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Economic assessment

High-temperature organic Rankine cycle (ORC) systems have the potential to improve the heat-to-power con-
version efficiency and expand the temperature range for heat recovery, heat battery and solar power generation.
Restricted by the critical temperature of the commonly used organic working fluids, the current ORC technology
has a maximum working temperature of around 300 °C. This paper proposes a high-temperature cascade organic
Rankine cycle (CORC) system using a biphenyl and diphenyl oxide (BDO) mixture as the top cycle fluid and
conventional organic fluids for the bottom cycle. The BDO mixture has excellent heat stability over a wide
operation condition from 12 °C to 400 °C in single-phase and binary-phase states. However, at present a detailed
study on the ORC using the mixture is lacking. In this paper, a parametric analysis of the high-temperature CORC
system is conducted. A mathematical model based on the equivalent hot side temperature is built to simulate the
ORC efficiency. The thermodynamic and exergetic performances of the novel CORC system under different
bottom ORC working fluids, mixing chamber temperatures, evaporation temperatures, and condensation tem-
peratures are investigated. The results show the maximum thermal efficiency of the CORC system is 38.74 % and
40.26 % at top ORC evaporation temperatures of 360 °C and 400 °C. The largest exergy destruction takes place in
the heat exchanger between the top and bottom ORCs. Besides, the heat regenerators have a significant impact
on the thermodynamic performance and can elevate the CORC efficiency by about 4 %. The proposed system has
a higher efficiency and a lower equipment cost than conventional steam Rankine cycle at 400 °C while elimi-
nating the challenges of wet steam turbines.

maximum working temperature of around 300 °C, mainly because the
evaporation temperature is limited by the critical temperature of the
commonly used organic fluids. The ORC power generation efficiency is
relatively low due to the temperature limitation. In the screening of ORC
working fluids, hydrocarbons, siloxanes, refrigerants, and other pure

1. Introduction

The organic Rankine Cycle (ORC) is considered one of the best

technologies for heat to power conversion from low-temperature heat
sources such as industrial waste heat [1,2], geothermal energy [3], solar
energy [4], biomass energy [5] and ocean thermal energy [6]. The
cascade organic Rankine cycle (CORC) can improve the heat-to-power
conversion efficiency of the system and realize the step-by-step utiliza-
tion of energy [7,8]. It is a good choice for medium and high tempera-
ture power generation [9]. The high-temperature CORC system can
make better use of heat sources with the potential for efficiency pro-
motion [10,11], and expands the operation temperature in the heat
recovery and heat battery applications[12,13].

At present, commercially available ORC technologies have a
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organic working fluids have good performance in the utilization of
medium- and low-temperature heat sources and are widely used as
working fluids for ORC [14,15]. However, these working fluids have
relatively low critical temperatures and cannot be used in high-
temperature ORC systems above 300 °C. Fluids such as toluene and
octamethyl cyclotetrasiloxane (D4) have high critical temperatures, but
the operating temperature is limited to 318.60 °C and 313.35 °C [16].
Therefore, ORC and CORC are mainly studied and analyzed for medium-
and low-temperature heat sources [17,18], and there are relatively few
related studies on high-temperature heat sources, especially when the
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Nomenclature

area, m?

boiling number

specific heat, kJ-kg~1-K~1/cost, $
diameter, m

factor/ Darcy resistance coefficient
mass flux, kg/(mz/s)

enthalpy, kJ

enthalpy, kJ/kg

molar mass, g/mol

mass flow rate, kg/s

pressure, kPa

Prandtl number

heat, W

Reynolds number

Entropy, kJ/K

Entropy, kJkg 1-K*
temperature, K

operating time, h

heat transfer coefficient, W/(m?K)
flow velocity, m/s

specific volume, m®/kg

work, W

Quality

S}

oFvEETITTIQATTAOE

><§<:Qf‘*~]hcn?§z

Greek letters

heat transfer coefficient, W/(m?K)
thickness, m

machine efficiency

efficiency

thermal conductivity, W/(m'K)
kinematic viscosity, m?/s

density, kg/m>

N T > M R

Subscripts

b basic

bp boiling point

bot bottom ORC

c critical condition
cool cold side

CORC  cascade organic Rankine cycle
con condensation

d design condition
eva evaporation

EHST equivalent hot side temperature
g generator

heat hot side

HP high-pressure

HX heat exchanger

1 liquid

LP low-pressure

M material

m log-mean

max maximum

MC mixing chamber
min minimum

ORC organic Rankine cycle
P pump

P pressure

pinch pinch point

r regenerator

S isentropic

sl saturated liquid

sV saturated vapor

T turbine/temperature
top top ORC

tube tube

v vapor

heat source temperature exceeds 380 °C. In the high temperature range
from 300 °C to 400 °C, waste heat recovery and solar thermal power
generation call for more appropriate working fluids.

A biphenyl and diphenyl oxide (BDO) mixture is potentially suitable
as the working fluid for high-temperature ORC systems. The mixture of
biphenyl (26.5 %) and diphenyl oxide (73.5 %), as a well-known syn-
thetic heat transfer fluid, is also known as the commercial name Ther-
minol VP-1 or Dowtherm A [19]. The BDO mixture combines
exceptional heat stability and low viscosity for efficient, dependable,
uniform performance in a wide optimum use range from 12 °C to 400 °C
[20]. It can be used in liquid, vapor, or binary phase states. At present,
Therminol VP-1 has been widely used in the collectors for concentrated
solar power generation, such as the parabolic trough solar collectors and
linear Fresnel reflectors [21,22], and also in the hybrid concentrated
photovoltaic/thermal system as a spectral beam filter [23].

Notably, the BDO mixture has significant potential in the ORC power
generation application. Owing to the high vaporization temperature
(about 400 °C), the mixture converts heat into power efficiently. The
mixture is a dry organic fluid and can expand without droplets, leading
to a high turbine efficiency. The expansion process decreases the fluid
temperature, which enables the mixture to remain in a safe temperature
range. Experimental results indicated the eutectic mixture had
outstanding stability in a closed two-phase boiler loop with an outlet
temperature of 371 °C during the 6367 h operation and there was no
evident variation in the thermophysical properties (viscosity, refractive
index, specific gravity, and freezing point) [24]. An ORC system utilizing
the BDO mixture was described in the literature, which successfully

operated over years [25]. More results showed the mixture did not suffer
from decomposition after 5520 h in 316 stainless steel with repeated
boiling/condensing cycles (one every 24 h) between 325 °C and 380 °C
[26]. The mixture is capable to recover waste heat and drive the ORC at
temperature up to 400 °C [27]. There is no technical barrier for the
mixture to work as an ORC fluid [28].

The potential of the ORC using the BDO mixture in waste heat re-
covery has been outlined recently [29] and a brief simulation has been
conducted [28]. However, literature on this topic is limited. It is still
unclear how the efficiency of the ORC is affected by the heat source and
heat sink temperatures and internal thermodynamic parameters. A
detailed, parametric study is needed for a close view of its heat-to-power
conversion performance and cost.

To fill the above knowledge gap, a parametric and economic analysis
of the high-temperature CORC system using a biphenyl-diphenyl oxide
mixture as the high temperature working fluid is conducted in this
paper. A mathematical model based on the equivalent hot side tem-
perature is established, which can make an in-depth performance pre-
diction of the high-temperature CORC system. The influences of mixing
chamber temperature, ORC working fluid, evaporation temperature,
condensation temperature, and heat regenerator are investigated. A cost
comparison with a conventional steam Rankine cycle (SRC) system is
also made. The BDO mixture can overcome the evaporation temperature
limitation by the critical temperature of common working fluids and
avoid wet steam turbines, and thereby a high heat-to-power conversion
efficiency is expected with a potential decrement in cost.
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Fig. 1. Structure diagram of the high temperature CORC system.

