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Abstract: The organic flash cycle (OFC) is a novel power cycle with small exergy loss in the endother-
mic process. However, the low-pressure throttle valve in the cycle has a large throttling loss. Aiming
to reduce the cycle exergy loss and improve the system performance, this study constructs a new
configuration named the organic flash Rankine cycle (OFRC). Using the R600/R245fa mixture as the
circulating working fluid and 200 °C geothermal water as the heat source, the effects of the change in
working fluid composition on the thermal properties of the OFRC were studied based on the first
and second laws of thermodynamics. Then, the economic performance of the proposed OFRC was
investigated and then compared with that of the conventional OFC. The results show that the OFRC
system has a significant improvement in thermal performance and economy compared with the OFC
system. When the mole composition of the R600/R245fa mixture is 0.5/0.5, the net output work,
thermal efficiency, and exergy efficiency of the OFRC system can reach a maximum at 146.39 kW,
21.51%, and 80.94%, respectively, which are 98.2 kW, 14.43%, and 54.3% higher than those of the OFC
system. The dual heaters in the OFRC system can effectively reduce loss in the endothermic process.
When the R600 mole composition is 0.5 in the OFRC system, the exergy loss of the heater is only
7.42%, and the power generation cost (0.3267 $-kW~1-h~! only) is lower than that in the OFC system.

Keywords: organic flash cycle; thermal performance; exergy analysis; economics; mixed working
fluid

1. Introduction

Energy is an important material basis for human survival and development, and it
plays an important role in ensuring and promoting economic growth and social develop-
ment. However, the extensive use of fossil energy has led to increasingly serious problems,
such as environmental pollution and energy shortages [1,2]. Under the background of “dual
carbon” the development of efficient utilization technologies for renewable energy is one of
the effective ways of ensuring sustainable development [3]. Medium- and low-temperature
thermal energy is a typical renewable energy, and its utilization is mainly realized using
the thermodynamic cycle [4-6].

The organic flash cycle (OFC) has attracted much attention owing to its broad applica-
tion prospects in the utilization of low-grade energy, such as solar energy and geothermal
energy [7,8]. The circulating working fluid of the OFC system adopts low-boiling organic
substances. This working fluid does not undergo a phase change during the heat absorption
process of the evaporator, and the cycle matches well with the heat source. In addition, it of-
fers the advantages of simple structure, high operation reliability, and a wide heat source
temperature range [9,10]. Ho et al. [11] used ten different aromatic hydrocarbons and silox-
anes as working fluids to study the utilization efficiency of medium- and low-temperature
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thermal energy in the OFC system. They found that aromatic hydrocarbon-based OFC
systems are more efficient than siloxane-based OFC systems for the use of medium- and
low-temperature heat. Varma et al. [12] compared the thermal performance of OFC and
ORC by using R214 as the circulating working medium and found that the OFC could
effectively utilize medium- and low-temperature heat energy. When the heat source tem-
perature range was between 124 °C and 160 °C, the power and exergy efficiency of the OFC
system were higher than those of the ORC system. Liu et al. [13] used nine kinds of working
fluids as the circulating working fluid to determine the thermodynamic characteristics
of the OFC system driven by low-grade thermal energy. The evaporation temperature
optimized the thermodynamic performance of the circulation system, and the increase in
flash evaporation temperature improved the thermal efficiency and second-law efficiency
of the circulation system. R601, whose critical temperature was the largest in their study,
was optimally used as a circulating working fluid in the OFC system. In summary, the OFC
system can effectively utilize medium- and low-temperature thermal energy.

At present, most studies about OFC systems are based on pure working fluid, but the
isothermal phase transition characteristics of pure working fluid are difficult to match with
the temperature of the cold source during the condensation process, resulting in the poor
performance of circulating systems [14-16]. Compared with the isothermal phase transition
of the pure working fluid, the temperature-changing phase transition characteristics of the
non-azeotropic working fluid are easier to match with the temperature of the cooling source
in the condensation process, consequently reducing the heat transfer loss of the cycle and
improving the cycle performance [17,18]. Heberle et al. [19] used the mixed R227ea/R245fa
working fluid as the circulating working fluid and analyzed the utilization rate of the
low-enthalpy geothermal source in the ORC system. Given the same working conditions
for the mixed R227ea/R245fa working fluid and the corresponding pure working fluid,
the exergy efficiency of the system with R227ea/R245fa was higher than that with pure
working fluid (i.e., an increase of 27.7%). Mondal and De [10] selected the R245fa/R600
mixture as the circulating working medium to investigate the influence of mole components
on cycling performance. They found that the output power of the OFC system with the
R245fa/R600 mixture could be significantly increased, subsequently reducing the total cost.
When the mole component ratio of the OFC system with the R245fa/R600 mixture was
(0.4/0.6), the output power was the highest; by contrast, when the corresponding mole
component ratio was (0.37/0.63), the total cost was the lowest. Ge et al. [20] studied a
two-stage ORC system using mixed working fluids with non-azeotropic working fluids
(cyclopentane/cyclohexane and benzene/toluene) in the high-temperature cycle range and
non-azeotropic working fluid (R600/R601a) in the low-temperature cycle range. According
to their results, the exergy loss of the mixed working fluid was smaller, and the net output
power was higher. Furthermore, the thermal efficiency of the multi-stage ORC was higher
than that of the single-stage ORC. In summary, mixed working fluids can effectively
improve system performance.

