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ABSTRACT

The selection of suitable working fluid for simple and recuperative organic Rankine cycle (ORC) operating under
subcritical, superheated and supercritical conditions are investigated. 11 fluids with critical temperature above
150 °C are considered as potential candidates. Performance screening parameters such as net power output,
thermal efficiency, turbine sizing parameter (SP) and volumetric flow ratio (VFR), exegetic parameters like ir-
reversibility rate, fuel depletion ratio, and improvement potential rate of exergy destruction were also evaluated.
Results indicate that R600a, R236fa and R1233dz(E) demonstrated the best performance for subcritical, super-
heated and supercritical simple ORC, respectively. R236fa and R1233dz(E) proved more suitable for subcritical/
superheated and supercritical recuperative cycles, respectively. The system exegetic efficiency is reveal to be
significantly higher in subcritical/superheated (61-65%) cycles compared to the supercritical (35-45%) cycle,
the evaporator seen as the main source of exergy destruction, accounting for 17-37% of inlet exergy destroyed

and about 8-24% in the turbine.

Keywords: organic Rankine cycle, organic working fluids, supercritical, exergy

INTRODUCTION

The rapid increase in population growth and
economic development around the world are
some of the major drivers accelerating the energy
consumption experience in recent years. These
energies consumed are mostly powered by fossil
fuels, which are associated with environmental
problems such as air pollution, acid rain, ozone
layer depletion, and global warming due to emis-
sions of greenhouse gases [1]. A promising ap-
proach to alleviate environmental pollution and
reduce fossil fuel consumption, is the utilization
of low-grade energy sources such as solar energy,
geothermal resources, biomass energy, and power
and process plant waste heat, for electricity gen-
eration [2, 3]. Organic Rankine cycles (ORCs) are
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widely used for the conversion of low and me-
dium-temperature grade waste heat to electricity.
There have similar system configuration as the
steam Rankine cycle, but instead of water, their
working fluids are organic fluids with lower boil-
ing temperature. The selection of working fluid
is a crucial design process for ORC systems, as
it determines the thermodynamic performance,
stability, safety and environmental sustainability
of the system.

Several research studies have been report-
ed on the analyses and comparison of suitable
working fluid selection and thermodynamic per-
formance of ORCs. Saleh et al. [4] studied the
performance of 31 pure working fluids at both
subcritical and supercritical pressure on low-tem-
perature ORCs. The working fluids with higher
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Nomenclature

A cross-sectional area, m?

C, specific heat, kJ/kg-K

Ex exergy rate (kW)

Exp exergy destruction rate (kW)

e  specific exergy (kJ/kg)

h  specific enthalpy (k] /kg)

i, interest rate

m  mass flow rate (kg/s)

n  number of years of operation

P pressure (kPa)

I'm condenser mass flow split ratio

S specific entropy (KJ/kg - K)

T  temperature (K)

Tcr critical Temperature (K)

Ty standard normal boiling point (K)
U  heat transfer coefficient (kW/m? - K)
W power output (kW)

W, et net power output (kW)

h  enthalpy, kJ/kg

IMP exergy improvement potential, kW
K thermal conductivity, kW/m

Abbreviations

Cond condenser

Evap evaporator

HX  heat exchanger

OM  operation and maintenance

Turb turbine

Greek letters

o absorbance

vy intercept factor

€ emittance

T transmittance

n efficiency

p  viscosity, kg/m-s

p density, kg/m?

o Stefen-Boltzmann constant, W/m?-K*

Subscripts

0 ambient condition
ch chemical

out output

in input

J  component

ph physical

boiling points temperature were observed to pro-
duce better system thermal and heat recovery ef-
ficiencies. Investigation of suitable working flu-
ids for low-temperature ORCs was also reported
in [5, 6]. Lai et al. [7] studied the working fluids

performance characteristics for high-temperature
(T, around 250-300 °C) subcritical and super-
critical ORC. Chen et al. [3] analysed 35 poten-
tial pure working fluids which were suitable for
supercritical ORC. Other organic fluids like Iso-
butene, propane, propylene and difluoromethane
have also been considered for supercritical ORC
[8]. References [9, 10, 11] are interesting studies
that report the analyses and characteristics of dif-
ferent working fluids and selection screening for
ORC applications.

ORC is a promising technology that has at-
tracted intense research in waste heat recovery
utilization and has quite varied applications.
ORC:s are used for seawater desalination [12, 13,
14, 15], fuel cells [16], internal combustion en-
gine [17, 18, 19], combined cooling and power
system [20, 21], and combined heat and power
(CHP) [22, 23].

This paper reviews the types of ORC work-
ing fluids, their thermophysical properties for
pre-selection screening. Practical operating limits
of ORC under different conditions. 11 potentially
promising working fluids with a critical tempera-
ture above 150 °C were considered candidates for
the pre-selection screening of suitable working
fluids for simple and recuperated ORC operating
under Subcritical, Superheated and Supercritical
conditions. Thermal efficiency, net power output,
exegetic efficiency and total exergy destruction
rate were adapted as screening parameters for the
selection of optimal working fluid for each ORC
system configuration and operational conditions.
Further analysis of the exegetic parameters for
each working fluid considered is also evaluated.
Thus, performing analysis of working fluid from
both the first and second law of thermodynamics.

WORKING FLUIDS FOR ORC

The selection of the appropriate working fluid
for the ORC system is very important because of
its impact on the system thermal and exegetic ef-
ficiencies, equipment sizing, stability, safety, and
environmental sustainability of the system. Usu-
ally, organic fluids with low boiling point are used
as working fluids for the ORC because of their
propensity to valorise low-grade heat source.
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Types of organic working fluid

Working fluids for the ORC are generally
classified based on the nature of their saturated
vapour curve as wet fluid, isentropic fluid and dry
fluid as shown in the T-s diagram (Fig. 1). This
fluid characteristic determines the application of
the working fluid, the cycle performance and as-
sociated component arrangement in the ORC sys-
tem [24, 25, 26]. As shown in Figure 1, wet fluids
have saturated vapour curve with negative slopes,
isentropic fluids have infinitely vertical slopes,
and dry fluids have positive slopes. To avoid the
risk of turbine blade erosion due to saturated liq-
uid droplets impingement, wet fluids are usually
superheated to superheated vapour state before
turbine entry and are likely to end up as two-
phase fluid after turbine expansion due to partial
condensation. To reduce the impact of turbine
blade damage due to the presences of saturated
liquid at the turbine outlet, a minimum dryness
fraction condition kept above 85% should be sat-
isfied [27]. As observed in the T-s diagram, be-
cause of the saturated vapour curve vertical slope
for isentropic fluids, the saturated vapour at the
turbine inlet remains saturated throughout turbine
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expansion. Similarly, dry fluids with a positive
slope remain superheated throughout turbine ex-
pansion. However, if the fluid at the turbine outlet
is “too dry”, a substantial amount of superheat
in the vapour is wasted in the condenser during
cooling, thus resulting in additional cooling load
[3]. For this scenario, recuperation is generally
employed to reclaim excess heat in turbine outlet
vapour for preheating the pressurised fluid enter-
ing the evaporator.

