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ABSTRACT

The low-enthalpy heat in geothermal fluids is extracted by using a binary cycle and is converted into electricity. Conventional
Organic Rankine Cycles (ORCs) are used widely in low-enthalpy geothermal power plants as an effective solution to convert low-
grade heat into power. However, conventional ORCs are characterized by high exergy destruction during heat transfer in the
evaporator and condenser. The irreversibility of evaporator and condenser, and exergy loss of the heat source can be reduced by
employing zeotropic mixtures and transcritical organic Rankine cycles (TRCs). A thermodynamic analysis model of TRC adopting
recuperator associated with mixtures has been developed. This model was employed to investigate feasibility of the mixture
R600a/R134a instead of R245fa/R134a in the low-enthalpy heat. Therefore, the mixtures are investigated by the first and second
law efficiencies of thermodynamic, exergy destruction and specific power at various inlet expander temperatures and pressures. The
results indicate that the optimal mole fraction corresponding to the maximal specific power is dramatically and unsignificantly
affected by the inlet temperature and inlet pressure of the expander, respectively. Meanwhile, the maximal specific power occurred
at temperature difference between Texp.in and Tai approaching 40 °C under effects of condensing temperature glide. The peak value
of the first law effficiecny is occurred at pure R245fa and R600a. The second law efficiency and the specific power are increased
considerably by increasing inlet temperature and inlet pressure of the expander. The comparsions show the similar trend in terms of
condensing pressure and heat transfer rate of recuperator, nevertheless the significant difference is in the condensing temperature
glide. By the recuperator, the total exergy destruction can be reduced, especially for Texp,in > 170 °C.

1. INTRODUCTION

By the growing industrialization, energy consumption has sharply increased over past decades, which led to environmental
problems such as acid rain, ozone layer depletion and global warming. Methods of improving energy efficiency are crucial for
energy efficiency policies and environmental protection. Organic Rankine Cycle (ORC) is one of effective methods to recovery
low-grade waste heat to generate electricity. Tchanche ez al. [1] listed the ORC power plants operating, which capacity ranges from
125 kW to 6 MW. Many authors have studied ORC. The focus of the survey was on the selection of organic fluids [2-4] and
parameter optimization [5-7]. Among several types of renewable energy sources, geothermal energy seems to be the most attractive
energy source because it is stable, unaffected by weather conditions, and easily utilized by traditional technologies. However, most
geothermal resources are obtained at temperatures below 150 °C and are therefore referred to as "low temperature" or "low
enthalpy" geothermal resources [8]. In addition, the use of low temperature geothermal energy can be achieved by using a binary
device. Approximately 44 % of existing units are binary plants in the geothermal due to their lower average capacity, which
production is less than 10 % of the world's geothermal [9].

The performance comparison between sub- and transcritical organic Rankine cycle has been investigated at various heat sources
[10-15]. Xu et al. [10] examined effect of heat source temperature, critical temperature and evaporating pressure on sub- and
supercritical organic Rankine cycle. They found that the net power output for supercritical ORC decreases rapidly with the rise of
evaporation pressure when the flue gas temperature is near to the working fluid’s critical temperature. Meanwhile, the maximum
net power output was appeared if the heat source temperature was approximately 25-40°C higher than the working fluid’s critical
temperature. Braimakis et al. [11] found that the use of mixtures instead of pure fluids can have a significantly positive effect on the
cycle performance under specific waste heat temperature. Compared to subcritical ORC, the supercritical ORC can improve
exergetic efficiency [15].

From the viewpoint of environmental protection, carbon dioxide is a promising natural working fluid in binary cycles. Moreover,
COz and its mixtures have been studied by researchers in the transcritical cycle [16-20]. Wu et al. [17] found that COz-based
mixtures were unsuitable for transcritical power cycles at low cooling water temperatures, except R161/CO2 and R152a/CO2. Wang
and Dai [18] studied the TRC with CO2 and ORC with different organic fluids as the bottoming cycles. They found that the
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performance of the CO2-TRC was superior to that of the ORC at lower compressor pressure ratios. Dai et al. [19] found that CO»-
based zeotropic mixtures can improve the thermal performance and lower the operation pressure compared with pure COz. Pan et
al. [20] indicated that thermal oil outlet temperatures were affected by heating pressure and mass fraction associated with
R290/CO2 mixture in TRC. Vélez et al. [21, 22] investigated the use of a low temperature heat source for power generation through
a COz transcritical power cycle. Their theoretical results revealed the irrevseribilities of evaporator and condenser were reduced
with input pressure due to the rise in the pump outlet temperature of fluid to cause an increase in the exergetic efficiency. Cayer et
al. [23] found that a pressure of approximately 13.5 MPa maximized the thermal and exergetic efficiencies in CO2 transcritical
cycle without regenerator at pressure range from 9 to 15 MPa. Although the CO2-based mixtures have been investigated in the
literature, the associated system costs were found to be markedly high because the supercritical pressure of COz2 is higher than that
of the other organic mixtures.