When the thermodynamic cycle structure of the OFC system changes, the thermo-
dynamic process of the cycle system and the parameters of the operating state point are
also altered [21-23]. Kim et al. [24] investigated a modified OFC system (OFCM) using a
two-phase expander and reheat technology and performed thermodynamic comparison
and optimization analysis with the basic OFC. Six pure working fluids were selected to
study the effects of flash temperature, heat source temperature, and working fluid on
system performance. The OFCM was better than the OFC in terms of thermal efficiency
and second-law efficiency. Huang et al. [25] studied the utilization of medium- and low-
temperature thermal energy in an OFC system using an internal heat exchanger. When
R227ea was used as the working fluid, the net output power of the OFC system based
on the internal heat exchanger was 5.62% higher than that of the traditional OFC system.
Therefore, optimizing the thermodynamic cycle structure of the OFC system is important
in improving the thermodynamic performance of the system. The exergy loss of the low-
pressure throttle valve in the OFC system is relatively large. Mondal et al. [26] used R600 as
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the circulating working fluid to study the exergy loss ratio of each component of the OFC,
and they found that the low-pressure throttle valve accounted for 21.7% of the total cycle
exergy loss. They also studied the effect of the mixed R245fa/R600 working fluid on the
performance of the OFC system for the utilization of industrial waste heat. Their results
showed that the irreversible loss of the low-pressure throttle valve accounted for 22%.

This study proposes a new cycle configuration in which the system does not require
a low-pressure throttle valve, and the organic Rankine cycle is used in the condensation
process. After the liquid flashing process, the separated liquid directly enters the working
fluid pump for pressurization and then returns to heater I. Meanwhile, the separated gas
enters the expander and starts to work, and the spent gas after operation is condensed
and pressurized, and then enters heater II to form the organic flash Rankine cycle (OFRC).
In addition, a non-azeotropic working fluid is introduced into the OFRC, and the effect
of working fluid composition on cycle performance is determined. Therefore, by using
Matlab2018b as the carrier, this study combines non-azeotropic working fluid and OFRC,
establishes the ideal thermodynamic model of the system with non-azeotropic working
fluid OFRC, and optimizes the parameters of each thermodynamic state point, with the net
output power used as the objective function. The effects of the change in working fluid
composition on the thermal performance and economic performance of the OFC and OFRC
are also studied.

2. System Description
2.1. OFC System Description

Figures 1 and 2 show the system diagram and T-S diagram of the OFC, respectively.
In the figure: 2s is the isentropic state point of the outlet of the working fluid pump, 1-9,
5/, 8 are the thermodynamic state points of each component, respectively. The thermal
process is as follows: the working fluid enters the evaporator to absorb heat from the heat
source (2-3), and throttles through the high-pressure throttle valve to flash pressure (3—4);
enters the gas-liquid separator for gas-liquid separation (4-5,8). In the flash distillation
solution, due to the change of the non-azeotropic working medium, the saturated gas
component increases compared with the original component, and the saturated gas phase
line changes from the original component saturation state point 5’ to 5. The saturated liquid
phase is smaller than the original component, and the saturated liquidus changes from
the state point of the original component 8 to 8. The gas working medium flows from the
upper part of the gas-liquid separator into the turbine to do work (5-6), while the liquid
working medium enters the low-pressure throttle valve to throttle (8-9) and mixes with
the exhaust gas discharged from the turbine in the mixer (6,9-7). The mixed working fluid
enters the condenser to condense and dissipate heat (7-1) and returns to the evaporator by
pressurizing the working fluid pump (1-2) to complete a cycle.

High pressure
throttle valve

Expander

heat source

Tin

Separator

8

] Mixer

Low pressure

Heater throttle valve 7 Cooling water
pump
Toue
Condenser
Cooling
tower
Pumj
Y — |

Figure 1. The OFC system diagram.
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Figure 2. The T-S diagram of mixtures in the OFC system.