The type of working fluid selected have a
significant influence on the ORC system initial
investment and complexity, as often trade-offs
between system performance and costs become
a crucial investment decision. For example, wet
fluid-based ORC systems generally require su-
perheaters which attract increase investment,
whereas this equipment is not applicable for the
isentropic and dry fluid-based ORC systems.

A similar increase in investment and com-
plexity is associated with dry fluid-based recu-
perative ORC systems. Therefore, isentropic fluid
is widely recommended as a more suitable work-
ing fluid for energy recovery from low-grade
waste heat source [25, 28, 29, 30, 31]. The type of
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Fig. 1. T-s diagram for working fluid (a) wet fluid, (b) isentropic fluid, and (c) dry fluid
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working fluid can be determined using the meth-
od proposed to be Liu et al. [32]. This method
uses ideal gas relations to derive the equation for
predicting the slope of saturated vapour curve of
the working fluid, as:

n.Try
C 11t 1
p rH
= —=——- —2"Ah 1
=7 7 b

where: T, is the standard normal boiling point;
Ah " is the chapge in evaporation enthalpy;
Cp is the specific heat, and 7, =T, /T, is
the ratio of a normal boiling point to criti-
cal temperature.

When the slope of the working fluid &(= dsdT)
> 0: dry fluid, &= 0: isentropic fluid, and £ < 0: wet
fluid.

Working fluid pre-screening criteria

The selection of working fluid for ORC is a
function of many factors, such as the heat source
temperature, ambient or coolant liquid tempera-
ture, existing environmental and safety regula-
tions, and the working fluid properties. Therefore,
some criteria used for screening potential work-
ing fluids for the ORCs are discussed in the pro-
ceeding sections.

Density of working fluid. Fluid density is
very important especially for fluids with very low
condensation pressure. High vapour density re-
sults in a lower volume flow rate, which leads to
lower pressure losses in the heat exchanger and
pipes due to reduced friction, and the consequent
impact on the system turbine/expander sizing and
cycle efficiency [25, 33]. However, low vapour
density fluids are used where expander size is not
a crucial parameter. Assuming the effect of Reyn-
olds number is negligible, the turbine isentropic
efficiency is a function of the SP and VFR [34].

The SP:

_ \/Vout _ \/mout/pout

SP = = 2
4\/ AH;q 4\/ AH;q @
and the VFR:
1% )
VFR = —out _ Pin 3)
Vin Pout

Higher SP value leads to a larger turbine size.
The vapour density has an inverse relation with the
SP value. Low values of VFR on the other hand,

result in high cycle efficiency due to high thermal
conductivity in the heat exchanger [34, 35].

Viscosity of working fluid. Low viscosity at
both liquid and vapour state is required for high
heat transfer coefficient and lower frictional loss-
es in the heat exchanger and pipes.

Thermal conductivity. High thermal conduc-
tivity is associated with a high heat transfer coef-
ficient in the heat exchanger.

Molecular weight. Most organic fluids are
characterized as complex molecules with a
heavyweight. Molecular weight has an inverse re-
lation with turbine expansion work, which means
turbine design for high molecular weight fluids
tends to have low rotating speed and a small num-
ber of stages, with a consequent positive impact
on turbine efficiency [24, 36]. Also, ORC systems
operating fluids with high molecular weight and
high critical pressure often require a large heat
transfer area [37].

Molecular complexity. Molecular complex-
ity is another parameter that directly relates to
whether the working fluid is wet, dry or isentro-
pic, by predicting the slope of the saturated va-
pour curve [38].

The equation is defined as:

_ h(as

R E)SV,TT=0.7 )

The effect of value for saturated vapour and
ideal gas is evaluated as:

Ter [(8S\ (85 5
o= %), &), + ),
R ST T ST N4 6T P
= Ter _5(5_”) n C_B]
RL P\ST/sy — Tlgyr 07
1 (8P 1
- [__(_r) L vt
PR\8T gy = y-1T:

For fluids with simple molecular structures,
the negative term dominates the positive term
because of the seemingly high heat capacity ra-
tio , and the saturated vapour curve is negative
and the fluid is wet. In the case of fluids with
increased molecular complexity, the heat capac-
ity ratio tends to decrease towards one, which
produces a positive saturated vapour curve and
dry fluid. In general, the critical temperature and
acentric factor increases, while critical pressure
decreases with molecular complexity [32].

SV, T,=0.7

)

]SV,TT=O.7
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Practical limitations of working fluids

Evaporation and condensing pressure

The cycle efficiency of an ORC is directly
influenced by the higher and lower pressure lim-
its of the system. Therefore, the higher the cycle
pressure ratio the higher the thermal efficiency.
However, the values of these pressure limits are
constraint by practical restrictions [39]. For ex-
ample, higher condensing pressure than the at-
mospheric pressure is required to avoid cool air
leakage into the system which will result in lower
cycle efficiency [24]. According to Lai et al. [7],
the maximum pressure of the working fluid or the
vapour pressure at which maximum temperature
is achieved is 20 bar. This value was prescribed
as a legal limit in many European countries and
is in line with the value of maximum pressure of
working fluids referred to in previous literature
[6, 4, 9]. It is also important to consider these lim-
its to avoid the presence of liquid droplets in the
turbine after expansion. It has been observed that
it is possible for both isentropic and dry fluids to
form liquid during turbine expansion in all sub-
critical, superheated, and supercritical ORC [40].
Therefore, It is essential to have a steep enough
slope of the saturated vapour curve on the T-s dia-
gram, so that during expansion the working fluid
cross the liquid-vapour phase and end up at the su-
perheated vapour state as shown in Figure 3 [24].

One method for determining the cycle maximum
pressure and temperature limits was proposed by
Rayegan et al. [39]. He opined that near the criti-
cal pressure, small changes in temperature results
in large changes in pressure which leads to cycle
instability. Therefore, a reasonable distance be-
tween cycle maximum pressure and the working
fluid critical point should be considered.

