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Thermodynamic Modelingofthe Solar
Organic Rankine Cycle with Selected
Organic Working Fluids for Cogeneration

Suresh Baral and Kyung Chun Kim

ABSTRACT

Fifteen (15) organic fluids were thermodynamically modeled to
evaluate their fitness and performance as working fluids in an Organic
Rankine Cycle (ORC) based cogeneration system. This article presents
the exergy efficiency, thermal efficiency, solar power cycle efficiency,
cogeneration efficiency, mass flow rate, heat input, required area of the
solar collector and hot water production for the evaluated working fluids
the low-temperature (90 and medium-temperature (125 solar organic
Rankine cycles. Thermodynamic modeling was carried out using a com-
mercial 1 kW scroll expander, two compact heat exchangers, a diaphragm
pump and a solar collector. The article also describes the use of solar ORC
technology for electricity generation and producing hot water as cogen-
eration. Commercial software, Engineering Equation Solver (EES), was
used to calculate the operating parameters of the solar ORC. Of the 15
fluids investigated, R134a and R245fa were found to be the most appropri-
ate working fluids for low-temperature and medium-temperature solar
ORC cogeneration systems, respectively. RC318 and R123 offer attrac-
tive performance but require environmental precautions owing to their
high ozone depletion potential (ODP) and high global warming potential
(GWP). The article also estimates the hot water production from different
working fluids for a period of one year in Busan, South Korea.

Keywords
Thermodynamic modeling, Solar organic Rankine cycle, Working
fluids, Cogeneration, Heat source temperature, Hot water

Nomenclature

Q  =heat (kW)

W  =work done (kW)
A =area (m?)



(o)
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E = exergy (kJ)

I = solar insolation (W m2)

T  =temperature (°C)

Cp = constant pressure specific heat capacity (k] kg™ K1)
h  =enthalpy (k] kg)

s =entropy (k] kg1 K1)
V = volume of hot water (L)
Greek Symbols

M = Efficiency (%)

Subscripts

i =inlet

th =thermal
in =inlet
out = outlet

C = collector
t = turbine
p = pump

hw = hot water

sun = hour of sunshine
0 = ambient

exg = exergy

spc = solar power cycle
cog = cogeneration

INTRODUCTION

The organic Rankine cycle (ORC) is similar to the cycle of a conven-
tional steam turbine power plant but it uses a high molecular organic fluid
as the working fluid. The high molecular mass allows the exploitation of
effectively low temperature heat sources to produce electricity in a wide
range of power outputs ranging from a few watts to several megawatts in
many applications, such as geothermal, solar, desalination, ocean thermal
and biomass power plants. Currently, research has been carried out exten-
sively focusing on the full utilization of waste heat from industrial plants.
Owing to environmental concerns and the depletion of fossil fuels, this
energy utilization concept from low heat sources has been used widely.
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More attention is being paid to organic working fluids, which must be
risk less in terms of: human health, ozone depletion, global warming con-
tribution. This way, ORC fluids can enhance their sustainable potential as
key components of distributed generation (DG) plants capable of utilizing
low and medium quality heat sources (80 to 150. The selection of suitable
organic fluids in the ORC plants should have the following desirable
characteristics, as described by appropriate low critical temperature and
pressure: small specific volume, low viscosity and surface tension, high
thermal conductivity, suitable thermal stability, non-corrosive, non-toxic
and compatible with engine material and lubricating oil [1,2].

Solar energy is available everywhere and is completely renewable.
In remote locations, the conversion of solar energy to electricity could be
an important option for enhancing the development of rural communities.
The low energy density and the fluctuations of the source availability are
the main obstacles in solar energy applications. Photovoltaic modules,
which are commercially available technology for converting solar energy
directly into electricity, have very low efficiency and require batteries for
storage, which limits its application in developing countries.