Table 1

Typical properties of the BDO mixture.
Typical property Value
Maximum bulk temperature 400 °C
Maximum film temperature 430 °C
Normal boiling point 257 °C

Crystallizing point 12°C
Pseudocritical temperature 499 °C
Pseudocritical pressure 33.1 bar
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Fig. 2. T-s diagram of the high temperature CORC system.
2. System description

The schematic diagram of the proposed high-temperature CORC
system is shown in Fig. 1, and the thermodynamic states are also marked
with corresponding numbers. The high temperature CORC system con-
sists of the top ORC and bottom ORC. In this system, the heat source can
be solar energy, biomass energy or industrial waste heat, etc, and it is
used to evaporate the working fluid in heat exchanger 1 (HX1). The BDO
mixture is used for power conversion in the top ORC. The typical
properties of the BDO mixture are shown in Table 1. The saturated vapor
of the BDO mixture expands in the top ORC turbine (T1). Exhaust vapor
at the superheated state is precooled in the heat regenerator HX2 and
condensed into liquid and cooled down through the heat exchanger
HX3. The BDO mixture from pump P1 is heated in the HX2 by the
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exhaust vapor from the top ORC turbine.

In the bottom ORC, organic fluids such as toluene, benzene, cyclo-
hexane, and D4 can be used. Since the fluids of the top and bottom ORCs
are different, the top ORC is coupled with the bottom high-pressure (HP)
ORC unit through a heat exchanger HX3. The saturated vapor from HX3
flows into the bottom HP turbine to generate power, and a heat regen-
erator HX4 is used in the bottom ORC to improve the heat-to-power
conversion efficiency. The superheated exhaust vapor is precooled in
the HX4, condensed into liquid through the mixing chamber, and then
flows into P2. Meanwhile, the saturated vapor from mixing chamber
flows into the low-pressure turbine (LP turbine) to generate power and is
condensed in HX5. The low-temperature liquid mixture is pressurized
through P3 and sent to mixing chamber.

3. Mathematical model

The T-s diagram of the high-temperature CORC system is shown in
Fig. 2, and the numbers indicate the thermodynamic states of top and
bottom working fluids corresponding to the hallmarks of the high-
temperature CORC system in Fig. 1. In the simulation, the heat and
friction losses in the pipes and heat exchangers are disregarded, and the
changes in kinetic and potential energy are ignored.

3.1. Top ORC

In the top ORC, the work generated by the top turbine is calculated
by:

Wit = e (1 — ho) = tiep (hy — hoy)er (@)

where er is the isentropic efficiency of the top and bottom ORC
turbine; my,, is the mass flow rate of the top ORC (kg/s); h is the specific
enthalpy value of each point (kJ/kg).

The heat balance in heat exchangers HX2 and HX3 is determined by:

mlop(hZ - h3) = mlop(hf) - hS) (2)

Hiop(hs — ha) = Hitpoup (h7 — hi2) 3)

The work required by the pump P1 is calculated by:
Wi = gy (hs — hy) = gy (hss — h4)/81> “4)

where ¢p is the isentropic efficiency of the working fluid pump.
The heat transferred to the working fluid in the evaporators of the
top ORC is calculated by:

Ouop = 1itwop (M1 — hs) (5)

The thermophysical properties of BDO mixture cannot be acquired
from REFPROP, but its saturation state parameters (pressure, enthalpy,
density, and so on) can be obtained from a supplier [30]. Since the
enthalpy of superheated vapor at the outlet of the HP turbine (hy) cannot
be derived directly, an ORC efficiency model based on the equivalent hot
side temperature built by the authors [31] is used to calculate the effi-
ciency, in which only the saturation parameters of the working fluid are
required. The efficiency of top ORC with the most basic structure based
on the equivalent hot side temperature is expressed as:

T, \ &réet va(pr — 174)/ (€p ﬁsv stdp>
Norep = ( ) 3sv ®)
1+ v4(py —m)/( | vsvdp)
where v is the specific volume of each point (m3/kg); &g is the gen-

erator’s efficiency; Tgyst is the equivalent hot side temperature (K) and
calculated by:

hy —hy — V4O’1 *IJ4)

S — 54

TEHST

)

Tenst =
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Table 2
Saturation state parameters of the BDO mixture.
T p hqg Psl Cpsl Sl hey Psv Cpsv Ssv
(°C) (kPa) (kJkg™) (kg-m~%) (kJkg 1K1 (kJkg LK™ (kJkg™) (kg-m~%) (kJkg 1K1 (kJkg 1K™
200 23.9 336.5 913 2.05 3.453 659.4 1.02 1.57 4.136
220 41.5 378.0 895 2.10 3.539 691.0 1.71 1.63 4.174
240 68.4 420.5 877 2.15 3.623 723.5 2.72 1.68 4.214
260 108 464.1 857 2.21 3.707 756.9 4.17 1.74 4.256
280 163 508.8 838 2.26 3.789 791.0 6.17 1.79 4.299
300 239 554.6 817 2.31 3.870 825.8 8.86 1.84 4.343
320 340 601.4 796 2.37 3.950 861.1 12.4 1.90 4.388
340 470 649.3 773 2.43 4.029 896.9 17.0 1.95 4.433
360 635 698.4 749 2.49 4.108 933.1 22.9 2.00 4.478
380 840 748.7 722 2.55 4.186 969.5 30.5 2.05 4.532
400 1090 800.5 694 2.63 4.263 1005.8 40.1 211 4.568
Table 3
Thermophysical parameters of the bottom ORC fluids.
T. (°C) Pc (kPa) Tpp (°C) M (g/mol) 39
Toluene 318.60 4126 110.60 92.14
D4 313.35 1332 175.35 296.62
Benzene 288.87 4894 80.07 78.11 38
Cyclohexane 280.49 4075 80.74 84.16 o
S
> .
= 37 ‘\A
5]
Table 4 'S
Specific parameters of high-temperature CORC system in the simulation. b . T *
[5) *
Parameter Value = 36 » * N
*
Rated output power of CORC system, Wcorc 10 MW, g *
ORC turbine isentropic efficiency, et 85 % =] 35 *
Pump isentropic efficiency (P1, P2, and P3), &p 80 % %4) TMcore ~ Toluene * -
Generator efﬁci.er'my, £ 95 % o Neore - Benzene
Regenerator efficiency (HX2 and HX4), &, 70 % Q 3 3\\
Minimum temperature difference, ATpmin 10 °C 34 Meore = Cyclohexane
Tcore ~ D4
Meanwhile, the efficiency of top ORC with the most basic structure 33 I T N N R S
can be expressed as: 40 60 80 100 120 140 160
o
(hy — hy)e, — (hs — hy) Temperature of T, (°C)
Norep = o —nh (8
! > Fig. 3. Variation of the CORC thermal efficiency of the CORC system.

Therefore, according to Eq. (6) and Eq. (8), hp can be deduced.

Most ORC fluids in a liquid state are not compressible and most of the
heat is taken out by the condensation process [31], thus the hss can be
calculated by:

hss = hs +v4(pss — ps) )

Besides, the entropy of the BDO mixture is not provided. Since en-
tropy is a state parameter, the selection of reference points does not
affect the change of entropy. Therefore, in this paper, the entropy of
saturated liquid at 373.15 K (100 °C) is set to 3 kJ/(kg-K), and then the
entropy of saturated state at different temperatures can be derived from
the following thermodynamic relation:

dh = Tds +vdp (10)

It is found that the values between superheated vapor and saturated
vapor with the same enthalpy are very close under the premise of low
superheat [32]. Therefore, the specific heat at a constant pressure of
point 2 is approximately equal to that of saturated steam with the same
enthalpy. The BDO mixture after expansion generally has a pressure
lower than 100 kPa and a temperature higher than 250 °C. Assuming
that the enthalpy in the process from point 2 to point 3sv is a function of
temperature, the temperature at point 2 can be approximately calcu-
lated by:

6h = cpdT

35

—_ o3
w (=]

Thermal efficiency (%)
=

Fig. 4.