Working fluid thermal stability

The organic working fluid is chemically un-
stable at high temperature as it gets closer to their
flame temperature, however, they are limited to
about 600 K [11].

Safety and environmental limitation

The American Society of Heating, Refrigerat-
ing and Air-Conditioning Engineers (ASHRAE)
standard 34 provides safety designation and clas-
sification for refrigerants. Toxicity and flamma-
bility are used to group refrigerant into six sepa-
rate categories: Al — non-flammable and non-
toxic, A2 — lower flammability and non-toxic, A3
— non-toxic but flammable, B1 — non-flammable
but toxic, B2 — toxic with lower flammability, and
B3 — toxic and flammable (Table 1). The envi-
ronmental considerations of the working fluid in-
clude the ozone depletion potential (ODP), global
warming potential (GWP) and the atmospheric
lifetime (ALT) [24]. Some fluids (R11, R12,

Table 1. Various working fluids with their physical and environmental properties

Molecular Environmental, Safety and health impact
Refrigerant Mass T p_ Ty, Fluid Type Environmental data Safety data
(kg/kmol) ©C) (MPa) ©C) opp | CWP | Atmospheric | ASHRAE 24
(100yr) life time (yr) safety group
R134a 102 101 4.059 -26.09 Dry 0 1,300 13 A1
R227ea 170 101.8 2.925 -16.28 wet 0 3,220 34.2 A1
R1243zf 96.05 103.8 3.518 -25.43 Wet 0 <1 7.0 days A2
R152a 66.05 113.3 4.520 -24.05 Dry 0 138 14 A2
R236fa 152 124.9 3.200 -1.492 Dry 0 8,060 240 A1l
R600a 58.12 134.7 3.640 -11.68 Dry 0 3 12+3 A3
R236ea 152 139.3 3.429 6.105 Dry 0 1,330 10.7 -
R1234ze(Z) 114 150.1 3.531 9.721 Wet 0 6 - A2
R600 58.12 152 3.796 | -0.5273 Dry 0 4 12+3 A3
R245fa 134 154 3.651 15.18 Dry 0 858 7.6 B1
R1224yd(Z) 148.5 155.5 3.337 14.61 Wet 0.88 | 0.00023 20 days A1
HFE7000 200.1 164.6 2478 34.17 Dry 0 530 4.9 A1
R1233zd(E) 130.5 165.6 3.573 18.32 | Isentropic 0 1 <0 A1
R365mfc 148.1 186.9 3.266 40.18 Dry 0 804 8.6 A2
R601a 72.15 187.2 3.370 27.85 Wet 0 4+£2 12+3 A3

# Critical temperature; °: Critical pressure; ©: Normal boiling point; ‘ODP: Ozone.

206



Advances in Science and Technology Research Journal 2021, 15(4), 202-221

R113, R114 and R115) have been phased out,
and other HCFC fluids (R21, R22, R123, R124,
R141b and R142b) are being phased out in 2020,
therefore will not be used in this analysis.

SYSTEM DESCRIPTION

Thermodynamic model of ORC

This section discusses the processes involved
in the simple and recuperated ORC configura-
tions used in this analysis to perform working flu-
id selection evaluation. In this study, a hot stream
of supercritical carbon dioxide (S-CO,) produced
from GT-driven combined R-SCO, cycle is used
as the heat source in both configurations to trans-
fer heat to the ORC working fluid in the evapo-
rator. In each case, subcritical, superheated, and
supercritical operating conditions are applied (see
Fig. 3a and b). The input parameters and assump-
tions made are presented in Table 2. All properties
data were obtained from the engineering equation
solver (EES) in-build database.

Simple, and Recuperated ORC systems.

Figure 2 shows the system configuration
for simple and recuperated ORCs and their cor-
responding T-s diagrams presented in Figure 3.
In the simple ORC system, the working fluid is
pressurized to evaporator pressure by the pump
(process 1 — 2), it is preheated, evaporated, and/
or superheated in the heat exchanger (process 2 —
3), the exit stream is then expanded in the turbine
to produce power (process 3 — 4), and eventually
condensed (process 4 — 5). In the recuperated
ORC system, a regenerative heat exchanger is in-
corporated to utilize the energy in the turbine exit
stream to pre-heat the pressurized liquid exiting
the pump before entering the evaporator. This en-
able reduced condenser cooling load and higher
evaporator exit temperature, consequently lead-
ing to higher cycle efficiency.

Subcritical, superheated, and
supercritical operating conditions.

During operation of ORC at subcritical con-
dition, the evaporator outlet temperature is be-
low the critical point, and the working fluid is
the saturated vapour as shown in Figure 3a(i).
The saturated vapour at turbine entry is retained
as saturated vapour and even terns towards dry

vapour after turbine expansion, especially for dry
and isentropic fluids. The maximum evapora-
tor outlet temperature is limited by the working
fluid critical temperature, usually sufficiently be-
low the critical point. The evaporator pinch point
temperature, alongside known values of tempera-
ture and mass flow rate of heat source, is used
as a constraint to determine the mass flow rate of
working fluid, thermal efficiency and net power
output. In the case of superheated (Fig. 3a(ii) and
3b(ii)) ORC, the evaporator outlet temperature is
below the critical point, like the subcritical sys-
tem, but the working fluid is superheated vapour
and remains superheated after turbine expansion.
Generally, the vapour is about 10 °C superheated
above the evaporation temperature, and it’s nega-
tively related to the working fluid mass flow rate.

Finally, in supercritical ORC the pressure of the
working fluid entering the evaporator is above the
critical point, , thus the working fluid does not un-
dergo phase change in the heat transfer process, as
illustrated by the T-s diagram in Figure 3a(iii). Su-
percritical ORC systems produce more power out-
put and thermal performance because of the higher
operating temperature, however, the high system
pressure requires high pressure bearing equipment
which significantly affects system costs.

Thermodynamic analysis.

In Table 3, the energy equation and exergy
destruction relations for an individual component
of the simple ORC and regenerative ORC are pre-
sented. These relations are used to calculate each
process in the cycle as discussed previously.

Table 2. ORC design input parameters

Parameters Unit Value

Heat source Temperature Tusource (°C) 200
Heat source Pressure Pys (MPa) 15
ORC Turbine Inlet Pressure Py (MPa) 3

AT pinch evaporator AT,pep (°C) 10
AT pinch condenser AT ,,4(°C) 5

AT pinch recuperator AT, oeup (°C) 20
Heat sink temperature Tusink (°C) 20
Heat sink pressure P (kPa) 50
Isentropic turbine efficiency Neurb [%0] 85
Isentropic pump efficiency Npump [%6] 85
Evaporator effectiveness Erb [%0] 65
Condenser effectiveness Epump [%0] 65
Recuperator effectiveness Erecup (0] 65
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Fig. 2b. System diagram of recuperative ORC
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Fig. 3b. T-s diagram for recuperative ORC under three operation conditions; (i) Sub-
critical (Left); (ii) Superheated (Middle); (iii) Supercritical (Right)

Thermal efficiency is defined as the ratio of

the net power produced to the energy input to the
system.