Few studies have reported the experimental data from an opera-
tional solar ORC system. A performance and design optimization study
by Quoilin et al. [3] based on low cost solar ORCs provided the modeling
results for solar thermal electricity generation in the remote off-grid areas
of developing countries, and revealed an overall thermal efficiency of 8%.
Saitoh et al. [4] reported a solar ORC efficiency of 7% and with the work-
ing fluid, R113, and an expander efficiency of 63%. Jing et al. [5] analyzed
a combination of ORC with compound parabolic concentrators (CPCs) for
electricity generation with the working fluid, HCFC-123. They suggested
that heat exchangers with two thermal oil cycles can improve the collec-
tor efficiency by 8.1-20.9% with a maximum evaporating temperature
of the working fluid of 120°C. He et al. [6] simulated a parabolic trough
solar energy generation system, and examined the optimal feeding fluid
temperature, suitable number of heat recovery series, thermal storage ca-
pacity, and system performance with three different working fluids, R113,
R123 and pentane. Torres and Rodriguez [7] provided a detailed analysis
of low power solar-driven Rankine cycles with working fluids, such as
toluene, octamethylcyclotetrasiloxane (D4) and hexamethyldisiloxane
(MM) in direct solar vapor generation configuration of solar ORC applied
in the desalination process, and have a global efficiency of 17.3%, 15.7%
and 15%, respectively when the condensation temperature was set to
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35°C. Gang et al. [8] examined the regenerative and without regenerative
solar ORC cycle, and reported an efficiency of approximately 8.6% and
4.9% respectively for irradiance 750 W /m?. Wang et al. [9], using R245fa
as the working fluid and a flat-plate solar collector, reported a maximum
system efficiency of approximately 3%, where the time-averaged Rankine
cycle efficiency was approximately 2.8% in the morning and 5.3% in the
afternoon. Twomey et al. [10] simulated a solar ORC and revealed an ef-
ficiency of 3.4% with a maximum expander isentropic efficiency of 59%.
Manolakos et al. [11] provided the design and experimental results from a
2 kWe solar ORC system using evacuated tube collectors, scroll expanders
and R134a as the working fluid, and reported an efficiency of 4% applied
in a reverse osmosis process in desalination. Pedro et al. [12] examined the
exhaust waste heat recovery potential of a micro-turbine using an ORC,
where different dry organic fluids were considered to find the exergy ef-
ficiency.

Currently, 1.6 billion people all around the world still have no access
to electricity. Huge communities in underdeveloped countries do not have
a centralized grid connected to their main lines of electricity. Therefore,
conversion techniques from low heat source to electricity in the underde-
veloped countries, which require rural electrification, are needed. Several
groups including Solar Turbine Group (STG) have tried to implement
small scale solar thermal technology using medium temperature collec-
tors aimed at replacing or complementing diesel generators in the off grid
areas in underdeveloped countries, thereby generating clean and green
power at very low installation and maintenance cost.

The present work aims to select most suitable working fluids for low-
temperature (90 and medium-temperature (125 solar ORC systems to pro-
duce both electricity and hot water. Characteristics of 15 potential working
fluids are evaluated and compared for a 1 kW micro-power system.

SYSTEM MODELING

The present solar ORC system consisted of a working fluid pump (di-
aphragm type), two compact heat exchangers and a commercial scroll ex-
pander, as shown in Figure 1. The working principle is explained as the hot
water obtained by the solar collector is passed through the evaporator. The
ORC working fluid is pumped and passed through the evaporator, where
it changes its phase. The working fluid is expanded into the scroll expander
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to generate electricity. The working fluid at the turbine outlet is condensed
in the condenser by cold water supplied from a tap and flows back into the
circulation pump to begin a repeated cycle. The condensing temperature
determines the temperature of hot water production as cogeneration.

A simulation and thermodynamic modeling of the present system
was carried out to predict the performance characteristics of the solar
organic Rankine cycle under a range of conditions and parameters. The
graphical representation of computation modules organized by direction
of energy flow can be shown in Figure 2. The system equations were de-
rived easily from the energy and mass balance for a control volume. The
exergy of the ORC system was calculated using the enthalpy and entropy
of the evaporator inlet and the dead state (To = 25°C). The system equa-
tions obtained can be expressed as

Evaporator: Q, =h,—h, (1)
Condenser:  Q, ,=hy~h, )
Tarbine: W, =m(h = by, (3)
Pump: W, =m(h,-h,)/In, 4)

Power output: W, =W, = rh(hl -h, m, -m(h3 -h)/n, 5)
W,

Thermal efficiency: mMggc = Qom (6)
Solar power cycle efficiency: Ngpc = Ny X7, (7)
Cogeneration efficiency: Meog = (I/Vnet - WP + Qout) / Q in 8)
Exergy state point: E, = fn[(hi - hﬂ )_ T, (Si_so )] )
Exergy efficiency: 17,,, = Wm/ El. (10)
Area of collector: Ac= Q,, /(n, xIxW,,) (11)

