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Effects of Superheating on Thermodynamic
Performance of Organic Rankine Cycles

Kyoung Hoon Kim

Abstract—Recently ORC(Organic Rankine Cycle) has attracted
much attention due to its potentia in reducing consumption of fossil
fuelsand itsfavorable characteristics to exploit low-grade heat sources.
In thiswork thermodynamic performance of ORC with superheating of
vapor is comparatively assessed for various working fluids. Special
attention is paid to the effects of system parameters such as the eva-
porating temperature and the turbine inlet temperature on the charac-
teristics of the system such as maximum possible work extraction from
the given source, volumetric flow rate per 1 kW of net work and
quality of the working fluid at turbine exit as well as therma and
exergy efficiencies. Results show that for a given source the thermal
efficiency increases with decrease of the superheating but exergy
efficiency may have amaximum value with respect to the superheating
of the working fluid. Results also show that in selection of working
fluid it is required to consider various criteria of performance charac-
teristics as well asthermal efficiency.

Keywords—organic Rankine cycle (ORC), low-grade energy
source, Patel-Teja equation, thermodynamic performance

|. INTRODUCTION

THE amount of waste heat from eleven industrial complexes
in Korea was detected 148,913 TOFE/year, and it was ana-
lyzed that 83% of the waste heat was in the temperature
range from 0°C to 200°C, so low-grade energy. It was also
evaluated that 82% of the waste heat was exhausted by flue gas,
so in the form of sensible energy [1]. Statistical investigations
indicate that |ow-grade waste heat accounts for 50% or more of
the total heat generated in industry. Due to lack of efficient
recovery methods, low-grade waste heat has generally been
discarded in industry. Typical low-grade heat sources are waste
heat from industry, geothermal heat, and solar energy. There-
fore, more and more attention has been paid to the utilization of
low-grade heat nowadays for its potential in reducing fossil fuel
consumption and alleviating environmental problems[2].

In recent years, organic Rankine cycle has become a field of
intense research and appears as a promising technology for
conversion of heat into useful work of electricity. In an ORC the
saturation vapor curve is the most crucial characteristics of a
working fluid. This characteristic affects the fluid applicability,
cycle efficiency, and arrangement of associated equipment in a
power generation system. There are generaly three types of
vapor saturation curves in the temperature-entropy diagram: a
dry fluid with positive slope of dT/dS, awet fluid with negative
slope of dT/dS, and an isentropic fluid with nearly infinitely
large slopes [3]. Drescher and Bruggemann [4] investigate the
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ORC in solid biomass power and heat plants. They propose a
method to find suitable thermodynamic fluids for ORCs in
biomass plants and found that the family of akylbenzenes
showed the highest efficiency.

Dai et a. [5] use a generic optimization algorithm, identified
isobutane and R236ea as efficient working fluids. Hung et al.
[6] examine Rankine cycles using organic fluids which are
categorized into three groups of wet, dry and isentropic fluids.
They point out that dry fluids have disadvantages of reduction
of net work due to superheated vapor at turbine exit, and wet
fluids of the moisture content at turbine inlet, so isentropic
fluids are to be preferred. Heberle and Brueggemann [7] in-
vestigate the combined heat and power generation for geo-
thermal resources with series and paralld circuits of an ORC.
Tranche et a. [8] investigate comparatively the performance of
solar organic Rankine cycle using various working fluids.
Volumeflow rate, mass flow rate, power ratio aswell asthermal
efficiency are used for comparison.

In this paper, the thermodynamic performance of ORC with
superheater is comparatively investigated for various working
fluids including wet, dry and isentropic fluids. The various
thermodynamic characteristics of the ORC such as pressure
ratio, specific power and volume flow rate as well as thermal
efficiency or exergy efficiency are investigated in terms of the
parameters such as evaporating temperature and turbine inlet
temperature. And special attention is focus on the maximum
extraction of useful work generation from the given energy
source.

Il.SYSTEM ANALYSIS

The working fluids considered in this work are nine fluids of
NHa;, R123, R134a, R143a, R152a, iC4H10, iCsH1,, CeHs, and
CgHyo. In this work the thermodynamic properties of the
working fluids are calculated by Patel-Teja equation of state
[9-10]. The basic data of the fluids which are needed to calcu-
late Patel-Teja equation are shown in TABLE 1, where M, Tc,
Pc and o are molecular weight, critical temperature, critical
pressure, and accentric factor, respectively [11]. The molecular
weights of NH3 and iC;Hyo are small, and those of R123 and
CgH1, are large among the fluids. The critical temperatures of
R143aand R134aarelow and those of CgH1¢ and C¢Hg are high.
The critical pressures of iCsH;, and CgH4g are low and those of
NH; and CgHg are high. The temperature-entropy diagrams for
thefluidsare shown in Fig. 1. It can be seen from the figure that
R123, iC4H10, iCsH1p, CsHg, and CgHyp belong to dry fluids,
R134a and R143ato isentropic fluids, and NH3; and R152a to
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Fig. 1 Temperature-entropy diagrams for the working fluids

wet fluids. Especially, latent heat of vaporization of NH; is

much greater than the others so the whole temperature-entropy

diagram for NH; is not shown in the figure. The tempera-
ture-volume diagrams of the fluids are shown in Fig.2. The
volume of saturated vapor at a given temperature is large for

