest net
power output and thermal efficiency as 407.4 kW and 19.74%,
respectively.
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Nomenclature

¢ : Specific heat capacity, kJ/(kg'K)
h : Specific enthalpy, kJ/kg

m : Mass flow rate, kg/s

M : Molecular weight, kg/kmol
p : Density, kg/m’

P : Pressure, Pa

(0] : Heat transfer rate, W

s : Specific entropy, kJ/(kg'K)
T : Temperature, °C

/4 : Power output, W

3027
Greek symbols
& : Pressure ratio
n : Efficiency
Subscripts
c : Condenser
cri : Critical value
e : Evaporator
exp : Expander
g : Flue gas
ihe : Internal heat exchanger
net : Net power output
p : Pump
pre : Preheater
t : Total
th : Thermal
w : Water

wf : Working fluid

Acronyms

CORC : Coupled organic Rankine cycle
ORC : Organic Rankine cycle

PPTD : Pinch point temperature difference
SORC : Subcritical organic Rankine cycle
TORC : Transcritical organic Rankine cycle
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