Hot water production: V, = [% xT,, (12)
c, x(T, -1,
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The present work compared several ORC working fluids for system
efficiencies, appropriate area of the solar collector and production of hot
water as cogeneration for 1 kW power output. Several authors [13-18]
worked on analyzing the characteristics of the different working fluids
for the conversion of low grade heat. For the simulation and analysis of
ORC working fluids as potential candidates in solar applications, the criti-
cal temperature of fluids, ranging from 95°C to 240°C, were selected. For
low-temperature solar ORC using a flat-plate solar collector, the critical
temperature of the working fluids ranged from 95°C to 135°C, whereas the
critical temperature for medium-temperature solar ORC using a vacuum
tube type solar collector ranged from 150°C to 240°C. These critical tem-
perature ranges were taken as a fundamental basis because of its thermo-
physical behavior at various heat source temperatures. For the simula-
tion, the desired thermodynamic properties of the ORC working fluid at
different state points should be known. The thermodynamic properties of
an ORC working fluid can be described best by the energy equation and
calculated using software known as an Energy Equation Solver (EES).
Therefore, all the thermodynamics properties of ORC working fluids in
this study were obtained using commercial software EES.

For simplicity, several reasonable assumptions were implemented
by thermodynamic modeling. The assumptions are listed as follows:

The electric power at the expander is fixed at 1 kW.

b. The evaporating temperature for low and medium temperature solar
ORC are supposed to be 85°C and 120°C, respectively, with a pinch
point temperature difference of 5°C.

c. The condensation temperature is fixed to 45°C.
d. The efficiency of the expander is 70%.
e. The efficiency of the pump is assumed to be 70%.
The solar collector efficiency is presumed to be 70%.
g. The internal irreversibility is ignored.
h. The pressure drops in the components other than the expander are

ignored.

For low-temperature and medium-temperature solar ORCs, the heat
source is expected to be 90°C and 125°C, respectively.
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RESULTS AND DISCUSSION

In total, 15 pure organic working fluids were selected as potential
candidates, as listed in Table 1. Only one criterion was considered at this
first step, a critical temperature above 90°C. Hot water was provided from
the solar collectors. The condenser was cooled with tap water at 25°C. In
this study, the vapor at the turbine inlet was saturated. A re-heater was not
introduced because it could add too much expense to the system. Table 2
lists the system performance results for a design of 1kW power output.
This study examined the ORC system located in Busan, South Korea (lati-
tude and longitude of 35.15°N and 129.06°E, respectively).

Efficiencies

The ORC efficiency is the most important index used to evaluate
the performance of the system. Nine and six working fluids emerged as
potential candidates for the low-temperature and medium-temperature
solar ORC respectively. The exergy efficiency is an indicator of how close
the thermal efficiency is to the highest value permissible depending on
the temperature range (Carnot efficiency). The system exergy efficiency
ranged from 29.29% to 50.03%. The maximum exergy efficiency was ob-
tained using RC318 and R123, as shown in Table 2. This is because these

Table 1. Properties of the organic fluids along with the safety and environmental
parameters

Molecular Critical Critical | ASHRAE . GWP
Working Fluid mass Temperature | Pressure safety ﬁtfr:glsg:(eyr;)c oDP 100

(kg/kmol) C) (MPa) | group (100 y)
1 R22 86.5 96.14 4.9 Al 12.1 0.055 1500
2 R290 44.1 96.68 42 A3 0.041 0 20
3 R134a 102.03 101 4.059 Al 14 0 1430
4 R227ea 170 101.7 29 Al 342 0 3220
5 R500 99.3 105.6 4.17 Al 74 0.74 6010
6 R12 120.91 112 4.11 Al 100 0 10890
7 RC318 200.03 115.2 2.79 Al 3200 0 10250
8 R717 17.03 132.3 11.33 B2 0.01 0 1
9 R600a 58.12 134.7 3.64 A3 12 0 n.a
10 | R245fa 134.05 154.2 3.64 Bl 8.8 0 820
11 R123 153 183.7 3.668 B1 1.3 0.02 77
12 R11 137.4 198 44 Al 50 1 5800
13 R141b 116.95 204.2 4.25 n.a 93 0.12 725
14 | Methanol 32.04 240.2 8.1 n.a n.a n.a n.a
15 Ethanol 46.07 240.8 6.14 n.a n.a n.a n.a
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fluids rise at low working pressures as the enthalpy difference in the
expander increases. Lower exergy efficiency means higher system irre-
versibility. Normally, in an ORC system, the evaporator makes the largest
contribution to the overall irreversibility followed by the expander. R500,
the lowest exergy efficiency fluid, requires the largest heat input due to the
large irreversibility in the evaporator.