- Toluene - Toluene

Moot Moot

- Benzene — - Benzene

Thovup T Thorre

Toourp - Cyclohexane —*— 7, |, - Cyclohexane

Mo = D4 S Ty - D4

40 60 80 100 120 140 160

Temperature of T, (°C)

Variation of the bottom ORC thermal efficiency of the CORC system.
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Fig. 5. Variation of the mass flow rate of the top, bottom HP, and bottom
LP ORGCs.

h2 B h35v

‘p

T, =Tz +

where ¢, is the average specific heat at constant pressure at points 2
and 3sv.
Integrating the points 2 to 2 s (dp = 0) according to the thermody-

namic Eq. (10), the entropy of point 2 can be obtained by:
hy — hy
§2 = Sz + %

where T is the average temperature at points 2 and 2 s, and the
enthalpy of point 2 s is calculated by:
h] - hz
Er

hyg = hy —

3.2. Bottom ORC

The work generated by the bottom HP turbine in the bottom ORC is
determined by:

Wiy = titworup (h7 — hg) = titvorup (7 — hgy)er (15)
The work required by the pumps P2 is calculated by:

W = Hioup (h11 — o) = tiporup (Ri1s — hlo)/E‘P (16)

In the bottom ORC, the heat transferred to the working fluid in the
evaporator is calculated by:

Energy Conversion and Management 276 (2023) 116556
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Fig. 6. Variation of the power output of the top, bottom HP, and bottom
LP ORGCs.

Ovorup = Mporup (M7 — hi2) 17)

In the bottom LP ORC, the work generated by the bottom LP turbine
can be calculated by:

Wi = tiporp(fis — hiz) = Mipap(fis — huzs)er (18)

The work required by the pumps P3 is determined by:

Wes = oL (P16 — his) = Mipore (Bies — hls)/é'P (19)

The heat transferred to the working fluid flowing into the bottom LP
turbine is calculated:

ObvorLp = N (M13 — fig) (20)
3.3. Performance evaluation

The work of the top, bottom HP, and bottom LP ORCs can be
expressed as:

Wiop = Wri1€g — Wpy (21)
Woorup = W&, — Wp (22)
Woorp = Wr3gg — Wps (23)

The work of the CORC is calculated by:
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Table 5
Parameters of the high-temperature CORC system at maximum CORC efficiency.
Tio Wiop Whot,up (MW) Whot,p (MW) TNtop "bot, HP Tbot,LP )CORC,max
(§®] (MW) (%) (%) (%) (%)
Toluene 98 4.10 3.58 2.32 15.89 16.65 13.08 38.74
Benzene 103 4.13 3.38 2.49 15.89 15.64 13.77 38.49
Cyclohexane 92 4.17 3.68 2.15 15.89 16.83 11.99 38.12
D4 77 4.36 3.98 1.66 15.89 17.46 8.91 36.48
Table 6 Moortp = Whotip/ Qvoutip (26)
Parameters distribution of the CORC system using toluene at maximum CORC
efficiency. Moorr = WooLp/ QoorLp (27)
T (°C) h (kJ/kg) p (kPa) s (kJkg LK™ m(kg/s)
- W (28)
1 360 933.06 635.12 4.48 60.30 Ncore CORC/Qlop
2 316.38 860.57 50.68 4.50 60.30
3 256.17 751.48 50.68 4.28 60.30 3.4. Entropy generation
4 228 395.07 50.68 3.57 60.30
5 228.54 395.89 635.12 8.57 60.30 The entropy generation of various components such as the ORC
6 278.36 504.98 635.12 3.78 60.30 bi h h d he th d .
7 218 511.52 1020.04 1.10 44.98 turbines, heat exchangers, and pumps represents the thermodynamic
8 151.75 426.19 69.85 1.13 44.98 irreversibility of the proposed high-temperature CORC system. The en-
9 115.11 369.03 69.85 0.99 44.98 tropy generation of the top turbine, bottom HP turbine, and bottom LP
10 98 -24.95 69.85 -0.07 44.98 turbine is expressed as:
11 98.44 -23.45 1020.04 —-0.07 44.98
12 126.90 33.71 1020.04 0.08 44,98 ASp =S, — S, (29)
13 98 343.89 69.85 0.93 35.91
14 43.27 275.83 4.89 0.97 35.91 _ _
15 30 ~149.69 4.89 —0.44 35.91 ASo =85 =5 (30)
16 30.03 —149.60 69.85 —0.44 35.91
ASt3 = S14—Si3 (€3]
The entropy generation of the heat exchanger HX1, HX2, HX3, HX4
Weore = (Wri + Wiy + Wr3)eg — Wpp — Wpy, — Was 24 ’ ? ’ ’

The thermal efficiencies of the top ORC, bottom HP ORC, bottom LP
ORC, and CORC are expressed as:

’7101;. = Wlop / Qlop

o 1.18% 0.31%
0.34% 0.02%

11.3%

13.84%

6.29% 15.48%

Toluene

1.12% 0.59%
0.76% 0.04%

10.85% 10.8%

13.44%

10.2%
26.76% .
0,
6.01% 14.78%
Cyclohexane

HXS5, and mixing chamber is determined by:

ASuxi = Sy — S¢ — (Hy — He)/Theat (32)
(25) ASsz = S6 - S5 + S3 - Sz (33)
1.16% 0.55%
0.09% 0.05%
11.96% 11.1%
0,

1.56% \ .13.27% B ASy,

B ASt,

Il ASt;

12.73%
Bl ASpx
15.2%
6.18% ° [ ASsz
Benzene B ASyxs
I ASyxs
B ASyc
1% 0.13%
2.59% 0.01% I ASyxs
11.57% ‘
‘ 37% I ASp,
15.01%
| 6.43% I ASp,
I ASps

5.36%

23.71%

D4

Fig. 7. Entropy generation at maximum CORC efficiency.
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Fig. 9. Variation of the bottom ORC thermal efficiency at different evaporation
temperatures.

ASuxz =S84 =53 +8,—Si2 (34)
ASuxa = S12 — 811 + 89 — S (35)
ASuxs = Sis — Sia — (His — Hia) /Teool (36)
ASyc = S10 — So +S13 — Si6 37)

The entropy generation of the pump P1, P2, and P3 is calculated by:

ASp; = 85— 8,4 (38)
ASpy = 811 = Sio (39)
ASp3 = Si6 — Sis (40)

3.5. Economic assessment

In the economic analysis, the costs of the CORC system and a con-
ventional SRC system are assessed at the same power output. The
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Fig. 10. Variation of the power output of the top, bottom HP, and bottom LP
ORGCs at different evaporation temperatures.

equipment costs of turbine [33], generator [34], pump [35], and heat
exchanger [35] are defined as:

Cr = 6000W27 (4D
C, = 60w (42)
W, 0.55
Cp = 9.84 x 10° (f) Fufofe (43)
A 0.68
Cux = 3.28 x 10* (%) Sufofr (44)

where Wr, W, and Wp are the consumed or generated work of the
turbine, generator, and pump (kW); Ayx is heat transfer surface of the
heat exchanger (mz). HTRI software, an advanced thermal process
design and simulation tool in the industry, is used to estimate the heat
transfer area of the heat exchangers. The details on the heat transfer area
calculation are given in Appendix; fu, fp, and fr are the material factor,
pressure factor, and temperature factor of the construction capital cost.

