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ABSTRACT

The purpose of this study is to evaluate the perémce of solar thermal binary power
generating system. The system will consist of tyades, which is solar superheated
steam cycle and the organic Rankine cycle. Thrgaroc fluids, isobutane, R123 and
R245fa will be used in the study and will be coradawith R134a. The primary heat
energy is captured from solar energy is used fgresieated steam power cycle. The
rejected heat from condenser of the steam cyclesésl as heat input for the organic
Rankine cycle. The temperature differences in tbedenser of steam cycle and
evaporator of the organic Rankine cycle range fro@iC to 15°C. The total work is
produced by the two turbines from these two cydlbs. performance is measured based
on work and efficiency of the cycles. For organiankine cycle, it is found that
refrigerant R123 gives the highest efficiency amoefjigerant R245fa, R134a and
isobutane. It was found that, the maximum work fileencombination of the two cycles is
from solar steam/isobutane which can produce 618XRg work. This combination of
solar Rankine cycle and organic Rankine cycle peed642.4 kJ/kg and 70.82 kJ/kg
maximum works respectively. Both of these solaerfigated Rankine cycle and organic
Rankine cycle achieve 19.76 % and 16.87 % effigiemspectively.

Keywords: Binary power cycles, solar thermal, organic rankyeles, parametric
study, cycle efficiency

1.0 INTRODUCTION

Solar thermal is another alternative to extracrgnéom the sun. The solar radiation is
used as a source to supply heat in order to progower. Solar thermal is different from
solar photovoltaic. Instead of using photoelectftect, solar thermal uses the heat
produced by solar energy. Usually solar thermalesyss integrated withnother cycle to
produce power such as organic Rankine cycle. Thedan from the sun is used to heat
up working fluid in order to complete the cycle.iFhype of energy is good to the
countries that receive solar radiation throughoysar.

The organic Rankine cycle system is more suitalde Ibw temperature
application. Organic Rankine cycle consists ofdmrser, evaporator, expansion device
and valve. Sometimes the heat storage or backugr laoe installed together to solve the
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problem during the monsoon season. When theretiemmigh solar radiation, the heat
needed to operate the cycle is not enough. Theréfier backup boiler or heat storage is
ideal to solve this problem.

Solar thermal is already applied for more than ®arg. There are lots of
researches and development that have been domaptovie the system. The system
nowadays, uses the advantage of concentrating palal to extract heat from solar
energy. Concentrating solar panel can provide dopblWwer generation compared with
conventional solar panel. As the result, the nunabeplar collector panel can be reduced
to almost half.

There are various types of design of solar calletiiat can be found nowadays.
Solar collectors such as parabolic trough, centradiver and parabolic dish are examples
on design of solar collector that available andduse power plant, (Lee, 2006). The
variations of the design help the engineer to $éyge of solar collector suitable for the
condition and environment of the power plant. Palialirough solar collector is the most
interesting and lowest cost large-scale solar paeennology available today. This is
proven by 9 solar power plants developed by Luerhdtional Limited. The solar field
outlet temperature ranges from 306°C to 439°C camdyre power 30,100 MWh to
256,125 MWh annually, (Price et. Al., 2002). Chetat Springs Resort demonstrated
their moderate temperature geothermal organic Rantycle in July 2006 using Carrier
refrigeration system, (Holdmann, 2007; Chena Po2@&t0).

1.1 Organic Rankine Cycle

The evaluation of performance of organic Rankingleeys done by making comparison
of three different working fluids. Optimal systerancbe identified by varying different
type of working fluids. The inlet temperature farkine is determined to ensure the
expansion process occur outside the mixture phEse.optimal point for turbine inlet
temperature is at a point on saturated vapor lihera the slope changes from negative
slope to positive slope. The inlet turbine temperis set on the saturated vapor line,
(Cheng et. Al., 2005; Delgado-Torres et. Al., 200@itiarachchia et. Al., 2007).
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Figure 1 :-Temperature versus entropy diagram for differefmigerants

Refering to Figure 1, R134a is not suitable as wgrkluid for the organic
Rankine cycle. This is due to the saturated vajper ¢f R134a that has negative slope.
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Therefore, the expansion process will occur in orixtphase, unless it is superheated first
before entering the turbine. Furthermore, the aaittemperature is lower than other

organic fluids. On the other hand, isobutane, RA2& R245fa are suitable as working

fluid as the saturated vapor line has positive eslofhe evaluation of performance in

organic Rankine cycle is based on temperature seestropy diagram as shown in

Figure 2a and 2b.
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Figure 2a : Schematic diagram for organic Rankyutec
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Figure 2b : T-s diagram for organic Rankine cycle