As expected from previous works [11, 14, 24] the internal heat exchanger (IHE), namely recuperator, can increase the thermal and
exergy efficiency, but the exhaust temperature of heat source was higher than that of the corresponding non-recuperative cycle [25].
Consequently, the ORC adapting recuperator configuration is useful to increase output power at constant thermal power input.
However, the geothermal fluid controlled at fixed mass flowrate could be not increased output power by recuperator [25].
Additionally, the studies [25, 26] illustrated for dry and isentropic fluids ORC adopting recuperator could be recover more sensible
heat. Wang and Zhao [26] indicated for zeotropic mixtures introducing a recuperator to ORC system can also notably increase
thermal efficiency because of effect of the mixture’s temperature glide during condensing. However, the evidence on performance
associated with temperature glide of the mixtures introducing recuperator is limited.

Although hydrofluorocarbons refrigerants, namely R245a and R134a, are popular and widely used as working fluid in ORC system,
they have high GWP. Hydrocarbon refrigerants (for instance R600a), which with low GWP and higher flammability, are
environmentally friendly, non-toxic and non-ozone-depleting. The objective of the present study was investigated to feasibility of
the relative low GWP fluid, namely R600a, instead of R245fa in the TRC with R134a-based mixtures at heat source inlet
temperature ranged from 160 to 210 °C.

2. THEORETICAL ANALYSIS

The schematic diagram of TRC system is shown in Figure 1. The mixtures R245fa/R134a and R600a/R134a were used as working
fluids to investigate effects of system parametric and recuperator on TRC performance. Figure 2 shows the T-s diagram for TRC
system, which indicates the temperature glide of the working fluid vapor in the condenser. The temperature glide provided better
temperature match between cooling water and working fluid during condensing process. It is meaning that the irreversibility was
lower during working fluid condensing process to improve system efficiency. In the present study, the properties of the working
fluid were referred to the REFPROP 9.0 [27] and analysis system was developed by using computer program in MATLAB. The
given parameters of TRCs associated with the mixtures and heat source are listed in Table 1. The system assumptions were given as
below:

[ The system in steady state.
[ Ignored pressure drop of the evaporator, the condenser and the pipes.
[ Ignored heat loss of the each component and the pipes.

For the TRC system the pumps pressurize the working fluid to a supercritical state, resulting in a high pressure difference between
the evaporator and condenser. However, the working fluid pumps consume considerable power from the system generator. To
understand the weighting of the consumed power on the output power of the system, the first and second law efficiency of
thermodynamic are estimated using the following equations:

Woump = myp(hy — hy) (D
Wexp = 1ty (hy — h3) 2
Whet = Wexp = Woump )
= % @)
AEy = 1 [(Anin = Rhout) = To(Shin = Shout)] (5)
M = VZ’;Z’ (6)

where W, is the difference between the shaft power produced by the expander and the power consumed by the pump of working
fluid. The total heat transfer rate in the evaporator is a product of the mass flow rate of the working fluid and enthalpy difference
between the outlet and inlet of evaporator.

To consider the specific power, we express the net output power per unit mass flow rate of the heat source as follows:
P net
= oo )
where P, is
. . W,
Pret = (Wexp ' 8g,m) - % ®)
gm

The efficiency of the main components and the system was evaluated using thermodynamic and energy balance equations. The
main design points and components are displayed in Figure 2. The mathematical model for each component is listed in Table 1.
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Table 1: The mathematical model of the component for simple and recouperative TRC.