As the mixing chamber has a significantly lower cost than other
components, its investment cost is ignored [36]. The total cost of the
system is expressed by:

CCORC = CHX + CP + CT + Cg (45)
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Table 7
Parameters at the maximum CORC efficiency at different evaporation temperatures.
T, Ty Tio Wiop Whot,p Whot,Lp Ttop Tbot,HP bot,LP )CORC,max
(9] (9] (9] MwW) MwW) (MW) (%) (%) (%) (%)
360 228 98 4.10 3.58 2.32 15.89 16.65 13.08 38.74
365 233 99 4.05 3.63 2.32 15.79 16. 12.81 38.96
370 238 100 4.00 3.67 2.33 15.68 17.22 13.35 39.18
375 243 101 3.95 3.71 2.34 15.57 17.48 13.49 39.38
380 248 103 3.91 3.72 2.37 15.46 17.60 13.75 39.58
385 253 104 3.86 3.76 2.38 15.36 17.84 13.88 39.76
390 258 105 3.82 3.80 2.38 15.25 18.07 14.01 39.94
395 263 106 3.78 3.83 2.39 15.14 18.28 14.14 40.10
400 268 107 3.74 3.86 2.40 15.04 18.49 14.27 40.26
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3 Parameters at the maximum CORC efficiency at different condensation
5| temperatures.
L Tis T10 Wiop Whot,zp Whor, Ttop Mbot, bot, 1ICORC,
0 o o ow)  Mw) Lp (%) HP Lp max
MW % % %
40 60 80 100 120 140 160 MW o o
o 10 84 3.86 3.73 2.41 15.89 18.49 14.79 41.20
Temperature of T}, (°C) 15 88 392 668 240 1589 17.96 1442  40.58
20 91 3.98 3.66 2.36 15.89 17.57 13.92 39.97
Fig. 12. Variation of the bottom ORC thermal efficiency at different conden- 25 95 4.04 3.61 2.35 15.89 17.04 13.57 39.35
sation temperatures. 30 98 4.10 3.58 2.32 15.89 16.65 13.08 38.74
35 101 4.17 3.55 2.28 15.89 16.26 12.61 38.13
40 104 4.24 3.52 2.24 15.89 15.87 12.14 37.52
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Fig. 15. Variation of the bottom ORC thermal efficiency without any
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4. Results and discussion

In the top ORC, the BDO mixture is used as the working fluid. The
available saturation state parameters by the supplier and the calculation
results of its entropy from 200 °C to 400 °C are shown in Table 2. In the
calculation, the temperature interval is 1 °C and Table 2 summarizes
some results. In the bottom ORC, four widely investigated and used
fluids such as toluene[37,38], D4 [39,40], benzene[41,42], and cyclo-
hexane [43,44] with critical temperatures of 318.60 °C, 313.35 °C,
288.87 °C, and 280.49 °C are selected. Thermophysical parameters of
the toluene, D4, benzene, and cyclohexane are shown in Table 3. The
specific parameters of the high-temperature CORC system in the simu-
lation are shown in Table 4. The rated output power of the high tem-
perature CORC system is 10 MW,. The isentropic efficiency of the ORC
turbines and pumps is 85 % and 80 %, respectively, and the regenerator
efficiency of HX2 and HX4 is set to 70 %.
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4.1. Parametric analysis of the CORC with regenerators

The influences of the mixing chamber temperature, top ORC evap-
oration temperature, and bottom ORC condensation temperature on the
performance of the proposed system with the regenerators are investi-
gated. The system design is illustrated in Fig. 1. The influences on the
system without the regenerators will be examined in Section 4.2.

4.1.1. Influence of mixing chamber temperature

In this section, the CORC evaporation temperature and condensation
temperature are set to 360 °C and 30 °C. The temperature at the outlet of
the HX3 in the top ORC is set to 228 °C for the following reasons. First,
the pressure of point 4 at 228 °C is higher than 50 kPa. This avoids a high
vacuum of the regenerator HX2 and thus reduces the technical
requirement and cost of the regenerator. Second, a high efficiency is
achievable for the top ORC with an acceptable accuracy of the ORC
model based on the equivalent hot side temperature. A lower degree of
superheat at point 2 generally offers more accurate results.

Variations of the heat-to-power efficiency of the high-temperature
CORC with the mixing chamber temperature (T1¢ or T;3) are given in
Fig. 3. At different temperatures of Tjg, the CORC thermal efficiencies
with four different organic fluids in the bottom ORCs all present a shape
similar to a parabola facing downward. The maximum CORC thermal
efficiency for the bottom ORC fluids of toluene, benzene, cyclohexane,
and D4 is 38.74 %, 38.49 %, 38.12 %, and 36.48 % when the mixing
chamber temperature Ty is 98 °C, 103 °C, 92 °C, and 77 °C, respec-
tively. Among them, the overall CORC thermal efficiency for toluene is
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Table 9
Parameters at the maximum CORC efficiency without any regenerators.
Tio Wiop Whot,zp (MW) W bot,Lp Ntop "bot, HP Mbot,LP )CORC,max
Qo) (MW) Mw) (%) (%) (%) (%)
Toluene 125 3.59 2.89 3.52 12.67 11.78 16.36 35.30
Benzene 123 3.58 2.96 3.46 12.67 12.08 16.18 35.37
Cyclohexane 124 3.70 2.78 3.52 12.67 10.97 15.74 34.23
D4 119 4.10 2.60 3.30 12.67 9.25 13.03 30.88

Table 10
Parameters distribution at the maximum CORC efficiency of the CORC system
without any regenerators.

T(C) h(J/kg)  p (kPa) s (kg KD r(kg/s)

1 360 933.06 635.12 4.48 52.74
2 316.38 860.57 50.68 4.50 52.74
3 / / / / /

4 228 395.07 50.68 3.57 52.74
5 228.54 395.89 635.12 3.57 52.74
6 / / / / /

7 218 511.52 1020.04 1.10 51.06
8 168.07 450.38 149.95 1.12 51.06
9 / / / / /

10 125 29.28 149.95 0.07 51.06
11 125.44 30.70 1020.04 0.08 51.06
12 / / / / /

13 125 380.31 149.95 0.96 40.59
14 53.9 288.83 4.89 1.01 40.59
15 30 —149.69 4.89 —-0.44 40.59
16 30.06 —149.48 149.95 —-0.44 40.59

the highest, probably attributed to the highest critical temperature and
latent heat for evaporation. The overall CORC thermal efficiency for D4
is the lowest and decreases significantly from the maximum point with
the increase in Tig. The results show that the ORC working fluids
perform a significant effect on the thermodynamic properties of the

Toluene - Without any regenerators

5%

0.76% 04
2.18%

22.35%

24.34% 22.66%

0%

Cyclohexane - Without any regenerators

Benzene - Without any regenerators

08% 6 01%
6.05%
_ 4.83%
7.88%
29.68%
0%
18.7%

high-temperature CORC system. At given evaporation and condensation
temperatures of 360 °C and 228 °C, the top ORC thermal efficiency re-
mains at 15.89 %. As shown in Fig. 4, the thermal efficiencies of the
bottom HP and LP ORCs using the four organic fluids show an opposite
trend as the mixing chamber temperature Ty increases. The higher the
mixing chamber temperature, the lower the bottom HP ORC thermal
efficiency and the higher the bottom LP ORC thermal efficiency. Taking
toluene as an example, when the mixing chamber temperature is 40 °C,
80 °C, 120 °C, and 160 °C, the bottom HP ORC thermal efficiency is
26.16 %, 19.01 %, 13.77 %, and 4.43 %, and the bottom LP ORC thermal
efficiency is 2.53 %, 10.41 %, 15.81 %, and 19.61 %, respectively. Fig. 4
also indicates the variations of power outputs of the HP and LP ORC
turbines. A higher bottom HP ORC efficiency is accompanied by a higher
HP turbine output.