2.2. OFRC System Description

Figures 3 and 4 show the system diagram and T-S diagram of the OFRC, respectively.
The system components include heaters, high-pressure throttle valves, gas-liquid sepa-
rators, working fluid pumps, expanders, condensers, and mixers. The thermodynamic
process can be summarized as follows. The working fluid initially enters heater I to absorb
heat from the heat source and heat it to a saturated liquid (5-6), and then it is throttled to
the flash pressure (6-7) by the high-pressure throttle valve to form a gas-liquid two-phase
state, finally entering the gas-liquid separator for liquid separation (7—8 and 9). At this time,
the saturated gas composition is larger than the original composition, and the saturated gas
phase line changes from the original composition saturation state point 9’ to 9; meanwhile,
the saturated liquid is lower than the original composition, and the saturated liquid line
changes from the original composition state point 8 to 8. Subsequently, the gas-phase
working medium enters the turbine and starts to work (9-10). The spent gas after the
work enters the condenser to condense and release heat to a saturated liquid (10-1), and
it is pressurized by working-fluid pump II prior to entering heater II (1-2-3). Finally, the
liquid-phase working fluid enters working-fluid pump I for pressurization (8-4), and it
mixes with the working fluid from heater II in the mixer (3 and 4-5) and enters heater I for
heating to form a cycle.

heat ‘ce . . . X
eal source High pressure Expander
T throttle valve
" Separator
Heater 1
8 10
Cooling water
pump
Tuia
Condenser
3 Pump I Cooling
tower
Heater II
T, | | 2 Pump I 1

Figure 3. The OFRC system diagram.



Energies 2022, 15, 8055

50f19

400 -

350

300

T cool , out

T oot in cooling water

250 1 . | . 1 .
1.0 15 2.0 s(kJ/kg' K)

Figure 4. The T-S diagram of mixtures of the OFRC system.

In view of simplifying the analysis of OFRC, the following assumptions about the loop
were considered:

(1) The OFRC system is in steady operation.

(2) Each component and each connecting pipeline do not encounter heat dissipation and
pressure loss.

(38) The isentropic efficiency of the working fluid pump and turbine is constant.

(4) The pinch point temperature is different between the heater and condenser.

(5) The geothermal fluid and cooling water in this paper are approximately pure water.

3. Working Fluid Selection

According to the relevant literature [27-29], the thermal and physical properties, safety,
and environmental friendliness of non-azeotropic mass should be taken into account in
working fluid selection. Given the high thermal stability and zero ozone depletion potential
of R600 and R245fa, their mixture was selected as the circulating working fluid in this study.
The main thermal properties and environmental parameters of the R600/R245fa mixture
are shown in Table 1.

Table 1. Main thermophysical properties and environmental protection parameters of working fluid.

Working Type of Critical Critical Normal Latent Heat of Ozone Global
Fluid Working Temperature Pressure Boiling Vaporization Security Depletion Warming
Fluid (K) (MPa) Point (K) (kJ/kg) Potential Potential
R600 HCs 425.13 3.7960 272.66 177.08 A3 0 20
R245fa HFCs 427.16 6.6511 288.29 336.82 B1 0 1030

4. Mathematical Model

The mathematical models of OFC and OFRC systems have many similarities, and
OFC systems are relatively common in related literature [30], so this paper focuses on the
analysis of OFRC mathematical models.

4.1. Thermodynamic Analysis

The heat absorbed by the circulating working fluid from the heat source through
heater I and heater II in the OFRC system is:

sts = my (hin — hout) (1)

The working fluid mass flow, gas phase mass flow, and liquid phase mass flow of the
OFRC system are:
mg = my (hin — hmia) / (he — hs) @
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Mg = XMy 3)
my = (1 — x)mg 4)

where x is the steam dryness of the system when the system is flashed and separated, and
its calculation formula is:
hy — hg
X =
hg — hg

In this study, the condensation stage of the OFRC system is divided into 20 subsections
for optimization analysis, and the temperature difference of each subsection is calculated
based on the law of energy conservation. The formula for calculating the mass flow of
cooling water is:

©)

me(hyg —h
Meool = f( 10 1) (6)
hcool,out - hcool,in
The constant specific heat capacity of cooling water is 4180 J /kg-K.
The power output of the expander is:
Wr = mg(ho — hyp) (7)
The power consumption of the working fluid pump is:
Wp = my(hy — hg) + mg(ha — hy) 8)
The power consumption of the cooling water pump is:
Weool = M 9)
’7C001,p
The net output work and thermal efficiency of the OFRC system are:
Whet = Wr — Wp — Weool (10)
Msys = Whet/ sts (11)

This study used the second law of thermodynamics to reveal the loss of energy “grade”
inside the system, allowing us to further analyze the thermodynamic performance of the
system. The second law of thermodynamics is given by:

Nex = Whet/ Ein (12)

where Ejj, is the exergy input by the thermal fluid to the circulation system, and the subscript
0 indicates the value at an ambient temperature of 20 °C, its calculation formula is:

Ein = my[(hin — ho) — To(Sin — S0)] (13)