The thermal efficiency and solar power cycle efficiency ranged from
5.38% to 12.58% and 3.67% to 8.8%, respectively, as shown in Figures 3 and
4. The thermal efficiency was based on the first law of thermodynamics
and is the typical efficiency of an ORC. The solar power cycle efficiency
considers the efficiency of the solar collectors. Therefore, the solar power
cycle efficiency is always 2 ~ 3% lower than the thermal efficiency. This
efficiency can be compared directly with photovoltaic devices in terms of
electric power generation. On the other hand, the system efficiency of a
solar ORC with cogeneration should be considered using hot water from
the condenser. The cogeneration efficiency ranged 73.11% to 77.92% for
the low-temperature ORC whereas 80.24% to 82.24% for the medium-tem-
perature solar ORC. A cogeneration unit should utilize the high thermal
efficiency of solar thermal collectors to provide water heating, while gen-
erating electricity during the off-peak periods when the sun’s potential
would otherwise be wasted.

Table 2. Comparison of the performances of different working fluids for a 1 kW
power output.

Working || Puax | Puin Qu [| ™ | Mexe Nt Meog | Mspc Vv
Fluid | (kPa) | (kPa) | PR [ aoW) [ kers) || o) || o) | o) | ) | @) [| Aqmd)
R22 4037 || 1730 | 2.33 || 17.99 || 0.12 [ 31.04 || 5.55 | 73.55 3.89 0.52 32.13
R290 3437 | 1534 || 2.24 | 18.57 || 0.06 |[ 30.08 || 5.38 |[ 73.41 3.77 0.63 33.16

R134a 2928 || 1161 2.52 | 17.41 0.1 3208 | 5.74 || 74.36 | 4.02 0.59 31.09

R227ea || 2075 638 325 [[15.04 | 0.12 | 37.14 || 6.65 739 4.65 0.58 26.85
R500 3015 || 1282 || 2.35 [ 19.07 || 0.13 [ 2929 || 5.24 | 73.11 3.67 0.73 34.05
R12 2536 (| 1084 || 2.34 | 17.88 || 0.14 |f 31.23 5.6 73.85 391 0.82 31.93

RC318 1500 || 289 5.19 || 11.59 || 0.08 | 48.19 | 8.63 | 77.92 6.04 0.54 20.69
R717 4609 || 1782 || 2.58 [ 14.74 || 0.02 || 37.88 | 6.78 | 76.11 4.75 0.37 26.32

R600a 1462 || 469 3.11 1325 || 0.04 |[42.13 | 7.54 | 76.85 528 0.9 23.67

R245fa 1929 | 181 |f 10.66 || 8.51 0.04 [ 46.82 | 11.76 || 81.08 || 8.23 0.3 15.18
R123 1201 111 | 10.82 )| 7.95 0.04 | 50.03 || 12.58 || 82.24 8.8 0.5 14.2
RI11 1228 || 202 6.08 |[ 9.09 0.04 | 43.76 11 80.51 7.69 0.68 16.24

R141b 1031 126 8.18 8.49 0.03 [|46.84 || 11.77 || 81.44 || 8.23 0.68 15.17

Methanol || 631 44 14.34 || 8.18 |[ 0.006 |[ 48.62 || 12.22 || 80.24 || 8.55 0.95 14.62

Ethanol 429 23 18.65 || 8.37 || 0.006 || 47.55 || 11.95 || 82.05 [ 8.36 1.24 14.95




Distributed Generation and Alternative Energy Journal

16

*DoS¥F Jo aanjeraduwdy Sursuapuod e je spmyy Jur
-[I0M DY Te[os amjerdduaj-wmipaur 10§ ADUIDGYD 324> 1omod re[os pue rewray) ‘A319x3 wdysAg F aanJig