There are a few assumpations taken in this stuidgth\f the cycle used in the
study is an ideal cycle. The turbine expansioséniropic and pump work is considered
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negligible. The expansion in the turbine occur wo@smixture phase, i.e. in the
superheated region. The condenser temperaturd thearganic Rankine cycles is set to
27°C, i.e. the ambient temperature. The reasorth®rassumptions is that we want to
standardise the analysis so that one would knowwtycle performs the best in terms of
work output and efficiency. Following the assumptipthe mathematical formulations
for organic Rankine cycle are as follows,

work output=(h, —h,) 1)
heat addition in evaporator=(h, —h,) (2)

work output_h, —h,
heat in h -h,

®3)

efficiency=

2.0 ORGANIC WORKNG FLUIDS

2.1 Property of isobutane

Isobutane is a hydrocarbon and also known as R@@de 1 shows the thermophysical
properties of isobutane, (Younglove and Ely, 1983nglove and Mclinden 1994).

Table 1 : Thephysical properties of isobutane

Formula CaH1o
Molecular weight (g/mol) 58.12
Slope of saturated vapor line Positive
Critical temperature (°C) 134.85
Critical pressure (MPa) 3.64
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Figure 3: T-s diagram of isobutane.
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From Figure 3, it is found that the suitable pdortthe state 1(inlet of turbine), is
at temperature equal to 107°C. This is the maxirtemperature on the saturated vapour
slope. The work and efficiency are calculated. Gheph of work and efficiency versus
turbine inlet pressure is plotted in order to asalthe performance of the cycle.

90

g
»

¢ ¢

3
N\

=]
=

+ work

/ B efficiency

A

\t

work (ld/kg) & efficiency
W
S o
|
T,

™

=

N
\
1

0 0.5 1 1.5 2 25 3 35 4
Pressure, P [MPal]

Figure 4 : Work and efficiency versus turbine indet¢ssure of isobutane

From Figure 4, it shows that maximum work that dobk obtained is 80.97
kJ/kg. Besides that, maximum efficiency that caob&ined from the system is 19.65%.
Maximum work can be achieved at turbine inlet puessequal to 2.86 MPa, while
maximum efficiency can be achieved at turbine iptetssure equal to 3.25 MPa.

2.2 Property of R123

Similarly for R123 the work and efficiency are aabted. This is important to see the
performance of the organic Rankine cycle using Rd23vorking fluid. Table 2 shows
the thermophysical properties of R123.

Table 2 : Thermophysical properties of R123

Formula CHCl, - CF;
Molecular weight (g/mol) 152.93
Slope of saturated vapor line Positive
Critical temperature (C) 183.68
Critical pressure (MPa) 3.6618
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Figure 5 : T-s diagram of R123.

From Figure 5, it is found that the optimal tempera on the saturated vapour
slope for the turbine inlet is at 150°C. The world &fficiency are then calculated. The
graph of work and efficiency versus pressure istt@ib in order to analyse the
performance of the system.
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Figure 6 : Work and efficiency versuss turbine tipleessure of R123
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From Figure 6, it shows the maximum work that carobtained is 58.63 kJ/kg.
Besides that, maximum efficiency that can be re@é¢bethe cycle is 23.86%. Maximum
work can be achieved at turbine inlet pressure letué.34 MPa, while maximum
efficiency can be achieved at turbine inlet pressgqual to 2.45 MPa.

2.3 Property of R245fa
Similarly with R245fa, work and efficiency are callated. The performance of the

organic Rankine cycle is then plotted on a graphbld 3 shows the thermophysical
properties of R245fa. The properties of R24&fatabulated from software developed
by Honeywell Genetron. ( http://www51.honeywell.desm/genetron/contact-support/
refrigerant-software.html )

Table 3 : Thermophysical properties of R245fa

Formula CF;CH,CHF,
Molecular weight (g/mol) 154.0
Slope of saturated vapor line Positive
Critical temperature (C) 54.05
Critical pressure (MPa) 3.64
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Figure 7 : T-s diagram of R245fa.
From Figure 7, it is found that the suitable pdottthe state 1 is at temperature

equal to 130°C. The work and efficiency are cal@daThe graph of work and efficiency
versus pressure is plotted in order to analys@dén®rmance of the system.
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Figure 8 : Work and efficiency versus turbine inde¢ssure of R245fa.