Wne
Nthermal = QEva:) (6)
Wnet = V.vTurb - V.vpump (7)
Exergy Analyses.

Exergy is the maximum theoretical work that
can be derived from a system as it interacts with
the surrounding. It indicates a measure of the de-
parture of a state of a system from the surrounding
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in equilibrium condition. The steady-state of ex-
ergy balance of a control volume is defined as:

Ei( _%) Qj = Wey + ZimiEx; = 31 Ex, — Exq = 0
3

where: Ex, is exergy per unit mass, and Ex ,is the
exergy destruction rate; the subscript a,
i, e refers to the surroundings, inlet, and
exit respectively.

The physical exergy per unit mass flow rate is
defined as [41]:

ExP = (h_ ho) - To(s - So) ©)
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Table 3. Energy equation and exergy destruction relations for individual components of the cycles

Cycle Component Energy Equations Exergy Destruction Relations
Moo (g — hg) = Myyr(h — hy) : ) ) . )
Evaporator (scot’s e wik's Ex = (Exs + Ex,) — (Ex; + Ex
P QEvap = Myi(h; —hy) PEvap (Bxs 2) = (B, o
_Wa h; — hy,
Turbine Mrurd = 30"~ 1= R EXppp = EXs — (Exy + Wryp)
Simple cycle Wrury = 1y (hs = ha)
Ty, (hg — hy) = tiys(h, — hy) . : ) .
Condenser LowhTe T MO Ex = (Ex, + Ex,) — (Ex, + Ex,
Qpcon = Mye(hy —hy) Pcon ( * 7) (Ex, »)
_Ws _ hys — by . . .
Pump Tump Wy h, — hy EXDPump = (Exy + Wpump) — Ex,
WPump = mwf(hz — hl)
fgeo (hy — hg) = tys(hy — hy) . . . . .
Evaporator scoll7 8T Twie 3 Ex = (Ex, + Ex;) — (Ex, + Ex
P QEvap = ti,e(h, —h3) DEvap ( 7 3) (Exs »)
_Wa hy — hs
Turbine Mrurp = wy " hy— hss Exppy = EXs — (Exs + Woyp)
WTurb = mwf(h4 - hs)
Simple ORC with HX ey (hyo = ho) = tiyg(h —hy) %o = (Exo + Exq) — (Ex, + E
p Condenser Qne 2 (he — ) Expc,, = (Exg + Exg) — (Ex; + Exqg
T, (hs — hy) = g (hg — hg) . P NP .
Regenerator Oneg = 1 (hy — hy) Expg.. = (Ex, + Exs) — (Ex; + Exg)
_ Ws _ hys — by . . .
Pump Mwmp Wy h2 - h1 EXDPump = (Exl + Wpump) - EXZ
WPump = mwf(hz — hl)

where: / and s are the specific enthalpies and spe-
cific entropy respectively.

The inlet exergy of the simple ORC system is
expressed as follows:

Exij, = msco(EXS - EX6) (10)

The exergy efficiency of the ORC systems is
defined as:
Wne
Nexergy = : (11)

EXin

The overall electrical exergy efficiency of the
system, which is the ratio of net electrical output
to the exergy input, is given as:

EXd
Nexelec = #ﬁ:al (12)

Where the total exergy destruction, Exy, , is

defined as:

EXdTotal = EXdEvap + EXdTurb +

+ EXdReg+ EXdCond + EXdpump (13)

The exergy destruction equations for the sys-
tem components based on [42, 43] is shown in
Table 3. The fuel depletion ratio, which is an exe-
getic parameter for system performance improve-

ment is defined as:
EXD]

YD] = EXin (14)

Irreversibility ratio is the ratio of exergy de-
struction in the J component to the total exergy
destruction rate in the system.

— EXD]

Yo, =

EXdrotal (15)

Another important parameter for system
performance improvement is the Improvement
potential (IMP), which indicates how much ad-
ditional improvement is possible within a compo-
nent or system.

_ __ Mexelec
IMPy = (1 — fexelec) gy (16)

Component sizing

The size of the turbine expander and heat ex-
changer used for the ORC system has a signifi-
cant impact on the performance and cost of the
system. The performance of turbines with differ-
ent working fluids can be compared using two im-
portant parameters: the SP and VFR [44].

The SP is defined as:

v Vou
SP = 4rh; (17)
and, VFR defined as:
VFR = % (18)

where: V. and V are the volumetric flow rates
at turbine outlet and inlet, is the enthalpy
change along with the turbine isentropic
expansion.

The SP indicates the relative size of the turbine
expander. A large SP indicates a larger expander
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diameter, which implies higher costs. The VFR
index indicates the turbine stages required, small-
er VFR value means fewer turbine stages are re-
quired resulting in higher isentropic efficiency.
The VFR for a single stage is less than 9 and high
isentropic efficiency are generally obtained from
VFR less than 100. The ORC is also affected by
the size and cost of the heat exchangers, which
can be estimated using UA (i.e., a product of the
heat transfer coefficient, U, and the heat transfer
area, A). A higher UA value means that the heat
exchanger size is large and also expensive.
Q

AT, for a countercurrent heat exchanger is de-
fined as:

AT, - AT,
ln(%)
where: Q is the heat transfer, AT, is the logarith-
mic mean temperature difference, AT, is
the maximum temperature difference at
both ends of the heat exchanger, and AT,
is the minimum temperature difference at

both ends of the heat exchanger.