Japuedx3 | 008T | 00ST | © v ST g8 | s1r | sy | ¢zt | ozt | oot | emeradue)
9|gnoQg -WnIpAN
Jopuedx3 | 00L& | 00ST | O v z€ % s | oe | v | oozt | ooog | emyeraduie
918uIs -MOT

Syeway (Aep | dmo | 4O | Jowed | (u) | (%) | (%) | (%) | dd | (edD) | (edD) s
M JJe
\n_ v z> b A o< omm_._( oy wxo: :::& xﬂ:& .:;m.hwac.._w._.
$924N0S
wia3sAs COEN;&C@M-OU JYQ Jejos ul uolpelas pinj mc_v_g0>> J0} el=}Jd mc_u.m._ uaolisidag

*DoSF Jo arnjeradurd) Sursuapuod je spt
-np Sunjrom DY Ieos arnjerdaduwd)-Mmo[ 10J LOUIDYYD 31241 19mod 1e[os pue [ewrrdy} ‘AS19xa wdysAg ¢ aInGr
P suDy. I [ 103 Iy 3 [0s pue | 4 S 1|

Japuedx3 008T 00sT 0 v ST 8 STT | sy | ¢ | ozt | oogt | emeiodwo)
a|gnoq -umipapy
Japuedx3 00LE 00sT 0 v [43 14 S'S 0€ ¥ | 00zt | ooog | omyeradwo)
9|8uIs -MO]

s)leway (Aep | dmo | dAO | owed | (W) [ (%) | (%) | (%) | dd | () | (edD) S
T ™A Keyes
\ v o< oam: oy mvd: EE@ meﬁH ._Jum.hmﬂ_.twn_v
$924n0S
wolsAs uoljedsuad-0d DY JejoS ul UOIIRIRS pINj Suplom Joj el Suned uolsag




Vol. 29, No. 3 2014 17

Variations of the exergy efficiencies of the low-temperature and the
medium-temperature solar ORC with respect to the turbine inlet tempera-
ture are shown in Figures 5 and 6. The exergy efficiencies are increased
with increasing turbine inlet temperature. The pinch point temperature
was maintained as a constant and the vapor at the expander inlet became
saturated. In the case of low-temperature solar ORC, RC318 shows the
maximum exergy efficiency up to 47% at 90°C of the turbine inlet temper-
ature followed by R600a and R717. Other six fluids show similar exergy ef-
ficiency in the range of 27 to 33% at 90°C of the turbine inlet temperature.
In the case of medium-temperature solar ORC, R123 shows the maximum
exergy efficiency. However, the difference is not pronounced compared
with the low-temperature case. The exergy efficiency of R245fa shows a
unique pattern. The maximum exergy efficiency is saturated when the tur-
bine inlet temperature exceeds 120°C. This nature suggests the existence
of an optimal operating condition.

Effects of the turbine inlet pressure on the exergy efficiency can be
seen in Figures 7 and 8. The system exergy efficiency increased with in-
creasing turbine inlet pressure. In the case of low-temperature solar ORC,

50

T T T T T T T T T T T T
—O0—R22 --+{F3--R290 ==-&-=-R134a

[==<¢--R227ea ==-¥--R500 R12
a5f

| —-----Rc318 ——-@-=-R717 ~~@-=-R600a

Exergy Efficiency [%]

15 M M M 2 1 M 2 M M 1 N M M 2 1 M 2 N M 1

65 70 75 80 85 90
Turbine Inlet Temperature [°C]

Figure 5. Variation of the exergy efficiency for low-temperature solar ORC work-
ing fluids with the turbine inlet temperature at the condensing temperature of
45°C.
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Figure 6. Variation of the exergy efficiency for medium-temperature solar ORC
working fluids with the turbine inlet temperature at a condensing temperature
of 45°C.

RC318 shows the maximum exergy efficiency 38 to 55% for the range of
turbine inlet pressure from 1000 to 2500 kPa. The high exergy efficiency
in the low-temperature ORC with RC318 attributes to high molecular
mass compared to other working fluids. Other eight working fluids show
a similar range of exergy efficiency with different turbine inlet pressure
ranges as shown in Figure 7. In the case of medium-temperature solar
ORC, R123 shows the best performance for the range of 500 to 1800 kPa
turbine inlet pressure. Interestingly, the exergy efficiencies of R245fa are
gradually increased with increasing turbine inlet pressure for the wide
range of pressure variation, 870 to 2900 kPa as shown in Figure 8. The

exergy efficiencies of methanol and ethanol increase in a short range 0.2 to
1.0 MPa.