CgHjp or CgHg, and small for R143a or R134a.

The schematic diagram of the systemis shown in Fig. 3. The
system consists of a preheater, an evaporator, superheater, a
turbine, a condenser, and a pump. A low-grade energy is sup-
plied to the system as sensible heat energy at point sO and ex-
hausted at s3.

Important assumptions used in this work are as follows.

1) Theenergy sourceisair at temperature of Ts,

2) Theworking fluid leaves the condenser as saturated liquid
at temperature of T,.

3) The evaporating temperature, Tg is lower than the critical
temperature of the fluid and the turbine inlet temperate
becomes Ts-ATy by the superheater.

4) The mass flow rate of the working fluid is operated at the
maximum value in order to generate the maximum useful
work from a given source of energy.

5) Pressure drop and heat loss of the systems are negligible.

At point 1, the fluid is saturated liquid at T, and the corre-
sponding saturated pressure P, isthe condensing pressure of the
system. When the evaporating temperature is Tg, the thermo-
dynamic properties at points 3 and 4 are determined as the
saturated liquid and vapor at T, respectively and the corre-
sponding saturation pressure Py is the evaporating pressure of
the system. The thermodynamic properties at point 4 are de-
termined with temperature Ty and pressure Py. The thermody-

TABLEI
BASIC DATA FOR THE WORKING FLUIDS
substance M Tc Pc

(kgkmo)  (K)  (ban)
NH3 17.031  405.65 112.78 0.252
R123 136.467 456.90 36.74 0.282
R134a 102.031  380.00 36.90 0.239
R143a 84.041  346.25 37.58 0.253
R152a 66.051  386.60 44.99 0.263
iC4H10 58.123  408.14 36.48 0.177
iCsHiz 72150 46243 3381 0228
CeHs 78.114 562.16 48.98 0.211
CgH1o 106.167 617.17 36.09 0.304
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Fig. 2 Temperature-specific volume diagrams for the working
namic properties at points 2 and 6 are determined with the

isentropic efficiencies of pump and turbine, #, and #;, respec-
tively. Then heat addition and net work per unit mass of a
working fluid g, and w,g , and thermal efficiency 7y, are be
obtained as

n = hs_hz (l)
Wo =W - W, = (R —hy)-(h,-h)
N = Wnet /qin (3)

where h denotes specific enthal py and subscriptst and p denote
turbine and pump, respectively. As the mass flow rate of
working fluid for a given energy source increases, the tem-
perature of source flow at evaporator exit decreases, and finally
the temperature difference between the source and the working
fluid reaches the pinch point, ATpr When the mass flow rate of
working fluid isincreased to its maximum value. Then theratio
of massflow rate of aworking fluid to that of the source, r,,, can
be determined as

ro= % _ Cps(TSO _Tss) (4)
m, hs—hy
T =T, +AT, (5)

where subscriptswf or sdenotes the working fluid or the source,
respectively, and rmthe massflow rate, and ATpp the pinch point
of the exchangers.

In thiswork enthalpy ratio, X, isdefined as
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Fig. 3 Schematic diagram of the system
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TABLEII
BASIC CALCULATION CONDITIONS
symbol Parameter data unit
Ts source temperature 200 °c
T condensing temperature 20 °c
ATH temperature difference at sourceinlet 15 °c
ATep pinch point 5 °Cc
Mp isentropic efficiency of pump 0.80
Mt isentropic efficiency of turbine 0.80
source air
x= i ®)
h, —h,

where h; or hy denotes specific enthalpy of saturated liquid or
vapor of the working fluid, respectively. Sowhen 0 <x <1, xis
same as the quality of the fluid and the fluid is the mixture of
saturated liquid and vapor. When x < 0, the fluid is a com-
pressed liquid, and when x > 1, the fluid is a superheated vapor.