The exergy loss of heater I is:
Epnp = my[(hin — hra) — To(sin — sh2)] — me¢[(he — h5) — To(s6 — s5)] (14)
The exergy loss of heater Il is:
Enp = my[(hno — hout) — To(Sh2 — Sout)] — mg[(h3 — h2) — To(s3 — s2)] (15)
The heat rejection loss is:

Eh,out = mH[(hout - hO) - TO (Sout - 50)] (16)
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The flash exergy loss is:
Eﬂash = TO * Sgen_ﬂash (17)

The exergy loss of the expander is:
Er = mgToy(s10 — $9) (18)
The exergy loss of the condenser is:
Ec = mg[(hyo — h1) — To(s10 — 51)] (19)
The exergy loss of the working fluid pump is:
Ep = mTo(s4 — s8) + mgTo(s2 — s1) (20)
The exergy loss of the mixer is:
Emix = To * Sgen_mix (21)
The total exergy loss is:
Etot = Eqn1 + Ex2 + Enjout + Eflash + ET + Ec + Ep + Enmix (22)

4.2. Economic Analysis

In this study, the type of heat exchanger used is a fixed tube and plate heat ex-changer
with a carbon steel shell and copper inner tubes, a centrifugal pump for the working mass
and an axial flow expander for the expander [31]. For each heat exchange process, the
isothermal energy is divided into 20 subsections. As shown in Figure 5. The temperatures
and thermodynamic properties of fluids were determined from the state of each section.
The working fluid temperature and thermophysical parameters can be calculated and
determined by each subsection. Then, the total heat exchange area A is obtained as follows:

20 20 Qi
A=Y A = 2
L A=Y are 23)

where A; is the heat exchange area of the i-th section; Q; is the heat-exchange amount of
the i-th section; U is the total heat transfer coefficient of the i-th section; and ATy, ; is the
logarithmic average temperature difference of the i-th section [30,32]:

1 1d,

= R. 22
Ui o di + ldi

do Owall do 1
+ Ry + 252+ — 24
° Awall dm o )

where a; and «, are the convective heat transfer coefficients inside and outside the heat
exchanger tube, respectively; dj, d,, and dn, are the inner, outer, and average diameters
of the heat exchanger, respectively; dyy is the thickness of the tube wall; R; and R, are
the fouling resistance inside and outside the heat exchanger tube; and A, is the thermal
conductivity of the tube wall, which is 380 W-m~1.K~1.

A’1—‘1*11ax,i - ATmiﬂ,i
In(ATmax,i/ ATmin i)

ATm,i = (25)

where AT payxi and AT, i are the maximum and minimum heat exchange temperature
differences of the ith section. The log-average temperature difference in section i, which is
determined by the maximum and minimum temperature difference in section i, and the
calculation results are used to calculate the heat transfer area in section i.
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Figure 5. The T-Q diagram of the heat exchanger for the OFRC system:(a) the heater I; (b) the heater

IL; (c) the condenser.

The base purchase cost of the heater, condenser, expander, and working fluid pump is:

PEC

_ 10[K1+K2log10Y+K3(log10Y)2](B 1+ BoFuFp)

F, = 10[C1+C2 log 10(10p—1)+C3(log 10(10p—1))’]

2
— 10/K1+K2log 10Y+K;5(log 10Y) ]FBM

(26)

(27)

where Y is the heat transfer area of the heater and condenser, or the power of the expander
and work pump, Fy is the material factor, and other parameters are listed in Table 2.

Table 2. Parameters in Equations (26) and (27).

Component Y Kq K, K3 Fpm B, B, Fym p/MPa Cy Cy C3
Heater/Condenser Area (m?) 4.3247 —0.303 0.1634 - 1.63 1.66 1.35 <0.6 0 0 0
0.6-141  —0.00164 —0.00627  0.0123
Expander IXW&; 27051 14398 01776 3.5 - - - - - - -
Pump lzﬁy\]‘;r 33892 00536  0.1538 - 1.89 135 1.55 <11 0 0 0
1.1-10.1 03935 03957  —0.00226

The equipment purchase cost of the high-pressure throttle valve is:

PECHPTV = 1145H1f

(28)

Considering inflation, the purchased equipment cost (PEC) of component will be

amended as

PECyp21 = PECom

where CEPClyy1 is 708, and CEPClygg is 397.

CEPCIzozl

CEPClag01 (29)
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Considering other additional costs, the system investment cost is:
PECsys = 1.18PECyptal (30)
The annual cost of capital is calculated as:

i(1+4)"

m] (31)

ACC = 6.32)  PECy]
k

where i is the annual interest rate valued at 5%, and # is the lifespan valued at 20 years.
The annual operating and maintenance costs are calculated as:

AOC = 0.2)_ PEC (32)
k

The power generation cost of the system is calculated as:

ACC+ AOC
EGC= ————— 33
WhetToH (33)

where Top is the annual operating time and is taken as 7500 h.