Pressure Ratio

The cycle pressure ratio determines the type of expander size and
number in the ORC system. A high pressure ratio also increases the effi-
ciency of the system. On the other hand, a higher pressure ratio accounts
for the installation of a number of expanders arranged in series or parallel
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Figure 7. Exergy efficiency versus turbine inlet pressure for low-temperature
solar ORC working fluids at a condensing temperature of 45°C

525} 1
L _o ]
491 {x o )
I » p 1
f ,ﬂ’ ’wﬂ
455} . I ;}( A .
4 e/
= ol £ S '
X 42t 5 ol .
P . A 1
c / / Flj"
2385+ ¢ ¥ 7 £ i
& |/ / / ’ 1
5 # /J a{/ ——0—R245fa ==4F--R123  —=-&-—-R11
- 4
B 35 / / / —=#--R141b  —=-g-=-Methanol — & —Ethanol
s /7 '
W 315 / & i
- 1
28} 1

300 600 900 1200 1500 1800 2100 2400 2700 3000

Turbine Inlet Pressure [kPa]

Figure 8. Exergy efficiency versus turbine inlet pressure for medium-tempera-
ture solar ORC working fluids at a condensing temperature of 45°C.
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in an ORC system. An excessively high pressure in the evaporator and
an excessively low pressure in the condenser should be avoided due to
structural problem and leakage. According to Tchanche et al. [18], good
pressure values were in the range of 0.1 — 2.5 MPa, and a pressure ratio of
approximately 3.5 is reasonable for a single stage expander. From Table 2,
R227ea, RC318 and R600a, R123, methanol and ethanol have low condens-
ing pressure, meaning that they have a higher pressure ratio. R22, R290,
R500, and R717 have higher pressure above 3 MPa in the evaporator. A
high turbine inlet temperature yields a high pressure ratio, which can
be observed from Figures 9 and 10 when the temperature is varied from
65°C to 140°C. The ORC fluids with good condensing and evaporating
pressures are R134a, R227ea, RC318, and R600a for the low-temperature
solar ORC system, and R245fa, R123, R11, and R141b for the medium-
temperature solar ORC system.

Flow Rates

For economic aspects, the turbine outlet volume flow rate plays an
important role because it determines the size and cost. As shown in Table
2, R12, R500, R600a, methanol and ethanol exhibited a high volume flow
rate. Fluids with a low volume flow rate are preferable for decreasing the
pump size and friction loss in a pipe system. Among these are R245fa,

7 -—
—O0—R22 ——{3--R290 ——-A—-R134a
——2¢--R227ea ——-¥-—-R500 R12
-
61 ©o-—-RC318 ©®-—-R717 __.m---R600a 7

Pressure Ratio [PR]

Turbine Inlet Temperature [°C]

Figure 9. Variation of the pressure ratio for low-temperature solar ORC working
fluids with turbine inlet temperature at a condensing temperature of 45°C.
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28

90 100 110 120 130 140
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Figure 10. Variation of the pressure ratio for medium-temperature solar ORC

working fluids with turbine inlet temperature at a condensing temperature of
45°C.

R717, R123, R22, RC318, R227ea, and R134a. In general, the turbine outlet
volume flow rate is inversely proportional to the turbine inlet tempera-
ture, which can be illustrated in Figures 11 and 12. For the low-tempera-
ture solar ORC, R717 shows the best performance followed by R22, RC318
and R134a. For the medium-temperature solar ORC, R245fa shows the
lowest turbine inlet volume flow rate followed by R123 and R11.