Variation of the mass flow rate of the top and bottom ORCs with the
mixing chamber temperature Tjo is shown in Fig. 5. As the mixing
chamber temperature Ty increases, the mass flow rate of the top ORC
decreases first and then increases. The reason is that the power output of
the CORC is fixed at 10 MW and the mass flow rate is correlated to the
efficiency. A higher CORC efficiency results in less heat transfer in the
evaporator HX1 and vice versa. Given the inlet and outlet temperature/
pressure at HX1, the mass flow rate of the top ORC is proportional to the
heat transfer in HX1. The mass flow rates through the bottom HP and LP
turbines vary differently. The former gradually increases and the latter
decreases. As T rises, the enthalpy difference between points 7 and 12

6%
0.08%
7.9%

9.26%
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Fig. 17. Entropy generation at maximum CORC efficiency without any regenerators.
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Fig. 18. Variation of the thermal efficiency of the CORC system without any
regenerators at different evaporation temperatures.

decreases, and a larger flow rate in HX3 is needed. On the contrary, the
enthalpy difference between points 13 and 16 increases. The mass flow
rates for the top and bottom ORCs using D4 are significantly higher than
that using toluene, benzene, and cyclohexane.

As shown in Fig. 6, variations of the power outputs of the top turbine,
bottom HP turbine, and bottom LP turbine are displayed. With an
increasing mixing chamber temperature Tjo, the power output of top
ORC decreases first and then rises, while the outputs of bottom HP and
LP ORCs increase and decrease gradually, respectively. When the
working fluid of the bottom ORC is toluene, benzene, cyclohexane, and
D4, the minimum output of the top ORC is 4.13 MW, 4.14 MW, 4.21
MW, and 4.47 MW. Similarly, taking toluene as an example, when the
mixing chamber temperature is 40 °C, 80 °C, 120 °C, and 160 °C, the
power output of bottom HP ORC is 5.37 MW, 4.09 MW, 2.97 MW, and
1.86 MW, and it is 0.41 MW, 1.80 MW, 2.91 MW, and 3.93 MW for the
bottom LP ORC.

Details on the optimum mixing chamber temperature, power output,
and thermal efficiency of the top, bottom HP, and bottom LP ORCs under
the maximum CORC thermal efficiency for different working fluids are
presented in Table 5. Moreover, the parameter distribution (tempera-
ture, enthalpy, pressure, entropy, and mass flowrate) of each point in the
high-temperature CORC system using toluene at maximum CORC effi-
ciency is given in Table 6.

The entropy generation of each equipment in the high-temperature
CORC systems under the maximum CORC efficiency conditions is
shown in Fig. 7. The entropy generation represents the exergy thermo-
dynamic irreversibility of the CORC system. For all the four bottom ORC
fluids, the entropy generation in the heat exchanger HX3 is the highest,
accounting for about 1/4 of the total entropy production of the system.
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Fig. 19. Variation of the thermal efficiency of the CORC system without any
regenerators at different condensation temperatures.

Table 12
Parameters of the CORC without any generators at different condensation
temperatures.

Tis T10 Wiop Whot, Whot, Ntop Mot Tbot, 7ICORC,
O (O MW) Lp (%) HP Lp max
(MW) (MW) (%) (%) (%)
10 115 3.35 2.97 3.68 12.67 12.92 18.54 38.75
15 118 3.41 2.94 3.65 12.67 12.58 18.04 37.13
20 120 3.47 2.93 3.60 12.67 12.35 17.44 36.52
25 123 3.53 2.90 3.57 12.67 12.01 16.95 35.91
30 125 3.59 2.89 3.52 12.67 11.78 16.36 35.30
35 128 3.65 2.86 3.49 12.67 11.44 15.89 34.69
40 130 3.72 2.85 3.43 12.67 11.21 15.31 34.08

This is mainly because the average heat exchange temperature differ-
ence in the heat exchanger HX3 is large. Specifically, the inlet temper-
ature of the BDO mixture side is as high as 256.17 °C, and the inlet
temperature of the bottom ORC fluid side using toluene is 126.90 °C. In
addition, except for D4, the entropy generation of heat exchanger HX1 is
the second largest. When D4 is used as the working fluid, the entropy
generation of heat exchanger HX4 is significantly higher than that using
other working fluids with a value of 15.01 %. When the bottom ORC
fluid is toluene, benzene, cyclohexane, and D4, the entropy generation
proportion of the bottom HP turbine is 13.84 %, 13.27 %,13.44 %, and
11.37 %, and it is 11.90 %, 12.73 %, 10.20 %, and 6.43 %, respectively
for the LP turbine. The entropy generation of pumps P1, P2, and P3 is
relatively low and not more than 1.18 %.

Table 11

Parameters of the CORC without any generators at different evaporation temperatures.
Ty Ty T1o Wiop Whot,1p Whot,Lp Ntop Nbot,HP Mbot,LP 7)CORC,max
()] [§9)] [§9] mw) Mw) Mw) (%) (%) (%) (%)
360 228 125 3.59 2.89 3.52 12.67 11.78 16.36 35.30
365 233 127 3.53 2.92 3.55 12.53 11.92 16.58 35.46
370 238 130 3.48 291 3.61 12.41 11.94 16.89 35.62
375 243 132 3.43 2.94 3.63 12.28 12.06 17.09 35.76
380 248 135 3.38 2.93 3.69 12.15 12.06 17.39 35.90
385 253 137 3.34 2.95 3.72 12.03 12.16 17.59 36.03
390 258 139 3.29 2.96 3.75 11.90 12.25 17.78 36.16
395 263 142 3.25 2.95 3.80 11.78 12.23 18.06 36.27
400 268 144 3.20 2.97 3.83 11.66 12.31 18.25 36.38

11
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Fig. 20. Variation of the thermal efficiency of the CORC system without a top
heat regenerator.

4.1.2. Influence of evaporation temperature

Section 4.1.1 focuses on the influence of the mixing chamber tem-
perature and it is shown that as the bottom ORC fluid, toluene generally
offers the highest efficiency. In this section, the effect of the evaporation
temperature is investigated using toluene. The evaporation temperature
of the top ORC system plays an important role in the performance of the
system. An increased evaporation temperature can improve the heat-to-
power conversation efficiency of the CORC system. The thermal effi-
ciency of the CORC system in the evaporation temperatures range from
370 °Cto 400 °C is shown in Fig. 8 and Fig. 9. The top ORC condensation
temperature T4 increases with the increment in T;. The temperature
difference between T; and T4 is 132 °C to avoid a high pressure ratio of
the top ORC turbine and a large degree of superheat after expansion.
When the evaporation temperatures T; are 370 °C, 380 °C, 390 °C, and
400 °C, the CORC thermal efficiencies each are 39.18 %, 39.58 %, 39.94
%, and 40.26 %. The results show that the CORC thermal efficiency and
the bottom HP ORC thermal efficiency increase continuously with the
increase of evaporation temperature. When the evaporation tempera-
ture increases from 360 °C to 400 °C, the maximum CORC thermal ef-
ficiency relatively rises by 3.92 %.