ATjpn = (20)

RESULTS AND DISCUSSION

Performance analyses of simple ORC

15 different organic working fluids with criti-
cal temperatures in the range of 124—187 °C (see
Table 1) are simulated in a simple ORC under
subcritical, superheated and supercritical condi-
tions. The performance of the working fluids are
evaluated in terms of net power output, thermal
efficiency, maximum cycle pressure and total heat
transfer capacity, UA_ . as well as SP and VFR.
The cycle is flexibly designed to ensure two-
phase fluid during turbine expansion is avoided,
therefore, selecting the evaporation temperature
below the critical temperature for each working
fluid in both the subcritical and superheated op-
erating conditions. For the supercritical ORC, an
evaporation temperature higher than the critical
temperature for each working fluid is selected to
avoid condensation at the turbine exit. A Super-
heating of 5 °C is applied to the superheated cycle
and a high cycle pressure of P,.=1.03-P,_, used
for the supercritical cycle. As mentioned previ-
ously, the ORC is driven by hot streams of S-CO,
with a constant heat temperature of 200 °C and
mass flow rate of 80 kg/s.
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The net power output, thermal efficiency, max-
imum pressure, heat transfer capacity (UA,,). SP
and VFR are chosen as the parameters used with-
in this study for comparing the performance char-
acteristics of the different working fluids. How-
ever, since the primary objective of the ORC is to
produce maximum power output, which reflects
the capacity of heat recovery from the heat source
[45], the maximum net power output, highest
operating pressure, UA_ ., and SP was used as
screening criteria for selecting suitable working
fluid for subcritical ORC.

Figure 4a represents the net power output and
corresponding  evaporation temperature (7, )
between 90 °C and values just below the critical
temperature of the working fluid. The value of the
maximum net power output of different working
fluids vary with their corresponding T v © igure
4a indicate that among all the different fluids in-
vestigated, R600a, R245fa, R236fa, R236ea and
HFE7000 produced the highest net power output
of 3.98 MW, 3.348 MW, 3.344 MW, 3.344 MW
and 3.223 MW, respectively.

Figure 4b show an illustrative comparison
between thermal efficiency and net power out-
put of the different working. The box plot pro-
vides statistical information, such as mean, me-
dian, outliers (maximum values), and 25-75%
percentile, for the 7 Lp TANGE discussed previ-
ously. R600a, R245fa and R236fa are observed
to have the highest values of net power output,
and R365mfc and R601a associated with the
lowest values. It can be deduced that working
fluids with lower critical temperature produced
higher net power output, while those with higher
critical temperature terns to have low net power
output for subcritical simple ORC. The reverse
trend is observed for thermal efficiency, which is
understandable since thermal efficiency increas-
es with temperature.

Figure 4c¢ show the maximum cycle pres-
sure and total heat capacity (UAMP) of differ-
ent working fluids for the 7, vap values under
consideration. R245fa is observed to have the
highest pressure of 3.381MPa at maximum net
power output compared to other working fluids.
In ORC, high operating pressure indicates an
increased investment cost to meet the material
and structural requirement of the high-pressure
plant. At maximum power, the working pres-
sures of 3.364MPa, 2.625MPa, 2.879MPa and
2.284MPa corresponding to R600a, R236fa,
R236ea and HFE7000, respectively. Also, for
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the working fluids being investigated, R600a
(1487kW/k), R236fa (784.5kW/k) and R236ea
(553.8kW/k) have the highest value of UA_
while R601a (79.4kW/k), R365mfc (96.21kW/k)
and R1233zd(E) have the lowest value of UA_ .
The value of UAevap is important from the eco-
nomic viewpoint, as higher values indicate in-
crease cost associated with a large and expensive
evaporator heat exchanger.

Figure 4d demonstrate the expander SP and
VFR for the different working fluids. R236fa
(0.101 m), R236ea (0.1145 m) and R600a
(0.1171 m) have SP values less than 0.12 m,
the R1234ze(Z) (0.131 m), R1224yd(Z) (0.135
m), R245fa (0.1365 m) and R600 (0.1381 m)
have 0.12 m < SP < 0.14 m, and then HFE7000
(0.1778 m), R601a (0.207 m) and R365mfc
(0.2111m) having SP < 0.16 m. In Figure 4d,
R600a (13.63), R236fa (12.38) and R236ea
(18.04) are observed with the lowest values of
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—e— R600a
—— R236ea
—— R1234z¢(2)
—— R600

—— R245fa

— — R1224yd(2)
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Fig. 4c. P and UAMp of various working fluids

VFR, while R365mfc (70.64) is associated with
the highest values of the VFR. Both SP and
VFR are important economic indices for ORC,
as there indicate the expander diameter/size and
the number of turbine stages required, respec-
tively. Therefore, working fluids with a lower
value of SP and VFR are desired.

Based on the technical and economic consid-
eration discussed above, R600a, R236fa, R236ea
and R245fa are considered suitable working flu-
ids for subcritical ORC under the given condi-
tions in this study.

Figure 5a-c illustrate the performance charac-
teristics of different working fluids operating under
superheated condition. 5-degree superheating has
been adopted in this study. Results for the super-
heated simple ORC show a similar trend as the sub-
critical simple ORC, with R236fa, R600a, R236¢a,
R600, R1224yd(Z) and R245fa are considered suit-
able working fluids for superheated ORC.
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Fig. 4. Net power output, thermal efficiency, maximum pressure, UAevap, SP and VFR
of various working fluids for simple ORC under subcritical conditions

211



Advances in Science and Technology Research Journal 2021, 15(4), 202-221

In the supercritical simple ORC, to prevent
fluid condensation at turbine exit, the values of
T,,,, are chosen such that there are higher than
the fluid critical temperature but lower than
heat source temperature. Figure 6a show the net
power output corresponding to a range of T,
for the different working fluids being studied.
The values of W for the range of T,,, con-
sidered in the different working fluids, are ob-
served to be fairly constant, with higher values
of associated with working fluids of high criti-
cal temperature and low W _ the value associ-
ated with fluids of lower critical temperature.
That means, the closer the critical temperature
of a fluid to the heat source temperature the
higher the W __ produced.

In Figure 6b, the thermal efficiency and
W _, of the supercritical simple ORC for differ-
ent working fluids is presented. R1233zd(E)

(4.433MW, 17.87%), R1234ze(Z) (4.253MW,
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— Median Line

o Mean
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17.16%), R601a (4.173MW, 16.8%) and R365m-
fc (4.134MW, 16.58%) are working fluids with
the highest net power output and thermal effi-
ciency compared to other fluids. The high value
of W . and n, in supercritical ORC has a strong
relationship with the fluid’s high critical tempera-
ture and molecular weight.

Figure 6¢ show cycle operating pressure and
UA_,, of the different working fluids. HFE7000
is observed to have the highest value of UA_,
(2024 kW/k), even though it has a relatively low-
er P value compared to other fluids.

The SP and VFR characteristics of different
working fluids under consideration is presented
in Figure 6d. The values of SP and VFR increase
with a fluid having a high critical temperature.