The proper introduction of a working fluid mass flow rate is nec-
essary for the expansion process. The pump selection is also another
fundamental aspect for appropriate mass flow rate pumping. From Table
2, R290, RC318, R717 and R600a yielded a low mass flow rate for a low-
temperature solar ORC. This is useful because they also require a low heat
input. For medium-temperature solar ORC, methanol and ethanol exhib-
ited a similar low mass flow rate because of their similar properties. From
Table 2, methanol and ethanol yielded the lowest maximum pressures and
highest enthalpy heat of evaporation. For the economic condition, R290,
RC318, R600a, methanol and ethanol are feasible for a large capacity ORC
system.
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Figure 11. Variation of turbine outlet volume flow rate for low-temperature solar
ORC working fluids with a turbine inlet temperature at a condensing tempera-
ture of 45°C.
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Figure 12. Variation of turbine outlet volume flow rate for medium-temperature
solar ORC working fluids with a turbine inlet temperature at a condensing
temperature of 45°C.
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Solar Collectors

The heat input to the system is significant in a solar ORC that deter-
mines the size of the collector and establishes a major part of the system
cost. Therefore, solar applications will be more viable with fluids for
which the amount of heat required is small. From Table 2, the heat re-
quired for a 1 kW power output falls in the range between 12-20 kW and
6-19 kW for the low-temperature and medium-temperature solar ORC
system, respectively. In addition, at a higher turbine inlet temperature,
the system requires less heat input, which can be explained by Figures 13
and 14. High temperature saturated vapors reduce the heat input. When
designing a solar ORC, one could choose between a system with a larger
collector area-low temperature and a system with a small collector area-
high operating temperature depending on the application.

The area of solar collector in ORC system is determined by the heat
input, net work done and solar insolation of the location for installa-
tion. From Figures 13 and 14, a high turbine inlet temperature requires
less area for the solar collector for the system. For a 1 kW power output,
the required area of the collector is in the range, 23-34 m?, for the low-

0 —mrmr—sr—rr-—rop—-rr-—-or-—r——rrrr—r—rrrTrr—r

—O0—R22 ——{--R290 ---4&--R134a

\ —=¥--R227ea —==-=-R500 R12
53 RN

N --<-—-RC318 -—--@-—-R717 ——-@-—-R600a

Turbine Inlet Temperature [°C]

Figure 13. Variation of the area of collector for low-temperature solar ORC
working fluids with the turbine inlet temperature at a condensing temperature
of 45°C.
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Figure 14. Variation of the area of collector for medium-temperature solar ORC
working fluids with the turbine inlet temperature at a condensing temperature
of 45°C.

temperature, whereas for the medium-temperature solar ORC, the range
is between 14-17 m?2, as listed in Table 2. The collector area also constitutes
a major part of the system cost. Figure 13 shows that the lowest required
area of solar collector is in order RC318, R600a, and R717 in the low-
temperature ORC. The lowest heat input fluid is R123 followed by R245fa,
methanol, ethanol, R141b, and R11 for the medium-temperature solar
ORC system as shown in Figure 14.

Hot Water Production

For the production of hot water, the area of the collector plays a vital
role. The other factors include solar radiation, ambient temperature and
solar collector efficiency. Hot water can be provided with a condensing
temperature from the condenser of an ORC system. This concept of cogen-
eration can be applied widely when there is plenty of water in the located
site of the ORC. In the present study, the obtained hot water temperature
was fixed to 45°C. Table 3 lists estimates of the average daily hot water
production at different months of the year from the required area of solar
collector for working fluids. The meteorological conditions data of Busan,
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South Korea were obtained from Korea Meteorological Administration
[19]. From this, a larger collector area and higher solar insolation produces
more hot water. The production reached a maximum at April, May, June,
July and August. The highest production is for R500, which has a collector
area of 30.05 m? and produces 4087 liters per day of hot water followed
by R290, R22 and R134a in a low-temperature solar ORC, whereas in the
medium-temperature solar ORC, the highest production was obtained us-
ing R11, which is 1949 liters per day followed in order by R245fa, ethanol,
methanol and R123. The hot water produced is stored in the insulated
storage tank. The application of hot water in rural areas of developing
countries are washing utensils, bathing, washing clothes as well as in
small community-based hospitals, health posts and clinics.