5. Model Validation

After the system was modeled, as a means of ensuring accurate verification, the
calculation results of the OFRC system obtained in this study were compared with those in
the literature [22]. The boundary conditions and circulating working fluid were consistent
between the two datasets. Boundary conditions include ambient temperature, pressure,
hot fluid temperature, cold fluid temperature, pinch point temperature difference between
heater and condenser, expander efficiency, working medium pump efficiency, etc. The
circulating working medium uses pentane. The results are shown in Table 3. In this study,
the maximum relative error of thermal efficiency is 1.19%, and the maximum relative error
of exergy efficiency is 1.32%. As the values are within the allowable relative error range,
the modeling approach used in this study is proven feasible.

Table 3. Comparison between the results of this paper and the results of the literature.

Heat Source Thermal Efficiency/(%) Exergy Efficiency/(%)
Temperature/ Present Reference Relative Present Reference Relative
(K) Study [22] Error Study [22] Error
423.15 15.49 15.60 0.71 57.98 58.76 1.32
448.15 17.15 17.30 0.86 59.93 60.52 1.14
473.15 18.97 19.20 1.19 59.29 60.04 1.24

6. Results and Discussion

The programming was conducted in Matlab2018b. The REFPROP9.0 [33] physical
property database was used to control the pinch point temperature difference in the heat
transfer process as a means of establishing the cycle configuration. Then, a thermodynamic
and economic analysis of the cycle performance was conducted. The boundary conditions
of the system model are shown in Table 4.

Figure 6 shows the optimal flash pressure of the OFRC system and its heat absorption
as functions of the R600 mole composition under optimized operating conditions (opti-
mizing with net output power as the objective function). The optimal flash pressure of
the system initially increases and then decreases with the increase in R600 mole compo-
nents. When the R600 mole component is 0.5, the maximum flash pressure of the system
is 2.12 MPa. When the R600 mole component is gradually increased from 0.1 to 0.3, the
optimal flash pressure increases greatly. When the R600 mole component exceeds 0.6,
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the optimal flash pressure gradually decreases. The decreasing amplitude increases gradu-
ally and finally decreases to 1.85 MPa. Moreover, as the R600 mole component is increased,
the heat absorption of the OFRC system first increases and decreases and then increases and
decreases again, depicting two peaks and a single valley. When the R600 mole composition
is 0.1, the heat absorption of the system reaches the maximum value of 675.9 kW. When the
R600 mole composition is 0.7, the heat absorption is reduced to the minimum at 653.6 kW.
In this study, the heat source temperature is a fixed value, the specific enthalpy value of the
heat source inlet is unchanged, and the heat absorption of the system is mainly affected
by the specific enthalpy of the heat source outlet. The specific enthalpy of the heat source
outlet of the OFRC system first decreases and increases and then decreases and increases
again, from 1.96 x 105 k] /kg to 1.77 x 105 k] /kg, and then to 1.99 x 105 kJ/kg, and then
to 1.97 x 105 k] /kg. Finally, it was increased to 1.98 x 105 k] /kg, hence the changing trend
of heat absorption in the figure.

Table 4. Boundary conditions of the system.

Parameter Value Parameter Value
heat source temperature /K 473.15 working fluid pump isentropic efficiency /% 75
thermal fluid flow /(kg/s) 1 cooling pump efficiency /% 85
heat source fluid pressure/MPa 1.6 cooling water temperature/K 298.15
evaporator pinch temperature difference/K 5 cooling water temperature rise/K 5
condenser pinch point temperature difference /K 5 cooling water pump head/m 10
expander isentropic efficiency /% 85 ambient temperature/K 293.15
ambient atmospheric pressure/KPa 101

79

680

— T ~ 675

~~
£ \_
e B
P \ 1670 &
5 : :
5 ° 2
a \— 665 £
< @
] o
= =
—_— <
< L - 660 ©
£ =
5

17 L —=— Optimal ﬂash pressure 0\ — 655

—e— Heat absorption o—
1.6 . L . L . L . L . 650
0.0 0.2 0.4 0.6 0.8 1.0
Mole fraction of R600

Figure 6. Variation of the optimal flash pressure and heat absorption with the R600 mole fraction.