Based on performance and economic con-
sideration of the different working fluids,
R1233zd(E) and R1234ze(Z) are more suitable
for supercritical ORC.
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Fig. 5. Net power output, thermal efficiency, maximum pressure, UAevap, SP and VFR
of various working fluids for simple ORC under superheated conditions
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Fig. 6. Net power output, thermal efficiency, maximum pressure, UAMP, SP and VFR
of various working fluids for simple ORC under supercritical conditions

Performance analyses of recuperative ORC

The configuration and T-s diagrams of recu-
perative ORC illustrated in Figure 2b and 3b in-
dicated that the major difference between simple
and recuperative ORC is the additional heat ex-
changer incorporated to improve cycle efficiency
by reclaiming excess heat from the turbine exit
stream to preheat the working fluid before enter-
ing the evaporator. The performance analyses of
recuperative ORC under subcritical, superheated
and supercritical operating condition are simu-
lated with the same input cycle parameter as the
simple ORC discussed previously.

Figure 7a show the W __ and their corre-
sponding values of T, for the different work-
ing fluid under consideration. It is observed
that as TCvap increases, the W __ also increases
with maximum W__obtained at T closest to

the critical temperature of the fluid in subcriti-
cal recuperative ORC. However, R365mfc and
R601a show a different trend, increasing at first
and then descend afterwards. Figure 7a show
a similar trend with that in subcritical simple
ORC, except that the values of W __ are lower
in recuperative ORC.

Figure 7b presents the thermal efficiency,
n, and W __ performance characteristics of each
working fluid within T, range of the working
fluids as shown in Figure 7a.

It reveals that the working fluids R236fa
(3.122MW), R245fa  (3.120MW), R234ea
(3.084MW) and HFE7000 (3.013MW) have
the highest value of W__ compared to other flu-
ids, and the lowest value of W associated with
R601a (0.734 MW) and R365mfc (0.9184 MW).
The trend shows a correlation between high W
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and fluids with low critical temperature or lower
T, However, thermal efficiency shows the re-
verse trend, increasing as the fluid’s critical tem-
perature or T increases. In comparison with the
subcritical simple ORC, the subcritical recupera-
tive ORC have higher thermal efficiencies at the
price of lower W _ . For example, R236fa at T
o Of 115 °C have a 1.138% increase in n, and
9.7% decrease on W compared to the subcritical
simple ORC. Similarly, R601a at T~ of 185 °C
also achieved a 13.56% increase in n, with a cor-
responding 5.94% decrease in W compared to
the simple ORC.

Figure 7¢ shows the maximum cycle pres-
sure, P_ and within the T, range (Fig. 7a)
of each working fluid considered. P__is higher
for fluids with higher critical temperature due to
their capacity for high T . UA__"is observed

ap
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to have a correlation with W_, with HFE7000
(801.5kW/k), R236fa (796.8kW/k) and R236ea
(593.6kW/k) having the highest values and R601a
(78.88kW/k) associated with low value.

The SP and VFR for subcritical recuperative
ORC is presented in Figure 7d. It shows a simi-
lar trend as the subcritical simple ORC (Fig. 4d),
with the fluids R236fa (0.0958m, 12.38), R236ea
(0.1058m, 18.04) and R600a (0.1074m, 13.63)
having the lowest values of SP and VFR, re-
spectively, which is desirable from the economic
viewpoint.

Figure 8a show thermal efficiency, n, and
W _ of the working fluids for superheated recu-
perative ORC. Again, indicates a similar trend
with that of superheated simple ORC (Fig. 5a),
with R236fa (3.122MW, 12.17%) and R601a
(0.948MW, 21.6%) having maximum values of
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Fig. 7. Net power output, thermal efficiency, maximum pressure, UAMP, SP and VFR
of various working fluids for Recuperated ORC under subcritical conditions
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W . and n, respectively. Figure 8b also reveals
that for superheated recuperative ORC, R236fa,
R236ea and R600a have better cost-advantage
compared to other working fluids.

For supercritical recuperative ORC, Figure 9a
illustrate the T, range and their corresponding
W, for the working fluids under consideration.
The trend reveals a decreasing value of W __ as
T . increases for each working fluid, and higher
W__ associated with fluids with higher critical
temperature and molecular weight. R1233zd(E)
is considered the most suitable for this ORC ap-
plication with the highest W __ values compared to
other working fluids.

Figure 9b show the maximum n, and W_,
of the working fluids for supercritical recupera-
tive ORC. It is obvious R1233zd(E) (4.12MW,
17.77%) has the highest relative W__ and 7.
R1234ze(Z) (3.811MW, 17.08%) show prom-
ising potential as an alternative working fluid.
Figure 9c—d show important information from
the cost-related perspective. Working fluids with
high values of W__ and n, tend to have values
for UAMP, SP and VFR, which are an indication
of increased system cost. Also, R1233zd(E) is
observed to have a relative advantage from both
technical and economic viewpoint.

Selected working fluids for subcritical,
superheated and supercritical ORCs

In this section, suitable working fluids are
selected based on the analyses and discussion
of working fluid characteristics for simple and

recuperative ORC under subcritical, superheated
and supercritical conditions in previous sections.

The primary parameters adopted in this study
as selection criteria are W__, SP, and VFR. There-
fore, based on the criteria defined, the following
working fluids are considered more suitable for
the type of ORC applied:

e Subcritical Simple ORC: R600a fluid is se-
lected, with R236fa, R236ea and R245fa con-
sidered as a suitable alternative.

e Superheated Simple ORC: R236fa is select-
ed, with R600a, R236ea and R245fa consid-
ered alternative.

e Supercritical Simple ORC: R1233zd(E) is se-
lected, with R1234ze(Z) being the alternative.

e Subcritical Recuperative ORC: R236fa fluid
is selected, with R236ea, and R600a consid-
ered as a suitable alternative.

e Superheated Recuperative ORC: R236fa is
selected, and R236ea and R600a considered
alternative.

e Supercritical Recuperative ORC:
R1233zd(E), is selected, with R1234ze(Z) be-
ing alternative