The bottom ORC power output varying with the mixing chamber
temperature at different evaporation temperatures is shown in Fig. 10.
The variations are similar to those in Fig. 6 at 360 °C. As the evaporation
temperature T increases, the power output of the top ORC decreases
since the condensation temperature of the top ORC increases, while the
power output of the bottom HP ORC rises due to the increase in the inlet
temperature of the bottom HP turbine. Detailed parameters at the
maximum CORC thermal efficiency in the evaporation temperature
range from 360 °C to 400 °C are given in Table 7. The optimum mixing
chamber temperature increases with the increment in the top ORC
evaporation temperature.

4.1.3. Influence of condensation temperature

The influence of the condensation temperatures on the performance
of the high-temperature CORC system is also evaluated. In this section,
the working fluid of the bottom ORC is still the toluene, and T; and T4
are set to 360 °C and 228 °C. Variation of the thermal efficiency of the
CORC system at different condensation temperatures is shown in Fig. 11.
The condensation temperature is related to the ambient temperature. As
the condensation temperature decreases, the CORC efficiency shows an
increasing tendency. When T;s is 10 °C, 20 °C, 30 °C, and 40 °C, the
maximum CORC thermal efficiency is 41.20 %, 39.97 %, 38.74 %, and

12
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37.52 % at the mixing chamber temperature Ty of 84 °C, 91 °C, 98 °C,
and 104 °C. The bottom HP ORC efficiency keeps constant at different
condensation temperatures because it is determined only by the evap-
oration temperature (T7) and the mixing chamber temperature (T1¢) as
shown in Fig. 12. However, the bottom LP ORC efficiency decreases with
the increment in the condensation temperature (T;s).

Variation of the bottom ORC power output is shown in Fig. 13, and
the detailed parameters at the maximum CORC thermal efficiency at the
different condensation temperatures ranging from 10 °C to 40 °C are
given in Table 8. As the condensation temperature increases, the power
output of the bottom HP ORC and LP ORC increases and decreases,
respectively. Meanwhile, the top ORC efficiency at maximum CORC
efficiency remains the same while the optimum mixing chamber tem-
perature increases.

4.2. Parametric analysis of the CORC without regenerators

Adding a regenerator to the basic ORC can recover part of the heat of
the working fluid from the turbine, and at the same time reduce the heat
load of the condenser and heat loss. The temperature of the working
fluid at the inlet of the evaporator also goes up, thereby reducing the
load of the evaporator. The performance of the CORC system with re-
generators has been investigated in Section 4.1. To outline the ther-
modynamic advantage of the regenerators and make a comparison, the
CORC performance without the regenerators is assessed in this section.
There are two regenerators, one in the top ORC (HX2) and the other in
the bottom ORC (HX4). The parametric analysis without any
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Table 13
Parameters at the maximum CORC efficiency without a top regenerator.
Tio Wiop Whot,up (MW) Whot,Lp Ttop Tbot, HP Mbot,LP )CORC,max
Q) (MW) (MW) (%) (%) (%) (%)
Toluene 98 3.48 3.96 2.56 12.67 16.65 13.08 36.44
Benzene 103 3.50 3.75 2.75 12.67 15.64 13.77 36.19
Cyclohexane 92 3.54 4.07 2.39 12.67 16.83 11.99 35.80
D4 77 3.71 4.44 1.85 12.67 24.73 8.91 34.10

regenerator is implemented in Section 4.2.1. The scenarios without HX2
or HX4 are presented in Section 4.2.2 and 4.2.3.

4.2.1. CORC without any regenerators

Variation of the thermal efficiency of the CORC system without any
regenerators is depicted in Fig. 14. HX2 and HX4 are excluded in the
CORC system. The top ORC evaporation temperature and the bottom
ORC condensation temperature are 360 °C and 30 °C. The total power
output is still 10 MW. Compared with Fig. 3, the CORC efficiency
without the two heat regenerators is obviously lower than that of the
CORC system with HX2 and HX4. The maximum CORC thermal effi-
ciency for the bottom ORCs using toluene, benzene, cyclohexane, and
D4 is 35.30 %, 35.37 %, 34.23 %, and 30.88 %, when the mixing
chamber temperature Ty is 125 °C, 123 °C, 124 °C, and 119 °C,
respectively. Variations of the bottom ORC thermal efficiency without
any heat regenerators are given in Fig. 15. When the mixing chamber
temperature is 40 °C, 80 °C, 120 °C, and 160 °C, the bottom HP ORC
thermal efficiency using toluene is 23.85 %, 16.98 %, 12.35 %, and 7.75
%, and the bottom LP ORC thermal efficiency is 2.53 %, 10.41 %, 15.81
%, and 19.61 %, respectively.

Variations of the power outputs of the top, bottom HP, and bottom LP
ORCs without any regenerators are shown in Fig. 16. Compared with the
CORC system with HX2 and HX4 (Fig. 6), the power output of the top
ORC is decreased, indicating that the regenerator has a more significant
impact on the top ORC than on the bottom one. When the working fluids

0.89% 0.31%
0.02%

8.51%

0.33%

are toluene, benzene, cyclohexane, and D4, the minimum power output
of the top ORC without the regenerators is 3.59 MW, 3.58 MW, 3.70
MW, and 4.10 MW. Taking toluene as an example, when Tjj is 40 °C,
80 °C, 120 °C, and 160 °C, the power output of bottom HP ORC is 5.70
MW, 4.23 MW, 3.03 MW, and 1.92 MW, and it is 0.51 MW, 2.13 MW,
3.38 MW, and 4.46 MW, respectively for the bottom LP ORC. The
detailed parameters at the maximum CORC thermal efficiency of
different working fluids are given in Table 9. Compare with the results in
Table 5, due to the increased mixing chamber temperature at the
maximum CORC thermal efficiency, the bottom HP ORC thermal effi-
ciency decreases, while the bottom LP ORC thermal efficiency rises. The
parameter distribution at maximum CORC efficiency of the high-
temperature CORC system without any regenerators which uses
toluene as the bottom ORC fluid is also given in Table 10.

The entropy generation of the high-temperature CORC system
without heat regenerators at the maximum CORC efficiency is shown in
Fig. 17. The entropy generations of the heat exchangers HX1, HX3, and
mixing chamber are in the top three proportions, and the sum of them is
about 56.84 %~72.69 % of the total entropy generation of the CORC
system. The absence of HX2 and HX4 results in a significant increase in
the entropy generation of HX1 and mixing chamber, which is particu-
larly evident for the system using D4. For this reason, the CORC thermal
efficiency of the system using D4 drops the most.

The thermal efficiency of the CORC system using toluene as the
working fluid of the bottom ORC at the evaporation temperatures range

0.87% 0.54%
0.09% 0.05%
11.76%

8.36%
2.88% 13.61% 1.53% 13.05%
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0.85% 0.58% 0.76% 0.13%
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26.03%
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Fig. 22. Entropy generation at maximum CORC efficiency without a top heat regenerator.
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Fig. 23. Variation of the thermal efficiency of the CORC system without a
bottom regenerator.

from 370 °C to 400 °C is shown in Fig. 18. When the evaporation tem-
perature T; is 370 °C, 380 °C, 390 °C, and 400 °C, the CORC thermal
efficiency is 35.62 %, 35.90 %, 36.16 %, and 36.38 %, respectively. The
detailed parameters of the CORC system without heat regenerators at
the maximum CORC thermal efficiency at different evaporation tem-
peratures are given in Table 11. The CORC thermal efficiency increases
continuously with the increase of evaporation temperature. When
evaporation temperature rises from 360 °C to 400 °C, the maximum
CORC thermal efficiency relatively increases by 3.07 %. This increment
is less appreciable than that when the CORC system uses HX2 and HX4.