Figure 7 shows the varying trends of the total mass flow rate of the working medium,
the gas phase mass flow rate, and the liquid phase mass flow rate of the OFRC system
with the change in R600 mole components. The total mass flow of the working medium
decreases with the increase in R600 mole components, which can be attributed to the
specific enthalpy difference between the inlet and outlet of the heat source fluid and the
specific enthalpy difference between the inlet and outlet of the heater. However, the specific
enthalpy difference of the heat source fluid does not vary significantly when the R600
mole composition is changed. Thus, the change in the total mass flow of the working
medium is mainly affected by the latter. Furthermore, the specific enthalpy difference of
the working medium at the inlet and outlet of the heater gradually increases, causing the
total working medium and the mass flow to be gradually reduced. When the R600 mole
component is increased from 0 to 1, the mass flow rate of the OFRC system is reduced
from 10.42 to 5.55 kg/s. With the increase in R600 mole components, the gas mass flow
rate initially increases and then decreases. When the R600 mole composition increases



Energies 2022, 15, 8055

11 of 19

from 0 to 0.4, the optimal flash pressure gradually increases, which causes the steam
dryness in the OFRC system to gradually increase; subsequently, the gas phase mass flow
also gradually increases from 4.39 to 5.14 kg/s. The liquid mass flow rate represents the
difference between the total mass flow rate of the working medium and the gas phase mass
flow rate. Therefore, with the increase in R600 mole components, the liquid phase mass
flow rate shows a decreasing trend. When the R600 mole component increases from 0 to
0.4, the liquid phase mass flow rate decreases significantly from 6.02 to 4.01 kg/s. When
the R600 mole component is 1, the liquid phase mass flow rate is reduced to the minimum
at3.17 kg/s.

—#— Total mass flow
—&— Gas mass flow
—4— Liquid mass flow

Mass Flow (kg/s)

2 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Mole fraction of R600

Figure 7. Variation of the total mass flow rate of the working fluid and the mass flow rate of the gas
phase and liquid phase with the R600 mole fraction.

The cycle net output power as a function of R600 mole composition under optimized
operating conditions is shown in Figure 8. The net output power values of both OFC and
OFRC systems first increase and then decrease with the increase in R600 mole composition,
i.e., as the R600 mole composition increases, the exergy absorbed by the working fluid
from the heat source in the heater first increases and then decreases. When the R600 mole
composition is 0.5, the net output power of the OFRC system is the largest (146.39 kW);
when the R600 mole composition is 0.4, the net output power of the OFC system is the
largest (48.92 kW). Meanwhile, when the mole component of R600 is between 0.1 and 0.9,
the net output power of the OFRC system using the mixed R600/R245fa working fluid is
larger than the systems using the pure R600 or R245fa working fluid. When the R600 mole
composition is 0.1 to 0.7, the net output power of the OFC system with mixed R600/R245fa
working fluid is greater than the systems using pure R600 or R245fa working fluid. In the
condenser, the variable temperature phase transformation characteristics of the mixed
working medium can improve the temperature matching between the cycle and the cold
source. Furthermore, the net output power of the OFRC system is always greater than that
of the OFC system, which can be attributed to the OFRC system directly pressurizing the
flashed saturated liquid by working-fluid pump I, and then returning to heater I through
the mixer, which increases the temperature of the working fluid at the heater inlet and
reduces the exergy of the heater. At the same time, the energy loss of saturated liquid
entering the condenser is avoided. Furthermore, the OFRC does not have a low-pressure
throttle valve.
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Figure 8. Variation of the net output power with the R600 mole fraction.

Figure 9 shows the cycle thermal efficiency and exergy efficiency as functions of R600
mole composition under optimized operating conditions. The thermal efficiency of the
system is affected by the net output power and heat absorption (i.e., the ratio of these two
parameters). As previously presented in Figure 5, the net output power initially increases
and then decreases with the increase in R600 mole components, and the net output power
of the OFRC system is greater than that of the OFC system. As the OFRC system increases
the temperature of the working fluid at the inlet of the evaporator, the specific enthalpy
value of the heat source fluid outlet is also increased. Furthermore, the heat absorption of
the OFRC system is smaller than that of the OFC system, and the thermal efficiency of the
OFRC system is higher than that of the OFC system. When the R600 mole composition is
0.5, the thermal efficiency of the OFRC system can reach the maximum value of 21.51%.
When the R600 mole composition is 0.4, the thermal efficiency of the OFC system can reach
the maximum value of 7.12%.
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Figure 9. Variation of the thermal efficiency and exergy efficiency with the R600 mole fraction.

Here, the exergy efficiency of the two-cycle system initially increases and then de-
creases with the increase in R600 mole components. The exergy efficiency of the OFRC
system is greater than that of the OFC system. As exergy efficiency is mainly affected by
the heat source input exergy and the net output power, the boundary conditions of the
two-cycle system are the same, the heat source input exergy is equal, and the net output
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power of the OFRC system is greater than that of the OFC system; this exergy efficiency
trend appears in the graph. When the R600 mole composition is 0.4, the exergy efficiency of
the OFC system can reach the maximum value of 27.05%. When the R600 mole composition
is 0.5, the exergy efficiency of the OFRC system can also reach the maximum value of
80.94%. At this time, the exergy efficiency difference between the two circulation systems is
the largest at 54.3%.