Exergy analysis

In the previous subsection, performance
analysis in terms of the first law of thermody-
namic was performed to evaluate the different
working fluid characteristics under the consid-
ered conditions. It is also important to investi-
gate the exegetic performance. Figure 10 and
11 illustrates the exergy efficiencies of the ORC
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ous working fluids for Recuperated ORC under supercritical conditions

systems with different working fluids within
the range of each fluid. Figure 10 shows the ef-
fect of ORC evaporation temperature, a varia-
tion on the overall exegetic efficiencies of the
simple ORC under subcritical, superheated and
supercritical conditions. It is observed that as
temperature increases, the exergy efficiency of
the system increases for all fluid and considered
conditions. This increase is attributed to the sys-
tem exegetic performance improvement as the
cycle temperature and pressure increases. The
supercritical ORC is observed to have slightly
higher exergy efficiency compared to the sub-
critical cycle which is significantly higher when
compared to the supercritical cycle. R236fa have
the largest exegetic efficiency of around 58—62%
in both subcritical and superheated conditions,
which is about 50% higher than that of R600a
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having the lowest relative exergy efficiency. For
supercritical ORC, exergy efficiencies are com-
paratively low, with R1233zd(E) leading with
exegetic efficiency of 36%. Figure 11 illustrates
the effect of a variation on the overall exergy
efficiencies of the recuperative ORC operating
under subcritical and superheated conditions.
Analyses of results indicate that exergy efficien-
cies for subcritical and superheated are identi-
cal, hence analysis of superheated recuperative
ORC was deliberately omitted. Results of the
recuperative ORC observe a similar trend as the
simple ORC, except that the exegetic efficien-
cies are higher owing to higher operating pres-
sure in the supercritical ORC. Again, R236fa
and R1233zd(E) are observed to have the largest
exergy efficiency in subcritical and superheated
conditions, respectively.
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Exegetic analysis of system components

An exegetic analysis of the system compo-
nents is performed to assess the quality of heat
transfer in a particular process and check the sus-
tainability of the system. Important exegetic pa-
rameters like fuel depletion ratio, improvement
potential, rate of exergy destruction, and irrevers-
ibility ratio were examined for both simple and
recuperative ORC operating under subcritical, su-
perheated and supercritical conditions, as shown
in Table 4-5. The values of these parameters were
computed at T =115 °C for subcritical and su-
perheated conditions, and T, =185 °C for the
supercritical condition in both simple and recu-
perative ORC.

As shown in Table 4-5, the major source of
exergy destruction is the evaporator. This is due
to the temperature difference between the heat
source and the working fluids. Other main sources
of exergy destruction are turbine and condenser.
Results indicate that for the T operating value
considered, R236fa show the lowest value of to-
tal exergy destroyed for subcritical (127.9 kW)
and superheated (119.9 kW), and R1233zd(E) for
supercritical (6282 kW) simple ORC. A similar
trend is observed for recuperative ORC, except
for superheated condition where R236ea have the
lowest total exergy destruction rate of 112.9 kW.

IMP represent the largest exergy loss that can
be avoided through improvement in design pro-
cesses. As indicated previously, the evaporator
is the major source of exergy destruction in the
ORC system and should be considered for design
improvement to increase performance efficiency.
For example, in the R236fa subcritical simple

- o= R236fa-subcritical
- == - R236ea-subcritical
—>— R600a-subcritical
65 - o-0O ©=0 —v— R245fa-subcritical
[ - -@- - R1233zd(E)-subcritical
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Fig. 11.m, and T  of different working fluids for
for simple ORC recuperative ORC

ORC, the exergy destroyed in the evaporator is
49.93kW while the IMP is 19.96kW as indicated
in Table 4. This implies that 39.97% of exergy
destruction in the evaporator could be avoided
with better design processes. For other working
fluids, R600a and R245fa subcritical simple ORC
indicate that 65.53% and 50.98% respectively,
of exergy destroyed in the evaporator, could be
avoided. R236fa, R236ea and R600a superheated
simple ORC show 39.08%, 44.49% and 65.72%
improvement potential, respectively. For the
R1233zd(E), R1234ze(Z) and R1224yd(Z) super-
critical simple ORC, the improvement potentials
are 64.09%, 64.67%, and 65.04%, respectively.

As indicated in Table 5, evaporator im-
provement potential (IMP) for R600a, R236fa
and R245fa subcritical recuperative ORC are
63.05%, 34.79%, and 46.55%, respectively. It is
also observed that R236fa, R236ea and R600a
superheated recuperative ORC, and R1233zd(E),
R1234ze(Z) and R1224yd(Z) supercritical recu-
perative ORC, have the

Same values as their corresponding counter-
part in the simple ORC discussed earlier. Thus,
it can be deduced that fluids with low IMP value,
like R236fa, have higher exegetic efficiency, n_
and W__ values, which is an indication of better
heat source utilization.

Another impotent exegetic parameter is the
irreversibility ratio, which defines the ratio of ex-
ergy destroyed to the total exergy destruction in
the system. Table 4-5 show that around 39-98%
of exergy destruction occurs in the evaporator.
The higher rates of destructed exergy are asso-
ciated with supercritical ORC. This is because
of the small temperature difference between the
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Table 4. Energetic parameters of simple ORC under subcritical, superheated and supercritical