Simple Recouperative
ieuaa Qeua jeva = meo(S:S - 52) + tho(sh,out - Sh,in) jeva = me0(5?3 - 57) + tho(Sh,out - Sh,in)
Qn = mf(hs_ —hy) Qn = mf(h3_ —h7)
1 I
Qeva = Ae_g:l Qeva = Ae_};z
Iexpa Qexp Iexp = meo(:§4 —S3) Iexp = meo(:§4 —53)
Q _ Iexp Q _ Iexp
exp — A_Eh exp — A_Eh
Leonas leona = meO(Sl —S4) +.chO(Sc,out - Sc,in) leona = meO (51— S¢) +.cho(Sc,out - Sc,in)
Qcond Q _ Icond Q _ Icond
cond AEh cond AE-.h
Ipumpa Ipump = meo.(SZ - 51) Ipump = meo.(SZ -5
Qpump _ pump _ Ipump
Lpump = AE, Lpump = AE,
Lrecs Qrec Irec = me0(57 + S — S, — S4)
NA I
Qrec = A?;;
The normalized exergy destruction of the TRC system can be summarized as follows:
Qtotal = qump + 'Qeva + Qexp + Qcand+QTec (9)
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Figure 1: Schematic of (a) simple and (b) recuperative TRC.
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Figure 2: T-s diagram of mixture (a) in simple and (b) recuperative TRC.
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Table 2: Given parameters of TRC.

Turbine isentropic efficiency Nexp 80 %

Pump isentropic efficiency Tpump 65 %

Recuperator effectiveness Erec 80 %

Generator/motor efficiency €gm 90 %

Temperature difference of pinch point in the evaporator ATpp,eva 5K

Temperature difference of pinch point in the condenser ATpp,cond 5K

Inlet temperature of the expander Texp,in 150 —200 °C

Inlet pressure of the expander Pexp,in 4.1-6.6 MPa

Temperature of geothermal fluid Th,in 160 —-210 °C

Mass flow rate of geothermal fluid my 30 kg/s

Inlet temperature of cooling source Tein 32°C

Ambient temperature To 32°C
RESULTS AND DISCUSSION

The present study was carried out theoretical analysis to investigate feasibility of the organic fluids R600a/R134a instead of
R245fa/R134a in the TRC. The first and second law efficiencies of thermodynamic, and specific power affected by Texp,in and mole
fraction of the mixtures at constant inlet pressure of expander are shown in Figures 3 and 4. The results show that the specific
power and first law efficiency are notably increased with an increase of Texp,in. The line are not shown at high mole fraction of the
front fluid at low Texpin due to small tempeature difference between the Teri and Texp,in to cause droplet accumulation during
pressure drop. For the TRC system, the critical point is the crucial property of the working fluid because the working fluid must be
in the supercritical state before entering the expander. To avoid droplet accumulation owing to a drop in pressure, the inlet
temperature of the working fluid should be sufficiently higher than the critical temperature to ensure that the working fluid remains
in the superheated state during expansion. It is worth noated that the peak value of the first law efficiency is occurred at pure
R245fa and R600a. However, the two peaks value of the second law efficiency and specific power are observed at high inlet
temperature of the expander. The reason for the corrsponding peak value is the condensing temperature glide approaching the
temperature difference between the inlet and outlet of cooling source. For R245fa/R134a and R600a/R134a the optimal mole
fraction corresponding to the maximal specific power at various inlet temperatures are listed in Table 3. The mole fraction of
R245fa and R600a with high critical temperature is low at Texp,in < 180 and 170 °C, respectively. This is because of the maximal
specific power occurred at temperature difference between Texpin and Teri approaching 40 °C under effects of condensing
temperature glide. Furthermore, for R245/R134a the first and second law efficiencies, and specific power are higher than those of
R600a/R134a.
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Figure 3: Effect of the inlet temperature of expander on the first and second law efficiencies of thermodynamic, and specific
power of R245fa/R134a at Pexp,in=5.6 MPa.
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Figure 4: Effect of the inlet temperature of expander on the first and second law efficiencies of thermodynamic, and specific

power of R600a/R134a at Pexp,in=5.6 MPa.

Table 3: Mole fraction of the mixtures corresponding to the maximal specific power at various Texp,in (Pexp,in= 5.6 MPa).

Texp,in 150°C 160°C 170°C 180°C 190°C 200°C

¢ 40.53 47.97 55.02 61.72 71.06 80.49
R245fa/R134a

X 0.17/0.83 0.17/0.83 0.17/0.83 0.17/0.83 0.95/0.05 0.95/0.05

€ 39.53 45.65 51.45 60.07 67.82 753
R600a/R134a

X 0.35/0.65 0.35/0.65 0.35/0.65 0.94/0.06 0.94/0.06 0.94/0.06

Figures 5 and 6 illurate the first and second law efficiencies of thermodynamic, and the specific power affected by the inlet pressure
of the expander. The results show that the efficiencies and specific power increased with an increase of Pexp,in at constant Texp,in.
This is because of the entropy of evaporator outlet and expander outlet declined with the operating pressure. Meanwhile, the mole
fraction of the mixtures at peak values of the corresponding second law efficiency and specific power are unsignificantly affected

by chp,in.
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Figure 5: Effect of the inlet pressure of expander on the first and second law efficiencies of thermodynamic, and specific
power of R245fa/R134a at Texp,in=200 °C.
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Figure 6: Effect of the inlet pressure of expander on the first and second law efficiencies of thermodynamic, and specific
power of R600a/R134a at Texp,in=200 °C.