Verification and Validation

For the verification and validation of simulation model the results
were compared with the experimented data. The experimental data were
obtained from a small scale ORC system using a scroll expander devel-
oped in our laboratory [20]. The ORC system used R245fa as the working
fluid. The experiment was carried out with the evaporating pressure of
2520 kPa and condensing temperature of 45°C. The experiment was car-
ried out with the setting mass flow at different rates. The heat source was
hot water generated by an electric heater whose temperature was 130°C
[20]. Figure 15 depicts a comparison of the simulated results and the ex-
perimental data. In general, both results agree well within the uncertainty
range of experiment. However, the simulated efficiency is slightly higher
than that of experiment. It can be explained that the internal losses of the
real piping system and heat exchanger pressure losses are not taken into
accounted in the system while carrying out the simulation. The other
reason attributed to the expander’s efficiency being fixed for whole cal-
culation. In the real case, the expander’s efficiency is not always constant.
Additionally, there occurs irreversibility in the system. The trend of the
simulated ORC system thermal efficiency versus working fluid mass flow
rate shows a good agreement with the experimental data. The average de-
viation between experiment and simulation is 3.5% while the maximum
deviation is 4.5% in correspondence of the higher values of working fluid
mass flow rate. Moreover, it can be observed that ORC system efficiency
values are in the range 5%-8%, in agreement with literature data for ORC
systems characterized by a net electric power output in order of few kW.
The experimental and simulated thermal efficiency follow the same be-
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havior, even though the simulation model has a few simplifying assump-
tions as discussed earlier. Furthermore, it was revealed that the increase
in working fluid mass flow rate resulted in higher thermal efficiency and
shaft power output.
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Figure 15. Comparison of thermal efficiency predicted by simulation and ex-

perimental data obtained in a small scale ORC system [20] for the validation of
mathematical models.

Working Fluids Selection

According to the operating conditions and various parameters for
the estimation of a 1 kW solar power output ORC, most of the working
fluids were not accepted, even though the simulated results yielded high
thermal efficiencies and pressure ratio. This is because of safety, toxicity,
flammability and environmental characteristics of the working fluids. The
safety criteria cannot be neglected. The terms of safety according to the
ASHRAE are Al (non-flammable and non- toxic), A2 (lower flammabil-
ity and non-toxic), A3 (flammable and non-toxic), B1 (non-flammable but
toxic), B2 (toxic and low flammability) and B3 (high toxic and high flam-
mability). In Table 4, the decision rating criteria for working fluids have
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been recommended according to the manufacturer’s operating conditions
of a 1 kW power scroll expander, average value of exergy, thermal, solar
cycle efficiencies, area of the solar collector, hot water production along
with the minimal safety and environmental considerations. For the value
of the parameter preferring the working fluid, it is marked as “v,” and “x”
vice versa. According the decision criteria rating in Table 4, the following
working fluids were rejected, which are listed in Table 5: high ozone de-
pletion potential (ODP) (R22, R500, R123, R11, R141b), high global warm-
ing potential (GWP) (R227ea, RC318), low safety (R290), high pressure
ratio (Methanol, Ethanol), large collector area (R12), and low hot water
production (R717,R600a).

Only two working fluids (R134a and R245fa) were finally acceptable
for operating in a low-temperature and medium-temperature solar ORC
system, whose heat source temperature are 90°C and 125°C, respectively.

CONCLUSIONS

A1 kW solar organic Rankine cycle system was studied and mod-
eled thermodynamically with 15 selected organic working fluids for
low-temperature and medium-temperature heat sources based on its
critical temperature, ranging from 150°C to 240°C. The analysis involved
comparing various parameters, such as exergy, thermal, solar power cycle
efficiencies in addition to the pressure ratio, mass flow rate, heat input,
turbine inlet volume flow rate, the required area of solar collector and
hot water production. The maximum exergy efficiency was 48.19% and
50.03% for RC318 and R123, respectively. The maximum turbine inlet
pressure was 4037 kPa and 1929 kPa for R22 and R245fa, respectively. The
maximum pressure ratio accounts for RC318 and ethanol. RC318 and R123
had the minimum heat inputs required. Ideally, a high efficiency, high
pressure ratio, high hot water production, low mass flow rate and small
area of collector are appropriate. On the other hand, many working fluids
are rejected because of other factors, such as flammability, toxicity, and
environmental conditions. Therefore, the most suitable working fluids are
R134a and R245fa for low-temperature and medium-temperature solar
ORCs, respectively. These recommended working fluids require an ap-
propriate collector area size and the production of hot water is reasonable.
This solar ORC can be mostly suitable for remote places of developing
countries that lack electricity. Therefore, this technology is expected to be
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used for small distributed power generations systems and producing hot
water with the same unit.
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