Variation of the thermal efficiency of the CORC system without any
regenerators under different condensation temperatures is shown in
Fig. 19. When the condensation temperature is 10 °C, 20 °C, 30 °C, and
40 °C, the maximum CORC thermal efficiency is 38.75 %, 36.52 %,
35.30 %, and 34.08 % at the mixing chamber temperature of 115 °C,
120 °C, 125 °C, and 130 °C, respectively. The mixing chamber tem-
perature Ty at the maximum CORC thermal efficiency is higher than
that in Table 8 with HX2 and HX4. The optimum T is a compromise
among the efficiencies of the top ORC, bottom HP ORC, and bottom LP
ORC. A higher Ty leads to a higher efficiency of the bottom LP ORC but
a lower efficiency of the HP ORC. The bottom HP ORC and top ORC are
less efficient without the regenerators and the LP ORC efficiency be-
comes more influential. Therefore, the optimum Tj¢ is higher than that
of the system with regenerators to increase the impact of the bottom LP
ORC and the overall CORC efficiency. The detailed parameters of the
CORC system without heat regenerators at the maximum CORC thermal
efficiency at the different condensation temperatures are given in
Table 12.

4.2.2. CORC without a top regenerator

Variation of the thermal efficiency of the CORC system without a top
heat regenerator (HX2) is displayed in Fig. 20. The maximum CORC
thermal efficiency for the bottom ORCs using toluene, benzene, cyclo-
hexane, and D4 is 36.44 %, 36.19 %, 35.80 %, and 34.10 %, which is
relatively reduced by 5.92 %, 5.99 %, 6.09 %, and 6.54 % compared to
that with HX2. Since the evaporation temperature of the bottom HP ORC
and the condensation temperature of the bottom LP ORC remain the
same, the thermal efficiencies of the bottom ORCs are unchanged.
Variations of the power outputs of the top, bottom HP, and LP ORCs
without the top heat regenerator are displayed in Fig. 21. It can be seen
that the power output of the top ORC is obviously reduced compared
with the CORC system with HX2. When the working fluid of the bottom
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ORC:s is toluene, benzene, cyclohexane, and D4, the minimum power
output of the top ORC without a top regenerator is 3.48 MW, 3.50 MW,
3.54 MW, and 3.71 MW. The optimum mixing chamber temperature,
power output, and thermal efficiency of the top, bottom HP, and bottom
LP ORCs at the maximum CORC thermal efficiency are also presented in
Table 13. The top ORC thermal efficiency is only 12.67 %, which is
lower than that of the CORC system with heat exchanger HX2 (15.89 %),
and this is the main reason for the decrease in the CORC thermal
efficiency.

The entropy generation of the high-temperature CORC system
without a top heat regenerator at the maximum CORC efficiency is
shown in Fig. 22. The entropy generation of the heat exchanger HX3 and
HX1 are still in the top two places, and the sum of the two is about half of
the total entropy generation of the CORC system. Compared with the
system in Section 4.1, the entropy generation of turbines T1, T2, and, T3
is reduced, and the values are around 7.26 % ~ 8.52 %, 11.21 % ~
13.61 %, and 6.34 % ~ 12.52 %, respectively. The entropy generation of
pumps P1, P2, and P3 is lower than 0.89 %.

4.2.3. CORC without a bottom regenerator

The regenerator (HX4) in the bottom HP ORC also has effects on the
performance of the CORC system. As shown in Fig. 23, the maximum
CORC thermal efficiency using toluene, benzene, cyclohexane, and D4 is
37.64 %, 37.70 %, 36.62 %, and 33.39 % when the mixing chamber
temperature Tyg is 125 °C, 123 °C, 124 °C, and 119 °C, respectively.
Compared with the CORC system with HX4, the maximum CORC ther-
mal efficiency is relatively reduced by 2.85 %, 2.04 %,3.94 %, and 8.48
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Table 14
Parameters at the maximum CORC efficiency without a bottom regenerator.
Tio Wiop Whot,up Whot,Lp Ntop "bot, HP Tbot,LP )CORC,max
[§9) Mw) MW) MwW) (%) (%) (%) (%)
Toluene 125 4.22 2.61 3.17 15.89 11.78 16.36 37.64
Benzene 123 4.21 2.67 3.12 15.89 12.08 16.18 37.70
Cyclohexane 124 4.34 2.49 3.17 15.89 10.97 15.74 36.62
D4 119 4.76 2.31 2.93 15.89 9.25 13.03 33.39
0.25% 0.47%
1.08% ° 0.04% 1.09% | " 0.08%

10.42% 003% 10.48%
20.57% 8.71% 1871% ‘ 9.41% —
s 0%
Bl ASr)
ﬂ 14.17% ‘ﬂuss% I AST3
23.68% . 24.7% . B ASwx
0 0
5.8% 14:20% s34 I ASux,
Toluene - Without a bottom regenerator Benzene - Without a bottom regenerator B AShxs
B ASyxs
I ASvic
I ASpxs
I ASpy
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I ASp;

24.97% 5.41%
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Fig. 25. Entropy generation at maximum CORC efficiency without a bottom regenerator.
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Fig. 26. The referenced SRC system [45].

%. Among them, HX4 has the most obvious effect on the system per-
formance with D4 as the bottom ORC working fluid. For the other three
working fluids, the influence of HX4 on the performance of the CORC
system is less significant than that of HX2. Since the evaporation tem-
perature of the bottom HP ORC and the condensation temperature of the

15

bottom LP ORC remain the same, the thermal efficiencies of the bottom
ORGCs are the same to those in Fig. 15.

Variation of the power output of the top and bottom ORCs without
HX4 is shown in Fig. 24. Compared with the CORC system with HX4, the
power output of the top ORC is elevated, while the value of the bottom
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Table 15

Economic assessment of the high temperature CORC system.

Equipment W (kW) A (m?) Cost (thousand $)
Top turbine 4441.01 2144.8
Bottom turbine 6215.04 2713.7
Generator 10123.25 383.0
p1 50.42 55.3
p2 69.02 49.3
P3 3.81 15.3
HX1 952.8 346.2
HX2 2045.8 488.6
HX3 3696.9 684.1
HX4 1100.5 237.5
HX5 1994.2 465.2
CORC 7583.0

HP ORC is reduced. When the working fluids are toluene, benzene,
cyclohexane, and D4, the minimum power output of the top ORC
without HX4 is 4.22 MW, 4.21 MW, 4.34 MW, and 4.76 MW. Taking
toluene as an example, when Ty is 40 °C, 80 °C, 120 °C, and 160 °C, the
power output of the bottom HP ORC is 5.10 MW, 3.80 MW, 2.73 MW,
and 1.73 MW, and for the bottom LP ORC, it is 0.45 MW, 1.91 MW, 3.04
MW, and 4.01 MW, respectively. Table 14 provides the detailed pa-
rameters at the maximum CORC thermal efficiency of different working
fluids. Compare with the results in Table 5, due to the increased mixing
chamber temperature at the maximum CORC thermal efficiency, the
bottom HP ORC thermal efficiency decreases, but the bottom LP ORC
thermal efficiency rises.

The entropy generation of the CORC system without the bottom
regenerator at the maximum CORC efficiency is shown in Fig. 25. Except
for D4, the entropy generation of heat exchanger HX3 still accounts for

Table 16
Economic assessment of the conventional SRC system.

Equipment W (kW) A (m?) Cost (thousand $)
HP turbine 2958.21 1613.9
LP turbine 7720.49 3158.7
Generator 10144.77 383.8
CP 10.50 24.4
DP 13.43 42.7
Reheater 174.5 121.9
Superheater 230.3 226.5
Boiler 1526.9 789.8
Preheater 430.5 302.9
Condenser 643.3 197.0
CF-1 684.3 400.3
CF-2 304.9 198.9
CF-3 204.8 78.5
CF-4 138.8 49.6
CF-5 158.9 53.5
SRC 7642.4
BDO
mixture

PCM storage unit
@

BDO
mixture
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the largest amount of the total entropy generation of the CORC system. It
can be clearly seen that the lack of heat exchanger HX4 leads to a sig-
nificant increase in the entropy generation of mixing chamber, and the
increment is particularly obvious for the system using D4.