Figure 10 shows the change in exergy loss ratio of each component of the OFRC
system with the R600 mole component under the optimized operating conditions. The
proportion of the condenser exergy loss is always the largest. With the increase in R600
mole components, the trend manifests as an initial decrease followed by an increase, and
finally, another decrease. When the R600 mole component is 0.6, the condenser exergy
loss proportion can reach the maximum value of 44.19%. The proportion of exergy loss
in the expander is between 20% and 23.11%, and the proportion of exergy loss in the
flash evaporation process is between 16.27% and 18.18%; both ranges show a trend of
initial increase followed by a decrease with the increase in R600 mole components. The
proportion of exothermic loss in the endothermic process shows a trend of an initial decrease
followed by an increase with the increase in R600 mole composition. When the R600 mole
composition is 0.5, the exergy loss ratio of the OFRC system is only 7.42%, which is much
smaller than those of the conventional ORC system and the OFC system. This finding
indicates that the characteristics of the non-azeotropic working fluid and the dual heaters
can effectively reduce the exothermic loss in the endothermic process. Moreover, the exergy
loss of the working fluid pump and mixer and the heat removal process accounts for a
relatively small proportion (below 5%) and tends to be stable. The minimum proportion of
exergy loss of the working fluid pump is 3.21%, the minimum proportion of exergy loss of
the mixer is 1.97%, and the minimum proportion of exergy loss of the heat removal process
is 2.12%.
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Figure 10. Variation of the exergy loss ratio of circulating components with the R600 mole fraction.

Figure 11 shows the change in the heat exchange area of the system heater with the
R600 mole composition utilized under optimized operating conditions. With the increase in
R600 mole components, the heater of the OFRC system showed a trend of initial decrease
followed by an increase, whereas the heater of the OFC system showed an opposite trend.
The trend for the OFRC system can be attributed to the change in thermophysical properties
of the mixture in the heat transfer process, which causes the heat transfer coefficient of
the mixture and the logarithmic average temperature difference of the system heater to
initially increase and then decrease. The logarithmic average temperature difference and
heat transfer coefficient of the OFC system heater decreases first and then increases with
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the increase of R600 molar component, and there is heat transfer resistance phenomenon
in the heat transfer process of the mixture, so its heat transfer area increases first and then
decreases. When the R600 mole composition is 0.5, the minimum heater of the OFRC
system is 18.82 m?. When the R600 mole composition is 0.4, the maximum heater of the
OFC system is 45.09 m?. The overall heater of the OFRC system is smaller than that of the
OFC system. This finding can be attributed to the OFRC system increasing the temperature
of the working fluid at the heater inlet, thereby reducing the heat absorbed by the system
from the heat source. In addition, the heater of the OFRC system can reach the maximum
value of 21.28 m? with the pure R600. When R600/R245fa is 0.5/0.5, the heater of the OFRC
system is reduced by 11.53% with respect to that with pure R600. The heater of the OFC
system can reach the minimum value of 41.31 m? compared with the pure R600. When the
R600/R245fa is 0.4/0.6, the heater of the OFC system increases by 9.17% compared with
pure R600.
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Figure 11. Variation of the heat exchange area of the system heater with the R600 mole fraction.

Figure 12 shows the change in the heat exchange area of the system condenser with
the R600 mole composition under the optimized operating conditions. With the increase in
R600 mole component, the condenser of the OFRC system initially decreases, then increases,
and finally decreases, whereas the condenser of the OFC system showed an opposite trend.
When the R600 mole component is 0.5, the maximum condenser of the OFRC system is
50.66 m2. When the R600 mole component is 1, the condenser of the OFRC system is the
smallest at 39.49 m?, and the relative reduction rate is 20.67% compared with the system
with pure R245fa. When the R600 mole component is 0.2, the maximum condenser of the
OFC system is 222.83 m?. When the R600 mole component is 0.7, the minimum condenser
of the OFC system is 114.56 m?, when the R600 mole component is 1, the condenser of the
OFC system is 124.65 m?, when the R600 mole component is 0, the condenser of the OFC
system is 150.76 m?, compared with the systems with pure R600 system and pure R245fa,
compared with the systems with pure R600 system and pure R245fa, the relative reduction
rates are 8.09% and 24.01%, respectively. Furthermore, the condenser of the OFRC system is
smaller than that of the OFC system. When the R600 mole component is 0.2, the maximum
relative reduction rate of the condenser of the OFRC system is 79.02% compared with that
of the OFC system.
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Figure 12. Variation of the heat exchange area of the system condenser with the R600 mole fraction.