From Figure 8, it shows that maximum work that barpbtained is 53.36 kJ/kg.
Besides that, maximum efficiency that can be redcloe the cycle is 21.81%. The
maximum work can be achieved at turbine inlet pressequal to 2.8 MPa, while
maximum efficiency can be achieved at turbine iptetssure equal to 2.9 MPa.

3.0 COMPARISON OF EFFICIENCY AND WORK OF THE WORKIN G
FLUIDS

The refrigerants are compared to analyse the pa#ioce of the system under optimal
condition. The optimal condition is where the mgérants start to expand from the
maximum saturated vapour slope into the turbineshgated phase.

Table 4 : Comparison of different working fluids

Working fluid Isobutane R123 R134a R245fa
Efficiency, (%) 16.83 22.01 15.08 19.30
Turbine inlet

temperature. ( °C) 102 150 98 130
Turbine inlet 2.25 2.10 3.82 2.34
pressure (MPa)

i);;ggsmn condition superheated superheated mixture superheated

Table 4 shows that under optimal condition, all te&igerants expand in superheated
region except R134a. In addition for optimal coiodit the highest efficiency that can be
obtained is 22.01%, using R123 as working fluiti2ZBRshows interesting characteristic,
by achieving high efficiency with low pressure carmp to other refrigerants. The T-s
diagram for optimal condition can be seen in Fig@gel0 and 11.
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Figure 9 : T-s diagram of Isobutane for optimatdition.
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Figure 10 : T-s diagram of R123 for optimal corutiti
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Figure 11 : T-s diagram of R245fa for optimal cdiaat.
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Figure 12 : Work versus pressure for comparisodiffiarent working fluids
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From Figure 12, it can be seen that using isobutangorking fluid produces the
most work. This is followed by R123 and R245fa. Faw turbine inlet pressure of less
than 1.0 MPa, R123 has the highest work producédevor high turbine inlet pressure
greater than 1.0 MPa, isobutane produces the higlogk.
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Figure 13 : Efficiency versus turbine inlet presstar different working fluids

From Figure 13, it can be seen that R123 giveshtgkest efficiency. This is
followed by R245fa and isobutane. For turbine imetssure less than 3.25 MPa, R123
has the highest efficiency. Beyond that range, R24fas the highest efficiency than
isobutane.

4.0 BINARY POWER CYCLES

From the results obtained in the organic Rankindesy condenser temperature of solar
superheated steam Rankine cycle can be fixed.cbinidenser temperature is set about 10
- 15°C higher then the optimum turbine inlet tenapare of the organic Rankine cycles.
The performance is then evaluated. The performawakiation is based on the work and
efficiency of the binary cycles. The binary cycieshown on the T-s diagram in Figure
14. The turbine inlet temperature for solar supatduk steam Rankine cycle is fixed from
the temperature of the parabolic solar trough ctdle which is equal to 400°C.
According to to Lee, the capability of parabolaias trough collecter is up to 750°F or
equivalent to 400°C. (Lee, 2006). The condensepégature is fixed at slightly higher
than optimal turbine inlet temperature for orgaRankine cycle.
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Figure 14 : T-s diagram for binary power cycle.

4.1 Binary Cycle with Isobutane
Results from organic Rankine cycle is used to datex condenser temperature for solar
superheated steam Rankine cycle. Condenser tempefabm Rankine cycle must be

slightly higher than temperature of evaporator iganic Rankine cycle. For isobutane,

condenser temperature for solar superheated stemrkiri® cycle must be more than
107°C which is fixed at 120°C.
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Table 5 : Combination of solar steam and isobupmveer cycles

Steam
State Temperature | Pressure | Entropy Enthalpy Stgtg
(°C) (MPa) (kJ/kg.K) (kJ/kg) condition
1 400 2 7.1292 3248.4 Superheated
2 120 0.199 7.1292 2706 Sat. Vapor
3,4 120 0.199 1.5279 503.81 Sat. Liquid
Work (kJ/kg) 542.4 Efficiency (%) 19.76
Isobutane
Temperature | Pressure | Entropy Enthalpy State
State (°C) (MPa) (kJ/kg.K) (kJ/kg) condition
1 107 2.249 4.9429 389.17 Sat. Vapar
2 38.67 0.37 4.9429 318.35 Superheated
3,4 27 0.37 3.7799 -30.89 Sat. Liquid
Work (kJ/kg) 70.82 Efficiency (%) 16.87

From Table 5, the work obtained from solar supddteateam Rankine cycle is 542.4

kJ/kg with an efficiency of 19.76%. Combination @$obutane and steam can produce
613.32 kJ/kg of work.