I1l. RESULTSAND DISCUSSIONS

The system parameters used in this work are summarized in
Tablell. Inthiswork the basic data for analysis are Ts = 200°C
and ATy, = 15°C, so the turbine inlet temperature in thiswork is
fixed at Ty = Ts- ATy = 185°C. Fig. 4 shows effects of the
evaporating temperature on the enthalpy ratio for various
working fluids. It can be seen from the figure that the enthal py
ratio increases as the evaporating temperature decreases,
namely, the superheating of the vapor increases. Enthalpy ratio
of R143a0r iC4Hyg isrelatively high, and that of NH3 or CsHg is
relatively low. And it can be also seen that for even wet fluids
like NH; the enthal py ratio at the exit of turbine can be greater
than one or a certain limit value so the wet fluids should not be
pre-excluded during the selection process of proper working
fluids. On the other hand, as this work is limited to the case that
the evaporating temperature is lower than the critical tempera-
ture of the fluid, i.e., the phase transition from liquid of vapor
exists, the working fluid whose critical temperature is low such
asR143a, R152a, R1344a, or NH; does not show itsdatafor Tg >
T..
Fig. 5 shows effects of the evaporating temperature on the net
work per unit mass of fluid for various working fluids. The
figure shows that the net work per unit mass of fluid generally
increases as the evaporating temperature decreases, namely, the
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Fig. 4 Enthalpy ratio at turbine exit as afunction of the
evaporating temperature for various working fluids
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Fig. 5 Net work per unit mass of working fluid as afunction of the
evaporating temperature for various working fluids

superheating of the vapor increases. Net work of NHz is much
higher than those of other fluids, and net work of C¢Hg or CgHo
isrelatively high, and R143a or R134ais relatively low. In the
case iCsHy, or R123, there exists an optimal value of the net
work with respect to the evaporating temperature.

Fig. 6 shows effects of the evaporating temperature on the
thermal efficiency for various working fluids. The figure shows
that the thermal efficiency increases as the evaporating tem-
perature decreases, namely, the superheating of the vapor in-
creases. Thermal efficiency of CgHg, CgHig Or NHz is relatively
high, whereas iC4H 1, or iCsHy, isrelatively low.

Fig. 7 shows effects of the evaporating temperature on the
ratio of mass flow rate of working fluid to that of source to
generate maximum power from the given energy source. The
figure shows diverse behaviors of the ratio with respect to the
evaporating temperature. As the evaporating temperature in-
creases, the ratio of R143a increases, the ratio of NH; remains
nearly constant, the ratios of R123, iCsHj,, CgHyo, and CgHg
decrease, and each of the ratios of R134a, R152a, and iC4Hg
has its minimum vaue. The ratios of R143a, R134a, and R123
are relatively high, whereas the ratios of CgHg, CgH1o and NHs
are relatively low.Fig. 8 shows effects of the evaporating tem-
perature on the net work per unit mass of the given energy

Thermal effiency [%]
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Fig. 6 Thermal efficiency as afunction of the evaporating
temperature for various working fluids
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Fig. 7 Ratio of mass flow rate of working fluid to that of
source as a function of the evaporating temperature

source for various working fluids. The figure shows that the net
worksof NH3, R152a, R143a, iC,H4g increase, however, each of
the net works of R123, iCsH1,, CgHo, and CgHg increases first
and reaches its maximum value and subsequently decreases so it
has an optimal value. Fig. 9 shows effects of the evaporating
temperature on the volume flow rate at the turbine exit to pro-
duce 1 kW of net work for variousworking fluids. It can be seen
from the figure that the volume flow rate of a working fluid to
produce the same amount of net work issmall for NH; or R143a
and large for CgHjp or CgHg. Since the volume flow rate to
produce a same amount of net work relates directly with the size
and cost of the turbine, CgH1 or C¢He is not a proper working
fluid for the system because of its too large volume flow rate.
This fact means that various thermodynamic properties such as
volume flow rate per 1 kW net work as well as thermal effi-
ciency should be tested for the selection of a proper working
fluid.

IV. CONCLUSIONS

In this paper, the performance of organic Rankine cycle with
superheating has been thermodynamically analyzed. The main
results are as follows.

e For afixed source temperature, the net work per unit mass
of working fluid increases, as superheating of vapor in-
creases, i.e., evaporating temperature decreases. However,
the maximum network per unit mass of source has an op-
timal value with respect to the evaporating temperature.

e The volume flow rate per 1 kW of net work would be a
good criterion for selection of working fluid. The volume
flow rate of CgHyo or CgHg is much higher than that of
others.

e Thereisnoworking fluid which isthe best for every aspect
of thermodynamic performance. So for the selection of a
working fluid, various thermodynamic properties should be
synthetically and comparatively considered.
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Fig. 9 Volume flow rate of working fluid at turbine exit to produce
1 kW of electricity as afunction of the evaporating temperature
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