Figure 13 shows the purchased equipment costs as a function of the R600 mole com-
ponent under optimized operating conditions. The PEC of both OFRC and OFC systems
showed a trend of initial increase followed by a decrease with the increase in R600 mole
component. This finding can be explained by the mixed working fluid having mass transfer
resistance and steam sensible heat in the condensation stage of the system, which leads to
the reduction of its condensation heat transfer coefficient. Therefore, the PEC of the system
with mixed R600/R245fa working fluid is larger than those of the systems with pure R600
and pure R245fa. When the R600 mole component is 0.5, the PEC of the OFRC system can
reach the maximum value of 507.31 k$. When the R600 mole component is 0.2, the PEC
of the OFC system can reach the maximum value of 310.66 k$. Furthermore, the PEC of
the OFRC system is larger than that of the OFC system. This finding can be attributed
to the PEC that is mainly affected by the heat transfer area and mass flow. Although the
heat exchanger area of the OFRC system is less than that of the OFC system, the cost of
the OFRC system is less than that of the OFC system in this respect. However, according
to Equation (26), the cost is also affected by the mass flow rate, and the mass flow rate of
the OFRC system is much greater than that of the OFC system, so the cost of the OFRC
system is greater than that of the OFC system in this respect. Additionally, the decrease
in the former is insufficient in offsetting the increased cost due to the increase in the latter.
When the R600 mole component is 0.5, the PEC difference between the two systems is the
largest at 215.56 k$.
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Figure 13. Variation of the total system cost with the R600 mole fraction.
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Figure 14 shows the variation in the electricity generation cost of the system with the
R600 mole composition under optimized conditions. According to Equation (30) and some
references, the annual operating hours are assumed to be 7500 h. The manufacturing cost
of the liquid-separated unit as well as the operational and maintenance costs are relatively
low, and they are neglected in the manuscript. The net output power in the denominator
increases first and then decreases, while the other parameters remain the same or have
little variation. With the increase in R600 mole components, the EGC of the OFRC system
showed a trend of initial decrease and then an increase, whereas the EGC of the OFC system
showed a trend of initial increase, followed by a decrease, and finally another increase.
When the mole fraction of R600 is 1, the EGCs of both OFRC and OFC systems can reach the
maximum values of 0.3869 and 0.6437 $-kW~1-h~!, respectively. Moreover, the EGC of the
OFRC system is smaller than that of the OFC system, which can be explained by the PEC
of the former being slightly larger than that of the latter. However, the net output work of
the OFRC system is larger than that of the OFC, resulting in a smaller EGC. When the R600
mole fraction is 0.5, the EGCs of both OFRC and OFC systems are the smallest at 0.3627
and 0.5709 $-kW~1-h~!, respectively. For the OFRC system, when the mixed R600/R245fa
working fluid is 0.5/0.5, its relative reduction rates are 15.6% and 11.1% compared with the
systems with pure R600 and pure R245fa, respectively.
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Figure 14. Variation of the electricity generation cost with the R600 mole fraction.

7. Conclusions

In this study, geothermal water at 200 °C as the heat source and R600/R245fa mixture
as the circulating working fluid were used to investigate the influence of changing the
non-azeotropic working fluid composition on the thermal performance and economic
performance of OFC and OFRC systems. The main conclusions are as follows:

(1) When the R600 mole composition is between 0 and 1, the maximum net output power,
thermal efficiency, and exergy efficiency of the OFRC system are all larger than those
of the OFC system. When the R600 mole component is 0.5, the maximum net output
power is 146.39 kW, the thermal efficiency is 21.51%, and the exergy efficiency is
80.94% in the OFRC system. By contrast, when the R600 mole component is 0.4, the
maximum net output power is 48.91 kW, the thermal efficiency is 7.12%, and the
exergy efficiency is 27.05% in the OFC system.

(2) Dual heaters can effectively reduce exergy destruction in the endothermic process.
When the R600 mole component is 0.5, the exergy loss of the heater in the OFRC
system is only 7.42% of the total exergetic loss. Among the circulating components,
the exergy loss of the condenser accounts for the largest proportion. When the R600
mole component is 0.6, the exergy loss of the condenser in the OFRC system accounts
for 44.19%.
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(3) The OFRC system has a slightly larger PEC than the OFC system owing to its larger
mass flow of working fluid. Furthermore, the electricity generation cost of the OFRC
system is much lower than that of the OFC system. When the R600 mole composi-
tion is 0.5, the EGCs of the OFRC and OFC systems are the smallest at 0.3267 and
0.5709 $-kW~1-h~1, respectively.
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Nomenclature

E Exergy loss, kW

g Gravitational acceleration, 9.8 m-s~2
H Cooling water pump head, m
h Specific enthalpy, kJ-kg ™

m Mass Flow, kg-s ™!

P Pressure, MPa

Q Heat absorption, kW

s Specific entropy, kJ / (kg-K)
T Temperature, °C

AT Temperature difference, °C
Y Power, kW

X Steam dryness

n Efficiency, %

A Area, m?2

subscripts

c Condenser

cool Cooling water

ex Exergy

f Working fluid

H Heater

HPTV High-pressure throttle valve
mid Middle

in Import

out Export

g Gas-phase components

1 Liquid components

net Net output power

tot Total value
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P Working fluid pump
T Expander
mix Mixer
sys System
0-10 Status point
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