67



Jurnal Mekanikal, December 2011

4.2

Binary Cycle with R123

From the result of obtained in organic Rankine eyidr R123, condenser temperature
must be fixed slightly higher than 150°C. This isant for the heat transfer from solar
superheated steam Rankine cycle to organic Rawkirie. The condenser temperature of

the solar superheated steam Rankine cycle is &ka65°C.

Table 6 : Combination of steam and R123

Steam
State | Temperature Pressure Entropy Enthalpy State
(°C) (MPa) (kJ/kg.K) (kJ/kg) condition
1 400 2 7.1292 3248.4 Superheated
2 165 0.314 7.1292 2791.59 Superheated
3,4 135.04 0.314 6.9769 567.91 Sat. Liquid
Work (kJ/kg) 456.81 Efficiency (%) 17.04
R123
State | Temperature Pressure Entropy Enthalpy State
(9] (MPa) (kJ/kg.K) (kJ/kg) condition
1 150 2.099 0.8535 299.81 Sat. vapor
2 43.25 0.098 0.8535 247.95 Superheated
3,4 27 0.098 0.248 65.93 Sat. liquid
Work (kJ/kg) 51.86 Efficiency (%) 22.17

From Table 6, the work obtained from solar supedteateam Rankine cycle is 456.81
kJ/kg and the efficiency is 17.04%. CombinatiorRd23 and steam can produce 508.67

kJ/kg of work

4.3

Binary cycle with R245fa

For working fluid R245fa, the condenser temperatofehe solar superheated steam
Rankine cycle must be slightly higher then 130°Be Tondenser temperature of the solar
superheated steam Rankine cycle is fixed at 145°C.

Table 7 : Combination of steam and R245fa

Steam
State Temperature Pressure Entropy Enthalpy State
(°C) (MPa) (kJ/kg.K) (kJ/kQ) condition
1 400 2 7.1292 3248.4 Superheated
2 145 0.262 7.1292 2753.35 Superheated
3,4 128.96 0.262 1.6236 541.94 Sat. liquid
Work (kJ/kg) 495.05 Efficiency (%) 18.29
R245fa
State | Temperature Pressure | Entropy | Enthalpy State
(°C) (MPa) (kJ/kg.K) | (kJ/kg) condition
1 130 2.335 1.0083 341.48 Sat. vappr
2 45 0.161 1.0083 292.14  Superhegted
3,4 27 0.161 0.3226 85.84 Sat. liquid
Work (kJ/kg) 49.34 Efficiency (%) 19.30
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Table 7 shows that 495.05 kJ/kg work can be obdidirem the solar superheated
steam Rankine cycle. On the other hand, the effigief the cycle is 18.29%. The binary
cycle with R245fa and steam can produce a totakwbb44.35 kJ/kg.

5.0 CONCLUSION

A parametric study to evaluate performance of stilarmal binary power generation
cycles has been made. It consists of solar supedhateam Rankine cycle and organic
Rankine cycle. For organic Rankine cycle, it isfduhat refrigerant R123 gives the
highest efficiency among refrigerant R245fa, R184d isobutane. Efficiency of R245fa
is slightly lower then refrigerant R123. On othemd, isobutane has lower efficiency
compared to R245fa, while R134a has lowest effigieRefrigerant R245fa, R123 and
isobutane show good characteristic in the expangioness which occur in superheated
region.

From combination of solar superheated steam Raricle and organic Rankine
cycle, it is found that combination of isobutaned esteam produce the highest work
compared to the steam combination with R245fa,Rib2f3. In term of efficiency, for the
solar superheated steam Rankine cycle, combinatitn isobutane, gave the highest
efficiency.

The application of renewable energy in solar engrgyer generation still need
further improvement to make it available for preatiuses. The solar thermal steam
superheated Rankine cycle shows promising potantigbplication The economic factor
become the main constraint when organic Rankinéedgcapplied due the cost of its
working fluids and its system.
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