To investigate effect of condensing temperature glide on the recuperator, the heat transfer rate of the recuperator at constant

effectiveness is shown in Figures 7 and 8. The comparsions show the similar trend in terms of condensing pressure (Pcond) and heat
transfer rate of recuperator (Qrec), nevertheless the significant difference is in the condensing temperature glide. The results show

that the heat transfer rate of recuperator is increased with the condensing pressure. It is meant that the heat transfer rate in
recuperator of the fluids with low critical temperature is higher than that of the fluids with high critical temerature.
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Figure 7: The heat transfer rate of R245fa/R134a with recuperator effectiveness of 80% at Texp,in=200 °C and Pexp,in=5.6

MPa.
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Figure 8: The heat transfer rate of R600a/R134a with recuperator effectiveness of 80% at Texp,in=200 °C and Pexp,in=5.6

MPa.

Figures 9 and 10 show that effect of TRC adopting recuperator on the normalized exergy destruction at various Texp,in and Pexp,in.
The results illurate that the total exergy destruction is considerably reduced by recuperator resulted from a decrease of the mass
flow rate of cooling source and entropy difference between outlet and inlet of condenser in refrigerant side. Meanwhile, for non-
recuperative TRC the exergy destruction is decreased with an increase of inlet pressure of the expander. This is because of the the
irreversibilities of the evaporator and condenser reduced by the operating pressure, when Texp,in >160 °C. However, for recuperative
TRC the exergy destruction dramatically declines first and then increases with an increase in expander inlet pressure, especially

when Texpin <190 °C.
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Figure 9: Effect of the inlet temperature and pressure of expander on total normalized exergy destruction of R245fa/R134a.
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Figure 10: Effect of the inlet temperature and pressure of expander on total normalized exergy destruction of R600a/R134a.

CONCLUSIONS

In the present study, the mixtures (R245fa/R134a and R600a/R134a) with optimal mole fraction corresponding to the maximal
specific power was examined by thermodynamic method at various inlet expander pressures and temperatures to investigate
feasibility of the other organic fluids, R600a, instead of HFC, namely E245fa, in the TRC with mixtures. The conclusions were
summarized as follows:

1. The optimal mole fraction of the mixtures corresponding to the maximal specific power is considerably and unsignificantly
affected by Texp,in and Pexp.in, respectively. The pure R245fa and R600a have the maximal value of the first law efficiency.
Furthermore, for R245/R134a the first and second law efficiencies, and specific power are higher than those of R600a/R134a.

2. The efficiencies and specific power are increased with Texp,in and Pexp,in. However, the second law efficiency is slightly affected
by Texp.in.

3. The similar trend in terms of condensing pressure and heat transfer rate of recuperator, nevertheless the significant difference
is in the condensing temperature glide. The heat transfer rate in recuperator of the fluids with low critical temperature is higher
than that of the fluids with high critical temerature.

4. The total exergy destruction is considerably reduced by recuperator resulted from a decrease of the mass flow rate of cooling
source and entropy difference between outlet and inlet of condenser in refrigerant side.
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NOMENCLATURE

h specific enthalpy (kJ/kg)

I exergy destruction (kW)

m mass flow rate (kg/s)

P pressure (MPa)

P electrical power (kW)

Q heat transfer rate (kW)

S specific entropy (kJ kg' K)
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Greek letters
&n

¢
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Subscript
0

1-7

c
¢,in/c,out
cond
evap

exp

f

g

glide

h
h,in/h,out
/11

in/out

m

net

pp
pump
rec
total

temperature (°C)
mechanical shaft power (kW)
mole fraction of mixture (%)

efficiency (%)

specific power (kJ/kg)
available exergy (kW)
temperature difference (K)
exergy destruction rate

environment state

state point

cooling source

cooling source inlet/outlet
condenser/condensation
evaporator/evaporation
expander

working fluid

generator

glide

heat source

heat source inlet/outlet
first/second law of thermodynamics
inlet/outlet

motor

net

pinch point

pump

recuperator

total
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