4.3. Economic assessment

In this section, the economic performance of the high temperature
CORC system with regenerators is compared with that of a conventional
SRC system [45,46], as shown in Fig. 26. Thermal oil is the heat transfer
fluid of the heat source for both systems, while water is the cooling
medium. The temperatures of the thermal oil from the heat source and
cooling water of the condenser are 400 °C and 20 °C, respectively. The
rated net outputs of the CORC and SRC systems are both 10 MW,. The
CORC system works at Ty = 360 °C and Ty5 = 35 °C with toluene as
bottom ORC fluid and its heat-to-power conversion efficiency is 38.13
%. The reference SRC system operates at T1o = 370 °C, Tog = 300 °C and
P19 = 9 MPa, and has higher efficiencies for the major components than
the CORGC, e.g., an HP turbine efficiency of 85.5 %, an LP turbine effi-
ciency of 89.5 % and a generator efficiency of 98 %. Its thermal effi-
ciency is 38.21 % at nominal conditions [46]. The thermal efficiencies of
the two systems are similar. Notably, the efficiency of the CORC will be
higher if the generator efficiency is elevated from 95 % as listed in
Table 4 to 98%.

The capital costs of the CORC and SRC systems are listed in Table 15
and Table 16. The total investment costs of the CORC and SRC system
are 7583.0 thousand US dollars ($) and 7642.4 thousand $. For both
systems, turbines cost the most. The costs of top and bottom turbines
(4858.5 k $) account for about 64.07 % of the total CORC cost, while this
ratio is 62.45 % (4772.6/7642.4) for the SRC. The cost difference be-
tween ORC turbines and steam turbines is minor because it is calculated
by the same cost model with a total output of 10 MW. In practice, the
ORC turbines may have lower capital and maintenance costs, because
they have lower technical requirements than wet steam turbines that
suffer from intense erosion by the droplets during the expansion process.
The costs of the heat exchangers are the second highest. Shell and tube
heat exchangers are used in the CORC and SRC systems, which have the
advantages of high operating pressure/temperature, high heat transfer
value, and low costs [47]. In the CORC system, the maximum heat
transfer area is for HX3 (3696.9 m?), and the maximum area in the SRC
system is for the boiler (1526.9 m?). The total surface area of the heat
exchangers in the CORC is larger than that in the SRC. However, water
preheater, boiler, superheater, etc., in the SRC have a higher operation
pressure (9 MPa) than the heat exchangers (<1.1 MPa) in the CORC,
thereby contributing to a higher pressure factor in the cost equation
(Eq.44). The pump costs are lowest among the components in both two
systems.

In the above comparison, because the reference solar SRC system
uses thermal oil as the heat transfer fluid, the evaporation temperature
of the BDO mixture in the CORC system is 360 °C but not 400 °C to allow

BDO )
mixture l
)
Solar field
(b)

Molten
salts

Fig. 27. Potential application of the high-temperature CORC.
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a moderate cost of the HX1 and an acceptable temperature difference conventional concentrated solar power system using parabolic
between heat transfer fluid and power fluid. Thermal oil is just a type of trough collectors. The proposed CORC is thus potentially appli-
heat transfer fluid. Notably, the proposed CORC can also use phase cable in the solar power generation application.
change materials (PCMs), solar collectors, and molten salts as the heat (3) The regenerators have a significant impact on the CORC perfor-
sources, and has potential applications for heat battery and concentrated mance, probably because the BDO mixture, toluene, benzene,
solar power generation, as shown in Fig. 27. Heat batteries, also known cyclohexane, and D4 are dry fluids. The fluids overcome the
as Carnot batteries, have the advantage of high specific energy when challenges of wet steam turbines and benefit from heat recovery
using PCM storage. Some prototypes have been built [48]. The from the regenerators. Without the regenerators, the maximum
isothermal evaporation and condensation of the Rankine cycle make a CORC thermal efficiency using the above fluids drops by 5 %
good match with the PCM storage units. Compared with a conventional —7%. The regenerator in the top ORC has a greater impact on
SRC, the CORC has a higher evaporation temperature of about 400 °C thermal performance than the bottom regenerator.
with a higher efficiency. It can be more cost-effective. In the concen- (4) The proposed CORC system has a similar cost to a conventional
trated solar power application, the BDO mixture may evaporate directly SRC system at a given power output of 10 MW. The total capacity
in the solar field as illustrated by Fig. 27 (b), and eliminate the HX1. costs are 7583.0 k $ and 7642.4 k $, respectively. The predomi-
Therefore, the cost of the power block will be further reduced. This is the nant costs are for turbines. The CORC is expected to have a lower
ongoing research, and more results will be published in the near future. maintenance cost due to the elimination of wet steam turbines
and can be more cost-effective when applied in heat batteries
5. Conclusions with PCMs and direct vapor generation solar thermal power
systems.
In this paper, a parametric analysis of a high-temperature CORC
system using BDO mixture as a top cycle fluid is carried out. An ORC CRediT authorship contribution statement
efficiency model based on the equivalent hot side temperature is built,
and the in-depth performance prediction and parametric analysis of the Xiao Ren: Data curation, Formal analysis, Investigation, Software.
high-temperature CORC system are carried out. The results show that: Jing Li: Conceptualization, Methodology, Formal analysis, Resources.
Gang Pei: Supervision, Resources. Pengcheng Li: Data curation, Soft-
(1) Given a top ORC evaporation temperature of 360 °C and ware. Liang Gong: Resources.
condensation temperature of 228 °C, the maximum CORC ther-
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Appendix A
The single-phase heat transfer area of the heat exchangers is expressed as:

AHX = (Al)

UAT,

where Q is the heat duty of the heat exchanger; U and ATy, are the overall heat transfer coefficient (W/ (m*K)) and the log-mean temperature
difference (K), and written as:
1 1 S 1

=+t (A2)
U Quube A Ashell

min

ATmax
AT, = (ATmax - ATmin)/ln (r) (A3)
where § and 4 are the thickness (m) and the thermal conductivity of the tube wall (W/(m'K)); ATy, are the maximum and minimum temperature

difference of the inlet and outlet (K); a is the convection heat transfer coefficient of the fluid in the tube side and shell side (W/(m?K)) [49], and
calculated by:
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y L.Re-Pr
Qube = 5~ 0.58 p A9
Duupe 12757 (P — 1) +1.07
Doyt *% 0.14
Olghell = 0.36( A ) <7h Hu) Pr <L> (A5)
Dihen v Viube

where Dype and Dy are the diameter of the tube and shell (m); u is flow velocity (m/s); v is the kinematic viscosity (m%/s); fis the Darcy resistance
coefficient, and expressed as

1

_ A6
f (1.82IgRe — 1.64) (h)
For the evaporation and condensation process[50,51], the coefficients in the binary phase region are given as:
_ 08 075 041
U = 0.023 {M] P42 11 4 300005 + L2() Ci) (A7)
p-v D 1—x N
G(1—x)D]"* .2 0s | 3.8x076(1 —x)*™
Uson = 0.023 [T} Pr b (1—x)"+ — ppm (A8)

where G is the mass flux (kg/(mz/s)); Bo is the boiling number; p; and py are the density of the liquid and vapor (kg/m3); x is the liquid of working
fluid.
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