Exegetic System Subcritical Superheated Superecritical
parameter | components |  Rg00a R236fa | R245fa | R236fa | R236ea | R600a | R1233zd(E) | R1234ze(z) | R1224yd(z)
Evaporator |  73.08 49.93 78.4 48.34 71.87 69.45 6185 6193 6193
Turbine 34.14 41.74 28.42 37.86 28.83 31.06 47.94 44.58 42.58
Ex, Condenser | 26.47 33.29 22.69 30.89 27.04 24.76 46.45 53.22 62.44
Pump 2358 2.928 0.9904 2.849 1.532 2.284 2.893 2.614 2.667
Total: 136 127.9 130.5 119.9 129.3 127.6 6282 6294 6301
Evaporator | 47.89 19.96 39.97 18.89 31.98 45.64 3964 4005 4028
Turbine 22.37 16.68 14.49 14.79 12.83 20.41 30.73 28.83 27.7
IPM (kW) | Condenser 17.35 13.31 11.57 12.07 12.03 16.27 29.77 34.41 40.61
Pump 1.545 1.171 0.505 1113 0.6816 1.501 1.854 1.69 1.735
Total: 89.155 51.121 | 66.535 | 46.863 | 57.522 | 83.821 | 4026.354 4069.93 4098.045
Evaporator | 0.5371 0.3904 | 0.6007 | 0.4030 | 0.5559 | 0.5445 0.9845 0.9840 0.9829
Turbine 0.2509 03263 | 02178 | 03156 | 0.2230 | 0.2435 0.0076 0.0071 0.0068
Y, Condenser | 0.1946 0.2603 | 01739 | 02576 | 0.2092 | 0.1941 0.0074 0.0085 0.0099
Pump 0.0173 0.0229 | 00076 | 00238 | 0.0118 | 00179 0.0005 0.0004 0.0004
Total: 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Evaporator | 0.1879 0.2959 | 03417 | 02968 | 0.3867 | 0.1841 0.2080 0.2085 0.2082
Turbine 0.0878 0.2473 | 01239 | 02324 | 0.1552 | 0.0824 0.1454 0.1221 0.1388
Y, Condenser | 0.0681 0.1973 | 0.0989 | 01897 | 0.1455 | 0.0656 0.1409 0.1458 0.2035
Pump 0.0061 0.0174 | 0.0043 | 00175 | 0.0082 | 0.0061 0.0088 0.0072 0.0087
Total: 0.3499 07579 | 05688 | 07364 | 0.6956 | 0.3382 0.5031 0.4836 0.5592
Table S. Energetic parameters of recuperative ORC under subcritical, superheated and supercritical
Exegetic System Subcritical Superheated Superecritical
parameter | components |  Rg00a R236fa | R245fa | R236fa | R236ea | R600a | R1233zd(E) | R1234ze(z) | R1224yd(Z)
Evaporator | 62.58 45.99 65.52 45.99 61.96 62.58 6216 6232 6235
Turbine 31.06 37.86 25.9 37.86 28.83 31.06 41.03 36.07 33.23
Recuperator | 0.09745 | 0.1142 | 04976 | 0.1142 | 0.5989 | 0.09745 6.693 9.326 10.96
B Condenser | 20.64 26.55 16.85 26.55 20 20.64 2.476 23.52 22.72
Pump 2.284 2.849 0.9633 2.849 1.532 2.284 24.67 2.115 2.081
Total: 116.7 113.4 109.7 113.4 112.9 116.7 6291 6303 6304
Evaporator | 39.46 16.0 30.5 16.0 23.58 39.46 5250 5302 5315
Turbine 19.59 13.17 12.06 13.17 10.97 19.59 34.66 30.69 28.33
Recuperator | 0.06145 | 0.03973 | 02316 | 0.03973 | 0.2279 | 0.06145 5.653 7.934 9.341
P tew) Condenser | 13.01 9.233 7.842 9.233 7.612 13.01 20.84 20.01 19.37
Pump 1.44 0.9908 | 0.4484 | 0.9908 | 0.5829 1.44 2.091 1.799 1774
Total: 73.561 | 39.434 | 51.082 | 29.434 | 42973 | 73.561 | 5313.244 | 5362.433 | 5373.815
Evaporator | 0.5364 | 04057 | 05971 | 0.4057 | 05487 | 0.5364 0.9881 0.9887 0.9891
Turbine 0.2663 | 03340 | 0.2361 | 03340 | 02553 | 0.2663 0.0065 0.0057 0.0053
_ Recuperator | 0.0008 | 0.0010 | 0.045 | 0.010 | 0.0053 | 0.0008 0.0011 0.0015 0.0017
Y Condenser | 0.1769 | 0.2342 | 01535 | 02342 | 01771 | 0.1769 0.0039 0.0037 0.0036
Pump 0.0196 | 00251 | 0.0088 | 0.0251 | 0.0136 | 0.019 0.0039 0.0003 0.0003
Total: 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Evaporator | 0.1788 | 03721 | 03192 | 03023 | 03721 | 0.1788 0.2544 0.2703 0.2838
Turbine 0.0887 | 02488 | 0.1262 | 0.2488 | 0.1732 | 0.0887 0.1297 0.1030 0.1144
Recuperator | 0.0003 | 0.0008 | 0.0024 | 0.008 | 0.0036 | 0.0003 0.0212 0.0266 0.0377
Yo Condenser | 0.0589 | 0.1745 | 00821 | 0.1745 | 0.1202 | 0.0589 0.0779 0.0672 0.0782
Pump 0.0065 | 0.0187 | 0.0047 | 0.0187 | 0.0092 | 0.0065 0.0078 0.0060 0.0072
Total: 03332 | 08149 | 05346 | 07451 | 06783 | 0.3332 0.4910 0.4731 0.5213
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heat source and the working fluid at supercritical
condition, which decreases heat transfer effec-
tiveness in the evaporator. The turbine is the next
main source of exergy destruction as demonstrat-
ed in these tables have at least 21% contribution
in subcritical and superheated ORC and less than
1% in supercritical ORC.

The exegetic fuel depletion ratio represents
the ratio of exergy destroyed to the inlet exergy.
Table 4-5 demonstrates that around 17-37% of
the inlet exergy is destroyed in the evaporator.
8-24% and 5-20% destruction of inlet exergy
occur in the turbine and condenser, respectively.
The lower values indicate less exergy destruction
with the component or system. From the view-
point of the working fluids, R600a show lower
values for subcritical and superheated ORC,
while R1234ze(Z) have better values for super-
critical ORC.

CONCLUSION

In this study, performance analyses of simple
and recuperative ORC with 11 different working
fluids with the critical temperature above 150 un-
der subcritical, superheated and supercritical con-
ditions were evaluated to enable the selection of
suitable working fluid for the ORCs. The work
helps determine workable operating range and se-
lection of working fluid for the optimal technical
and economic performance of the ORCs. The fol-
lowing conclusions were deduced from this study:

1. To avoid turbine exit stream condensation in
subcritical and superheated conditions, the evap-
oration temperature is chosen between 90 and a
value just below the critical temperature of the
working fluids. Under the supercritical condi-
tion, the evaporation is selected between values
just above the critical temperature of the fluid
and the heat source temperature of the ORCs.

2. Netpower output, W, ,UA_ SP and VFR were
adopted as screening parameters for evaluation
and selection of suitable working fluid for both
simple and recuperative ORCs under subcriti-
cal, superheated and supercritical operations.
The study concludes that within the specified
conditions adopted in this work, R600, R236fa
and R1233zd(E) are the suitable working fluids
for subcritical, superheated and supercritical
simple ORCs, respectively. Similarly, R236fa
is recommended for subcritical and superheated

recuperative ORC, while R1233zd(E) is select-
ed for superecritical recuperative ORC.

3. Exegetic efficiency of subcritical and super-
heated ORCs are considerably higher up to
65%, compared with supercritical ORC with
lower exegetic efficiency in the range of 35%.

4. The evaporators are the main source of exergy
destruction in the system, with up to 37% of the
inlet exergy destroyed in the evaporator. These
accounts for 39-98% of total exergy destroyed,
with higher values particularly associated with
supercritical cycles. Therefore, any improve-
ment efforts in component design will result in
a significant decrease in the exergy destruction
of these components.

5. An overall exegetic improvement potential of
up to 65% is possible, especially for supercriti-
cal ORC. R236fa and R1233zd(E) have the best
exegetic performance for subcritical/super-
heated and supercritical cycles, respectively.
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